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SUMMARY

Seafloor hydrothermal systems play a key role irttEaenergy and geochemical
budgets. They also support the existence and dawelot of complex chemosynthetic
biological ecosystems that use the mineral-lademddl as a source of energy and
nutrients. This dissertation focuses on two ingdated topics: (1) the heat output at mid-
ocean ridge (MOR) hydrothermal sites, and (2) tyddréthermal response to earthquakes

at mid-ocean ridges.

The response of mid-ocean ridge hydrothermal systenseismic and magmatic
activity could provide a means of using seafloolsesbations to assess processes
occurring at crustal depths. Three decades of stlidige ocean floor have made clear
that tectonic/volcanic perturbations and changesthe hydrothermal activity are
correlated. Yet, this relationship is still hightgisunderstood. In this dissertation, we
developed a mathematical model of hydrothermalutaton affected by magmatic
and/or tectonic events occurring at depth. We shiavat the perturbations they generate
need not propagate through the entire upflow zasepreviously suggested, but need
only affect the movement of the boundary layerghla case, the fluid residence time in

the discharge zone is on the order of years.

The determination of heat output at MOR hydrothérsites provides important
constraints on the physics of these processes. steth measurements are still very
limited, available only for ~30 sites out of the 21@stimated worldwide. This

dissertation reports the first measurements of dth@rmal heat output at 9°50' N on the

Xiv



East Pacific Rise (EPR), which has been the mdéshsively studied site for the past 20
years (~10 expeditions). The values we obtained helped caimiiy the afore-
mentioned mathematical model, which was tested doase the March 1995
microearthquake swarm near 9°50' N, EPR. Our ressitowed that the current
interpretation based on a thermal cracking epistdbe bottom of the upflow zone, may
be incorrect. We argue that a diking scenario bettplains the seismic and temperature
data, while being consistent with the mechanicsbdtion of the axial magma chamber

in the 9°50' N, EPR area between two major eruption1991 and 2006.
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CHAPTER 1

INTRODUCTION

The discovery of hydrothermal activity [e.gorliss et al, 1979;Rona et al.
1975], followed by the one of “black smoker” velighimneys venting high-temperature
fluids; Figure 1.1) on the East Pacific Riddgcdonald et al.1980;Spiess et al.1980],
revolutionized the understanding of seafloor preesesn many aspects. It confirmed the
idea that the discrepancy existing between condeidteat flow measurements through
seafloor sediments and lithospheric heat loss hted from seafloor spreading models
could be explained by hydrothermal circulation deethe oceanic crusAhderson and
Hobart, 1976; Lister, 1972; Williams et al, 1974; Wolery and Slegpl976]. Further
studies later showed that seafloor hydrothermdkgys (Figure 1.2) were responsible for
approximately 25% of the Earth’s total heat flu9%d of which may be due to high-
temperature venting alon&lflerfield and Schul{z1996;Stein and Steinl994;Stein et
al., 1995]. The circulation of hydrothermal seawakeotigh the oceanic crust was shown
to be highly influenced by tectonic and volcaniems occurring at crustal depths [e.g.,
Baker et al. 1999;Johnson et a].2000;Sohn et al.1998]. It was also shown to have a
great impact on the geochemical budget of oceamsgeselements being washed out
while others are enriched as a result of chemeattrons with crustal rock8{itterfield
et al, 1997; Butterfield and Massoth1994; Edmond et a). 1979;Von Damm et al.
1995]. The resulting discharge then supports thetence and development of complex
chemosynthetic biological ecosystems that use thenal-laden fluids as a source of

energy and nutrienlannasch1995;Kelley et al, 2002;Shank et a).1998].



Figure 1.1. Black smokers and surrounding bioldgioanmunities (tube worms, mussels
and crabs). Pictures taken during dive #3987 oMhech 2004 expedition (AT11-09) to
9°50' N, East Pacific Rise.
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Figure 1.2. Map of the global ridge crest systedidating the major mid-ocean ridge
sections German and Von Damm2004]. Red circles represent sites where active
hydrothermal vents have already been found. Oramgkes show sites where
hydrothermal activity is known to exist from theeletion of characteristic chemical
signals in the overlying water column.



This dissertation focuses on two inter-relateddsp{1) heat output at mid-ocean
ridge hydrothermal sites, and (2) hydrothermal oesp to earthquakes at mid-ocean

ridges.

Seafloor hydrothermal activity at the ridge axi€lssely related to the formation
of the ocean floor (Figure 1.3). Through the extendractures resulting from ocean
spreading mechanisms, seawater sinks into the andtis heated at depth either by
magmatic heat sources or due to serpentinizatiomanftle peridotites. The fluids then
resurface, greatly modified due to chemical inteoas with crustal rocks (Figure 1.4).
The determination of heat output at the scale oihdividual vent field is important for
several reasons. First of all, when coupled withtwemperature, it provides important
constraints on the physics of seafloor hydrotherpratesses. Models using these two
constraints have been used to infer crustal perititgaht the ridge axis Lowell and
Germanovich 1994, 2004;Pascoe and Cannl995; Wilcock and McNabb1996], an
important fluid flow parameter that cannot be regljadetermined by other means. Also,
the observational data provide important constsaont the thickness of the conductive
boundary layer separating hydrothermal circulafimm the underlying magmatic heat
source [e.g.Lister, 1983; Lowell and Germanovich1994]. Finally, heat output, and
hence fluid flow rate, may provide important inf@tion on nutrient transport to
biological ecosystems. Determination of heat ougdlutydrothermal sites is thus critical

to an integrated understanding of ridge crest Eeee



basaltic crust

mantle

Figure 1.3. Crustal formation at mid-ocean ridgegdlas 1995].

Figure 1.4. Hydrothermal circulation in the oceagnast at mid-ocean ridgealf, 1995].
Note the two types of recharge: deep and shallow.



Despite this importance, direct measurements ofrdtgdrmal heat output at
active hydrothermal vent sites are very limited .tk ~ 16 active high-temperature vent
sites predicted to occur along the 67,000 km ofinaedge Baker and Germgn2004;
German and Von Damn2004;Lowell and DuBose2005] fewer than 30% (~ 280) have
been identified (Figure 1.2). Heat output has béetermined at fewer than 10% (~ 30)
of known hydrothermal sites. In this work, we weaaticularly interested in exploring
the partitioning between diffuse and focused floeamponents. This is of prime
importance in order to better constrain the modebh hydrothermal circulation in the
oceanic crust. Our main objective was to designmgple and robust device in order to
make direct seafloor measurements of advective flow, which provide hydrothermal
heat output when coupled with temperature datatésted our device during the March
2004 expedition (AT11-09) to the 9°50' N area o tBast Pacific Rise. Despite the
intensive study for the past 15 years, no heatututiata had been obtained for this
RIDGE 2000 Integrated Study Site. The measurem&atsnade were the first ones on
this portion of the ridge system. However, sincesthare just snapshots at a particular
time, our long-term goal is to promote the develeptof regular such measurements.
We thus improved the design of this device to makevidely available to any

investigator exploring the seafloor at mid-oceayes.

The second topic of this dissertation is the modetif the hydrothermal response
to earthquakes at mid-ocean ridges. Their studf ionsiderable significance because
they may provide better constraints on subsurfaopgties than steady state models. It
is still difficult today to clearly identify and flerentiate magmatic and tectonic events at

mid-ocean ridges. The main reason resides in tifieutiy to observe and monitor such



environments, despite advances in seafloor imageny exploration systems [e.g.,
Fornari et al, 2004;White et al. 2006]. Additionally, many physical parameterstiod
crust, such as permeability and fluid flow rateg atill unknown or poorly constrained,
even though some fluid parameters (temperaturechatical variations of the venting
fluids, evolution of biological communities, andsome cases, estimates of the flow rate
and heat output, as discussed previously) can berded at the seafloor. Although
seismic [e.g.Crawford and Webb2002;Vera et al, 1990] and borehole drillings [e.g.,
Becker and Davis2003; Becker et al. 1989; Wheat et al. 2004] data has gradually

become available, what happens in the crust in cassds still remains a black box.

Tectonic and volcanic perturbations in the crustegelly lead to changes of the
hydrothermal system flow regime, its chemical sigra as well as the biological
ecosystems that it is hostinggwen et al.2004;Haymon et al.1993;Shank et a).1998;
Von Damm 2000]. While most of the studies to date suggedear correlation between
hydrothermal system alterations and tectonic andiagmatic events situated directly
below [Baker et al. 1999;Sohn et al. 1998] or at a regional distancéohnson et aJ.
2001; Johnson et aJ.2000] from the vent fieldsDziak et al.[2003] also presented
evidence that large transform earthquakes can has@nificant impact, even when
situated across tectonic regions. The generatiofewd#nt plumes” (or “megaplumes”),
result of the rapid release of large quantitiesbabyant, heated fluid, is the most
spectacular manifestation of the physical alteratod the hydrothermal flow. These
plumes may discharge up t0'4010"" J of heat in a few day8faker 1998;Baker et al,
1987;Baker et al. 1995], while featuring rapid variations of theeahical and biological

compositions of the hydrothermal flui€pwen et al. 2004]. In comparison, a typical



black smoker field discharges only’16- 13 J during the same time [e.@aker et al,

1998;Rona et al. 1993].

Three decades of study of the ocean floor have rol@e that tectonic/volcanic
perturbations and changes in the hydrothermal iactiare correlated. Yet, this
relationship is still highly misunderstood. Thisnkas an attempt to make a step in this
direction. We employed a single-pass model (Figuf [Germanovich et al.2000;
Lowell and Germanovici2004;Pascoe and Canrl995], to which we added a second
loop modeling the shallow recharge of cold seawatethe shallow crust (also called
“extrusives”). An advantage of this approach ig tihe same model formulation can be
used to address perturbations to high-temperaysteras such as Bio9 vent on the 9°50'
N area, East Pacific Rise (Figure 1.6), as welloastemperature diffuse flow systems
such as those observed on the Endeavour Segmantddu~uca Ridge (Figure 1.7). We
recognized that during porous discharge laterat lesses and mixing in the shallow
subsurface resulted in thin thermal boundary layei the seafloor and at the junction
where mixing with the shallow recharge occurs. €fee, as a magmatic and/or tectonic
event occurs at depth, the perturbation it genena¢ed not propagate through the entire
discharge zone as previously suggestaatijari et al, 1998;Sohn et al. 1998;Sohn et
al., 1999;Wilcock 2004], but need only affect the movement of tbaraary layers. In

this case, the fluid residence time in the dischaane is on the order of years.
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9°52
(a) (b)

MEXICO

2800
—20°N

2750
PACIFIC 2700

PLATE 948"
— EPR - 2650

AXis
-2800
. COCOs
—10°N QZE)eaN PLATE i 2550
grag 2500
110°W

] 2450

-104°18' -104°16'

Figure 1.6. The 9°50' N area on the East Pacifse REPR). (a) Location of the 9°50' N
area, and ridge and transform plate boundary gegifieam Sohn et al.1998]. (b)
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Figure 1.7. The Endeavour Segment on the Juan o Ridge. (a) Regional map of the
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Endeavour Segment [froBohnenstiehl et §12004]. (b) Location of hydrothermal vent
fields on the Endeavour Segme@iickson et al.2007]. Each vent field gathers both
high-temperature focused (black smokers) and lomperature diffuse venting sites.
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To test our mathematical and numerical models, aeeded on the March 1995
microearthquake swarm on the East Pacific Rise @¥%0' N (Figure 1.8). This event is
of particular importance because of its thorougbudeentation. It is also one of the very
few events that feature both seismic and hydrolgi@ata. Our results showed that the
current interpretation based on a thermal crackpigode at the bottom of the discharge
zone Fornari et al, 1998;Sohn et al. 1998;Sohn et al. 1999] may be incorrect. We
argue in this work that a diking scenario bettgrlaxs the seismic and temperature data,
while being in line with the mechanics of inflatiah the axial magma chamber in the

9°50' N area of the East Pacific Rise.
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Figure 1.8. The March 1995 seismic event on thé Easific Rise at 9°50' NJohn et
al., 1999]. (a) Map of the area with location of epitegs. (b) Chronology of
microearthquakes with respect to latitude.
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To present the work introduced above, this disBertas organized into three
relatively independent chapters. Each chapterapared in the format of a paper either
already published, or submitted for publication,imdtended for future publishing. Each
one has its own introduction and list of referendeébapter 2 is devoted to the first
discussed topic, while chapter 3 and 4 deal withdbcond one. An overview of each

chapter follows.

Chapter 2 The first measurements of hydrothermal heat oup@&°50 N, East
Pacific Risé [Ramondenc et al2006]. This chapter reports the first measurement
hydrothermal heat output at the RIDGE 2000 Integgte®tudy Site on the East Pacific
Rise. We focused our work on the Bio 9 complexyyaid at 9°50N, where there has
been an extensive measurement and sampling progjrasa 1991. This site is located
along the eruptive fissure of the 1991/1992 evertt the site of the 1995 earthquake
swarm. We made direct measurements of advective dwgput at several individual
vents and at one site of diffuse flow (Tica). Altigh these data do not describe the
complete heat flux picture at this vent field, ttiata yield a total hydrothermal heat
output of ~ 325 MW = 160 MW with ~ 42 MW % 21 MW cong from high-temperature
vents along this 2 km segment of ridge. This reastumes a diffuse flux similar to that
measured at Tica occurs at each high-temperature sie. Our initial measurements
thus suggest that the heat output of the low-teatper diffuse venting is approximately
10 times that of the high-temperature vents, buy miso be one or two orders of

magnitude greater.

12



Chapter 3 Modeling hydrothermal response to earthquakes atpic spreading
center§ [Ramondenc et al.2008]. We develop a two-branch single-pass modeli
approach to investigate the response of hydrotHesystems to earthquakes at oceanic
spreading centers. In this approach, deep circulaives rise to high temperature fluids
that are assumed to arrive at the seafloor as éogcudack smoker-like vents, whereas
shallow circulation within the extrusives results low-temperature diffuse flow. The
diffuse flow is a mixture of black smoker fluid arsawater; consequently, seismic
events that alter the permeability of the crust maigct both high-temperature vents and
the low-temperature diffuse flow. In this modelcasding fluid in both the high- and
low-temperature branches is nearly isothermal exaghin thin boundary layers at the
seafloor and at the junction where fluid mixing @t As a result, thermal perturbations
at depth do not need to traverse the entire updome, but rather just need to affect the
boundary layers. We show that cracking events, lwigenerate new permeability and
thereby increase the rate of heat transfer in eowazone at the base of the system, do
not give rise to rapid temperature changes atea#iaor; however, only modest increases
in permeability occurring over a region of a fewntdred meters within the deep
discharge zone are sufficient to generate obseswiekrmal perturbations. Moreover, the
response of the dynamically coupled circulationtays simultaneously results in an
initial positive temperature pulse as well as thHesewsved longer-lived temperature

decrease in both the high- and low- temperaturd.flu

Chapter 4 Magmatic origin of the March 1995 earthquake swatm©°50 N,
East Pacific Risk [Germanovich et al. 2008]. The response of mid-ocean ridge

hydrothermal systems to seismic and magmatic &gtoauld provide a means of using
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seafloor observations to assess processes occuatingrustal depths. The correct
interpretation of the March 1995 seismic activitgdathe subsequent hydrothermal
response on the East Pacific Rise (EPR) near’' 9@ of critical importance for

understanding the links among magmatic, tectomd, laydrothermal processes at mid-
ocean ridges. We suggest that this seismic activitg caused by a small diking event
that occurred during an interval of magma lensatidh that was bracketed by two major
eruptions in 1991 and 2006. The diking scenariddgiguantitative results that are in
excellent agreement with temperature observatidhss scenario explains seemingly
different observations from the unified stand pahtfracture mechanics. In particular,
the diking explanation is consistent with both thia, lens-like shape of the EPR magma

chamber and with the seismic pattern displacetstav@ést margin.
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CHAPTER 2
THE FIRST MEASUREMENTS OF HYDROTHERMAL HEAT

OUTPUT AT 9°50’" N, EAST PACIFIC RISE

Abstract. Despite the importance of the heat output of seafhydrothermal systems for
the Earth’s energy budget, hydrothermal heat outpeasurements have been very
limited. In this paper, we report the first measoeats of hydrothermal heat output at the
RIDGE 2000 Integrated Study Site on the East RaBifse. We focused our work on the
Bio 9 complex, situated at 9°5N, where there has been an extensive measurement a
sampling program since 1991. This site is locatkohca the eruptive fissure of the
1991/1992 event and the site of the 1995 earthquakarm. We made direct
measurements of advective heat output at sevedalidual vents and at one site of
diffuse flow (Tica). Although these data do notatdse the complete heat flux picture at
this vent field, the data yield a total hydrotheflmeat output of ~ 325 MW + 160 MW
with ~ 42 MW £ 21 MW coming from high-temperaturent® along this 2 km segment
of ridge. This result assumes a diffuse flux simitathat measured at Tica occurs at each
high-temperature vent site. Our initial measureméntis suggest that the heat output of
the low-temperature diffuse venting is approximatdld times that of the high-

temperature vents, but may also be one or two smfeamagnitude greater.
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2.1 Introduction

Seafloor hydrothermal systems play a key role inttEs energy budget.
Approximately 25% of Earth’s global heat flux isstothrough hydrothermal venting
[Elderfield and SchultZ1996;Stein and Steinl994;Stein et al. 1995]. High-temperature
venting along mid-ocean ridge axes alone may ad¢dournup to 10% of the global heat
loss Bemis et al. 1993; Elderfield and Schultz1996; Ginster et al. 1994]. These
estimates are derived indirectly from the discregabetween conductive heat flow
measurements through seafloor sediments and litleospheat loss determined from

seafloor spreading models.

Although plate-scale estimates of hydrothermal Hkat point to the global
importance of hydrothermal heat loss through theflser, these data provide no
information at the scale of an individual vent @nv field. Determination of the heat
output at the scale of an individual vent fieldnigortant for several reasons. First, heat
output, when coupled with vent temperature, provid@portant constraints on the
physics of seafloor hydrothermal processes. Modslag these two constraints have
been used to infer crustal permeability at theeidgis [owell and GermanovicghiL 994,
2004], an important fluid flow parameter that canbe reliably determined by other
means. The observational data also provide impodamstraints on the thickness of the
conductive boundary layer separating hydrothermedulation from the underlying
magmatic heat source [e.@ister, 1983;Lowell and Germanovighl994]. Finally, heat
output, and hence fluid flow rate, may provide impot information on nutrient
transport to biological ecosystems. Determinatiohfieat output at hydrothermal sites

are thus critical to an integrated understandingdgfe crest processes.
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Despite its importance, direct measurements ofdtiiddrmal heat output at active
hydrothermal vent sites are very limited. Of th&0? active high-temperature vent sites
predicted to occur along the 67,000 km of oceageriBaker and Germar2004;Lowell
and DuBosge 2005] fewer than 30% have been identified. Heatpat has been
determined at fewer than 10% of known hydrothersitds (Table 2.1). Despite the
intensive study for the past 15 years, no heatutufjata have been obtained for the

RIDGE 2000 Integrated Study Site between 8 arfd\L&n the East Pacific Rise.

The paucity of direct measurements of hydrotherhedt output stems in part
from the complex nature of hydrothermal ventingghdtemperature venting occurs
through discrete point sources such as sulfide oéys and fissures as well as from
flanges protruding from the walls of large sulfiddifices Pelaney et al. 1992]. The
contribution of flanges and fissures is usuallydhir estimate Ginster et al,. 1994]. In
addition, low-temperature diffuse flow resultingodn a combination of thermal
conduction and mixing between hydrothermal fluid aeawater often occurs over much
larger areas (up to tens of meters in diameteth@fsea floorBaker et al, 1993;Bemis
et al, 1993;Rona and Triveft1992]. Diffuse venting also occurs on sulfideustures

themselves@inster et al. 1994].
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Table 2.1. Thermal data from seafloor hydrothersyatems. “Vent field area”
corresponds to the area investigated in the spestifidy. The actual area of the vent field
may be different. “Vent fluid flow rate” correspamntb the flow rate estimated at the exit
of discrete venting. In this table, JAFR standslt@n de Fuca Ridge, GB for Guaymas
Basin, EPR for East Pacific Rise, MAR for Mid-AttanRidge and CIR for Central

Indian Ridge. If the flow type (discrete or diffyse not indicated in the last column, this
means the total (combined) flow.

Vent Vent Fluid Vent Heat Integrated Basis For
Reference Location Field Flow Rate T(C) Flux (MW) Heat Flux Estimation /
Area (m?) (m/s) (GW) Remarks
Rona and Axial Volcano Discrete: direct
Trivet [1992] (JdFR) LE+04 02-09 108 - 326 2.4-6.4 measurements
15-75 Diffuse: standard
plume model
Baker etal.  Axial Volcano Water column
[1990] (JAFR) 2E+05 08 survey
Rosenberg Endeavour ) Radon (“““Rn)
et al. [1988] (JdFR) 4E+04 up to 400 1-5 measurements
Thomson et Endeavour Water column
al. [1992] (JdFR) 8.B+07 6-18  gurvey
Diffuse: Electro-
Schultz et al. Endeavour ]
[1992] (JAFR) 2.E+01 0.07-0.15 7-13 53.5-62.9 magnetic flow
meter
. Horizontal heat
Veirs et al. Endeavour
[2005] (JAFR) 2.E+05 8-42 flux from plume
survey
. Simple plume
Bemis et al. Endeavour p
[1993] (JAFR) 0.07-0.24  theory with
buoyant plumes
Simple plume
South Cleft 0.02-0.07 theory with
(JdFR) b
uoyant plumes
Direct
Ginster et al. Endeavour measurements
[1994] (JAFR) 0.6-6.2 296 - 374 3.6-87.3 0.29-0.44 and sum over # of
smokers
Direct
So(f]‘fth%e“ 13-35  235-350 7.9-104  004-006 Lloiourements
smokers
Bﬁl:;;;r&d South Cleft 0.99 - 0.87 Deep-tow survey
[1986] (JdFR) and plume model
Baker and
Endeavour Deep-tow survey
Massoth 0.6-2.8
[1987] (JdFR) and plume model
South Cleft ) Deep-tow survey
(JdFR) 023-0.92 and plume model
Discrete: Linear
Bakeretal.  North Cleft 104-324  161-319  0.48-0.96 plume theory and
[1993] (JdFR) -
mixing model
Diffuse: Linear
324 - 642 plume theory and
mixing model
Deep-tow survey
Baker [1994] N%?F%')eﬂ 0.38-0.94 and non-buoyant
plume theory
Gendron et North Cleft 14-4 Radon (**Rn)
al. [1994] (JdFR) ' measurements
Baker et al. CoAxial 0.25 - 25 Deep-tow survey
[1998] (JdFR) ' and plume model

24



Table 2.1. (continued)

Vent Vent Fluid Vent Heat Integrated Basis For
Reference Location Field Flow Rate T(C) Flux (MW) Heat Flux Estimation /
Area (m?) (m/s) (GW) Remarks
Stein and Advective:
Fisher Middle Valley 3.E+08 180 - 276 0.13 individual buoyant
[2001] (JdFR) plume
measurements
Conductive +
advective
0.27 (conductive may
’ also contain a
diffuse flow
component)
Discrete:
Lonsdale -
and Becker  _>Southem 1-2 270-314  86-201 assuming 10
[1985] Trough (GB) chlrznn(_eys of 80
cm” orifice
Conductive +
Fisher and advective
Becker ~ SOUNeM g E07 001-025 (Gonductve may
[1991] rough (GB) also contain a
diffuse flow
component)
Direct
McConachy measurements
et al. [1986] 11N (EPR) 3.E+03 04-12 347 30-25 and orifices 3 cm
in diameter
Little et al. Non-linear plume
[1987] 11N (EPR) 3.E+03 29-45 theory
Direct
Macdonald measurements
et al. [1980] 21N (EPR) 344 - 356 02-03 and orifices 30
cm in diameter
Converse et Flow meter
al. [1984] 21N (EPR) 0.7-24 275 - 350 140 - 300 measurements
Ru;r?é(:kl Solution to
Elderfield TAG (MAR) 360 - 364 0.5-0.9 entrainment in
[1992] buoyant plume
Rona et al Simple plume
[1993] : TAG (MAR) 3.E+04 365 200 - 250 theory with
buoyant plumes
Murton et al. Broken Spur
[1999] (MAR) 0.25-0.3 Plume theory
Hashimoto oo
et al. [2001] Kairei (CIR) 3.E+03 360
Rudnicki
and German  Kairei (CIR)  3.E+03 360 0.07 -0.12 it:grdard plume
[2002] y
Discrete:
] 9°50' N Extrapolation of
This study (EPR) 1.E+05 0.1-0.3 345 - 388 40 direct
measurements
Diffuse:
300 - 1.6 x Extrapolation of
0.04 10 10* direct
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Advective heat flux from discrete high-temperatwents can be determined
directly. Temperature can be recorded accuratelyn fsubmersible or during deep-tow
surveys, and flow velocity can be determined eiti@ng a flow meterQonverse et al.
1984] or by tracking particles and eddies in theeading fluid on the video tapes of the
dives [Converse et al.1984;Macdonald et al.1980;Rona and Trive{t1992]. The size
of the vent orifice is usually estimated visuallyt{le et al, 1987]. Because each vent is
different, and a vent field may contain a large bemof discrete vents, it is difficult to
determine the heat output at the vent field scalefdirect measurements alorizaker
and Massoth1986]. Direct methods for determining the heapatifrom discrete vents
cannot be easily implemented for diffuse ventingcause of its relatively low
temperature, velocity, and its uneven distributibof some measurements have been

made Rona and Trive{t1992;Schultz et a).1992].

Heat output from individual vents has also beermeined from measurements
in the buoyant plume._jttle et al, 1987;Rona et al. 1993]. When the hydrothermal fluid
exits the oceanic crust and rises in the waterngo|uit mixes with ambient seawater,
eventually forming a neutrally buoyant plume ~ 1@D0 m thick at a height ~ 150 - 200
m above the seaflooBpker and Massoth1987; Gendron et al. 1994]. Because the
neutrally buoyant plume represents the coalescehfteids from multiple point sources,
and may contain a diffuse flow component as weleasurements in the neutrally
buoyant plume provide an integrated estimate of fiea on the vent field scaleBgker,
1994; Baker and Canngnl993;Baker et al. 1994;Baker and Massothl987;Baker et

al., 1998]. It is difficult to separate the relativentributions of focused and diffuse flow
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in the neutrally buoyant plume. Table 2.1 showsyénr, that integrated water column

measurements yield much higher heat outputs thaotdneasurements at vents.

The relative contributions of discrete and diffilesv to the total vent field heat
output have been a matter of considerable inteeesty estimates at the Main Endeavour
Vent Field on the Juan de Fuca Ridge (JdFRh[ltz et a).1992] suggested that up to
90% of the heat output resulted from the diffusavficomponent. Data from the TAG
field on the Mid-Atlantic Ridge (MAR) also suggebkat diffuse flow may be as much as
5 to 10 times larger than the combined convective from black smokersRona et al.
1993]. FurthermoreRona and Trivetf1992] found the diffuse heat output to be an prde
of magnitude greater than the focused one at Axgtano site (Juan de Fuca Ridge).
On the other hand, recent water column measurenoets the Main Endeavor Vent

Field suggest the ratio between focused and diffloseis = 50-50 [Veirs et al, 2005].

In this chapter, we report the first measurementisydrothermal heat output at
the RIDGE 2000 Integrated Study Site on the EasifieaRise (EPR). We focused our
work on the Bio 9 complex, situated at 9°B) where there has been an extensive
measurement and sampling program since 1991. Tikissslocated along the eruptive
fissure of the 1991/2 everfgrnari et al, 2004;Haymon et a].1993;Von Damm 2004]

and the site of the 1995 earthquake sweéBohh et al.1998;Sohn et a].1999].

As described below, we made direct measurementglwadéctive heat output at
several individual vents and at one site of difftlee (Tica). Although these data do not
describe the complete heat flux picture at this ¥ietd, the data provide insight into the

partitioning between focused and diffuse flow comguts at a fast spreading ridge crest.
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Moreover, heat flow data coupled with temperatuatadnay help constrain models of
the hydrothermal response to earthquakes. There been several earthquakes in this
region since the 1991/1992 volcanic events for Whiee data have not been analyzed.
The hydrothermal response to the 1995 swdforrfari et al, 1998;Sohn et al. 1998;
Sohn et al.1999], recently modeled B¥ilcock [2004] andRamondenc et a[2005] is
constrained only by temperature data obtained @t9Biso heat flow data could provide

an additional constraint on such models.

2.2 Geological setting

The East Pacific Rise at 9°9Q represents a key region within the broader
RIDGE 2000 Integrated Study Site extending from 18N
[http://ridge2000.bio.psu.edu/scienceliss/epr.htnlhis region of the EPR is a fast
spreading center with a full rate of 11 cm/\@afbotte and MacdonaldL992]. The ridge
crest, which is situated 2500 (+ 10) m below se@ll§von Damm 2004], is relatively
smooth and deepens as one moves away from thé [9°afea. Multi-channel seismic
data show the presence of a thin crustal magma lmévaapproximately 1.5 km below the
seafloor Petrick et al, 1987]. This section of the EPR has been extelysstadied since
an ARGO-1 survey in 1989 found abundant evidendeydfothermal activity Haymon
et al, 1991] and a 199Alvin submersible study showed evidence of fresh volcanic
activity and dramatic changes in the hydrothermaitesns and associated biological
communities Haymon et al. 1993; Shank et aJ. 1998;Von Damm 2000]. Repeated
visits to this area since the 1991 eruption hawewvshthat substantial changes are still

occurring Mon Damm2004;Von Damm and Lilley2004].
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Figure 2.1. Map showing the distribution of vemtghe 9°49-51N area on the East
Pacific Rise. High-temperature vents are showmdh(with their names adjacent to the

stars) and sites of diffuse flow venting are shawhlue. Figure modified frorivon
Damm[2004].

The vents in the 9°50N area are clustered within the axial summit @&
trough (ASCT) in a ~ 2 km long region of the axig(Fe 2.1). The Bio 9 complex and P
vent, which are located about 60 m apart in a legdéning of the ASCT referred as the
“Hole to Hell”, represent two loci of hydrothermattivity, each with multiple vents,
right at 9°50N. The Bio 9 complex with at least three black kere - Bio 9, Bio 9(that
became active around 1994) and Bfo(€ampled for the first time in 2002) - is the more
active of the two, with abundant diffuse flow are thighest discharge temperature. P
vent is situated 60 m south and a second vent,dalejiwas first sampled in 2002¢n
Damm 2004]. Four high-temperature vent areas (Biovéht,Q, and Tica) lie to the

north of the Bio 9 complex and two (Ty and lo) tieethe south\Yon Damm 2004]. The
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entire area has been quite dynamic in the pastddeaa new vents have evolved and
others (e.g., TWP vent) have become extifa Damm 2004]. We collected heat flow
data at M, Q, Bio 9, Bio'9and P vents and in a region of diffuse flow nemaTvent
(Table 2.2) during a sampling cruise in March 2Q00én Damm et al.2004]. These
vents lie approximately 7 km north of another ctusof high-temperature vents at
9°47 N, where the ridge crest lies some 30 m dedpemfari et al, 2004]. The diffuse
venting zone was chosen for its particularly roldiest (this is actually the most robust
of the study area). Nearly two decades of studh®©°50N area have shown that in the
past, and especially close to the time of the 1&8ption, most of the diffuse flow areas

were similar to Tica.

2.3 Measurement device

In principle, our approach was similar to thatM&cdonald et al[1980] and
Rona and Trivetf1992] at 21° N (EPR) and Axial Volcano (JdFR)spectively. Their
heat flux estimates were obtained by combining asueement of vent temperature using
Alvin’'s temperature probe with a visual estimate of flate and vent orifice diameter.
Flow rate was determined by placing a graduatedvertically in the vicinity of a black
smoker and tracking the rate of upward eddy moveémsimg a video camera. Because
the flow estimates were obtained from the marginh& black smoker plume, these

estimates of heat flux are likely too low.
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Table 2.2. Results from the flow measurements &ad butput estimates.

Vent Type of i Particle _ Velocity Orifice Diffuse
- isplacement Time (s) T () heat flux heat flux
name venting (cm) (m/s) (MW) (MW)

M vent Black Smoker 10.9 0.28 0.39
7.7 0.18 0.43
12.3 0.67 0.18
8.9 0.46 0.19

Average 0.30 368 15 n/a
Q vent Black Smoker 5.4 0.53 0.10
4.2 0.4 0.11
6.4 0.53 0.12
6.2 0.73 0.08

Average 0.10 345 0.5 n/a
Tica Diffuse 3.2 0.8 0.04
5x 5m’ area 3.4 0.73 0.05
3.7 0.8 0.05
2.8 0.93 0.03

Average 0.04 10 n/a 40.7
Bio 9 Black Smoker 7.9 0.25 0.32
7.3 0.46 0.16
9.2 0.46 0.20
7.3 0.33 0.22
8.5 0.33 0.26
10.8 0.33 0.33
10.8 0.4 0.27
8.5 0.4 0.21
11.1 0.53 0.21

Average 0.24 388 1.3 n/a
Bio 9" Black Smoker 10.0 0.31 0.32
8.5 0.33 0.26
8.9 0.4 0.22
12.1 0.4 0.30
111 0.47 0.24
9.5 0.33 0.29
10.6 0.4 0.27
14.1 0.53 0.27
12.1 0.4 0.30

Average 0.27 378 1.4 n/a
P-vent Black Smoker 5.1 0.4 0.13
6.2 0.34 0.18

Average 0.16 369 0.8 n/a
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Figure 2.2.Device in its two configurations. (a) View of theptof the device. Note the
graduation placed on the walls in order to tracklgdluid eddies or particles. Note also
the effect of the venting fluids on the materiaédidor the device (unaffected stainless
steel versus highly corroded aluminum parts). (EBwWof the bottom of the device. The
handle used bglvin's arm is visible as well as the central hole ugefibcus the fluid jet.
The hole diameter is 1.3 cm. As discussed in tivet,device was actually employed as

depicted in (b).
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For our study, the flow measuring device consistied 30x 30 cm stainless steel
plate, with a hole 1.3 cm in diameter in the cenéed vertical plates (walls) 10 cm in
height around the perimeter (Figure 2.2a). Theicadrplates had a graduated scale at
2 cm intervals and their height was limited to 1@ lsecause beyond this height, the hot
fluid had mixed with seawater and decelerated Saanitly. When the plate was placed
horizontally over the vent usinglvin’s robotic arm, vent fluid flowed through the hole.
A digital video camera was installed d¥vin's other arm to record the flow for
approximately two minutes, as perpendicular talitection as possible. Then, the video
records were used to track fluid eddies or padiatereference to the scale fixed on the

vertical plates as a function of time and henceeti@rmine the velocity.

Unlike a funnel, whose inclined walls would foche flow and force it through a
smaller opening, our device just cut part of tlwevfl discarding its major part toward the
sides. Moreover, since the thickness of the pl&tenrh) is much smaller than the
diameter of the hole (1.3 cm), change of the véjaai the fluid passing through the hole
is insignificant. Consequently, the velocity of tth&d flowing through the measurement
device can be considered to be the actual velotitige fluid exiting the vent. Originally,
we planned to use the device with the front walkkmted downward and the other three
upward (Figure 2.2a). We believed this configumatiovould prevent the black
hydrothermal fluid from being diverted between tiagnera and the flow, and thus permit
a clear recording of the experiment. While thisiglesvorked well, the first dives showed
that three upward walls were not necessary bedays&ctice the hot fluid was moving
upward due to the buoyancy effect and was not olmruhe videotaped zone. By

turning the device upside down (i.e., with the baeKl oriented upward and the other
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three downward as shown in Figure 2.2b), we actuaiproved the visibility for both

discrete and diffuse measurements and enabled easilysis of the videos.

Figure 2.3 shows two examples of deployment ofnieasurement device, one at
a high-temperature venting site, and one at a emmperature diffuse venting site. More

details about the devices and their upgrades asedad in Appendix A.

2.4 Measurement results

Figure 2.4 shows an example of how the velocityhef flow was inferred from
the digital video records. The method consists ratking specific fluid eddies or
particles, calculating the distandehey moved during a certain time interval' he latter
is estimated frame by frame, with a precision @70s. We tried to select only particles

that had the most direct path possible (and avw@dhes caught in turbulent eddies).

From these values, one can estimate the velacityd/t. The heat flux is then

calculated as follows:

H=cT, -T,)A (2.1)
whereT; andT, are the temperatures of the vent fluid and amtseatvater, respectively,
andC; = pic = 4x 10° J/(nt°C) is the volumetric heat capacity of the fluidttwo andc
being the fluid density and specific heat of thetvBuid, respectively. In expression

(2.1), A is the area over which the calculation is perfa@mBEor high-temperature

venting,

A=nmr? (2.2)
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Figure 2.3. Deployment of the device for flux maasoents of (a) high-temperature
venting at Bio 9 (dive # 3992) and (b) diffuse floenting at Tica (dive # 3991).
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Figure 2.4. Example of flow velocity measurementiata vent area (dive # 3991). A
particle is tracked using the video tape recordathd the dive. Using the known time
between the frames, fluid velocity is calculatedtfee observed particle motion.
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wherer is the radius of a vent orifice, which is assuni@de circular, and is the
number of orifices present on the sulfide structtifee assumption that each vent orifice
has the same radius is, of course, a simplificatiowas impractical to measure the area
of each orifice independently, however. In facisinot a trivial matter to even identify

each orifice.

Since it was difficult to obtain a clear count, elesen = 3 as the typical average
number of orifices on a black smoker, our visudinestes varying between 1 and 6. Our
estimate of the mean area of an orifice was basechomney samples collected from P
middle vent andMarker 22 duringAlvin’s dives # 3987 and # 3988, respectively (Figure
2.5). The first sample (Figure 2.5a) features &iaas, 3 of which are rather small. These
small orifices have an area ranging from 3 to 7 emd are situated on the sides of the
structure. The other two orifices, situated at tibye of the sulfide chimney, are much
larger, of the order of 25-45 énfor this reason, and because the flow coming fiwen
side of the sulfide chimney cannot be used for aiglcestimation (it has already mixed
with the ambient seawater before reaching the dewg buoyancy), only the top
openings have been used for the estimation of arage opening size. They yielded an
equivalent radius = 3.3 cm £r? = 35 cnf). The second sample had only one orifice with
the same equivalent radius. From our computatidasyalue may vary by + 0.5 cm

which implies an uncertainty of £ 40-50% for théimsition of the heat flux.
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Figure 2.5Chimney samples collected from (a) P middle veminduAlvin's dive # 3987
and (b) Marker 22 duringlvin's dive # 3988, respectively. The first samplefégtures
two orifices at its top (i.e., foreground of thetpire), while the second sample (b) has a

single orifice.
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In the case of the diffuse venting flow, corresponds to the entire area of the
diffuse zone. Again, an exact estimate was nottigadc For the diffuse flow at Tica we
usedA = 5x 5 nf, which approximately corresponds to the area @fs#mafloor around the

chimney where the diffuse flow was visually notickea

In summary, our device was used on three diffedivees: dives # 3987, at M
vent, dive # 3991, at Tica and Q vents, and di\g982, at Bio9, Bio9, and P vents.

Results are summarized in Table 2.2.

2.5 Discussion and conclusions

From Table 2.2, the average flow velocity at a kwperature diffuse venting
zone is an order of magnitude smaller than thaaiobt at the high-temperature vents
(10% m/s versus I&m/s). Although the absolute velocities are differethe velocity
ratio obtained here is similar to that obtainedGigster et al.[1994] andSchultz et al.
[1992] for the Main Endeavour vent field on theemmediate rate spreading JdFR.
Similarly, our measurements indicate that the loegput of the low-temperature diffuse
venting at 9°50N EPR is approximately 10 times that of the higimperature vents, but
may also be one or two orders of magnitude gredl¥er.arrived at this conclusion by
extrapolating our limited measurements to the entient complex situated between
9°50.2Z N and 9°50.7N (Figure 2.1). Our main assumptions are specifiediable 2.3,
which also includes the results of our estimatesheftotal (discrete plus diffuse) heat
flux and flux ratios (discrete / diffuse) underange of assumed values of diffuse flow
that may be present in the EPR area. As a lowat, line assumed that only actually

observed diffuse sites are present (blue starsgar& 2.1) and the area of each diffuse
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site is 5«5 nf (as for Tica site in Table 2.2). In this case, th&l hydrothermal heat
output from the ®0 N area amounts to approximately 325 MW, 13% ofclwhs due to
the high-temperature venting. Table 2.3 also ghest output estimates assuming diffuse
venting occurs over 1% and 10% of the entire ared Kmx50 m) of the 950 N
complex. Then Table 2.3 indicates that high-tempegaheat output would amount to
3% and 0.3% of the diffuse flow heat output, aceagly. It has to be noted that the value
given for our first case highly depends on theneste of the area of the diffuse flow
sites. At present, it is very difficult to accurgtestimate the size of a diffuse venting
zone, because this evaluation is mainly visualthedefore subjective. Moreover, what is
termed a zone of “diffuse venting” is actually amawhere patches of venting have been
summed up. Also, the estimate of the heat outpoting from areas of diffuse venting
suffers from the paucity of measurements in sudtings. With these initial, limited
measurements, the authors could only extrapolage tesults for Tica to the other
suspected sites of diffuse venting. This error mayeduced considerably by increasing

the number of measurements. This was not posdilie dime of the cruise.
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Table 2.3. Heat output estimates for the 9°509£50.7 N EPR vent complex.

High-temperature venting

Black smoker site

Observed number of
vents (chimneys)

Assumed

number of

orifices per
vent (chimney)

Typical orifice
flux based on
Table 2.2 (MW)

Estimated site
heat flux (MW)

Biovent 1 3 1 3
M vent 2 3 1 6
Q vent 2 3 1 6
Tica 1 3 1 3
Bio 9 3 3 1 9
P vent 2 3 1 6
Ty 1 3 1 3
lo 1 3 1 3
Damocles Sword 1 3 1 3
Total high temperature heat flux (MW) 42
Low-temperature venting
Number of diffuse . .
flow sites (Figure 2.1) Diffuse heat flux from Diffuse f|02W Total diffuse Fi:);qraé'%g]r'gt}'
and assumed diffuse Table 2.2 (MW/m2) area (m”) heat flux (MW) Iow—terr)n erature)
flow conditions P
R 40.7 MW [ 25 m® =
7 sites, 5 x 5m” each 25 285 0.15
=1.63
1% of total area 1.63 10° 163 x 10° 0.03
10% of total area 1.63 10* 1.63 x 10% 3x10°
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As Little et al.[1987] pointed out, multiplying the heat flux of@® measurement
by the number of observed orifices on the sameidsultructure is a significant
assumption. Indeed, it cannot entirely accountiergeometry variation of the orifices,
and neither can it represent the heat flow thatldvdae expected if considering both
discrete and diffuse venting in detail. Moreoves Canverse et al[1984] indicate, the
fact that particles are entrained by turbulent eaquidly decelerating fluids adds some
difficulty and uncertainty to the method of detening the flow rate. The sensitivity of
the results to these assumptions and difficultiag be reduced somewhat when studying

heat output at the scale of the vent field.

In our measurements, to determine the heat fluximade a number of estimates
of the flow rate at each orifice and calculated tfean velocity to insert into equation
(2.1). Overall, we estimate the precision of ouaswements as + 50% at best and, more
likely, as £ 100%. Unfortunately, with the few masmments available, it is not currently
possible to estimate an uncertainty in the veloaityre accurately from the standard
deviation of the mean. Also, while Bio 9 and Bioy&lded many estimates, the other
high-temperature vents (M, Q, and P) provided adichnumber of exploitable results. It
undoubtedly generates some inaccuracy that couldb@nmitigated by longer sampling

times. This option may be available in the future.

Even with these uncertainties, the accuracy ofetlemat flow measurements is
similar to that of other heat flow studies at ridgest hydrothermal systems (Table 2.1).
Moreover, as was pointed out previously, our styugvides the first heat output

estimates at 9°5M, East Pacific Rise, as well as one of only a d@wct measurements
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of diffuse venting at mid-ocean ridges. The useaofmechanical flow meter [e.qg.,
Converse et al.1984] is an alternative means of measuring tbe flate. Such devices
tend to become jammed by particles at high-temperatenting sites and are insensitive
to slow flow rates, which makes them impractical feeasuring diffuse flow below a
certain threshold (e.g., 0.3 m/s@onverse et al[1984]). An interesting indirect method
of flow measurements was suggestedSwohultz et al[1992] based on the effect of
electromagnetic induction due to the fluid flow dhgh the conducting coil. Their
estimate of the rate of diffuse venting at Endeavdable 2.1) is of the same order as
our result for 9°50N EPR (Table 2.2). Finally, to the best of our Wfexige, only one
plume survey has been conducted in this areaj loid inot yield any assessment of the
heat outputBaker et al. 1994]. Estimating the heat output solely from tise height of

a plume is not particularly reliable when severahtvsites of varying flux contribute to

the same coalesced plunaker, personal communication].

Our device, though simple, proved particularly retband easy to operate by such
a deep submergence vehicleAdsin for both discrete and diffuse venting regimes. The
data obtained can be used to better constrain mmgdefforts aimed at understanding
both the basic physics of hydrothermal flow at EfeR Integrated Studies Site and its
response to seismic and volcanic events. Sincedhe of focused and diffuse flows
appears to be a fundamental property of hydrothlesystems, further measurements,
particularly of the diffuse flow component, are uggd at 9°50N EPR (see Table 2.2).
Fortunately, due to the non-vigorous character dfuse flow, it is relatively

straightforward to use our devise for this purpose.
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CHAPTER 3
MODELING HYDROTHERMAL RESPONSE TO EARTHQUAKES

AT OCEANIC SPREADING CENTERS

Abstract. We develop a two-branch single-pass modeling ambrdo investigate the
response of hydrothermal systems to earthquakesestnic spreading centers. In this
approach, deep circulation gives rise to high tewmtpee fluids that are assumed to arrive
at the seafloor as focused, black smoker-like yvamktereas shallow circulation within
the extrusives results in low-temperature diffuesvf The diffuse flow is a mixture of
black smoker fluid and seawater; consequentlynseisvents that alter the permeability
of the crust may affect both high-temperature vants$ the low-temperature diffuse flow.
In this model, ascending fluid in both the highddaw-temperature branches is nearly
isothermal except within thin boundary layers & #feafloor and at the junction where
fluid mixing occurs. As a result, thermal perturbas at depth do not need to traverse the
entire upflow zone, but rather just need to affinet boundary layers. We show that
cracking events, which generate new permeability tereby increase the rate of heat
transfer in a narrow zone at the base of the sysienmot give rise to rapid temperature
changes at the seafloor; however, only modest ase®in permeability occurring over a
region of a few hundred meters within the deepldisge zone are sufficient to generate
observable thermal perturbations. Moreover, th@aese of the dynamically coupled

circulation systems simultaneously results in atiainpositive temperature pulse as well
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as the observed longer-lived temperature decreaseth the high- and low- temperature

fluid.

3.1 Introduction

High temperature hydrothermal systems at oceani®aslng centers are
characterized by a complex interplay among magmatictonic and biogeochemical
reactive transport processes. Magmatic processaadpr the principal heat source,
whereas all three processes affect the permeablilitictures through which the fluid
circulates. A complete understanding of hydrothérsystems at oceanic spreading
centers thus requires the development of integratathematical models that describe
the combined effects of these processes. Althoteddy state models provide important
insight into the behavior of hydrothermal systemsich information can be obtained by
investigating the response to the system as atreéstdmporal changes in various forcing
functions. Lowell et al. [2007a] discuss some temporal aspects of magmatic and
biogeochemical processes in the context of mulphmulti-component fluid flow. Here
we focus on the volcanic-tectonic aspects by ingashg the response of hydrothermal
systems to earthquakes. Because tectonic processbsding earthquakes, may be
associated with magmatic processes such as dikiageparation between magmatic and
tectonic processes is not pure. We introduce thasenal by briefly reviewing issues
related to the detection and monitoring of the heprakes themselves and then by
reviewing the limited data on the hydrothermal cegge. A more thorough analysis of

earthquakes at oceanic spreading centers is giw@&iolstoy[2007].
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3.1.1 Magmatic and tectonic events at mid-ocean ridges

Despite considerable improvements over the lastdeaades, the characterization
of magmatic and tectonic events at mid-ocean ridgaseains difficult. The first
discoveries of diking and eruptive events at treflser were serendipitougker et al.
1987;Haymon et al.1993], because earthquakes associated with voleaents at fast
and intermediate spreading ridges generally hawgninades below M = 4, which is the
threshold for global detection by land-based sempgters Fox et al, 2001].Fox et al.
[1993/94] showed that hydrophone arrays recordemgary waves (or T-waves) could
detect seismicity (as low as M = 1.8). Their worlddhe use of the U.S. Navy’'s Sound
Surveillance System (SOSUS) [e.Gowen et al.2004], allowed a better monitoring of
the activity of the intermediate spreading JuanFdea Ridge in the northeast Pacific
Ocean, thought to be “aseismic” up to that pobrigk et al, 2006]. Today, Iceland and
the northeast Pacific are the only parts of the-otiédan ridge system covered by a
continuous real-time hydroacoustic monitoring sys{&Embley and Luptgn2004]. This
remains, at present, the best available metho@rtwtely detect seafloor volcanic and
tectonic activity. Other places, such as the nonttigast Pacific RiseHox et al, 2001]
and the northern Mid-Atlantic RidgeSinith et al. 2002], have benefited from
autonomous hydrophones arrays, whose performanmesc@mparable to SOSUS.
Deployed in the late 90’s, these systems are pernmdout lack real-time capabilities.
They need to be maintained periodically, and eadkgs are only available after a
certain time lag, which can reach ~ 2.5 yeddzigk et al, 2004]. Both hydrophone
arrays allowed the detection of several earthqeakeams that have been associated with

volcanic activity Fox et al, 2001; Smith et al. 2002]. In particular, the March 2001
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Lucky Strike eventDziak et al, 2004] on the Mid-Atlantic Ridge was interpretesi a
dike intrusion in the shallow crust, the first digmplacement episode that was detected

along the slow-spreading Mid-Atlantic Ridge.

The detection of seismic activity by hydroacoustiays needs to be followed by
response cruises for a detailed assessment of/émtseand actual in-situ measurements
[Cowen et al. 2004]. In this respect, SOSUS real-time moniris particularly
interesting because it considerably reduces thmres time. Since its implementation in
June 1993, six response cruises have been orgatuzéobok for magmatic and/or
hydrothermal activity based on the seismic charmties of the detected swarms [see
Figure 1 fromDziak et al, 2006]. Three of these events were interpretetikasinjection
with eruption at the seafloor, as response cruieaad fresh lava flows, microbial-
mineral flocs and enhanced chronic venting: in J1@@3 on the CoAxial segment (Juan
de Fuca Ridge)Haker et al. 1998;Baker et al. 1995;Dziak et al, 1995;Embley et al.
1995; Fox, 1995;Fox et al, 1995;Juniper et al. 1995], in February 1996 on the North
Gorda RidgeBaker, 1998;Fox and Dziak1998], and in January 1998 at Axial Volcano
(Juan de Fuca RidgepBéker et al. 1999; Dziak and Fox 1999; Embley and Baker
1999]. The other three events provided valuablermétion through their unexpected
responses. The 2001 Gorda Ridge swarm showedhedactk of lateral migration of
earthquake epicenters may be an indication thaigma failed to reach the seafloor.
The 2001 Middle Valley (Juan de Fuca Ridge) eveits whe first to occur at a
sedimented ridge and the absence of water colugmalsmay have been due to the
sediment cap (~ 100 m thick) that prevented the fliam reaching the seafloo€dwen

et al, 2004]. Also, in contrast to the usual increaséydrothermal discharge, the fluid
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pressure transients were found to be negaeig et al, 2004], perhaps as the result of
dilatation of the upper permeable crust. The mestmt earthquake swarm on the Juan de
Fuca Ridge occurred on 27 January 2005. Despieverlrate and distance of migration,
a response cruise was sent out, but did not findsagn of a seafloor eruption or the
release of an event plumB4iak et al, 2006]. Yet this sixth response effort, along with
the analysis of all the others, allowBdiak et al.[2006] to identify two factors that may
indicate eruption and hydrothermal discharge duangevent: the earthquake migration

rate and timing.

3.1.2 The hydrothermal response

Although the detection and analysis of seafloosrsé events has progressed
over the last two decades, it provides only oneeief the information needed to
understand the response of seafloor hydrothernsieg to tectonic and/or magmatic
perturbations in the crust. Vent fluid temperatarel flux data are also needed. Yet,
instrumentation is seldom deployed and recordingnduthe course of a perturbation.
Most examples concern short-term experiments tappéned to be deployed at the right
time. Axial Volcano, on the Juan de Fuca Ridgeeasents perhaps the best example of a
long-term, multi-disciplinary seafloor observatotigat has recorded data during a
seafloor spreading everBgker et al. 1999;Embley and Bakerl999]. The temperature
data was of particular interest, featuring a nearigtantaneous increase in the
hydrothermal output just after the eruption, folemvby a gradual decrease for two
weeks, and again a slight increase to stabilize\atlue approximately 0.1°C higher than
the pre-event leveBaker et al. 1999]. The 9°50' N area of the East Pacific R&® also

benefited from continuous temperature monitoring riearly two decadesSEheirer et
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al., 2006]. The most recent spreading event was dedoin this area in 2004 pIstoy et

al., 2006].

The best-documented cases of hydrothermal resgonseistal perturbation are
associated with two non-eruptive events. On theeBudur segment of the Juan de Fuca
Ridge, the pattern of the June 1999 swarm contiasgith the usual submarine volcanic
activity pattern. Instead of steady low-level saisty, it featured a main shock followed
by five days of aftershocks that decayed quasi-e&ptially and seemed devoid of
volcanic tremor Johnson et al.2000]. The ridge community decided not to send a
response cruise after the detection by SOSCkBven et al.2004]. Submersible dives in
the area, which occurred three months later, didfind evidence of volcanic activity,
but observed an increase of the same particulateemegected by “snowblower” vents
associated with eruptive eventdohnson et al.2000]. Vent fluid chemistry changes
[Lilley et al, 2003; Seyfried et a). 2003] showed strong evidence of subseafloor
magmatic activity. Moreover, a multichannel seismeflection experiment conducted
across and along the full length of the Juan deaFRiclge in 2002 clearly detected an
axial magma chamber 2.3 - 2.6 km below the zoneaevtiee swarm occurre®gtrick et
al., 2002]. Based on these data and reanalysis diywtiacoustic dat@ohnenstiehl et
al. [2004] suggested that the swarm resulted fronrdhfgopagation of a dike initiated

from the shallow magma chamber.

The continuous recording of temperature evolutiorthee Endeavour segment at
three diffuse vents situated tens of kilometersnftbe swarm epicenters showed that the

previous 10 months were stable. Fluid temperatiirss started increasing 4 (x1) days
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after the onset of seismicity at the Easter Islaitd, situated within 10 m of a high-
temperature smoker. The other two sites, situatedral hundreds of meters away from
the adjacent high-temperature fields and 2 km afietn each other, showed a
temperature increase approximately 11 days afeernrtiiation of seismicity. Once the
maximum rise was reached, large-amplitude osolati(up to + 5°C) took place at the
three sites, with periods between 8 and 12 days,lasted for approximately a month.
Although the oscillations were correlated withircleaite, they showed poor correlation
between themJohnson et a).2000].Johnson et al[2000] suggested that the oscillations
resulted from the non-uniform advance of a crackirgnt at depth to mine heat,
plugging and unblocking due to biological activity the sub-surface, or the unsteady
evolution of convection toward a new equilibriunteafthe disturbance. Based on the
temperature records and assuming the reservoirustat fluid was a porous medium,
they estimated that the vent flow rate had incrédseone order of magnitude over the
course of at least 80 days along the whole ridgensat. Vent fluid monitoring at Axial
Seamount, approximately 220 km from the epicertisg showed a temperature increase
following the onset of seismicity. This occurred mwre than 8 hours after the main
shock, sooner than at vent fields located mucheclts the epicentersiphnson et a).
2001]. Davis et al.[2001] also reported crustal fluid pressure véiet in a series of
Ocean Drilling Program boreholes, which they intetpd as the result of partially

aseismic fault-related slip.

Another significant event occurred in March 1995he 9°50N area of the East
Pacific Rise, where an array of nine ocean-bottersnsometers had been deployed for a

microearthquake surveysphn et al. 1998; Sohn et al. 1999]. This site has been the
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focus of continuous investigation since the fodug discovery of a fresh volcanic
eruption in 1991Haymon et al.1993]. The three month deployment of an oceatobot
seismometer array allowed the detection of 283 ei@mrthquakes (with local magnitudes
of —1< M, <0) whose epicenters formed two separate clusteng dhe ridge axis. The
larger was situated north of the 9°BDarea and close to Bio9 and P vents, and the
smaller was located further south near the TubemWBillar and Y vent. The north
earthquake cluster occurred in two distinct swarfime first occurred on March 22, with
162 events in less than 3 hours, and the seconglredc22 days later, with 25 events.
The south cluster showed a nearly continuous lastiseismicity over the span of the
survey.Sohn et al[1999] estimated 147 hypocenters from the recaleesmic data
(115 for the north group, 32 for the south one),iralthe upper 1.2 km of the crust.
Relocation of 65 of these hypocenters suggesteattecylarly high density between 0.7
and 1.1 km depth, just above the axial magma chambese depth has been estimated
at 1.4 km Kent et al, 1993]. Based on this hypocentral patteéBohn et al.[1999]
considered a diking event unlikely. They also disted a tectonic origin. Rather, the
microearthquake activity was attributed to the asée of thermal stresses at the base of
the hydrothermal system. The analysis of vent flaltemistry also supported the
hypothesis of crack-deepening of the hydrotherraattion zoneHornari et al, 1998;

Sohn et al.1998].
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Figure 3.1. Thermal response of the high-tempeeaBiw9 vent at East Pacific Rise
9°50 N [from Sohn et al.1998].

Monitoring of vent fluid temperature and chemistfythe 9°50N area following
the 1991 magmatic eruption has allowed correlabetween the March 1995 seismic
activity and changes in the hydrothermal systemstd above the epicenteFofnari
et al, 1998;Sohn et al. 1998; Sohn et al. 1999]. The temperature data (Figure 3.1)
collected byFornari et al. [1998] for the Bio9 vent showed that vent tempseatwas
stable for approximately 15 months prior to the 8fad995 event, at 365 £ 1°C. On
March 26, a 7°C increase was observed over 8 daysperature stabilized at 372 £ 1°C
until April 16, then gradually decreased to 366 € lover approximately 3.5 months
before steadily increasing again for several manth&November 1995, the temperature
probe was found embedded into the chimney and ae@laThe replacement probe
showed the same steady temperature increase, ewtperature reaching 373 + 1°C in
November 1997 (Figure 3.1). Two surveys of aninahmunities around the Bio9 area
(October 1994 and November 1995) also reflectedoaerall increase in venting

temperature. Bio9 is the only vent in the 9°NQOarea that had continuous monitoring
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between October 1994 and November 1995. Point maasmts and other probe records
showed that temperatures steadily increased by thare40°C at M vent between March

1992 and November 1995, while they remained neanhgtant at Biovent, however.

In this chapter, we focus on the March 1995 EasifieeRise events due to the
availability of well-documented data during, pri@nd subsequent to the earthquake
swarms Fornari et al, 1998;Sohn et al. 1998;Sohn et al. 1999]. Records of diffuse
venting do not exist3cheirer et al. 2006], consequently we will focus on the high-
temperature variations near the epicenters. Ourehgah be used to study the combined
evolution of low-temperature diffuse and high-temapere focused venting systems,

however.

3.2 Mechanics of hydrothermal response

For both the March 1995 East Pacific Rise and Ji889 Juan de Fuca events,
the interval between the onset of seismicity ardperature variations at the seafloor
was interpreted as the fluid residence tirk@rpari et al, 1998; Sohn et al. 1998;
Johnson et a).2000] . This residence time was significantly Bemathan the previous
constraint of ~ 3 years th#adko and Moorg1988] suggested based on a study of
2%p/Pb and®Ra’*Ra ratios on the Endeavour segment of the Juanuda Ridge.
Johnson et al[2000] suggested that the time delay may be aachetistic time constant
associated with the response of the hydrothernsksyto the disturbance. Comparison
of temperature time-series obtained on both thenMandeavour field and Axial
Seamount (Juan de Fuca Ridge) during the June $8@®m showed that this time

constant may vary over a wide range, from 8 how36t days Johnson et aJ.2001]. In
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comparison, land-based hydrothermal systems temdsfmond nearly instantaneously to
seismic activity [e.g Hill et al., 1993;Roeloffs 1996].Dziak and Johnso[2002] explain
this dissimilarity by a difference of crustal anguture, noting that on-land systems
present diverse fluid reservoir geometries, antltthe observed hydrological response is
usually linked to seismic waves compressing andatidd the pore space of these
reservoirs. At mid-ocean ridges, the aquifer isutiifd to be more uniform and

continuous; and the hydrothermal circulation igialy driven.

3.2.1 Wilcock’s[2004] work

Wilcock [2004] showed that Darcian flow through a porousdmam could
propagate a temperature perturbation a distancelokm in a few days, provided the
permeability of the discharge zone is ~*U®°. This is much higher than the usual range
of 1010 m? inferred for high-temperature hydrothermal systefhswell and
Germanovich1994;Pascoe and Canrl995;Wilcock and McNabb1996;Cherkaoui et
al., 1997; Fisher, 1998; Wilcock and Fisher2004]. Wilcock [2004] also showed that
pressure anomalies and permeability variationseptidcould generate the temperature
variations observed at the seafloor. The delay rebdeat the seafloor depends on the
depth of the pressure perturbation as well as gnm@ability. For a pressure anomaly at
~ 1 km depth, a permeability of ~1&m? or smaller is required to delay the response at
the seafloor by a few day¥Vilcock 2004]. This is smaller than the afore-mentioned

range of 10-10" m? that is characteristic of high temperature venting

One of WilcocKs [2004] interpretations of the March 1995 seismitivity at

9°50 N, East Pacific Rise is a cracking event that epemp a new pathway to hot rock
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at the base of the hydrothermal systeRorpari et al, 1998; Sohn et al. 1999].
Following Bodvarsson [1969], Wilcock [2004] first considered the temperature
distribution in a single planar crack embeddednnrdinite medium with an oscillatory
fluid temperature imposed at the base of the crdckfit the observed temperature
anomaly (Figure 3.1), he then assumed that thialisilvarm was accompanied by a basal
temperature increase of ~50°C that linearly demeaover 16 days, followed by a
smaller temperature increase of 17°C at the tima sécondary swarm, which in turn
decayed over 25 days (see Appendix B for discussbmutWilcocKks [2004] method).
He obtained a good fit to the first 90 days of tla¢a shown in Figure 3.1 with a crack

0.6 mm wide.

A similar approach to temperature perturbationttet base of hydrothermal
system was considered hypwell [1975, 1976]. His model considers flow in an iseth
narrow fracture (or set of fractures) embeddedmiparmeable rock. In this case, the
temperature changarT,, at the vent related to an instantaneous temperatap AT, at

depth,z, is given by

AT, _ erf Az (3.1)
AT, qcy \/a

whereq is the mass flux per unit length of the cragks the thermal conductivity of the
rock,a = A; /(co) is the effective thermal diffusivityy is the specific heat of water, ahd
is time, respectively. Table 3summarizes all the symbols used in the formulatind
their range of values. Given an assunm€n, ~ 50°C, z= 1 km, reasonable values of
thermal parameters (see Table 3.1), and obsendedsvafAT, and timet (respectively

~10°C and ~ 10 days at Bio 9), the mass flux catedl from (3.1) ig| ~ 1 kg/(mxsec).
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Assuming buoyancy-driven flow through a single efifee crack, the effective crack

width d. can be calculated from [e.@ear, 1972]
1/3
d = (12V q]
c Y (3.2)

where v is the kinematic viscosity of the fluidyp ~ 0.4 kg/m is the density difference

between descending and ascending fluids, @nd the acceleration due to gravity,
respectively. For typical parameters, equation)($i2es d. ~ 1 mm. The subsequent
temperature decay in Figure 3.1 could be modeletivmking a temperature decrease at

the base of the crack.

Both of these temperature perturbation modelthétrapid temperature increase
and secular decay following an eruption reasonayl; the initial temperature delay
being related to conductive cooling along the flpath. Neither model, however,
explains the secular rise in temperature obserwea the ensuing years (Figure 3.1).
Moreover, the imposed temperature perturbationealdiave a firm physical basis; and
the high effective permeability in these singlec&ranodels yields a fluid residence time
in the upflow zone of less than one hour. Hencearesider these single crack models to

be somewhat unrealistic.
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Table 3.1. Symbol definitions and parameter values.

Symbol  Definition Value

a effective thermal diffusivityA/(orc;) ~10° mf/s
an effective thermal diffusivity in equation (3.24)

a, thermal diffusivity of rockA./(o,c;) ~10° mf/s
A, cross-sectional area of the upper part of the upfione 16 n?

As cross-sectional area of the lower part of the upftone 16 n?

Az cross-sectional area of the horizontal limb ofdeep recharge tor?

Ay cross-sectional area of the horizontal limb ofghallow recharge a0 n?
b length of vent field along strike 100 m

by parameter in equation (3.24)

G specific heat of water 4 x 10° J/(kg°C)
o specific heat of rock 1x 10° J/(kg°C)
d basal thermal boundary layer thickness 2-20m
de effective crack width

f height of the junction between upflow and shall@eestrarge limb 1-10 m

g acceleration due to gravity 9.8 m/d

H length of the upflow zone 1.5 km
H(X) Heaviside function

h depth of the shallow recharge 100 m

hg height of the dike emplacement 600 m

I source of material produced by the shallow recharge

k (temperature dependent) permeability

ko initial permeability 10310 n?
Kees residual permeability 10%,

L length of the horizontal limb of the deep recharge 1 km

Lm latent heat of crystallization 4x 10° J/kg
P pressure

Py pressure at the seafloor 200-300 bars
Py pressure at the depkhbelow the seafloor

Q mass flux in thé ™ limb

q mass flux per unit length of the crack

g heat source density per unit time and unit volurinide dike

Om basal heat flux (heat uptake rate)

Ow lateral heat transfer density per unit time and vaolume

ri hydrodynamic resistance per unit area initfidimb

S “curvilinear” spatial variable along the flow paitheep limb and upflow)

t time

te time of dike crystallization

ty time of dike emplacement

T temperature in the upflow zone

To temperature at undisturbed ocean floor conditions °C 0

Th effective temperature in equation (3.24)

Taittuse temperature monitored at sites of diffuse venting -303C

Tin initial steady-state temperature

T temperature of the fluid from the shallow rechaagg@inction point

Tm melting temperature of basalt 1200°C
Trech far-field temperature in the recharge zone (forpdezharge) 0-100°C
Tsh far-field temperature in the recharge zone (fotlstharecharge) 0-10°C
AT, temperature change at the base of the upflow zone

AT, temperature change at the vent

Y% Darcian flow velocity (specific discharge)

Vo initial Darcian flow velocity

w dike width (opening) 1m
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Table 3.1. (continued)

Symbol  Definition Value

Wy width of vent field (upflow zone) 100 m

z depth

a; linear thermal expansion coefficient of rock x 20° /°C
o coefficient of thermal expansion of water 3pC

o thermal boundary layer thickness alv

o(s) Dirac delta function

@ initial porosity of the upflow zone 0.1-10 %

y ratio ar/ g 10*10*

n (temperature dependent) dynamic viscosity of water

v kinematic viscosity of water nilp

A parameter related to the rate of dike freezi@grinanovich et al2000] 1

A coefficient of thermal conductivity of rock 2.5 WifC)
o (temperature dependent) density of water

O rock density 3x 10° kg/n?
o initial density of water at the ocean floor 1@/t
Ap density difference between descending and ascefididg ~ 0.4 kg/m

3.2.2 Approach in this paper

During porous discharge, lateral heat losses arthgnin the shallow subsurface

result in a thin thermal boundary layer near thafleer. This boundary layer can be

derived from the equation of steady state heattesn

aT_ 4T
% dz dz?

(3.3)

wherey is the initial Darcian velocity (specific dischajgn the discharge zone aads

the effective thermal diffusivity. The thickness thle boundary layer is ~a/vy, and

since advection prevails in the rest of the upflome, the temperature profile is almost
constant everywhere except in the boundary laygu(ge 3.2). In this case, neither the
fluid flow nor the temperature response to theheprake has to propagate through the
entire discharge zone, but need only affect theemmnt of the boundary layer. For a

typical value of thermal diffusivityp ~ 10° m?/s and a Darcian velocity af~ 10° m/s,
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should the boundary layer be altered, the expeatesponse time would be

~olv ~ 10 days.

e~ .- Boundary
~ L
\ J“‘ ap layer
1\ g
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v |
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| Temperature
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Wz | profile

Figure 3.2. Steady state temperature distributicthé discharge zone prior to the
earthquake and definition of the boundary layer.

One can apply this simple model to the case of tegiperature venting by using
a heat transfer boundary condition at the uppem8ary [Germanovich et al.2001].
This condition can be interpreted as representiegniixing between high-temperature
discharge and overlying low temperature fluids e wupper crust. Such a boundary
condition can be used in the context of a singlespaodel (Figure 3.3) as well as in a
one-dimensional upflow model. An advantage of usimgboundary condition is that the
same model formulation can be used to addressrpations to both high-temperature
systems, such as Bio9 vent, and low-temperatufesdifflow systems, such as those
observed on the Juan de Fuca Ridge. Using this Iinedénave shown that an increase in

permeability can sufficiently perturb the boundkayer to give the observed temperature
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increases at Bio9 at the time scale of a wétknjondenc et al2005]. Changes in the
stress field resulting from earthquakes tend toatereor reopen fractures thereby
increasing permeabilitygrodsky et al.2003;Elkhoury et al. 2006;Rojstaczer and Wqlf
1992;Rojstaczer et al.1995]. It is also possible that permeability eases would appear
in the case of dike intrusion, especially nearttagins of the dike[Jelaney et al.1986;
Germanovich et al.2000; Pollard, 1987]. Our simulations Ramondenc et al.2005]
indicate that the fluid residence time in the d&ge zone is on the order of years, which
is consistent with the general scaling of the upflmne [e.g.Lowell and Germanovich

2004].

Black

Recharge ﬁmgker Recharge

Shallow Diffuse flow \l/\l/\l/
circulation
AL Seafloor

"-/ \./Focusing \-‘ Pillow

lavas

"Single pass" "Single pass" Sheeted

~Lkm dikes

Brine layer Brine layer

Liquid
magma
chamber

Mushy
zone

Figure 3.3. Cartoon of a single-pass hydrothermmaliation model at an ocean ridge
crest at the local, ridge crest circulation sc@lee fracture-like segment at the base of the
sheeted dikes represents the region where cheremetions and heat uptake from the
magma chamber occur, and where brine may resicefoused, high temperature flow

is thought to occur in the main single-pass limifude flow may occur as a result of
mixing of the deep circulation with shallow circtitm in the shallow extrusive basalts.
Chemical reactions occur throughout the circulapath. Biogeochemical processes also
occur in the extrusives [from Germanovich et &02].
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Our initial approachRamondenc et al2005] did not address the decay of the
temperature spike, which occurs on a time scalemohths, nor the longer term
temperature rise at Bio9, which occurs over a tsoale of years (Figure 3.1). In this
chapter, however, we extend the idea of thermahbary layer using a “double-loop”
model (described in Section 3.3) to explain theeolesd temperature history within the
first year after the seismic event at 9°50' N, ERatific Rise. We also suggest a

mechanism to explain the later rise of the obsetgatperature.

Lowell et al.[20070] have recently developed numerical models of shpglss
convection in the presence of a high-permeabibtyusive layer. Their results show that
mixing between ascending hydrothermal fluid andavsgar circulating in the extrusives
can lead to either black smoker flow together widarby diffuse flow or to a system
exhibiting only low temperature diffuse flow. Thatare of the hydrothermal output
depends mainly upon the permeability ratio betwdlesm extrusives and the deep
discharge channel, and secondarily on the thickok#se extrusives [see aldoowell et
al. 20074, although relatively small changes in permeapititay affect system evolution
towards low- or high-temperature ventinGgrmanovich et al.2001]. Lowell et al.

[20070] did not consider the effects of magmatic or taate@vents, however.

3.3 Formulation

3.3.1 Mixing in the shallow crust

At the seafloor, high-temperature venting occim®ugh discrete point sources
such as sulfide chimneys, fissures, or flangesrpdotg from the walls of large sulfide

edifices Pelaney et al.1992]. Low-temperature diffuse flow usually ocs@ver much
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larger areas of the seaflodBdker et al. 1993;Bemis et al. 1993;Rona and Triveft
1992]. The relationship between diffuse and focutmals remains puzzling. In general,
focused venting constitutes only a fraction of diffuse flow [Table 1 fromRamondenc
et al, 2006]. At some vent sites only diffuse, low-temgtare venting occurs (e.g., at the
Galapagos Spreading Centéofliss et al, 1979; Edmond et al. 1979]), whereas at
others black smokers and low-temperature diffuse fto-exist (e.g., the TAG vent field
on the Mid-Atlantic RidgeEEdmond et aJ.1995;Humphris and Tivey2000;James and
Elderfield 1996], the Endeavour segment on the Juan de Rudge [Schultz et al.
1992], or the 9°-10° N zone on the East PacificeR&cheirer et al.2006;Von Damm
and Lilley, 2004]). The V vent, at 9°4W, East Pacific Rise, is as an example of diffuse
flow that evolved towards high-temperature focudesd¢harge in less than 10 yeav®h
Damm 2000]. Similar geochemical changes occurred sanebusly in both diffuse and
focused flows on the northern part of the 9°49Mlarea (also called “Bio-
GeoTransect”) on the East Pacific Riséoh Damm 2004], suggesting a coupling

between focused and diffuse flows.

The chemistry of diffuse flow fluids sampled frothe Transect on the East
Pacific Rise between 1991 and 2000 implies sometiogaat high temperaturé/on
Damm and Lilley{2004] argue that phase separation, requiring éatpres > 389°C in
this area, is the only consistent way to explaia thlorinity content in the sampled
fluids, which is significantly lower than ambiergasvater for most samples. The analysis
of non-bioactive elements and the use of geochémicaleling show that the diffuse
flow fluids in this area can be considered to bearly conservative mixture of seawater

and high temperature fluids, with additional cortduec heating Yon Damm and Lilley
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2004]. Furthermore, Li-isotope datBrpy, 2001] suggest that, once mixed, these fluids
would have a short residence time (months or latg temperature less than 150°C.
High-temperature vent fluid samples are generdiigught to represent a mixture
between end-member, 0-Mg fluid and seawater, budllsamounts of mixing with
partially-reacted seawater heated to less tharf5{ppears to occur in some vents

[Ravizza et a).2001].

As a result of these observations, we conceptudiieaupper part of the upflow
zone as shown schematically in Figure 3.4. Follgwiowell et al.[2003], we assume
that sulfate-rich seawater circulating in the esitra layer mixes with the hot sulfate-
depleted ascending hydrothermal fluid. As a resaltydrite is precipitated, thus forming
low permeability barriers that channel high-tempaefluids to their discharge points as
black smokers. There appears to be little mixinglaick smoker fluids with ambient
seawater during their ascentdn Damm and Lilley2004]. Because little conductive
cooling occurs along the channels during rapid rdseee consider black smokers to be
“temperature probes” corresponding to the tempegadtithe base of the focusing zone,
where the hot ascending fluid enters the focusimanoels. In other words, black smoker
fluid is a proxy of the high-temperature part oé thpflow zone. In this model, black
smoker fluid represents an end-member 0-Mg fluickedi with a small amount of
partially reacted seawater at the junction (Figuide as observed for Bio verRévizza et
al., 2001]. In the extrusive layer outside the chasn&w-temperature diffuse flow
occurs. This fluid is a mixture of high-temperatfited with the seawater circulating in

the extrusives.
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Figure 3.4. Schematic representation of focusirtg atljacent diffuse flow in the upper
part of the upflow zone. The dashed lines repreenjunction at which mixing between
hydrothermal fluid and seawater occurs.

We will therefore add the effect of shallow cirdida occurring in the shallow
crust to the standard single-pass model [Pascoe and Canrli995;Lowell et al, 2003]
(Figure 3.5). This shallow circulation provides @&ahanism of temperature regulation
that can explain the variations observed followtimg temperature peak at Bio9 following
the March 1995 event. In addition to facilitatifge tfocusing mechanism, input of cold
water from the shallow circulation system createsh@mal boundary layer in the
junction zone, where the entrance to the focushnoels is located (Figure 3.5). In our
model, the evolution of this boundary layer corgrible black smoker temperature. When
the temperature rises due to a perturbation athgepe density decrease triggers an

influx of cold fluid from the shallow circulatiorystem. Temperature in the junction then
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drops, decreasing the input of cold fluid. The sgstgradually evolves towards a new
steady state. Diffuse venting is affected by veret of another boundary layer that
occurs at the seafloor. These variations arise tlwrinteraction with cold seawater near

the surface as well as from mixing between hot radiog fluid and cold recharge in the

junction.
Shallow
Recharge
O.-
h-f2 4 Recharge
h+f/2 ¢
H -
Magma Chamber T~ 1200°c
v n

Figure 3.5. “Double-loop” single-pass model adagtech Figure 3.3. The region
betweerh — /2 andh + f/2 is the junction zone where high temperaturekotacoker

fluid from below mixes with seawater from the esimes. Thermal boundary layers are
located at the junction zone, the seafloor, antdiebottom of the system between liquid
magma and the hydrothermal system, denotedl by
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3.3.2 Mass fluxes in the system and conservation laws

The single-pass model shown in Figure 3.5 is camed one-dimensional since
the only dimension we are interested in is theadis¢ from the discharge point at the
seafloor. The- andx-axis are here directeabainstthe fluid flow in all the limbs of the
model, that is, downward in the upflow zone andmfrteft to right in the bottom
horizontal limb. In order to write all the subsequequations with respect to a unique
coordinate along the fluid path in the deep horiabtimb and the upflow zone, we

introduced a “curvilinear” coordinatedefined as

S=27 if s<H (34)
S=z+X if H<s<H+L

For an easier formulation, we divided the fluid lpahto four main limbs,
represented hereafter by the indexvherei takes values from 1 to 4 representing the

limb (see Figure 3.5).

With this notation, Darcy’s law in the vertical lba can be written as

(3.5)

_ _@[GP }
ds

——p(T
M) (Mg

For the horizontal limbsi € 3, 4), the same expression is used without theity term
p(Tg. The temperatur& is a function of time and coordinats. Hereafter, we use the

subscript (wherei =1, 2, 3, 4) when a physical value refers toecsje limb.

Let us first consider the case where the heat ifmoat the shallow recharge is
modeled as a concentrated (or point) source. Ajuhetion points = h, conservation of

mass can be written &3; = Q, + Q4. By convention, we choosg; > 0, whilev; <0 is
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imposed by the orientation of tzeandx-axis in (3.5). Moreover, we consider that at any
time step, the velocity; is constant in thé" limb. This implies that the mass fluxes
Qi = —pAv; are also constant in each limb at any time siepesve invoke Boussinesq'’s

approximation.

Rewriting Darcy’s law in terms d@ and combining with the kinematic viscosity,

UT) = n(M/(T), we obtain

a_P: Q v(M)

e Kﬁ+p(T)g (i=1,23,4) (3.6)

where the last term on the right-hand side showddomitted for horizontal limbs
(i=3, 4). The hydrostatic pressures at the bottérthe shallow and deep recharges,

respectively, can be written as
h H
P(h+1) =R, +g | p(T,,)ds PH+L)=R+g[p(T.) ds  (3.7)
0 0

whereTg, andTiech are the far-field temperature in the shallow aedpmrecharge zones,

respectively.

Also, since pressure is continuous ath ands = H, we have:

h+l HeL
oP oP
P(h+1)—P, = ja—sds P(H+L)-R = | 5 Us (3.8)
0

0
We further introduce the hydrodynamic resistance

= Tﬂ£ (3.9)
S

k(T) As)

74



whereA(s) is the cross-sectional area betwesens; ands,. Combining (3.6), (3.7) and

(3.8), and using the conservation of mass, welfireddtain

Q=0 +Q,
Q=-Q Ty gj[p(Tsh) - ,O(I')] ds
SRR (3.10)
Q=Q
_ g o ) - e _
Q= (rz + rg) (rl + r4) +rr, {(rl et r3)_(|;['0(T5h) p(T)]dS " _([[p(Trech) p(T)]dS}

wherer; is the resistance of th&' limb. Expressions (3.10) can also be obtained by

considering the electric current analogy.

Lowell [1990] andGermanovich and Lowell1992] showed that thermoelastic
stresses induced by hot hydrothermal fluid flowihgough cooler rocks may close some
pathways and thus focus flow. Therefore, the pemitigaof the upflow zone is assumed

to be temperature dependent and represente@dayrfanovich et al2000, 2001]

k(T) =k [1= y(T =T, P H[L- (T - T, )] + K, (3.11)

wherek is the permeability of the upflow zone at theialisteady-state temperaturg,

y = ar/ @ is the ratio of the thermal expansion coefficiehthe rock to the initial porosity,
H(x) is the Heaviside step functioH(x) = 0 if x< 0 andH(x) = 1 if x> 0], andk.es is the
residual permeability. The factor multiplyirlg represents the effect of thermo-elastic
stresses whilekes reflects the permeability remaining after the alesof the major

fractures and asperities as temperature increaSeecifically, if T<Ty+ 1k,
H1- (T -T,,)] =1 in (3.11) andk(T) =k [1- y(T —Tin)]3 +K,es. Although typically

kres<<ko , kies cannot be ignored here since the first term isuced) to zero with
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increasing temperature. Ondez Ty, + 1, H[1- (T -T,;)] = 0 and k(T) = K,.s. The
dependence of the permeability on pressure isgiblgicompared to that on temperature
for the conditions considered in this studiie temperature dependence of fluid viscosity

n is approximated asgermanovich et al2000]

Cl

T) =
n(T) T+C,

(3.12)

whereC; = 0.032 P&°C, andC, = 15.4°C. Finally, the dependence of fluid density

temperature is given by

Pi =poll-a, (T -Ty)] (3.13)

We now modify the formulation dsermanovich et al[2000, 2001] to take into
account recharge at the base of the extrusiveheattransfer from the magma body at
the base of the hydrothermal system. Then, consenvaf energy along the flow path 1-

2-3 (Figure 3.5) can be written as

2
G0, A0, Q7 =A AT S -2b(q, +q,)+2¢, (T, “T)Al +bg, (314

where the source terhrepresents the mass flux per unit volume delivénethe shallow
recharge to the junction regidn-f/2<s<h+f/2 (Figure 3.5) and, represents basal
heat transfer from the magma body to the baseeohyllrothermal system. The quantity
2I(T; — T) represents cooling of the system, whgrdenotes the temperature of the fluid
from the shallow recharge at the junction pointg(ffe 3.5), andT>T,. Here,

| =[Q4/ (AswWy)]6(s—h), where &(s-h) is the Dirac delta function that models the

concentrated influx of the shallow recharge inte tpflow zone (corresponding to- 0
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in Figure 3.5). In (3.14)qw represents lateral heat transfer through the wallishe
upflow zone, andgy the heat from the freezing and cooling of a dikenén dike
emplacement is modeled, as in Section 3.5). Thsymatotic approximations are

discussed ilsermanovich et a[2000] and can be written as follows:

=— ' 3.15
(o J7 Jat (3.15)
A T -T .
- ! m if O0<t<t
f(A t ¢
Jrerf (1) Ja, (3.16)

%)= AT ex’{_ ﬂzar(t-tc)j i
Jrerf (1) /a t, w

The upper and lower expressiong3116) correspond to the freezing and cooling
stages after dike emplacementy W’(16a,1) ! is the time for dike solidificationwy is the
dike width, andl, is the temperature of the basalt melt emplacetthéylike. In (3.16)4
is the root of equationexp(i?)erf() = c;(T~T)(La*?) ™ . For typical parameter values
(Table 3.1) and;,~T ~ 10 °C, A = 1 [Germanovich et a12000]. Then, for, = 10° m%/s

andw =1 m,t; ~ 1 day Carlsaw and Jaeger1986].

When a dike is suddenly emplaced in fluid-saturateagintry rock, rapid heating
will tend to pressurize the adjacent fluid and driffow away from the dike wall
[Delaney 1982]. In turn, pressurization of the fluid magdl to fracturing of the adjacent
rock [e.g.,Germanovich and LowellL995]. Local boiling and phase separation mag als
occur. For seafloor systems with high permeabdgitygl ambient pressure of ~ 30 MPa,
the pressure increment is negligiblzeJaney 1982], and so is the corresponding increase

of the sizes of pre-existing fracturgsgrmanovich and Lowelll995]. If an increase of
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permeability results from fluid pressurization,ist incorporated into the permeability
increase that we assume results from dike emplatef®ee Section 3.5.3). The width of
the two-phase zone is only ~ 10 cheyis and Lowe]l2004], and hence we neglect it.
As noted bywilcock[2004] andGermanovich and Lowe]lL995], heating adjacent to the

dike may lead to large pressure increases butweriyn a narrow region.

In (3.14),gm = 0 everywhere except along the horizontal limbwvBere heat is
conducted without heat loss through an impermeidgienal boundary layer of thickness
d. If Ty is the temperature of the magma body, then asytioally [Germanovich et a|.

2001;Lowell and Germanovict2004]

AT, -T) (3.17)
" d
Heat input from the shallow recharge modeled asmneentrated (or point) source
has an important limitation. Tf; is the temperature of the fluid coming from thalkiw
recharge, the heat balance yie@gT(h") — T]] = Qi[T(h") - Tj]. This expression can be
satisfied only ifQ; = Q,, which is not our case. Therefore, in the pointrse model, the
temperature has a discontinuity at the junction.aVoid computational inconvenience,
we model the input from the shallow recharge ovdmde area between the depths
z=s=h-1f/2 andz=s=h+1/2, f being the vertical dimension of junction zone (Fiy

3.5). Then, in (3.14), = Q4/ (Aswy) within the junction zone and

_ & if h—-f/2<s<h+f/2
1(2)=1 Aw, (3.18)
0 otherwise
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Within the junction intervah - f/2<s<h+1/2, 6Q/ds= —Al, whereA=A; =A,, and

the mass flux
Q(z1t) =Q,(t) - Al Eéz—h—%) (3.19)

is linearly distributed along this interval. In themerical calculations described below,
we adjustedQ in the energy balance expression (3.14) based3d®) however, the
correction to the mass balance expression (3.1®)eprto be negligible becaute<h.
Because the geochemical analyse8&y [2001] suggest that the residence time of the
diffuse flow fluid is on the order of a few montlvge assumed that focusing occurred in

the upper 100 m of the crust and placed the juncane at that depth.

3.3.3 Boundary conditions

In previous works on the single-pass mod&tfmanovich et al.2000, 2001], we
did not include explicitly the deep horizontal linflonb 3 in Figure 3.5), which required
specifying a separate boundary condition at theoboof the upflow zoneGermanovich
et al, 2001; Equation (14)]. Here, this horizontal linalnd its effect are explicitly

included, and we now have the following boundanmyditions:

T =T,

diffuse if s=0,t=>0 (3.20)
and
T=T,,(H) if s=H+L,t=0 (3.21)

whereTgimuse IS the temperature monitored at sites of diffusetvg. To limit the number
of unknowns, we model the recharge zone by a litm@perature distribution (as also

discussed in Section 3.4).
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To solve equations (3.10), we estimate the hydradya resistance of the
shallow limb 4 directly from (3.9). Assuming thaettemperature in horizontal limb 4 is

constant and equal to the temperature of the é&d-fecharge at this depth, then

r, :M (3.22)
KA,

where the subscript 4 refers to limb 4, wrgleands, refer to the two ends of the path

along which the resistance is calculated. The pehitigy and the recharge fluid viscosity

are calculated using (3.11) and (3.12), respegtivel

3.3.4 |Initial conditions

We define the initial conditions as the steadyestaf the system prior to any

perturbation. In steady-state, equation (3.14) meso

dT d’T
—-c; Q—=A A—+2c, (T, -T) Al +b 3.23
f Q dS r d§ f (T] ) qm ( )

so that the initial condition is given by the sadatof (3.23) with the boundary conditions

(3.20) and (3.21). Given (3.17), equation (3.23) ba written as

(T_TD)_ d(T_TD)_
ds Q ds

2’ b, (T-T) =0 (3.24)

whereag=A A/ (- ¢); To=Tn in the deep horizontal limb 37=T; in the junction of
the upflow zone with the shallow recharge, dnd O everywhere else; ard is defined
as eithebp= - (4, b) / (c:d) in limb 3,by= — 2Al in the junction, oby= 0 elsewhere. The

general solution of the linear, homogeneous ODE4(3s
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Q-Q? +4ah,

(02 + 4 b
T=T+C ex Q@ s|+C, ex S (3.25)
28 28, '

where constant€; andC; are different for limbs 1, 2, 3, and the junct@one. They are
determined from the boundary conditions (3.20),2138. and the continuity of

temperatures and heat flows between the intervals.

One obtains these constants as functions of thesmonding mass fluxes. Then,
(3.25) is substituted into (3.10) and the resultugebraic equations are solved to obtain
the mass fluxe®; in the steady-state configuration. Alternativedguation (3.23) can be
solved numerically to obtain the steady-state smiuusing the numerical technique

described below for solving transient problems.

Dimensionless expressions corresponding to thelgmopresented in this chapter

are given in Appendix C.

3.4 Numerical results

We chose an implicit numerical scheme that usiasita difference discretization
with a zeroth-order approximation with respect itnet At each time step, the mass
fluxes (and velocities) are considered to be caonstbBhis allows solving the system of
equations using the standard elimination mett®ahjarskij 2001]. The mass fluxes and
velocities are then recalculated, along with valokdensity, permeability and viscosity,
prior to the next step. We consider the flow paitnf the bottom of the recharge zone to
the top of the upflow zone. The bottom boundary ditton corresponds to the

temperature at the bottom of the deep recharge. fEhperature is not well constrained,
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but test computations showed that the results wetesensitive to temperatures ranging
between 50 to 100°C. For results presented hereassamed a linear gradient in the
recharge zone with 0°C at the seafloor and 100°@eatbottom (i.e., at the depth of

1.5 km).

In all the calculations, we chose a uniform gr&hsity with a grid spacing of 1
cm. We checked the accuracy of the computationsobyparing the results with different
grid spacing and time steps. The difference betwkergrids with a 10-cm spacing and
1-cm spacing did not exceed 1%. Similarly, incregghe time step from 0.1% of the
time modeled to 1% did not affect the results byrenthan 1%. The program was
implemented as a FORTRAN 9PBress et al.1992] code (see Appendix D). Our typical
simulation for the 2.5 km long spatial domain (opflzone plus deep horizontal limb)
discretized at 250,000 grid points required 5 nesufor 16 time steps on a personal

computer running with 3 GB of RAM and a 2 GHz preswr.

Figure 3.6a shows how the steady-state tempergitoBle varies with the
thicknessd of the impermeable thermal boundary layer situdtetiveen the top of the
magma chamber and the base of the hydrothermagrsydtiote that for the results
presented from this point on, the term “depth” es@nts the (curvilinear) distansé&om
the seafloor along the flow path 1-2-3. Therefamel-igure 3.6 and following, the upper
part of the upflow zone, representing the diffuse,fcorresponds to depth 0-100 m; the
lower part of the upflow zone to depth 100-1500 with conditions at 100 m
representing the focused flux; and the deep hotadimb to depth 1500-2500 m. For a

fixed mass flux in the horizontal limb, ak gets thinner, the amount of heat that is

82



conducted into the fluids increases and the fl@thgerature rises. In the example
presented here, a difference of 1 m generatedtao$hi 20-30°C in the lower part of the
upflow zone. At the junction, however, (Figure 3,6all the profiles become identical.
This is a result of the long-term regulating rofetlee cold shallow recharge. As can be

seen in Figure 3.6¢, the boundary layer at thd@aafemains the same in all the cases.

The hydrodynamic resistances of the simulationsgred in Figure 3.6 are such
that the mass fluxes are moderd@g € 37 kg/s,Q. = 14 kg/s, and), = 23 kg/s). Figure
3.7 presents the similar results but for smallesistances, and thus higher fluxes of
Q1 =53 kg/s Q. = 26 kg/s, and), = 27 kg/s. The latter case requires smaller vatdiels
of the order of 78 m, to obtain temperatures representative of Pasiific Rise
conditions. Also, smaller variations dfare required to generate shifts of the temperature

profile in the lower part of the upflow zone.

We then tested the transient response of themytean instantaneous change in
the thicknessl of the boundary layer (Figure 3.8 and 3.9). Insgtaabus thinning of this
boundary layer corresponds to a downward crackventand the formation of new
permeability near the top of the magma chamber.tiisrexample, the mass fluxes are
the same as for Figure 3.6. After 1 year, a slgtange in the profile of the horizontal
limb can be observed whereas the thermal boundgerd at the junction zone (Figure
3.8b) and beneath the seafloor are unchanged. Bfyears, the perturbation has started
to propagate upwards in the upflow region, butjthection zone is unchanged (Figure
3.9b). Figure 3.10 and Figure 3.11 illustrate tame scenario but with larger mass fluxes

(Q1 =53 kgls, Q. =26 kg/s, andQ4 =27 kg/s). After 1 year (Figure 3.10a), the
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temperature profile has begun to be modified inhtbiezontal limb and at the base of the
upflow zone. Compared to the case with smaller efuXFigure 3.8a), the profile
modification is more important although the chamngel is more limited. After 5 years
(Figure 3.11a), the profile in the horizontal liabd the lower part of the upflow zone is
even more altered. Yet, Figure 3.10b and Figurdl8.4dhows that the effect on the

boundary layer at the junction zone is nearly nristent.

These simulations illustrate that any modificatafrthe thickness of the bottom
boundary layed would have only long-term effects. It would takenyig/ears before the
flow regime is altered enough to modify the bougdayers at the junction zone and at
the seafloor. Because the conductive boundary ldyisr already quite thin, the new
permeability generated by a deep cracking everitftinther thins the boundary layer is

not likely to cause a rapid perturbation in thetiemperature.
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Figure 3.6. (a) Variation of the steady-state terapge profile with the thickneskof the
impermeable thermal boundary layer situated betwleemagma chamber and the base
of the hydrothermal system. The dashed line coomdptod = 12.5 m, the solid line to

d = 13.5 m, and the dash-dot linede 14.5 m. The dashed horizontal line marks the
base of the upflow zone. (b) Detail of the probletweerns = -95 m and = -105 m. (c)
Detail of the profile in the boundary layer neag geafloor.
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Figure 3.7. (a) Similar to Figure 3.6 but for sonmetvlarger mass fluxes (see text for

details). The dashed horizontal line marks the lbasee upflow zone. (b) Detail of the

profile betweers = =95 m and = -105 m.
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Figure 3.8. (a) Temperature profile 1 year afteaanging the thickness$of the
impermeable thermal boundary layer. Steady-statesponds ta = 13.5 m and the
other curves correspond to valuesiatfter perturbation. The dashed horizontal line

marks the base of the upflow zone. (b) Detail efphofile at the junction zone, between

s=-98 mand=-102 m.
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Figure 3.9. (a) Temperature profile 5 years aftemging the thicknessof the
impermeable thermal boundary layer. Steady-statesponds ta = 13.5 m and the
other curves correspond to the valued after perturbation. The dashed horizontal line
marks the base of the upflow zone. (b) Detail efphofile at the junction zone, between
s=-98 mand=-102 m.

(a) 0 T T T T (b) -98 T T T T

-500r n

T
1

-1000

-100[~ n

Depth, m
Depth, m

-1500

-2000 -1o1r ]

-102 Il Il Il I
100 200 300 400 “0 100 200 300 400

—250
0

Temperature, °C Temperature, °C

—— Steady

—— Steady
""" d=55m e d=55m
ffdi6.5m — —d=65m
--—-—d=95m — - d=95m

Figure 3.10. (a) Temperature profile 1 year afteanging the thicknessof the
impermeable thermal boundary layer. Steady-statesponds tal = 7.5 m and the

other curves correspond to valuesiatfter perturbation. The dashed horizontal line
marks the base of the upflow zone. (b) Detail efphofile at the junction zone, between
s=-98 mand=-102 m.
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Figure 3.11. (a) Temperature profile 5 years aftemnging the thicknessof the
impermeable thermal boundary layer. Steady-statesponds ta = 7.5 m and the

other curves correspond to the valued after perturbation. The dashed horizontal line
marks the base of the upflow zone. (b) Detail efphofile at the junction zone, between
s=-98 m and=-102 m.

3.5Modeling the March 1995 East Pacific Rise event

3.5.1 A possibility of diking event

The March 1995 East Pacific Rise swarm is typicakplained as a thermal
cracking episode, enabling hydrothermal fluid tcenheat deeper in the reaction zone
[Fornari et al, 1998;Sohn et al.1998;Sohn et al.1999]. The observed seismic pattern
(Figure 3.12a) was interpreted as a slip alongraca fault (Figure 3.13a) generated by
the release of thermal stresses at the base diydvethermal systenSinha and Evans
2004;Sohn et al.1999]. The slip would have rapidly propagated dewards, as the axial
magma chamber lid subsided (Figure 3.13b), opepatiyways (Figure 3.13c) for the

fluid that presumably reached the seafloor andexdtise temperature anomaly four days
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later [Fornari et al, 1998;Sohn et al. 1998;Sohn et al. 1999]. Here, we suggest an
alternative interpretation based on the fact that micro-earthquakes are located well

above the margins of the magma lens (Figure 3.12a).
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Figure 3.12. (a) Ridge normal cross section ofaaied north group events witly rror
bars. Dashed box delineates donfidence limits for relocated groups [modifiedrh
Sohn et al.1999]. (b) Finite element simulation of dike pag@ation from magma
chamber suggested in (a). We used a pressurizddrideep, 1-km wide, and 50-m
thick magma lens, and propagated the dike 600 ondar to match the hypocentral
pattern shown in (a).

As shown bySim[2004] andSim et al[2004], the pressurization of a lens-shaped
magma chamber results in the tensile stress caatiemt near the tips of the lens while
the rest of the host rock is in compression. Timplies that an episode of pressurization
is likely to result in dikes initiating near thenketips, and not its center, as often assumed

(Figure 3.14). Finite element calculatior®&rfy 2004;Sim et al. 2004] show that the dike
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then propagates almost vertically towards the eeafirom the lens tips (Figure 3.12b).
The hypocentral pattern in Figure 3.12a could thes the expression of dike
emplacement initiated at the tip of the axial maghamber lying beneath the ridge. As
noted bySohn et al[1999], the events shown in Figure 3.12a are aiinle with dike-

induced seismicity.
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Figure 3.13. Interpretation given I$phn et al[1999] of the March 1995 seismic swarm
beneath Bio9 high-temperature vent field. Sectiarall plots are oriented in all plots
across the rise axis from west to east. (a) Magmmber cools and contracts (e.g., melt
to mush) as hydrothermal convection removes heaDifferential contraction generates
slip along vertical fault over west margin of axiahgma chamber (AMC). (c)
Hydrothermal fluids rapidly penetrate new fractuaesl extract heat from fresh rock.
Exit fluid temperature in Bio9 vent temporarily nease.

Although we prefer the diking explanation of themta1995 seismic swarm (see
discussion in Chapter 4), both fault slip and dikepagation are likely to enhance the
permeability in the upflow zondfodsky et al.2003;Delaney et al.1986;Germanovich

et al, 2000;Pollard, 1987;Rojstaczer and WqlfL992;Rojstaczer et al.1995]. Though
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Sohn et al[1999] do not describe this explicitly, their ned@dan be interpreted as the slip
of a vertical fault enhancing permeability in theaaround the hypocenters and below
(Figure 3.12a). In this section, we consider thdrbthermal implications of the change
of permeability above the west margin of the axmlgma chamber when the seismic
swarm was observed. Mechanical implications areudsed in more details in the next

chapter.
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Figure 3.14. Evolutionary model fro@arbotte et al[2006] for axial rift topography.

A: Narrow grabens form above dikes during dikeusion and are readily buried by
lavas contributing to axial volcanic ridge (AVR)iet. B, C: With ongoing dike
intrusion, fault slip becomes localized on prefdrgeaben faults, which grow with
successive dike events. Graben widens and erugiecame confined by graben walls.
D: Graben faults cease to be active as they anspmated beyond zone of influence of
stress perturbations due to dikes intruded frommaasill. New AVR construction
begins.
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3.5.2 Heat from possible dike emplacement

Before studying the impact of permeability enhaneetrin the upflow zone, we
first consider the influence of heat input in these of a dike intrusion. To test this
hypothesis, the heat fluy from dike emplacement is accounted for when sglygi14),
and an emplacement heightlgf= 600 m is invoked to match the hypocentral patter
Figure 3.12a (as sketched in Figure 3.5). Figudd 3hows the modified temperature
profile for various dike thicknesses, one yearratte emplacement. For this simulation,
we chose the large mass fluxes used in the prewectson. Only the temperature of the
fluid situated around the dike was significantlieedd (Figure 3.15a). The additional heat
results in a slight increase of the mass flux armhsequently, a moderate upward
displacement in the boundary layers at the juncmme and at the seafloor. This increase
is then followed by a gradual decrease of the rlages, which results in a downward
displacement of the boundary layers, and a decilieasenperature at any fixed point in
the boundary layers. The system eventually evoteegmrds a new steady-state. The
temperature behavior is shown in Figure 3.15b. Téimulation demonstrates that
shallow recharge regulates the outlet temperatofreése system. The rapid decrease of
fluid density in the upflow zone increases for widiikes because the heat input from
wider dikes is larger than for smaller ones. Thereased buoyancy in turn drives an
enhanced response of the shallow recharge, whigilaies why the subsequent
temperature decrease is amplified for thicker dikdse same simulation conducted with
smaller steady-state mass fluxes showed a simésponse, though more attenuated

[Ramondenc et al2005]. These simulations suggest that unlessliteeis exceptionally
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wide (~ 10 m or wider), additional heat from theedialone does not result in the

observed changes in black smoker temperatures.
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Figure 3.15. (a) Temperature profile 1 year atberemplacement of a dike. The steady-
state corresponds tb= 7.5 m The other curves correspond to different dike hsd.
The dashed horizontal line marks the base of tfiewzone. (b) Temperature evolution
in the junction zone at a fixed point of degth —100.73 m for different dike widths.

3.5.3 Permeability enhancement

Although the simulation described above shows tiesit alone cannot induce
temperature variations such as those observedsatfaaific Rise during the March 1995
swarm, it is likely that dike emplacement is accamipd by permeability enhancement
around the margins of the dikB¢laney et al.1986;Germanovich et al.2000;Pollard,
1987]. Figure 3.16 shows the evolution of the terapee profile over time when both
added heating and enhanced permeability are tadteraccount. The dike thickness was

chosen to bew=1m, based on our mechanical computations (Eiggidl2b). Test
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simulations showed that for mass fluxes of the oaof€el5 kg/s in the upflow zone, the
system response does not result in temperatureakszs following the initial increase.
Therefore, a thin thermal boundary layer at the ddbphe magma chambed € 7.5 m)
was used in order to achieve the higher steadg-stass fluxes described in Section 3.4
(i.,e., Q1=53Kkgls, Q.=26 kgls, andQ, =27 kg/s). Finally, the permeability was
multiplied by a factor of 1.5 in the 600 meter sactof the upflow zone where the dike
was emplaced (no permeability changes occured athmvelike), and the height of the
junction with the shallow recharge of cold fluid sMaken to be 5 m, rather than 1 m as in
the previous examples. These values provide thefibésr the temperature variations at

Bio9 following the earthquake swarm.

Figure 3.16a shows the resulting evolution of teengerature profile at the
bottom of the upflow zone. Temperature increasesafiproximately 7 days after the
emplacement of the dike, and then gradually deegeas the fluid flows upwards. Figure
3.16b shows the evolution of temperature at thectjan with shallow recharge,
representing the behavior of black smokers. Temperammediately increases in the
junction zone after the dike is emplaced, beforeeksing approximately one week later.

This decrease results from the input of cold filwam shallow recharge.
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the junction with the shallow recharge, and (cthia first 50 cm below the seafloor

(d=75mf=5m,w=1m, ank = 1.5%, around the dike margins). Note that the black

smoker temperature is represented by the temperatwome fixed point within the
junction zone shown in (b), while (c) corresponal$otv-temperature diffuse flow.
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Figure 3.17a shows temperature as a function o€ tah the point near the
junction zone that best matches the temperaturssredéd at Bio9 prior and during the
event (at deptlz = 102.40 m). Our model matches the different Vianmes over the first
year that have been observed in the temperatusedéries (Figure 17a). The large-scale
oscillations in the model are related to the inypbetween cold recharge from the
shallow part of the system and hot discharge frehow as the system evolves to a new
steady state. The fit is further improved aftenslating the record post November 1995
by 3°C (Figure 17b), time at which the temperatprebe (or hobo) was replaced

[Fornari et al, 1998; Fornari, personal communication, 2006].
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Figure 3.17. Comparison of the calculated resp@tse7.5 mf=5m,w=1m, and

k = 1.5%, around the dike margins) to dike emplacement ti¢ghobserved response at
Bio9 following the March 1995 East Pacific Rise mivén (b) we applied a 3°C
translation to the records at the time of tempeeapuwobe replacement.
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3.5.4 Discussion

In the model presented in this work, we assumet ltkeck smokers represent
“temperature probes” (proxies) of the base of thmuing zone. In turn, we assumed that
focusing occurs in the narrow junction where th8ayp meets the shallow recharge of
cold seawater (Figure 3.5). One can argue, howdvat this recharge may occur over a
much larger portion of the extrusives (Figure 3ld)essence, our approach consists in
using an “equivalent” shallow recharge, deliverthg same amount of cooling that may
occur in reality. From this point of view, our médaptures relatively well the physics of
shallow recharge. In this context, the depth ofjthrection scales with the depth of the
shallow recharge zone and its exact value is v&htiunimportant. One way to obtain a
better estimate of the position of shallow rechasgeld be to compare both the diffuse
low-temperature and focused high-temperature resg®nto seismic activity.
Unfortunately, there was no temperature sensorogegl in the diffuse venting zone of

Bio9 area during the 1995 activitg¢heirer et al2006].

Furthermore, using diffuse flow temperature recdatsmodeling similar to that
presented here may be less reliable than using Blaoker temperatures. Diffuse flow is
typically much broader and is not easily defined)jJ[eRamondenc et al2006]. In any
patch of diffuse venting, the temperature may rafrgen nearly ambient seawater
temperature to tens of degrees. Moreover, the teahpe of diffuse venting is often
measured at only a few selected points. Consequé¢hd average temperature of diffuse
venting, which is determined in our model, as vasllin most of other models, is not well
constrained. This is why we did not attempt to nidbde June 1999 Endeavour event at

the Juan de Fuca Ridgéohnson et al.2000; Seyfried et aJ.2003]. In that case, only
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diffuse venting records at several points are abél and no black smoker temperature

was recorded.

Nevertheless, in principle our model can be useditaulate the temperature-
averaged behavior of diffuse venting. Figure 3.i€aresents the evolution in the first
50 cm below the ocean floor. Displacements of tohendary layer are nearly non-
existent in the first couple of months followingetlevent, whereas the response after 6
months is larger. This can be explained by thevalrof the temperature spike from the
junction zone that resulted from dike emplacemerdepth. As is the case in the lower
part of the upflow zone, this spike is graduallyected towards the seafloor at the same
time as the fluid loses heat through the wallshef aipflow zone. Although there are no
data on diffuse venting from Bio9 vent, temperatimes series are available for the Bio9
Riftia community starting November 199Sdheirer et al.2006]. These records indicate
a sudden temperature increase at the beginnin@3#, followed by a gradual decrease
over several years. This behavior is consistertt tie delayed response that our model

suggests for sites of diffuse venting.

The main advantage of our model is that, despieatparently large number of
parameters, essentially only two control the bebraef the system: the thickned®f the
thermal boundary layer between the top of the maghenber and the hydrothermal
system, and the permeabilikyof the upflow zone. Figure 3.18 shows that at tthree
scale of a year, permeability is the main contngllparameter, whereas for longer time
scales, mainly the thickneskof the basal boundary layer affects the evolutbrihe

system. Even doubling this thickness has little&fver time scales shorter than a year
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(Figure 3.18a). In contrast, our best fit requinadtiplying the steady-state permeability
by 1.5, and increasing this to a factor of 2 hdarge effect, that is, it would make the
temperature response 60% larger at the seafloarornmparison, the permeability of on-
land hydrological systems in Southern California haen shown to undergo increases by
a factor as high as 3 at the time of earthquakédpury et al. 2006]. The sensitivity to

permeability changes would become greater if chauogeur over a larger portion of the

upflow zone.
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Figure 3.18. Comparison of the best fit to the Mat®95 East Pacific Rise event
(d=75mf=5m,w=1m, ank = 1.5%, around the dike margins) with other
scenarios; only one parameter is modified at a,tati¢he others remaining the same. (a)
Comparison of two types of permeability changesitding the thickness of the thermal
boundary layed does not affect the results. (b) Comparison oésaghere heat alone is
taken into account (without any permeability chgnged only permeability change is
considered (without any heat).
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Figure 3.18b further illustrates the fact that he#éine cannot generate the
observed temperature variations; however, permgat@hhancement without heating
could produce satisfactory results. This shows geameability is the main controlling
parameter, at least when the dike thickness less than 10 m (Figure 3.15b). If the dike
were considerably thicker thamv=1-10m assumed here (Figure 3.15b), the
temperature changes the junction zone may be large enough to cobatance the
response to the permeability change. Thus, dikektigiss has some influence on the

response of the system.

To address the longer term (> 1 year) temperatnceease (Figure 3.1), our
model would need to be complemented by some othetorf A gradual decrease in
permeability either deep in the system or at theimgi junction would lead to a gradual
increase in vent temperature. Our model does nsider mineral precipitation. In the
junction zone, the temperature fluctuations thatitefrom mixing may lead to clogging
by precipitation of anhydriteLpwell et al, 2003] or some other mineral. This would
reduce the input of cold shallow recharge, thuditeato a slow increase of temperature
at black smokers. In addition to inorganic minepa¢cipitation, subsurface microbial
activity may clog the pore space, though recentetiod of snowblower vents at 9°58
on the East Pacific Rise suggests that this efieay be small Crowell et al, 2007,
Lowell et al, 2007@]. Mineral precipitation may also occur deep in tbeust and
eventually clog the permeability that was enhanged result of the hypothesized dike

emplacementljowell et al, 1993;Martin and Lowel] 2000].
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3.6 Conclusion

The mechanisms of hydrothermal response of midrodelge venting systems to
seismic and/or magmatic activity remain a mattedetbate. Our model of hydrothermal
circulation within the crust offers a way to studijfferent types of perturbations while
invoking relatively simple circulation pathways.adlows simultaneous consideration of
both low-temperature diffuse and high-temperatuosu$sed venting through the
introduction of shallow recharge of cold fluid withthe shallow crust. The most
important result of this work is that a thermaltpdpation at depth need not be advected
along the entire discharge zone; it only needdfectthermal boundary layers near the
seafloor and at the junction with the shallow regkan order to generate the observed
temperature variations. Moreover, our results shmav a deep cracking event alone that
generates new permeability near the base of thierays not likely to cause a rapid
perturbation in the vent temperature. If modestsability increases resulting from
seismic activity or dike emplacement above the westgin of the axial magma chamber
where the seismic swarm was observed in March 3983 East Pacific Rise occur, our
model yields results that are in good agreemertt thié observed temperature behavior

there.
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CHAPTER 4
MAGMATIC ORIGIN OF THE MARCH 1995 EARTHQUAKE

SWARM AT 9°50" N, EAST PACIFIC RISE

Abstract. The response of mid-ocean ridge hydrothermal systéo seismic and
magmatic activity could provide a means of usingflser observations to assess
processes occurring at crustal depths. The coirgetpretation of the March 1995
seismic activity and the subsequent hydrothernsgdarse on the East Pacific Rise (EPR)
near 9°50 N is of critical importance for understanding theks among magmatic,
tectonic, and hydrothermal processes at mid-oceryes. We suggest that this seismic
activity was caused by a small diking event thatuoed during an interval of magma
lens inflation that was bracketed by two major ¢éiars in 1991 and 2006. The diking
scenario yields quantitative results that are icedignt agreement with temperature
observations. This scenario explains seeminglyedsfit observations from the unified
stand point of fracture mechanics. In particulbg diking explanation is consistent with
both the thin, lens-like shape of the EPR magmanties and with the seismic pattern

displaced to its west margin.

4.1 Introduction

The 9°50N area of the East Pacific Rise (EPR) has becamienportant study
area after fresh volcanic activity and dramaticnges in the hydrothermal systems and

associated biological communities were fortuitodsiynd in 1991 [Haymon et al.1993;
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Von Damm 2004]. Since then, the region has been the fofws continuous seismic,
biological, and geochemical investigation. In 19¢% three-month deployment of an
array of seismometers allowed the detection of eraearthquake swarm. Based on the
recovered seismic, thermal, and chemical data,siismic activity was interpreted as a
thermal cracking episode that enabled hydrotheritoéd to mine heat deeper in the
reaction zone overlying the magma lens located dténine ridge Fornari et al, 1998;
Sohn et al.1998;Sohn et al. 1999]. In this work, we show that the hypocenpaltern
and mechanics of dike propagation from the magms, lgether with the temperature
variations observed at the seafloor, suggest thatseismic swarm is more likely the
result of dike emplacement initiated at the westgmaof the axial magma chamber
(AMC). Current explanations, based on a thermatkirg episode at the bottom of the
upflow zone, require fluid flow through a km-scalischarge zone in a matter of an hour
[Wilcock 2004] or a few daydornari et al, 1998;Sohn et al.1998;Sohn et al.1999],
which is unrealistically fastjadko et al. 1985;Lowell and Germanovich2004]. We
argue that such an episode, which affects the ohteeat transfer at the base of the
hydrothermal system, cannot give rise to rapid emafure changes at the seafloor. We
also argue that a dike resulting only in modestngea in permeability within the
discharge zone is sufficient to cause the obseseafloor temperature perturbations.
Contrary to the thermal cracking hypothesEsrpari et al, 1998; Sohn et al. 1998;
Sohn et al. 1999; Wilcock 2004], the diking interpretation is consistenthwihe fluid
residence time within the hydrothermal system m @hder of yearsiadko et al. 1985;
Lowell and Germanovich2004; Pascoe and Cannl995]. It also provides some

indications on AMC dynamics between two major e, in 1991 lHaymon et al.
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1993;Von Damm2004] and 2006Hornari et al, 2006;Soule et al.2006;Tolstoy et al.

2006].

4.2 Mechanics of the March 1995 swarm

Sohn et al[1998; 1999] presented initial analyses of thisree data from the
March 1995 microearthquake swarm dratnari et al [1998] reported the temperature
records monitored at the Bio9 venting chimney (Cklasmoker”). This site of high-
temperature focused venting is of particular irger@nce it is situated just above the
March 1995 seismic activity. This is also the ongnt of the 9°50' N area that has been
continuously monitored since October 1994. The aaion of 65 out of the 147
hypocenters estimated from the recovered seisnia slaggested a particularly high
density between 0.7 and 1.1 km depth, just aboeevibst margin of the AMC, the depth
of which has been estimated at 1.4 Ktet et al, 1993]. This seismic pattern (Figure
4.1a) was interpreted as a slip along a verticalt fgenerated by the release of thermal
stresses at the base of the hydrothermal sys&nh4g and Evans2004; Sohn et al.
1998; Sohn et al. 1999]. The slip would have rapidly propagated dewards, as the
AMC lid subsided, opening pathways for the fluittipresumably reached the seafloor
and caused the temperature anomaly four days [Htes.interpretation was partly based
on a first assessment of fluid chemistries, whichrebt show magmatic evidences for the
8 months subsequent to seismicity, and on the gssammthat the fluid residence time in
the hydrothermal system was of the order of d&gsrari et al, 1998;Sohn et al.1998;
Sohn et al. 1999]. However, when considering a fluid resideriene of the order of

months to years, as scaling of the discharge zaggests [Lowell and Germanovich
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2004; Pascoe and Cannl995], a change of chemistry at the bottom of dieeharge
would also take months to years before being dedeat the surface. Furthermore, recent
work showed that the evolution of the Cl and Siteats of venting fluids, both at the
time of and after the seismic event, could alsedrsistent with magma injectioW$n

Damm 2004].
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Figure 4.1. Cross-sections of study area. (a) Riageal cross-section of relocated
events with error barsSphn et al.1998]. (b) Finite element simulation of dike
propagation from the magma chamber shown in Figura. The entire simulation
domain has dimensions of 6 by 10 km (depth andhyidispectively). We imposed zero-
displacement on the lateral and bottom boundandsprizontal and vertical directions,
respectively.

Sohn et al[1999] further suggested that the hypocenter pagaown in Figure
4.1a would be difficult to interpret as dike-inddcgeismicity. We argue that this is not

necessarily correct. From the point of view of ftme mechanics, the observed seismic
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pattern (Figure 4.1a) is actually in complete agreet with a dike propagating at the lens
margin. For a thin, crack-like lens shape, the sugsgation (inflation) of a magma

chamber results in tensile stress concentration theatips of the lens while the rest of
the host rock is in compression. This implies trassurization is likely to result in dikes
initiating near the lens tips. Further propagatmnthe dike can be described by the
principles of fracture mechanic&ice 1968]. In particular, finite element calculations
show that for EPR conditions, the dike propagatesost vertically (as discussed in

Appendix E) towards the seafloor, because in tleiding, the least in-situ stress is

horizontal and perpendicular to the ridge axis.

An example is shown in Figure 4.1b. We considergutessurized 1.5-km deep,
1-km wide, and 50-m thick magma lens, which is ahtaristic for EPR conditions [e.qg.,
Crawford et al, 1999;Vera et al, 1990], and propagated the dike 600 m in order to
match the hypocentral pattern shown in Figure 4rdisally, the magma pressure in the
lens was equal to the overburden and we graduattyeased it until the maximum
principal stress reached near the lens tip theiléerstrength value (1 MPa). This
happened at a pressure increase of 1.5%. In thdaions, the amount of magma in the
dike plus the magma lens was conserved, so thatptéssure in the magma chamber
decreases during dike propagation. As a resuliditeemay or may not reach the surface.
The conventional criteria of crack propagatiin= K, and crack propagation direction,

Ky =0, were employed3roberg 1999;Rice 1968] (see also Appendix E).

The dike trajectory was nearly insensitive to th&ue of fracture toughness in the

tested range df,c = 0-1G MPa/m, which probably covers the entire interval of gibke
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Kic for dikes and hydraulic fractures of this siZge[aney and Pollard 1981; Rubin
1993, 1995;Dyskin and Germanovich 1993; Papanastasiou 1999]. It is also not
sensitive to the details of pressure distributiorside the dike. In the case of
Kic = 10 MPalm, which is conventionally used for hydraulic fraets of similar
dimensions $hlyapoberskyl1985;Advani et al. 1999], the widest dike opening (i.e., its
width at the base) was 1.43 m. This gives the dikpect ratio (opening/length) of
2.4x10°3, consistent with that for fractures in elastic en@ (~ 10%. Therefore, the
mechanics of inflation of a thin magma lens suggdisat the detected location of the
microearthquakes (Figure 4.1a) is fully consisteith a dike emplacement initiated at

the west tip of the AMC.

Inflation of the magma lens at 9°99 EPR agrees with the observation of
increased magmatic degassing ¢CGtarting late 1993, which was interpreted as the
replenishment of the magma chamber in this adtékey et al, 2002;Von Damm 2004].
The low scale of both the seismicity in March 128l the emplaced dike (i.e., only ~ 1-
m thick in Figure 4.1b) indicates a small levelAC pressurization. Hence, the March
1995 seismic swarm suggests that at that time AME was gradually inflating and,
perhaps, the whole 9°58 EPR site was already “building” toward the rdcerassive
and extremely seismically active 2006 eruptidolftoy et al. 2006]. This eruption, part
of which occurred from an eruptive fissure (Figdr@a) parallel to the spreading axis
and located 600-700 m east ofkfnari et al, 2006;Soule et al.2006], also suggests a
diking event propagating from the east tip of thb-axial magma lens. This is consistent
with AMC pressurization, because the mechanics iké cemplacement predicts its

occurrence at the margin of the inflating chamlagher than anywhere else. Therefore,
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the March 1995 seismic swarm may have been caust#tebPAMC inflation between the
two major eruptions of 1991 and 2006.

Furthermore, as noted yolstoy et al[2008], dikes feeding the 1991 and 2006
eruptions were centered in the axial summit tro(&BT), which lies to the western side
of the AMC (Figure 4.2a). This suggests dike ititia near the margins of pressurized
lens-like cavitieslRamondenc et al2006a;Sim 2004;Sim et al. 2004], with subsequent

propagation towards the seafloor as shown in Figu?é. Hence, the major 1991 and

2006 eruptions may have also originated from thgmealens margins.

G4 1IBW  104°17W 1047 16W
T rTT T T

i (b)
6NH-D1 erupted
’Sﬂ early 2

e
1)
L
).

D4s-A'& -B
erupted
summer 2005 |

Figure 4.2. The 2006 East Pacific Rise eruptionMap of the area with details of the
eruptued lavaHornari et al, 2006]. (b) Finite element simulation of dike pagation
from the west margin of the magma chamber situatedm beneath the seafloor (EPR

conditions). All simulation conditions and domaieognetry are the same as those for
propagation results presented in Figure 4.1b.
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4.3 Hydrothermal modeling

To further test the hypothesis of response of yardthermal system to diking,
we recognized permeability contrast [e.Bisher, 1998] and employed a two-branch
single-pass modePjascoe and Canrl995;Lowell et al, 2003] in order to account for
both deep high-temperature circlulation and cirtata of cold seawater in the upper
crustal extrusives (Figure 4.3). Our approach restdasic equations of fluid flow in
porous medium. We suggest, however, that as thendstay, sulfate-depleted, hot
hydrothermal fluid mixes with the sulfate-rich, 8be recharge of cold seawater in the
extrusive layer, anhydrite and other minerals giéaie, resulting in permeable channels
of focused flow separated from regions of low-terapgre diffuse flow Lowell et al,
2003, 2007] (Figure 4.3). In this system, the adoenfluid in both the high- and low-
temperature branches is nearly isothermal excegbtirwihin thermal boundary layers at

the seafloor and within the extrusives (Figure 4Bgre fluid mixing occurs.

These boundary layers can be scaled by considdrengteady state heat transfer

in the discharge zone:

dT _ _d°T
VE =a d22 (41)
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Figure 4.3.Schematic of a “double-loop” single-pass model. Tharacteristic ratio of
high- to low-temperature fluid fluxes at EPR59 N is ~ +10 % [Ramondenc et al.
2006b]. Since the high-temperature focused flufdsaslittle mixing with seawateinon
Damm and Lilley 2004], and because little cooling occurs alorgyftitusing channels,
we view black smokers as “temperature probes” eftfise of the focusing zone. The rest
of the extrusives (i.e., outside the channelsh&htassociated with the low-temperature
diffuse flow, which is a mixture of high-temperaguituids with cold seawater from the
shallow rechargeMon Damm and Lilley2004]. In the simulations, we used~ 10 m

for the width of the discharge zone. While thisgraeter is important from the standpoint
of local geological setup (e.g., the width of th@ah summit trough also scales with
10° m at the EPR 9°50' N area), varyigloes not affect our results (e.g., Figure 4.5 and
Figure 4.6) as our calculations show for a range ef10-16 m.
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where T and v are the temperature and Darcian velocity (spedfgcharge) in the
discharge zone, respectively,s the the depth below the seafloars A, /(cior) is the
effective thermal diffusivity, 4 is the thermal conductivity of rock; is the specific heat
of the hydrothermal fluid, angk is the fluid density (all parameters and theirueal are
given in Table 4.1). The thickness of the boundager is then scaled as~ alv, and
since the advection regime is prevailing in the céghe discharge zone, the temperature
is almost constant everywhere except in the boynkdgers. Should the boundary layer
be altered, the expected response time would~b#v. As a result, thermal perturbations
at depth do not need to traverse the entire upfiome, but rather just need to affect the
thin boundary layers. The time during which thertina perturbation propagates through
the upflow zone is of the order bifv >> 7, whereH is the depth of the upflow zone, and

for characteristic hydrothermal flow requidds>> .

The typical value ofr is 10° m%s while v needs to be obtained as a result of
modeling. We first use the mass balance conditjtosvell et al, 2003;Ramondenc et
al., 2008]

Q=Q+Qy
H

Qufy +Qorp +Qafs =g [ [2¢ (Trec) — 25 (T)]dz
0

4.2
Q=@ “2

h
Qi +Qafs =9[[Pf (Tieer) — 21 (T]dz
0

where Q; = —psAv; are the mass fluxed) are the cross-sectionnal areas.are the
Darcian velocities (the subscriptreferring to thei™ limb of the system; numbered 1

through 4 in Figure 4.3), arglis the acceleration due to gravity. Here velositig are
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negative as they are directed agamstndx-axis, while mass fluxe®; are assumed to be
positive. All parameters and their values are givehable 4.1. In expressions (4.2),

r:}ﬂ% r :T@E r :j@% r:jﬂ% (43)
FOkMAT P kM A P kM ATt k() A, '

are the hydrodynamic resistances in the limbs B, and 4, respectiveli(T) is the rock
permeability, which in general can be temperat@getidentGermanovich et al.2000,
2001], and(T) is the kinematic viscosity of the hydrothermailidl. In expressions (4.2),
(4.3), and thereafterz represents the depth below the seafloor, arttie horizontal
coordinate in the deep horizontal limbs 3 and 4. gtmplicity, the far-field temperature
distributions in the deep and shallow recharge z@re assumed to be the same, that is,
linearly distributed with depthlieci(2) = frecnz, Whereprech is the thermal gradient in the
recharge zone. Accordingly, we defing = Tiecn(h) @and Ty = Treecn(H). The bottom
boundary condition of the entire flow path corrasg® to the temperature at the bottom
of the deep recharge (Figure 4.3), whose valueotsvary well constrained. We used
Ty = 100°C, which givedy, = 7°C considering the linear gradient in the reghazones,

starting fromT, = 0°C at the seafloor.

For scaling purposes, we assume a constant periheabong each limb, with
ki ~ks >k, ~ks (the permeability is higher in the extrusive IgyeAs a first
approximation, we ignore the conduction term andréd heat loss through the walls of
the system. The temperature is thus constant iupflew limbs 1 and 2 (Figure 4.3),
that are,T =T, andT =T, respectively. In the absence of shallow heat@guwre also
consider that the temperature is constant alongliaiow horizontal limb 4, of length

which is atT = T4 =T,.
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Table 4.1. Symbol definitions and parameter values.

Symbol  Definition Value

a effective thermal diffusivityA/(orc;) ~10° mé/s
a, thermal diffusivity of rockA./(o,c;) ~10° mé/s
A cross-sectional area of th# limb

b length of vent field along strike 100 m

G specific heat of water 4 x 10° J/(kg°C)
G specific heat of rock 1x 10° J/(kg°C)
d basal thermal boundary layer thickness 2-20m
f height of the junction between upflow and shall@eetrarge limb 1-10 m

g acceleration due to gravity 9.8 m/d

H length of the upflow zone 1.5km
H(X) Heaviside function

h depth of the shallow recharge 100 m

I source of material produced by the shallow recharge

k (temperature dependent) permeability

ki (temperature dependent) permeability inithémb

ko initial permeability 10%%-10"2 n?
Kres residual permeability 107,

L length of the horizontal limb of the deep recharge ~1km

Lo characteristic length of the deep horizontal limb

I length of the horizontal limb of the shallow reapar 1-10 m

Q mass flux in the " limb

dd heat source density per unit time and unit volurnde dike

Om basal heat flux (heat uptake rate)

Ow lateral heat transfer density per unit time and vaolume

ri hydrodynamic resistance per unit area inithimb

S “curvilinear” spatial variable along the flow paftheep limb and upflow)

t time

T temperature in the upflow zone

To temperature at undisturbed ocean floor conditions °C 0
Taittuse temperature monitored at sites of diffuse venting -305C

Th temperature of recharge fluid at depthh

Th temperature of recharge fluid at depthH (bottom of recharge zone)

T temperature of the fluid from the shallow rechaagg@inction point

Tm melting temperature of basalt 1200°C
Trech far-field temperature in the recharge zone (forpdezharge) 0-100°C
% Darcian flow velocity (specific discharge)

\ Darcian flow velocity (specific discharge) in tielimb

Vo characteristic Darcian flow velocity

w width of vent field (upflow zone) 100 m

X coordinate along deep horizontal limb 3

z depth

107 coefficient of thermal expansion of water 4pC
Beech thermal gradient in the recharge zone

o thermal boundary layer thickness alv

n (temperature dependent) dynamic viscosity of water

v kinematic viscosity of water nilp

Vi kinematic viscosity of water in tH& limb nilp

A coefficient of thermal conductivity of rock 2.5 WIfC)
Jo (temperature dependent) density of water

O rock density 3x 10° kg/n?
o initial density of water at the ocean floor 1@/t
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For order-of-magnitude analysis, we also assume ttiea viscosity of fluid is
constant in each limb, with the viscosity charaster of hot fluid in limbs 1, 2, and 3,
and viscosity typical for cold fluid in limb 4. Tgrarature in limbs 1, 2, and 3 probably
ranges from ~ 100°C to ~ 400°C while fluid in lindbis likely to be at temperature
Th ~ 1 —10°C. The diffuse flow can be at temperaulosver than tens of °C, but only in

a small (boundary) layer situated close to thelseaf

Integrals in (4.2) can thus be estimated by

" 1 " 1
.[pf (Trech)dZ: po"(l_éaf Thj ! .[pf (Trech)dZ: pOH(l_E af TH)
0 0

(4.4)
h H
[ i M)dz=ph-a,T,), [p; (T,)dz=py(H-NA-a,T,)
0 h
while hydrodynamic resistances scale as
hy H - h) Lv lv
n=—:= ,2=£——li ,p=—2 o, =—=2 (4.5)
K Ay koA, KsAs KiA,

whereA; = A, = As =bw, A, =bf, b is the length of vent field along strike, ahds the

height of the junction between upflow and shall@etrarge limb (Figure 4.3).
In expressions (4.4), we used the dependence af flansity on temperature
given by
Py =po[l-a (T =Tl (4.6)

where g, is the initial density of water at the ocean flogris the coefficient of thermal

expansion of water, andy=0°C is the temperature at undisturbed ocean floor
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conditions. The kinematic viscosity is defined &%) = n(T)/o(T), where the dynamic

viscosity 7 can be approximated byGgrmanovich et al2000]

C1

n()= T+C, (4.7)

with C; =0.032 P&°C, andC, = 15.4°C. Figure 4.4 shows the dependence of the
kinematic viscosity on temperature plotted usingregsions (4.6) and (4.7). Based on
this figure, we chose, =1, = 15 = 10’ m?s, for the kinematic viscosity in “hot” limbs

1, 2 and 3, respectively, and an order of magnihigker valuey, = 10° m?s, in “cold”

limb 4 (see also Appendix C).

110° | -

Viscosity (m2/s)

5.10 ' F -

0 | | |
0 100 200 300 400

Temperature (°C)

Figure 4.4. Variation of viscosity of water witmtperature. The dashed line indicates the
region where the seawater exhibit two-phase behavio

In order to estimatd,, we need the temperature distributidx) in the deep

horizontal limb 3. This distribution can be obtainby considering the condition of
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energy conservation [e.gzermanovich et al.2000], in which the conduction term has

been ignored

dT_ ., T-T,
€ Qi =A—"b (4.8)

where the boundary conditionT$x) = Ty atx = L. Equation (4.8) simply states that heat
transported by advection (left hand side) is eqaahe heat that is conducted from the
magma chamber at melting temperatlggo the deep horizontal limb 3 through the thin
rock layer of thicknesd (Figure 4.3). The solution to this equation is

T =T, ~(T, —TH)exr{—%Xj 4.9)

whereL = (ciQsd)/(4:b) is a characteristic length af = Qo.

Substituting (4.4) into (4.2), and rearranging titrens yields

I;4 ﬁ +E _1_ ATrech + I’2 +r3 ATl
Q = p,ghr, AT r, \AT, h AT, AT,
— Mo f 2

r
(rl s Pl rs)(l"':j -

1

L (AT H L OT,) AT
r, \AT, h = AT, | AT,

(4.10)

Q, = pgha; AT,

r
(r,+r, + rs)(1+ r“J -

1

where ATech = (Th — Th)/2, andAT, =T; —Ty/2 andAT, =T, —Ty/2 are the differences
between average temperatures in the upflow limespgctively, 1 and 2) and the

downflow zone.
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The permeability of the extrusive layer is expedtede much higher than in the
rest of the discharge zone, so that- ks >>k; ~ks. Also, we consider a relatively
shallow mixing zone (upper 100 m) based Bray's [2001] geochemical analysis that
suggests the residence time of the mixed, difflme fluid to be in the order of a few
months. This indicates that~ 1F m, which is significantly smaller than the typical

depthH ~ 10° m of the upflow zone. Therefore,

E >>]

h

§~l ﬁ>>1 (4.11)
k2 k2

ﬁ ~l ﬁ ~1' ﬁ <<1

v, v, v,

We obtain from (4.5) and (4.11) that the hydrodyitarasistance of the extrusives in the
upflow zone is small compared to the rest of thepdarculation limbi(; <<r, +r3). We
further note that in (4.100\T,.c/AT2 < 1, which follows directly fromrl, > Ty. We also
observe that for mid-ocean ridge conditioAS;,/AT, ~ 1 (or AT:/AT, < 1). This thus

suggests that expressions (4.10) can be scaled as

h
Ia + (r2 + r3) ﬁ ATJ_

Q- n+r, AT, &~

_PogHas AT, pogHa AT,
+ry+r3 Iy +r3

(4.12)

where Qo is the heat flux in the one-loop system with naing zone [owell and
Germanovich 2004]. The same expression Q4 is directly obtained either froi®, or

Q2 in (4.10) forry — co andT; = To.
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It is interesting to note that resistangef the horizontal shallow limb 4 does not
appear in the expression f@, in (4.12). If conditions (4.11) are satisfied, &ha
recharge does not have a strong impact on theuliwkam the deep horizontal limb 3 and
the lower part of the upflow zone (limb 2). In otlveords, because the resistance of the
extrusive layer is low, the presence of the extesidoes not affect the deep
hydrothermal rechargeQ.. Resistancer, of the shallow recharge though appears in
expression (4.12) fo@., representing the influence of the cold rechargftuad within
the extrusives. In general, is not well constrained since beyond conceptuatietiog
[e.g., Lowell and Germanoivch1994], little is known about the actual structwk
shallow circulation. Yet, in the next section wewe that analyzing the March 1995
earthquake swarm at 9°50' N, EPR allows us to calecthatr, is likely to be rather low
(comparable ta;). Otherwise, matching modeling results to pos$ys@ hydrothermal

observations becomes quite difficult.

In the case wheb/Ly << 1, temperaturé&; in the upflow zone scales as

AbL
T,=T,+(T -T,)——
2 =Ty +(T, H)Cf Q.d (4.13)

whereQ, can be replaced by the expression obtained i2Y4We further assume that
Tu/2 can be neglected comparedA®, (as discussed below). Then, considering that
AT, =T, —-Tu/2=T,, and ignoringTy in comparison withT,,, we obtain by inserting
(4.12) forQz in (4.13):

1

. 1/2
TooT.= AbDTobn+r+rg 12 [ AvpTl  H+L (4.14)
2.0 cid  pogHa; Oogascikowd H '
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HereTy is the temperature in the one-loop system wittmmang and, similarly tdQp in
(4.12), can be obtained in the limit of - o (and Ty = 0). Finally, substituting (4.14)

into expression (4.12) fap, gives

(4.15)

1/2
Tmoogkowas AL H
VoCs d H+L

-
We see, therefore, that bo@y and T, are unaffected by the presence of the extrusive
layer. As mentioned above, this is expected sitedydrodynamic resistance is rather
small (conditiorr, <<r, +r3). The absence of the temperatrg, of the downflow zone
in expressions (4.15) is an unimportant simplifmatof these expressions and results
from assumptioly/2 <<AT,. While the deep recharge is insignificantly aféetby the
shallow circulation, it does affect the latter @&scdssed below. Note that the limjt— o
above does not mean a large resistance of theoshadicharge, but only that it is not

affecting deep circulation.

Temperaturd; in limb 1 of the upflow zone can be obtained frima condition
of energy conservation in the junction (mixing) epmvhich givesQiT: = QuTo + Q4T
Assuming that the specific heat, is independent of temperature, and taking intmant

mass balance in the junction zone (i.e., the éixgiression in (4.2)), we have

T -Th= %(TZ ~Th) (4.16)

Given (4.12), this expression represents a quadeafuation with respect 6. If the

shallow recharge temperaturg, is small compared td; (as usually expected in the
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mixing zone), and, therefore, comparedtdsinceT, > T), the solution of (4.16) can be

written as
141
§
T, =2Tg - i (4.17)
1+ 1440 271807, 1
H 1 Iy

where Tp is given by (4.14). The mass flux in the mixed eaffimb 1) is further

determined by inserting (4.17) in the expressior(fpin (4.12).

With our parameters (Table 4.1) and to= 1 km andd = 10 m, expressions
(4.14) and (4.15) yield, ~ 350°C, and), ~ 200 kg/s, respectively. These values further
lead toL/Lo~ 10" in (4.9), which shows that considering linear rilisttion of the
temperature (4.13) in the deep horizontal limbgprapriate for our parameters. In the
case when parameters do not allow this approximatioe needs to substitute expression
(4.12) forQ; into (4.8) and solve the obtained transcendermfah&on. This equation has
a unique solution fofT, >0 for any combination of parameters. Also, ir @ase,
Ty =100°C, and it seems possible to ignof/2=50°C in comparison with
AT, =300°C as we have done above. If, however, thisoggh is not sufficiently
accurate, then a similar consideration would simphlult in expressions fdr, and Q.
more cumbersome than (4.14) and (4.15), which weuidlicitly contain the recharge

temperaturd .

As mentioned above, it is difficult to constrainethesistance of the shallow
recharge on the basis of scale analysis and, tretefie simply consider an extreme case

of smallry in (4.16). Ifry =0, so that the shallow recharge provides nctasce to the
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fluid flow, (4.16) reduces t@1 = To[(H/h)r4/(r» + r3)]¥?, which for our parameters (Table
4.1) results inl, ~ 90°C andQ; ~ 450 kg/s. Ifr, is small but not zero (i.e., as discussed
above, comparable to;), then using directly (4.16) gives (fan =r;) quantities

T, ~ 110°C and; ~ 600 kg/s of the same order of magnitude.

The velocities that corresponds @; and Q,, respectively, are given by
vi =Qi/(®A1) and v = QJ/(mA2). In particular, with our parameters, we obtain
V> ~ 10° m/s ~ 10 m/year, which corresponds to a laminagime (Appendix F).
Recalling that heat conduction is important in bwindary layer near the seafloor (at
z=0) and the junction zone (neas h), the thicknesses of the boundary layers near the
seafloor §;) and at the junction zonej,f scale asod; ~alv; and o, ~alv,, where
a=A/(cx) ~ Al(cw). The time scales associated with fluid flow thgbuthese
boundary layers are, ~d1/v; andr, ~d,-/Vo. The second boundary layer is the one that
regulates temperature variations at sites of fatusmnting, with black smoker being
essentially a temperature probe of this boundargr|aas schematically shown in Figure
4.3. For our chosen parameteis;- 1 m. Using expression (4.12) 1Qg, one obtains

2
Vo(H +L)
~al ————

{gaf kZATZH} (4.18)

which yieldsz, ~ 1¢ s ~ 10 days. In our model, the time scale thatrotthe delay

between the onset of seismicity and temperatuniati@ns at the seafloor ts.

There was a 4 day time lag between the onset shsgity and temperature
variations at the seafloor following the March 199%&nt at the EPR. This time lag is of

the same order of magnitude as the time seale,10 days, for fluid flow through the
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boundary layer situated at the junction (mixingheoOur consideration again shows that
the perturbation due to the seismic event only s¢edffect the boundary layer instead
of propagating along the entire upflow zone, whrabuld require orders of magnitude
higher permeability and velocities. Because theeaf magnitude presented here are
typical for fast and intermediate-spreading midaoceaidges, similar time delay is
expected, should a similar perturbation occur lreoplaces. In particular, it is interesting
to note that the time delay between the onsetisfrseity and the temperature variations
at the seafloor was indeed 11 days at the sitedifafse venting on the Endeavour

Segment (Juan de Fuca Ridge) following the Jun® $8&mic swarm.

4.4 Matching transient temperature records

The analysis presented above suggests the ordeagfitude of the time delay
between the onset of seismicity and temperatunati@ans at the seafloor. There are two
key elements in the proposed scenario: (1) theéends of the shallow circulation and (2)
the diking event as a mechanism of the March 1@®thquake swarm. In this scenario,
dike emplacement provides the necessary heat amdepbility variations to alter the
hydrothermal flow in the upflow zone. The shallowcualation loop provides the
boundary layer that allows the quick visualizatminhigh temperature flow variations

(associated with black smokers at the seafloor@sponse to changes occurring at depth.

An example of steady-state temperature distributiothe boundary layers (prior
to dike injection) is given in Figure 4.5. To pldtis figure and for the subsequent
transient modeling, we followeBamondenc et a[2008] and modified the formulation

of Germanovich et a[2000] to take into account the effect of thellsvarecharge in the
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extrusives and the heat transfer from the magmg lawdhe base of the hydrothermal
system (Figure 4.3). The mass balance is giver8) (vhile the conservation of energy

along the flow path can be written as

oT aT 0°T
G P WG pfvwaﬂ rWE—Z (0, +0y)+2¢, (T, -T) | +q, (4.19)

where g, represents the basal heat transfer from the mdgds to the base of the
hydrothermal system (heat uptake rate) hu@scribes the source of fluid produced by
the shallow recharge (i.e., the input from the lslmalrecharge along an interval in the
extrusives within the upflow zone). The quantityT2— T) represents the system cooling,
while T; denotes the temperature of the fluid where it ésathe shallow recharge and
enters the discharge zone. In equation (4.§Q)represents the lateral heat transfer
through the walls of the upflow zone, aggthe heat from the dike freezing and cooling
(both per unit time and unit volume of the dikeheir asymptotic approximations are
discussed bsermanovich et al[2000]. We used the relatively well constraineatenial
properties of rock and seawater given in Table ¥W& chose an implicit numerical
scheme that employs a finite difference discratimatvith a zeroth-order approximation
with respect to time. At each time step, the masset (and velocities) were considered
to be constant and then recalculated, as well@si¢iv profiles of density, permeability

and viscosity, in each limb (Figure 4.3), to beduk® the next step.
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Figure 4.5. Typical steady-state temperature @efidlong the discharge zone. The top
and bottom profiles correspond to the boundaryrapeneath the seafloor (a) and in the
zone within the extrusives where mixing with thaldw recharge occurs (b),
respectively. Note that between the depths 2 mB&mu, the temperature remains
practically constant. The profile is also nearlytiermal between the depths 105 m and
1500 m. In this example, the permeability of thetegn isk = 10 m? in the mixing

zone ank = 10" m? in the rest of the discharge zone, the thicknésiseothermal
conductive layer between the magma chamber andytth®thermal system = 7.5 m,
andf = 5 m (same values as for Figure 4.6). These sahsgewell as a reduced resistance,
rs ~ro/10, in the deep horizontal limb, ang~r, were needed to obtain the best fit of the
temperature perturbation at Bio9 after the Marc@518eismic swarm (Figure 4.6). We
chose a relatively shallow mixing zone (upper 1Qased on the geochemical analysis
of Bray [2001] that suggests the residence time of theed)iiffuse flow fluid to be in

the order of a few months. The bottom boundary ttmmdof the entire flow path
corresponds to the temperature at the bottom ad¢lep recharge, whose value is not
very well constrained. We used 100°C and considai@tear gradient in the recharge
zone, starting from 0°C at the seafloor.
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For a detailed analysis of the available transienmtperature datdprnari et al,
1998], numerical calculations based on equatior®) @nd (4.19) are required. It turns
out, that the results of numerical analysis areeqsensitive to the choice of some
parameters, particularly related to the shallowutation zone. Therefore, matching these
parameters with the measured data allowed us tewbat constrain the model. Scale
considerations presented in the previous sectieriess sensitive, although, fortunately,
this did not affect the main results related to tleep circulation and the time delay

(4.18) between the dike emplacement and hydrotHeesponse on the ocean floor.

To model the March 1995 EPR event (Figure 4.1agraplacement of a 600-m
dike was considered to match the hypocentral pattdyserved above the magma
chamber in Figure 4.1b (as sketched in Figure 4.8¢. dike thickness was chosen to be
1 m, as constrained by our mechanical computatidingure 4.1b). Our numerical
simulations showed that the best fit for the Bie®nperature records required a thin
thermal conductive layer at the top of the magmerdber ¢ = 7.5 m), high steady-state
mass fluxes @ = 500 kg/s discharge for a vent field that hasza sf 1 km along the
axis), and a modest permeability increase (by 50%the part of the upflow zone where
the dike was emplaced (Figure 4.3). Also, to obthim best fit, the resistance of the

shallow horizontal limb (limb 4) needed to be oé tbrder of that of shallow recharge

(r1~ra).

Figure 4.6 shows the temperature as a functiom &t the point that models the
black smoker monitored at Bio9 prior and during ¢ivent. The calculated response is in

good agreement with the observed temperature thitgeearthquake swarm, matching the
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variations that have been observed in the temperéitue series over the entire first year
of monitoring after the March 1995 event. It iseir@sting that the fit is further improved
and becomes nearly ideal after translating therdepost November 1995 by 3°C (Figure
4.6). At that time, the temperature probe was guga Accordingly, the observed
temperature drop can be explained by a calibratiifierence and/or by the reported

collapse of a part of the Bio9 chimney during teplacementfornari et al, 1998].

To address the longer-term (> 1 year) temperaneesase, the diking scenario
needs to be complemented by some other factorstadugl decrease in permeability
either deep in the system or at the base of thenmizone would lead to a gradual
increase in vent temperature. Our calculations take account the evolution of
permeability with respect to thermo-elastic eff§€@grmanovich and Lowelll992], but
do not consider mineral precipitation. In the jumctzone, the temperature fluctuations
that result from mixing may lead to clogging in oewgtion with precipitation of
anhydrite Lowell et al, 2003] or other minerals, such as quartz or silidas would
reduce the input of cold shallow recharge, thuditeato a slow increase of temperature
at black smokers over several years. Mineral pitipn, e.g., quartz, may also occur
deep in the crust and eventually clog the permigalhlat was enhanced as a result of the

suggested dike emplacemehoyvell et al, 1993].
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Figure 4.6. Comparison of the calculated tempeeatesponse of the black smoker to a
dike emplacement with the monitored response & Ritbowing the March 1995 EPR
event. The blue dots after day 222 (which corredpda the replacement of the
temperature probe) represent the unchanged maonhitesponse, while the solid blue line
corresponds to the record translated by 3°C. Omnhpdest permeability increase in the
vicinity of the dike leads to temperature variai@t the seafloor. The shown best fit
corresponds to a 50% increase with respect torigmal permeabilityk = 10" m? (the
detailed parametric study of the response of hy@mtal systems to seismic impact is
reported in the work bRamondenc et aJ2008]). One can note that the initial peak of 4
days has been underestimated. This issue coulddesresolved by introducing a larger
number of parameters and considering the evolaiidhe dimensions of the shallow
recharge (for instance, as precipitation occurs twee, f is likely to be modified).
However, since we are interested in the evolutipnoua year, our match was done at the
expense of smaller time frames (at the order o$day
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4 .5 Discussion

In the model presented in this work, the lengtithefdeep horizontal limh,, and
the permeability of limb 2 of the upflow zonle, are not well constrained. Essentially,
these are fitting parameters required to obtainatcinbetween the theoretical data and
observations (Figure 4.6). The thickness of theerdasituated between the top of the
magma source and the base of the hydrothermal, ldyés relatively well constrained
through the scaling of the overall heat exchangemat-ocean ridgeslLpowell and
Germanovich 2004]. The width of the dikewy, is also relatively well constrained
through numerical computations (e.g., FRANC2D satiahs presented in this work).
Finally, even though the along-strike lendthcan be chosen rather arbitrary, our results
are independent of its value, except for the totass fluxe€Q, which are expressed with
respect to a specific area. This was expected, Venwwdecause our model is one-
dimensional, and along the strike of the mid-ocemye, all the results can be

represented per unit of the ridge length.

When a dike is suddenly emplaced in fluid-saturatedntry rock, fracturing of
the rock is likely to occur ahead of the dike tipe to the tensile stresses induced by the
latter [e.g.,Pollard, 1987] or due to shear fracture mechani¥kaifpinskj 2003;Rubin
and Gillard, 1998]. Furthermore, rapid heating will tend tegsurize the adjacent fluid
and drive flow away from the dike walDglaney 1982]. In turn, pressurization of the
fluid may lead to fracturing of the adjacent roekg., Germanovich and LowellL995].
Local boiling and phase separation may also ocEuor. seafloor systems with high
permeability and ambient pressure of ~ 30 MPa, pgtessure increment is negligible

[Delaney 1982], and so is the corresponding increase ef dizes of pre-existing
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fractures (Germanovich and Lowelll995]. If an increase of permeability resultsniro
fluid pressurization Takahashiet aj. 2003], it is incorporated into the permeability
increase that we assume results from dike emplaterfiee width of the two-phase zone
is only ~ 10 cm lLewis and Lowe]l2004], and hence we neglect it. As notedMicock
[2004] andLowell and Germanoviclil995], heating adjacent to the dike may lead to
large pressure increases but only within a naregwon. Therefore, dike emplacement is
likely to generate a region of high permeabilityarsubstantial part of the upflow zone
[Delaney et al.1986;Germanovich et al.2000], e.g., over 600 m out of 1.5 km in the
case under consideration (Figure 4.1 and Figure #I8s is why diking affects the fluid
flow in the entire upflow region, so that the boandlayers (Figure 4.5) can be altered

on the order of days (Figure 4.6).

In principle, the slip of a vertical fault could sal provide permeability
enhancement. However, such a slip, its geometrycdnnection with the detected
microearthquake swarm (Figure 4.1a), and its @fato the AMC long-term dynamics
are not mechanically clear ydohnenstiehl and Carbotse[2001] boundary element
model showed that faults nucleating above shallagma chambers tend to be rotated
due to the change in rheology and principal stesdethis place, thus precluding the
possibility of a wvertical fault. In addition, theodal mechanism of detected
microearthquakes, that is, the presence of noradtimg with slip dipping at 60-70°
[Sohn et a].1999], is more compatible with dikingR{ibin and Gillard 1998] than with
vertical fault slip. The absence of hypocentersatly above the magma chamber (Figure
4.1a) can be explaine&phn et al.1999] by hotter material in this zone being lestle

than farther up.
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The model presented here tests the hypoth&men@ri et al, 1998] that the
temperature anomaly measured at Bio9 four daysviiiilg the swarm was caused by a
cracking front Lister, 1983] penetrating into hot crustal rocks beneaéhvent. Such a
cracking event corresponds decreasing the distanteat separates the magma chamber
and the base of the hydrothermal systemtgr, 1974, 1983]. The result is increased heat
transfer,gm, to the fluid in the deep horizontal limb (Figute3). Our simulations show
that the perturbation would take years to be oleskrat the surface, because the
conductive change aj, at the base of the system very slowly alters thendary layers
shown in Figure 4.5. Therefore, our results indiciat a deep cracking event alone is
not likely to cause a perturbation in the vent temapure only several days later.
Furthermore, it was suggested that the timing efsdismic swarm four days prior to the
temperature anomaly provides a direct measurenighe agesidence time of fluid flow in
the upflow limb of the hydrothermal systefofnari et al, 1998;Sohn et al.1998;Sohn
et al, 1999]. Understanding that this suggestion isneaiessarily correct is important for
the proper interpretation of geochemical data inegal, and for the 9°50 EPR site in

particular.

At mid-ocean ridges, hydrothermal activity may bedlized by diking events due
to permeability enhancement near the dike marddedaney et al. 1986; Germanovich
et al, 2000]. For example, the hydrothermal sites onEhdeavour segment, Juan de
Fuca Ridge, are located near the west margin ofséhemically imaged magma lens
[Bohnenstiehl et al2004;Van Ark et al. 2007], which suggests that the venting activity
at this site may also be localized by diking trigggkby lens pressurization (Figure 4.7).

Since a part of the 2006 9°30 EPR eruption may have occurred in the form dika
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propagating sub-vertically from the east tip of thegma lens (similar to Figure 4.1b, but
reaching the seafloor 600-700 m east of the spngaahis Fornari et al, 2006;Soule et
al., 2006]), we expect that fresh hydrothermal agtiias been initiated off-axis in

response to this event. This region should perbagdarther explored.

Figure 4.7. Finite element simulation of dike prgaton from magma chamber. We used
a pressurized inclined lens, between 2.1 and 2.%54@p, 800-m wide, and 50-m thick
magma lens, based dan Ark et al[2007]. Other conditions are the same as for the
simulations prested in Figure 4.1b and 4.2b.

4.6 Conclusion

The response of mid-ocean ridge hydrothermal systenseismic and magmatic
activity may provide a means of using seafloor oles@ons to assess processes occurring
at depth. This subject is a matter of vigorousrgdie debate. Conceivably, the correct

interpretation of the March 1995 seismic activitgdathe subsequent hydrothermal
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response is of critical importance for our underdiag of the entire 9°N EPR segment.
A deep thermal cracking everiidrnari et al, 1998;Sinha and Evan2004;Sohn et al.
1998; Sohn et al. 1999] is not likely to cause the observed rapickrease in the vent
temperature. The alternative diking scenario priesehere explains seemingly different
observations from the unified stand point of fraetmechanics. In particular, the March
1995 hypocentral pattern is consistent with both tiin, lens-like shape of the mid-
oceanic ridge magma chamber and with the seisntierpadisplaced to its west margin
(Figure 4.1a). It is also consistent with the vaitity of geochemical data and with the
residence time of fluid within the crust in the eraf years. The diking hypothesis yields
guantitative results that are in excellent agredn{Eigure 4.6) with the temperature
observations at the Bio9 venting site following tdarch 1995 seismic event on time
scales ranging from days to a year. Additionalhe mechanics of dike emplacement
suggests that the March 1995 seismic swarm isatigiee of the inflation (pressurization)
of the 9°50N EPR AMC between two major eruptions, in 1991 a006.

Finally, because the orders of magnitude presemie@d are typical for fast and
intermediate-spreading mid-ocean ridges, simitaetdelay is expected, should a similar

perturbation occur in other places.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This dissertation addresses two important topidhenstudy of mid-ocean ridges:
(1) the heat output at mid-ocean ridge hydrothersi@s, and (2) the hydrothermal

response to earthquakes at mid-ocean ridges.
Our main results can be summarized as follows:

1. We designed and built a simple device to make tiseafloor measurements
of advective fluid flow and heat output. Such meamsents are important
because they provide important constraints on thgsips of seafloor
hydrothermal processes. Though simple, it provediquédarly robust and
relatively easy to operate by deep submergenceleshior both discrete and
diffuse venting regimes.

2. We deployed the flow measuring device during thedida2004 expedition
(AT11-09) to 9°50' N, East Pacific Rise (EPR). Theasurements we made
were the first ones on this portion of the ridgstegn, despite 20 years of
intensive study of the area. They indicated thataherage flow velocity at a
low-temperature diffuse venting zone was an ordenagnitude smaller than
that obtained at the high-temperature vents?@ds versus 1®m/s). Our

data also yielded a total hydrothermal heat ougfut 325 MW + 160 MW
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with ~ 42 MW £ 21 MW coming from high-temperaturenis along this 2 km
segment of ridge. Our measurements finally indetat&t the heat output of
the low-temperature diffuse venting at 9°50' N, ERRapproximately 10
times that of the high-temperature vents, but msy be one or two orders of
magnitude greater.

. From the experience gathered during this expeditiare-designed our flow
measuring device to make it easier to deploy atseefloor. Two versions
were actually built in an effort to improve the satility of the measurements.
They were deployed by the remotely operated vehlakon 1| during the
September 2006 expedition (MGLNO7MV) to the Lau iBaand later by the
deep submergence vehiclvin, during the November 2006 expedition
(AT15-13) to 9°50' N, EPR.

. We employed a mathematical model to investigate theponse of
hydrothermal systems to earthquakes at oceaniadipigecenters. The correct
interpretation of such events is of critical importe for understanding the
links among magmatic, tectonic, and hydrothermalcesses at mid-ocean
ridges. It could provide a means of using seaflobservations to assess
processes occurring at crustal depths.

. In our approach, deep circulation gives rise tdhiigmperature fluids that are
assumed to arrive at the seafloor as focused, Isiacker-like vents, whereas
shallow circulation within the extrusives results low-temperature diffuse
flow. In this model, ascending fluids in both thight and low-temperature

branches are nearly isothermal except within thimraary layers at the
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seafloor and at the base of extrusives where fhixing occurs. Also, the
residence time of fluid within the crust is of tbeder of years. In spite of
some simplifications, our model is robust and basedundamental physics
underlying hydrothermal processes at mid-ocearesdg

. An important result of this work is that a thernparturbation occurring at
depth does not need to be advected along the whedbarge zone; it only
needs to affect the thermal boundary layers situalese to the seafloor and
at the junction with the shallow recharge in orttergenerate the observed
temperature variations. We also showed that ewshish affect the rate of
heat transfer at the base of the system do not rigeeto rapid temperature
changes; however, modest changes in permeabilttynihe deep discharge
zone are sufficient to give observable thermal yybetions. We tested our
model with the well-documented temperature vametitllowing the March
1995 seismic event at EPR and obtained resultatkah excellent agreement
with observations.

Previously, the seismic activity of the March 1989%nt at EPR had been
interpreted as a thermal cracking episode thatleddfydrothermal fluid to
mine heat deeper in the reaction zone overlying rttegma lens located
beneath the ridge. We showed that the hypocenatanm and mechanics of
dike propagation from the magma lens, together vtk temperature
variations observed at the seafloor, suggested theatseismic swarm was
more likely the result of a dike emplacement ingchat the west margin of

the axial magma chamber (AMC). Our results are istarst with the
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dynamics of the axial magma chamber at 9°50' N, ,ElfRween the two

major eruptions of 1991 and 2006.

5.2 Recommendations for future work

Our recommendations for future work on the heapuwoutt mid-ocean ridge

hydrothermal sites include:

Sending out the devices to different expeditiond keeping improving the
design based on the received feedback. The paatityeat measurements
along the mid-ocean ridge system calls for heawmuation of our devices,
which are easy to use and do not necessitate esepce on-board research
vessels.

Allocating more time for each sampling at the smafl or repeating
measurements at each investigated site. A largeuanof data is needed to
improve the accuracy of our velocity and heat est&®s. Cross-correlations
with other measuring techniques could also graatlyrove both our method
and design.

Repeating measurements at the same site over #rs. y@eur method only
gives a snapshot of the heat output picture.

Finding new ways to estimate the size of areadfifsg venting. The current
means relies on the observation of biota and bickbgommunities. Other
areas, which have not yet been colonized may exidtthus be difficult to

identify.

153



Developing the design of a flow concentrator, samtb an inverted funnel, to
make more robust measurements of diffuse flow. Avaatage of this new
device is the possibility to attach alternate meainseasuring the flow rate
and fluid temperature, such as a simple mechariical anemometer, or
thermocouples within the interior of the device aldng the walls of the
tube. The latter would allow measuring temperatdirectly. Moreover, it
could be an alternative way of measuring flow raeng the rate of heat loss
through the tube and applying boundary layer the&y having multiple
means of determining flow rate, we could have redmey and cross-checks

on the data accuracy.

Our recommendations for future work on the hydrotte@ response to

earthquakes at mid-ocean ridges include:

Taking into account the chemical aspect of the dtygirmal circulation. In
particular, precipitation and dissolution are likéb be implicated in the long-
term evolution of permeability.

Incorporating the biological aspect in our modelon® biological
communities are likely to develop in the shallowstr as the occurrence of
snowblower vents may testify.

Extending the modeling of the single-path modelhe deep and shallow
recharge limbs in order to obtain a fully integcateodel.

Testing the model against other seismic eventsvfach we have both the
seismicity and temperature logs (e.g., the Jun® h98roearthquake event on

the Endeavour Segment, Juan de Fuca Ridge). licydart events for which
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both high-temperature and low-temperature recoresagailable could allow

determining more precisely the depth at which fowyistarts occurring.
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APPENDIX A

DESIGN OF HEAT FLOW MEASUREMENT DEVICES

The heat flow measurement device used for the M2a@¢i cruise (AT11-09) in
the 9°50' N area of the East Pacific Rise has besaribed in Chapter 2 (see also Figure

2.2 and Figure 2.3). Detalils of this device arespngéed in Figure A.1 and Figure A.2.

This first version of the measurement device protede robust and versatile.
Although its design was relatively simple, its dm®ns and weight were still rather
high for deployment at the seafloor. Since our lemgn goal is to make the device
widely available to any investigator going at s&a,improved some of the characteristics
of our design. As before, we tried to avoid any ptemities having in mind that the

device will be deployed at the depth of 2 to 4 kendath sea level.

The second version of the device was designedlairau shape in order to make
it easier to transport and deploy, whether by gpdr#omergence vehicle (DSV) such as
Alvin or a remotely operated vehicle (ROV) suchlason Il Using titanium is a good
way to reduce both the weight of the device andlitediness it will corrode when in
contact with hydrothermal fluids. Yet, this matériseing costly to manufacture, we
preferred using exclusively stainless steel fortlafl parts and decrease the number of
screws and bolts to the minimum. The walls, reducesize (2 inches against 4 inches
for the first version), were thus welded to theibamtal plate. The use of stainless steel
remains a very good option when deploying the dewuer low-temperature diffuse

vents, since these fluids are generally less cmeo8Vhen deployed over black smokers,
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however, the device requires slightly more mainteeacleaning after each use) in order

to limit the appearance of rust.

Using these specifications, two devices were bthi first device has just one
central hole (similar to the first version) and lsadn both sides of the horizontal plate
(Figure A.3a, Figure A.4, and Figure A.5). It cae Beployed both at sites of high-
temperature (focused) venting and low-temperatdiguée) flow. The second device
features a total of 8 holes and just one wall s#thaon the upper side of the horizontal
plate (Figure A.3b, Figure A.6 and Figure A.7). §device is specifically designed to be

used at sites of low-temperature diffuse venting.

The circular instruments were deployed by the RI2gon llat the Lau Basin
during the September 2006 cruise (MGLNO7MV) to make first heat output
measurement at that Integrated Study Site. They @ko later deployed by the DSV
Alvin during the November 2006 cruise (AT15-13) in tA8® N area of the East Pacific
Rise. Figure A.8 and Figure A.9 show their use @hlsites. The analysis of the data

recovered during these two expeditions is thougiohe the scope of this dissertation.
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Figure A.1. Blueprints of the first version of theat flow measurement device. This
device can be used at both sites of high-temperdbeused and low-temperature
diffuse venting. Dimensions are in inches.
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Figure A.1. (continued) Blueprints of the first sem of the heat flow measurement
device. This device can be used at both sitesghi-temperature focused and low-
temperature diffuse venting. Dimensions are in @sch
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Figure A.2. Blueprints of the parts used to build first version of the heat flow
measurement device: (a) horizontal plate, (b) Lpsupfor handle attachment on top of
the plate.
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Figure A.2. (continued) Blueprints of the partsdig® build the first version of the heat
flow measurement device: (c) upper and lower wéllshandle. Dimensions are in
inches.
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=

Figure A.3. Second generation of the heat flow mesment device. (a) First version

with a single central hole (similar to the firsingeation of the device). This device can be
deployed at both high-temperature focused and ewmperature diffuse venting sites. (b)
Second version with multiple (8) holes. This devitainly targets sites of low-
temperature diffuse flow.
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TOP VIEW 4B

Figure A.4. Blueprints of the second version of lileat flow measurement device with a
single central hole. This device can be used dt bites of high-temperature focused and
low-temperature diffuse venting. Dimensions araghes.
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Figure A.4. (continued) Blueprints of the secondsian of the heat flow measurement
device with a single central hole. This device barused at both sites of high-
temperature focused and low-temperature diffuséirnggnDimensions are in inches.
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Figure A.5. Blueprints of the parts used to build second version of the heat flow
measurement device with a single central holeh@alzontal plate. Dimensions are in
inches.
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Figure A.5. (continued). Blueprints of the partediso build the second version of the
heat flow measurement device with a single cehioéd: (b) upper wall, (c) lower wall.
Dimensions are in inches.
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Figure A.5. (continued). Blueprints of the partediso build the second version of the
heat flow measurement device with a single cehioéd: (d) handle. Dimensions are in
inches.
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Figure A.5. (continued). Blueprints of the partediso build the second version of the
heat flow measurement device with a single cehioéd: (e) L-support for handle
attachment underneath the plate. Dimensions areles.
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TOP VIEW

Figure A.6. Blueprints of the second version of lieat flow measurement device with
multiple holes. This device was specifically degigifior sites of low-temperature diffuse
venting. Dimensions are in inches.
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Figure A.6. (continued) Blueprints of the secondsian of the heat flow measurement
device with multiple holes. This device was speailly designed for sites of low-
temperature diffuse venting. Dimensions are in @sch
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(a)
TOP VIEW B-B

SIS

Figure A.7. Blueprints of the parts used to build second version of the heat flow
measurement device with multiple holes: (a) horiabplate. Dimensions are in inches.
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Figure A.7. (continued) Blueprints of the partsdig® build the second version of the
heat flow measurement device with multiple hole$:upper wall, (c) handle.
Dimensions are in inches.
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Figure A.8. Deployment of the device for flux measunents at Lau Basin during the
September 2006 cruise.
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Figure A.9. Deployment of the device for flux measuaents in the 9°50' N area of the
East Pacific Rise during the November 2006 cruise.
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APPENDIX B
DISCUSSION OFWILCOCK'S [2004] TEMPERATURE

PERTURBATION MODEL

To describe the temperature distribution in theckersituated between two half-

spaces (Figure B.1yVilcock[2004] uses the following expression:

T(x, z,t):TID +AT ex;{— x\/gjex;{—ﬁ}o{wt - % —ﬁj (B.1)

which corresponds to the periodic temperature pertiorbat the basg = 0,z =0 of the

crack conduit:

T(00t)=T, +AT cogar) (B.2)

In (B.1),H is a characteristic length defined as

C
H=\/Z'0f A (B.3)
2w A

In (B.1), (B.2), and (B.3)x = 5.5x 10” m’.s’ is the thermal diffusivity AT andw the

amplitude and the angular frequency of the tempesgaperturbation introduced at the
base of the conduit, respectively. Al§g,is the constant temperature distribution along

the upflow zone before the perturbation.
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f x=0,z=0

T=Ty+AT(0)

Figure B.1. Hydrothermal upflow of mean velocityn a crack of widttw, situated
between two half-spaces [modified frailcock 2004].

To simulate the March 1995 event at 9°50' N, Easiffe Rise,Wilcock[2004]
then uses this analytical solution to construct tbgponse to an instantaneous basal
temperature increase with subsequent linear dexreagploying the Fourier method.
With respect to that, we would like to comment ttie Fourier integral describing the

desired temperature distribution (perturbationjimensionless form is given by
5T(xzt)=ng—M exg = x |2 |sif cwt - x| == -2 daw B.4
U omllw WPty 2K 2« H (B4)

wherety is the end of the linear decay time. The corredpundependences are plotted in
Figure B.2 for the bottom and the top of the upflaane, and reproduc@/ilcocks

[2004] assumption and results, respectively.
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Figure B.2. Solution of equation (B.4) plotted dmsmnless at (a) the bottom and (b) the

top of the upflow zone.
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Figure B.3 shows the temperature distribution alihegupflow zone at= 0, i.e.,
right after the temperature increase at the bottAm.one can seéyilcocks [2004]
solution (B.4) does not satisfy the initial conalitidT (x,zt) = 0 att = 0 for anyx andz.
Furthermore, the deviation from zero is negativeé eemparable to the temperature jump

AT atx = 0,z= 0 (Figure B.3).

The reason for such a behavior of solution (B.4)us to the fact that the Fourier
method assumes that the temperature perturbatitve &iase can be represented as a sum
of harmonic functions (B.2). In this case, all gwefficientsAT in (B.2) would be fully
determined which leaves no flexibility to satisfyetboundary conditions at infinity and

the initial conditions everywhere by using (B.1).

The correct solution that satisfies zero boundaoyddions is well known
[Lowell, 1975, 1976]. In particular, the temperature thstion in the conduit is given by

(3.1).

B.1 References

Lowell, R. P. (1975), Circulation in Fractures, FByrings, and Convective Heat
Transport on Mid-Ocean Ridge Cresggophys. J. R. Astron. Sp40, 351-365.

Lowell, R. P. (1976), Comments on ‘Theory of Hestr&ction From Fractured Hot Dry
Rock' by A. C. Gringarten, P.A. Witherspoon, andz¥ @hnishiJ. Geophys. Res.
81(2), 359.

Wilcock, W. S. D. (2004), Physical response of madan ridge hydrothermal systems to
local earthquakes, Geochem. Geophys. Geosyst1 B)@,
doi:10.1029/2004GC000701.
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Figure B.3. Solution of equation (B.4) plotted dims®nless (a) along the upflow zone
for x = 0, and (b) in the horizontal directiordxis) half way to the seafloor.
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APPENDIX C

DIMENSIONLESS PARAMETERS

C.1 Summary of equations

For convenience, we summarize here the completeofsetquations used in

Chapter 3. All the notations used in this apperdecdefined in Table 3.1 of Chapter 3.

Coordinates:

sS=z if s<H (C.1)
S=z+X if H<s<H+L
Velocity:
k(T)[aP }
=———-p(T
| os o(M)g (C.2)

where, for the horizontal limbs £ 3, 4), the same expression is used without theity

termp(T)g.
Fluid density:
P =pol=a (T -Tp)] (C.3)
Dynamic viscosity:
C
T)=—H= CA4
M) == c, (C.4)
Kinematic viscosity:
n()
p(T)
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Permeability:
k(T) = ko [1= (T =T, )P HL= (T =T, )]+ Kees (C.6)

Hydrodynamic resistance:

r=j£%%7%3 (C.7)
Conservation of mass:
Q=Q,+Q,
Q== :— +r—gj[pmh) - p(T)]ds .8
Q=@
S (rlg+ P {(rl +r,+ rs)i[p(nh) - p(T)]ds-r, I[pcr,eco —pm]ds}
Conservation of energy:
C A %—cf Q% = Agsi:—Zb(qw +qy) +2¢, (T, -T) Al +bq, (C.9)

Mass flux delivered by shallow recharge to junctionregion (Figure 3.5):

Qe if h-f/2<s<h+f/2
1(2) =1 Aw, (C.10)
0 otherwise

Lateral heat transfer from the upflow zone:

2 A (T-T,)

r

w=" - C.11
q JrooJat (C.10)

4

Heat from dike:
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___A TnoT if O<t<t
Jrerf (1) Jat ‘
qs(zt) = (C.12)
__AM-T) [ et T
Jrerf (1) /a t, w2 o
Heat from magma chamber to deep horizontal limb:
g, = 2{Tn~T) (C.13)
d
Distribution of Q at the junction zone:
Q(z1t) =Q,(t) - Al [ﬁz—h—%} (C.14)
Boundary conditions:
T =T e if s=0, t=0 (C.15)
and
T=T, if s=H+L, t=0 (C.16)

whereTgiruse aNd Ty are the temperatures at sites of diffuse ventirdyarthe bottom of

the recharge zone, respectively.

Initial conditions are given by the solution to the steady-state woueof energy

conservation

dT d’T
-c.Q—=A A—+2c -T)Al +b
deS A2 ¢ (Th=T) O (C.17)

with the same boundary conditions (C.15) and (C.Mgss balance conditions (C.8),
mixing magnitude (C.10), and heat transfer fromrtegma lens (C.13) also remain the

same in the steady state problem.
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C.2 Scaling of problem without mixing

Studying hydrothermal circulation without mixing adles one to obtain
characteristic values for the velocity, mass flard time scale, which can be used to
non-dimensionalize the set of equations presemetthe previous section. In addition,
mixing in the extrusives may be not present as sulreof extensive anhydrite

precipitation. In that cas€: = Q. = Qs (Figure 3.5) and, from (C.8), we have
H
Q (1, +1,) =9[ [ AT~ A0z (C.18)
0

wherer = Ql = Qz = Q3, and

R VY _ v ox c.19

= , h:r3

JK(T) A, k(™) A

The kinematic viscosity i3’ = 5/p and A; = As. Expressions (C.3) and (C.4) give the
dependence ofp and 5 on temperature, respectively. In (C.19), represents the

hydrodynamic resistance in the upflow zone, gytthe one in the deep horizontal limb 3.

For scaling purposes, we assume a constant peribe&bvierywhere along the
flow path (that is,k,=ks=ko =10 m?). As a first approximation, we ignore the
conduction termg®T/ds%, and lateral heat losqw, through the walls of the system in the
conservation of energy (C.9). The temperature enupflow zone,T,, is thus constant
and equal to the temperature at the exit of the dewizontal limb 3 (i.e., ak = 0).
Additionally, the far-field temperature in the reche zone is assumed to vary linearly

distributed with depth:

Trech(z) = :Brech Z (CZO)
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where frech IS the thermal gradient in the recharge zone. Atingly, we define

Ty = Treer(H), and we can write

'Tp(Trech)dZ: pOH(l_%afTHj (C21)
[p(Mdz=pHA-a/T,) (C.22)

The distribution of temperature in limb 3 can beanied when considering the

condition of energy conservation (C.9), in whiclk ttonduction term has been ignored:

dT__Ab __ AT

— (C.23)
dx c,Qd c,Qd
The solution to this equation
T(X) =T, +Cex Ab (C.24)
c,Qd

with conditionT =Ty atx =L (i.e., at the bottom of the recharge zone, comsigehat

x = 0 corresponds to the bottom of the upflow zage)

T =T, (T, -TH)eXr{-%(j (C.25)
where
_¢Qd
=b (C.26)

r

is a characteristic length. When substituting esgien (C.25) into (C.19) and

incorporating the result into (C.18), one obtainsascendental equation (with respect to
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Qo, sinceQy = Q1 = Q2 =Qs3). The solution to this equation in turn allowsetetining the

temperature in the upflow zorg = T(0).

To estimate the different parameters scaled inahjsendix, we usg ~ 10 m/$,
A = 2.5 W/(m°C), ¢ = 4x1G J/(kg°C), ko~ 103 m? po= 10 kg/m®, a;~103/°C,
Ty =100°C,b ~ 10 m,d ~ 10 m,H = 1500 mL = 1000 mw, ~ 1G n?, A; ~ 10' %, and
As ~ 10" m®>. From our computations and the observation of Iseafhydrothermal
circulation, we expect temperatures up to ~400% the part of the upflow
corresponding to black smokers (hence, in the Iqvaetr of the upflow zone; Figure 4.3).
Therefore, we choosk, = 400°C, and check that our subsequent resultscargstent. In

turn, this fact constrains the choice of the patansan our modeling.

Expressions (C.3) and (C.4) show that betw&gr 100°C andl, =~ 400°C, the
kinematic viscosity varies betweem(Ty) = 3x10' m%s and UT,) = 1.3x10’ m?/s
(Figure C.1). For scaling purposes, we can thusiden that the kinematic viscosity is
constant in the deep horizontal limb with a valye v, = 107 mé/s. This implies in turn
that, from the order of magnitude standpoint= 1, =10’ m%s in the upflow zone,
sinceT, is constant and equal to the temperature at theobthe deep horizontal limb.

Thereby, expressions (C.19) fgrandr, become

v, LY (C.27)

'
’ kO Al k0 A3
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Figure C.1. Variation of viscosity of water withmperature. The dashed line indicates
the region where the seawater exhibit two-phasawieh

Substituting (C.21), (C.22), and (C.27) into (C.18)d rearranging the terms

yields

_9%ALa AT H
Vo H+L

Q (C.28)

whereAT =T, —Tu/2 is the difference between average temperaturdisei upflow and
downflow zones, andyp = v, = v3 is the typical fluid viscosity in the deep rechargnd

upflow zones g = 10 m%s). Expression (C.28) therefore giv@s~ 20 kg/s.

The velocity that corresponds to (C.28) is given by

Qo =g|%afAT H

V =
° PP Vo H+L

(C.29)
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which yieldsvy ~ 10° m/s ~ 10 m/year.

Recalling that heat conduction is important in tleendary layer near the seafloor

(at z=0), we have the scale of the thickness of thentdary layer at the top of the

upflow zone:
a
o~—
v, (C.30)
wherea = A/(ciox) ~ A/ (cim). Then,
a Vo L+H
d=—=— "1 C.31
Vo 9koCiaAT H (€3
which givess ~ 1 m.
The time scale associated with fluid flow througls tooundary layer is:
0 VEA, (L+Hj2
- C.32
% (gkaaT?c | H (€.32)

which yieldsz ~ 16 s ~ 10 days.

Finally, sinceQs = Qo, substituting expression (C.28) i@ in (C.25), we have

the dimensionless ratio

L _AlLb AV, LH+L
—= = o (C.33)
L, ¢Qd gkociaATw, d H
which is, as expected, independenboRatio (C.33) therefore scales as
L _
Lo ! (C.34)

0

If L/Lp << 1, as follows from (C.25), temperatdrgin the upflow zone scales as
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T, =T, +(T, —mi (Lo << 1) (C.35)

C.3 Dimensionless equations

To estimate the different parameters scaled thereafve useg~ 10 m/$,
A = 2.5 W/(m°C), ¢; = 4x1F J/(kg°C), ¢; = 10° J/(kg°C), ko ~ 102 m?, po = 10 kg/nr’,
pr = 3x10 kg/m®, s~ 10°/°C, w~10'm%s, Ty=100°C, b~1CGm, d~10m,

h =100 mH = 1500 mL = 1000 mw, ~ 1 n?, A, ~ 10" n?, andAs ~ 10 m*.
Coordinates.Based on (C.1), the dimensionless coordinatefinetbhere as

(C.36)

S'—S— z if s'<1
H Z+X if 1<s'<1+L'

whereZ =2z/H is the dimensionless deptk,=x/H is the dimensionless coordinate in

horizontal limbs 3 (Figure 3.5), arid =L/H is the dimensionless size of the horizontal

limb 3 in the deep recharge (Figure 3.5).

In general, in this work, we use primes to denbte dimensionless coordinates.
This does not create confusion since we do not e@ynfhis notation to represent

differentiation.

Time. In the scaling of the steady-state flow withouiximg (Section C.2), expression
(C.32) for the time scale, associated with fluid flow through the boundaaydr,d, near

the top of the upflow zone can be rewritten as

_ A VoA @+L)?

) Cr PVo ) (gkaAT) ¢, p,

(C.37)
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whereAT =T, —Tu/2 is the difference between average temperaturdisei upflow and
downflow zones, andv,and ky are the typical fluid viscosity and permeability,

respectively, in the deep recharge and upflow zoMés then use to introduce the

dimensionless time

t'=— (C.38)

where, from (C.37), we hawe~ 1F s ~ 10 days.

Velocity. We define the dimensionless Darcian velocity as

V="
v, (C.39)
where the steady-state characteristic velogityas defined in (C.29) as
gka AT H
v, = kay (C.40)
vV, H+L

and scales ag ~ 10° m/s ~ 10 m/year.

Temperature. It is convenient to use the typical temperatdrg,in the upflow zone

(C.35) for introducing the dimensionless temperatarthe hydrothermal system:

T T
T'=—-= c.41
T (C.41)

e

0

where Ty =Twec(H), Tm IS the magma temperature, ang =cQod/(4:b) is the

characteristic length defined by (C.26), where

_ gkbwo,a; AT H

R v, H+L

(C.42)
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and, as described in Section CIgz 400°C.

Fluid density. Based on expression (C.4), the dimensionless faitsity is defined by

pIT) =2l =1a T, (T T) (C.43)

0

whereT’ is given by (C.41) and
(C.44)

is the dimensionless temperature at undisturbedm@leor conditions. In (C.44), as in

(C.4), fluid density,m, corresponds to the ambient temperatligeat the seafloor.

Permeability. Following expression (C.6), we define the dimenkases permeability of

the upflow zone as
I k I I I I I
kM) = ==/ TP HL- /T, (T =Tl + K (C.45)
0
where

T =

n

(C.46)

c_| |5_|

is the dimensionless initial (steady-state) temjpeea In expression (C.45k, is the
typical permeability of the upflow zone at the ialitsteady-state temperatufg,’, and
kies' = kiedko IS the dimensionless residual permeability. WHil¢ varies withs, we
assume for simplicity that before the system igyvbed att = 0, the permeabilitk, is

constant along the flow pass.

Viscosity. We introduce the dimensionless kinematic viscosity
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v =1
IOfVO

(C.47)

whereg is defined by (C.3); by (C.4), and = 107 m?/s as shown in Section C.2. For
diffuse flow fluid, T~ 1 - 10 °C, and, the range of dimensionless katenviscosities is
v'=0.61-0.94. For black smoker fluid, the typicednge of temperatures is
T=300-400°C, and the corresponding range of daoamess viscosities is

v'=0.04 - 0.05.

Hydrodynamic resistance. The hydrodynamic resistance can be normalized by
ro = (VoH)/(kobw), which, according to (C.7), corresponds to trastance to the flow of
a fluid of viscosity,l,, through the upflow zone of cross-sectional a&gea A, = bw, and

permeabilityk, (Figure 3.5). The dimensionless hydrodynamic tasises thus become

I

r' =

r.
— (C.48)
r.0

where index represents thi" limb (i = 1, 2, 3, 4; Figure 3.5). With our parameterss th

yieldsro~ 1.5x10 m*s™.

Mass fluxes.The dimensionless mass flux in ifdimb is defined as

_PiAY,

Q= Q)

(C.49)

wherei = 1, 2, 3, 4 and

_ gkbwo,a AT H

R v, H+L

(C.50)
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as defined in Section C.B){ ~ 20 kg/s). Following the definitions of the dins@mless
Darcian velocity (C.40) and the dimensionless fldehsity (C.43), the dimensionless

mass fluxe€);’ can also be defined as

Qi(s,t)) = pi (s, )V (1) A (C.51)
whereA’ = A/(bwy) is the dimensionless cross-sectional area ofttienb.
Mass flux delivered by shallow recharge to junctiorregion (Figure 3.5).This mass

flux is given by parametdrthat appears in equations (C.9), (C.10), (C.149, @.17).

With respect to the dimensionless coordinates, diefined as

N & if h—-f'/2<s'<h'+f'/2
1(s)=1 Aw, (C.52)
0 otherwise

whereh' =h/H is the dimensionless thickness of the extrusiyerlandf’=f/H is the
dimensionless height of the junction zone (Figur®).3In (C.52),A, = bf is the cross-

sectional area of the shallow recharge limb 4 (Fadi5). Let us introduce

g =0
° AW,

(C.53)

so that the dimensionless mass flux per unit voldeleszered by the shallow recharge to

the junction region can be defined as

(C.54)

1'(s'y =— =
(=) Iy 0 otherwise

| {Q; if h-f/2<s<h+f'/2

Lateral heat transfer from the upflow zone.Based on expression (C.11), the amount of
conductive heat lossyo, that would occur at the seafloor from a fluidenperaturd,

during timer scales as
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Ly (C.55)

qu =

SIS
o
~

Let us thus define the dimensionless lateral hhaasfer from the upflow zone as

[} qw
Qv =—— C.56
qu ( )
so that according to (C.11)
Ve T (S,U) =T (S)
qw(s L ) - \/F (C.57)

Heat from dike. According to (C.12), the amount of hegds, that would be transferred
by a dike to the upflow zone (fluid) at temperatiigeover a timer (that is, before the

dike is crystallized), scales as

A T.-T
= : A (C.58)
o Jrerf(1) JJar
Further, we introduce the dimensionless heat gesetay the dike as
qy = (C.59)
qu
so that per (C.12)
NUSANCHY) i o<t<t
TN B (s NI
qd (Sl ) - [Tr;] _T'(S’,t’)] 7T2ar Z.( tr _t::) ) ' , (C60)
- exp - > if t'>t]
(Tn =Dyt W

where T,'=T/T, is the dimensionless magma temperature, ahetJ/z is the
dimensionless crystallization time. In this worke Wwaver ~ 10 s andt. ~ 10 s, which
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Heat from magma chamber.The amount of heat, transferred from the magma

source through the boundary lagk{Figure 3.15) to a fluid of temperaturgis

AT -T)

- C.61
Omo q ( )

Based on (C.61), we define the dimensionless meat the magma chamber as

g, = (C.62)
qu
so that per (C.13)
T, -T'(s,t)
st)y="——= C.63
Qn(St) =2 (C.63)

m

Main equations. Based on the new dimensionless parameters defatede, the

condition of mass conservation (C.8) can be expreas

Q=Q,+Q,
I g U
Q=-Q “,+— P (T) - P (T)| &5
I o | (C.64)
Q,=Q;
o
’ (ry+1, +1)[ [0 (T4) - 2(T)] &8
r 0
), =
(r,+r')(r'+r,)+r'r, Il U I U U U
? ’ ' ) e _rljl:la(-l-rezch)_IO(T)]cS
0
whereh’ = h/H and the dimensionless parameter
H H
g = 9PH _ 9Py _gk _ 1 (“Lj (C.65)
Qy  [VoH /(kobW,)] oobw,v, VoV, a(AT\ H

For our parametersg, = 7.
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In dimensionless form, the condition of energy @maation (C.9) along the flow

path 1-2-3 (Figure 3.5) becomes

cp o ¢Q , aT _ A 07T fQO
r Fr Y V’_:_f_ T |
r ot b\Mpr 0s H29s? (r“ )
1 2(qwoqw+qd0qq)+qn0qm
T,W, A

(C.66)

whereTy' = T/T,. From the definitions (C.37) and (C.50)w&ndQo, expression (C.66)

can further be rearranged as

VZH? aT' v H T - 62T 2H v0

- “TY '+
aa ot a A ds 0ds T (07D
GoH® | 200 . 2o
+ + C.67
ArTuWuV\I||:qu0 qW qrrO qq qm ( )

wherea, = ,/(Cpr), a =Ad(Cipo), andw;' = wi/wy. After introducing

a
= C.68
¢ Hy, ( )

equation (C.67) can be written as

a dr' a 0T _ ,0T  2Ha ., _. .,
& S v =2 e S T oT) I
aot “al'oag as? f a (=)

a'qm) qWO ! 2qu !
’ +. C.69
C OV T, WW | Opg o Uro % ( )

Note thate is the inverse of the Peclet number in (C.68ednation (C.69), we have the

following coefficients

e=—"lr 107 (C.70)
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& _GPr 4 (C.71)

a cp,
ZTH -10° (C.72)
BLL LRI (C.73)

Cr IorVOTuWu

Recalling the definition ofj.o, G40 andgmo from (C.55), (C.58) and (C.61), we can write

2 AT,
Owo _ \/7_7\/5 _ Zwlcrcfpopr Vod 1 (C.74)
o - /]r (Tm _Tu) - /]r\/7_7 Tr:] -1 .

d
AT -T,
0o _ Vrerf(A) Jar 1 /C.CPupVed
0o ATw-T)  Jrerf(h) A (C.75)
d

For a typical value of,/ = 3, we obtain

Gw _ 19 (C.76)
qu
Sso 92 (C.77)
qu

Distribution of Q' at the junction zone.Per expression (C.14) for the mass flux within
the junction zone, withinh'—f/2<s'<h'+f/2, 0Q’'/ds'=—-HAlyl'/Qoy, where
A=A; = A, and the mass flux

HA'Q, o )
f H

Q(s)=Q; - (C.78)
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is linearly distributed along this interval.

Boundary conditions. The dimensionless boundary conditions are definased on
(C.15) and (C.16) as

T..
T'(s',t'):$ if =0, t>0 (C.79)

u

and

T..n(H) .
T'(s,t') =—re°;( ) it s=H+L, t>0 (C.80)
Initial conditions. As in Chapter 3, we define the initial conditiorssthe steady-state of

the system prior to any perturbation. In dimensaealform, equation (C.17) becomes

U 20 -I—r _-I—r
_igp}\/i:gza_-r2+ﬁig('m —T') "+ arzqrr() m'
a ds os® f a c.oveT,ww T -1

(C.81)

where in the right-hand side, the second term Ig present in the junction zone (i.e.,
h'—f/2 <s'<h’+{/2) while the third term is present only in the pdw®rizontal limb 3.
The initial condition is given by the solution of.81) with the boundary conditions

(C.79) and (C.80). Given (C.63), equation (C.81) lba written as

L O-T) | ATy

- b =T =0 (€.82)

wheread = (@) / (-a,p) ~ 10> Ty=Tn in the deep horizontal limb 3;=T,' in the
junction of the upflow zone with the shallow redarandT;= 0 everywhere else; and

by is defined as eithary = —a/ (sa, o' Vo' wawi'd) ~ 10% in limb 3, by = = (HI") / (for)
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~ 10 in the junction, andb/=0 elsewhere. The general solution of the linear,

homogeneous ODE (C.82) is

V1+[V12+ (AW} V!_[Vl2+ (AW}
T =T +C exp[ %s'}mz exp[ o ¢

2 2 S] (C.83)

where dimensionless constafisandC, are different for limbs 1, 2, 3, and the junction
zone. They are determined from the boundary canditi(C.79), (C.80), and the
continuity of temperatures and heat flows betwees intervals. One obtains these
constants as functions of the corresponding masedl Then, (C.83) is substituted into
(C.64) and the resulting algebraic equations arkeddo obtain the mass flux€¥' in the

steady-state configuration.

C.4 Concluding remarks

The presence of a small parameter in front of tighdst derivative in (C.69)
suggests that we have a boundary value probleningtilsr perturbation [e.gChang
and Howes1984]. In regular perturbation problems, soluieary gradually as the small
parameter tends to zero. In singular perturbatr@blpms, their solutions change rapidly
as the small parameter becomes zero. If the snamdnpeter multiplies the highest
derivative, ignoring the product results in theuettbn of the order of the differential
equation, which typically makes the solution eadtawever, this cannot be done in thin
regions where the large value of the highest deveacancels the effect of the
multiplying small parameter [e.gHinch, 1991]. These regions of rapid change are

known as boundary layers. In our case, the heasp@t by the mechanism of heat
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conduction becomes comparable to the advective tnaasfer by fluid flow in the

boundary layers near the surfacez at0, and near the mixing zone zat h.

In most cases, ignoring the highest derivativeltesn the impossibility to satisfy
all boundary conditions, and corresponds to igrgptite existence of the boundary layers
[e.g., van Dyke 1978]. Depending upon the problem under considerathis may or
may not be acceptablfBender and Orszagl1999]. For example, for the overall
consideration of flow in the hydrothermal system Section C.2, we ignore heat
conduction and, therefore, the second-order (hiyhdsrivative, for the sake of
simplifying scaling analysis. However, for the caripon of our results with field
observations (Chapter 3), we need to know the ldétdiow characteristics in the

boundary layers, which, therefore, should be ekpliaccounted for.

Although the boundary-layer problems are widelywnpoften equations inside
or outside the boundary layer cannot be solved losed form, and conventional
techniques (e.g., matched asymptotic expansions) difficult to implement. In
particular, boundary layer problems involving namebr differential equations frequently
present this difficulty. Accordingly, these equatdchave to be solved numerically. There
exist a number of methods that have been suggéstedimerical solutions of boundary
layer problems [e.gBender 1980;Schlichting and Gerster2003;Hegarty et al. 2005].
Because our problem (equations (C.2) — (C.16)hesdimensional, we have been able to
solve it numerically by employing a finite-differem method and high-density grid,

which is adequate for describing the boundary kyer

199



Scaling presented in Section C.2 suggests thathheacteristic thickness of the
boundary layers is expected to be of the orderrmof Therefore, we have chosen the grid
spacing 1 cm or smaller, which allows treatinghbendary layers with sufficient details.
In our computations, we employed uniform mesh, blways made sure that the
boundary layers are treated using at least>~gti@d points. It is well known, however,
that uniform meshes are unsuitable for the numlescdution of some singularly
perturbed partial differential equations becausar i®undary layers, the error in the
numerical approximation may increase as the mestfireed [e.g.Hegarty et al. 2005].
This is why we have conducted multiple checks liynirgg the mesh as much as practical
(up to ~ 10 grid points located within the boundary layer).duar case, the system of

equations although non-linear, appeared to beestaith respect to refining the mesh.
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APPENDIX D

FORTRAN 90 SOURCE CODE

I Program for Modeling the Discharge Zone of Hytiermal Systems

Version 11.1 - Complete 2-loop model - Evolatiersion
Heat from Magma Lens

PARAMETER (nz=250000)

PARAMETER (pi=3.14159265)

INTEGER |, iv, iz, n, nb, nd, nh, nt, nv, n1, n2

INTEGER ivl, iv2, iv3

DOUBLE PRECISION, ALLOCATABLE :: T(:,2), k(:,2), ®&(:,2)
DOUBLE PRECISION, ALLOCATABLE :: ro(:,:), nu(:,:)
DOUBLE PRECISION bu, d, fu, hj, w, H, Hd, L, AAs, delta
DOUBLE PRECISION TO, TrH, Tm, Th, QZlini, Q2ini, @3
DOUBLE PRECISION 10, sr, erf, val

DOUBLE PRECISION alphf, alphr, cf, cr, lamboQ, ror, phiO
DOUBLE PRECISION ar, g, r1, r2,r3, r4

DOUBLE PRECISION time, dt, dz, tc, tt, tv

DOUBLE PRECISION c1, c2, c3, c4

DOUBLE PRECISION, ALLOCATABLE :: Q1(:), Q2(:Q3(:), rob(:)
DOUBLE PRECISION, ALLOCATABLE :: T1(:), T2(:), T3), T4(:), Qb(:)
DOUBLE PRECISION Tr(0:nz), xk(0:nz), a2(0yn®(0:nz)
DOUBLE PRECISION A(0:nz), B(0:nz), C(0:nz), F(0)nz
DOUBLE PRECISION alpha(1:nz), beta(1:nz)

DOUBLE PRECISION al, a3, a4, a5, a6, a7

DOUBLE PRECISION mul, mu2

DOUBLE PRECISION igl, ig2, ig4, verifl, verif2
CHARACTER ch*10

CHARACTER fil*3

ch ='0123456789

I General Parameters

g=9.8 I acceleration due to gravity

bu =100 I lateral dimension of the upflow zone
d =100 I width of the upflow zone

fu=5.0 I dimension of the junction

w=>5.0 I dike thickness

Hd = 600.0 I height of the dike
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cf =4.0E3 I specific heat of water

cr=1.0E3 I specific heat otk

ro0 = 1.0E3 I'initial density of water at theean floor
ror = 3.0E3 I rock density

alphf = 1.0E-3 I coefficient of thermal expamsof water
alphr = 2.0E-5 I coefficient of thermaijpansion of rock
lambr = 2.5 I coefficient of thermal camivity of rock
ar = lambr/ror/cr I thermal diffusivity of rock

phi0 = 1.0E-2 I'initial pororsity of upflow ne
T0=20.0 I seafloor temperature

Tm = 1200 I magma temperature

delta=7.50 I conduction layer thickness
L=1.0E3 I'length of bottom limb

I Specific Parameters From MathCAD Analysis

OPEN (UNIT=1, FILE="Steady.txt")
READ (1,*) c1, c2, c3, c4

TrH=cl I temperature of the recharge zortbabottom
Qlini=c2 linitial upflow flux Q1

Q2ini=c3 linitial upflow flux Q2

Q3ini=c4 l'initial shallow flux Q3

CLOSE (1)

OPEN (UNIT=2, FILE="Areas.txt")
READ (2,*) c1, c2, c3, c4

Au=cl I cross-sectional area @f discharge zone
As =c2 I cross-sectional area of the shallonezo
H=c3 I height of the upflow zone

hj=c4 I depth of the junction

CLOSE (2)

WRITE (*,*) Au, H, hj
WRITE (*,*) Quini, Q2ini, Q3ini

I Other Specific Parameters

time = 4.32E7
dt =4.32E4
tv = 8.64E4
val=0

iv=0

PRINT*, 'Processing..."

I Initialization
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tc = w*w/16.0/ar/1.0
sr = sqrt(pi*ar)

erf = 0.8427008

dz = (H+L)/nz

nt = INT(time/dt)

nv = INT(time/tv)

nl = INT((hj-fu/2)/dz)
n2 = INT((hj+fu/2)/dz)
nh = INT(hj/dz)

nb = INT(H/dz)

nd = INT((H-Hd)/dz)

ALLOCATE (BCul(1:nt)
ALLOCATE (BCu2(1:nt))
ALLOCATE (BCI1(1:nt))
ALLOCATE (BCI2(1:nt))
ALLOCATE (Dif1(1:nt))
ALLOCATE (Dif2(1:nt))

ALLOCATE (T(0:nz,0:2))
ALLOCATE (k(0:nz,0:2))
ALLOCATE (eta(0:nz,0:2))
ALLOCATE (ro(0:nz,0:2))
ALLOCATE (nu(0:nz,0:2))
ALLOCATE (rob(0:nb))
ALLOCATE (Q1(0:nt))
ALLOCATE (Q2(0:nt))
ALLOCATE (Q3(0:nt))
ALLOCATE (T1(0:nv))
ALLOCATE (T2(0:nv))
ALLOCATE (T3(0:nv))
ALLOCATE (T4(0:nv))
ALLOCATE (Qb(0:nv))
Q1(0) = Qlini

Q2(0) = Q2ini

Q3(0) = Q3ini

Tr(0)=0

OPEN (UNIT=1, FILE="Temps.txt")
DO i=0,nz
READ (1,*) T(i,0)
T(@i,1) = T(i,0)
END DO
CLOSE (1)

OPEN (UNIT=2, FILE="Perms.txt")
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DO i=0,nz
READ (2,*) k(i,0)
k(i,1) = k(i,0)
END DO
CLOSE (2)

OPEN (UNIT=3, FILE="Viscs.txt")
DO i=0,nz
READ (3,*) eta(i,0)
eta(i,1) = eta(i,0)
END DO
CLOSE (3)

OPEN (UNIT=4, FILE="Dens.txt")
DO i=0,nz
READ (4,*) ro(i,0)
ro(i,1) = ro(i,0)
END DO
CLOSE (4)

OPEN (UNIT=5, FILE="Denb0.txt")
DO i=0,nb
READ (5,*) rob(i)
END DO
CLOSE (5)

DO i=0,nz
nu(i,0)=eta(i,0)/ro(i,0)
nu(i,1)=nu(i,0)

END DO

DO i=0,n1

Q(i) = Q2(0)
END DO

DO i=n1+1,n2-1
Q(i) = Q1(0)-(Q3(0)/fulbuld)*Au*(i*dz-hj-fu/2.0)
END DO

DO i=n2,nz

Q(i) = Q1(0)
END DO

DO i=1,nz

Tr(i) = Tr(i-1)+TrH*dz/H
END DO

205



T1(0) = T(10240,0)

T2(0) = T(10241,0)
! T3(0) = T(10067,0)
! T4(0) = T(10068,0)
! Qb(0) = Q(10111)

I Main Block

| e e e e ——————
DO n=0,nt-1
tt = (n+1)*dt
10 = Q3(n)/fu/bu/d
Th =Tr(nh)
al =ror*cr
a3 = -lambr
a4 = 4.0*lambr/d/sr/sqrt(tt)
a6 = 2.0*cf*10
a7 = lambr/d/delta

I Term due to the dike emplacement
e e
IF (tt < tc) THEN
ab = 2.0*lambr/sr/d/erf/sqrt(tt)
END IF

IF (tt >= tc) THEN
ex = exp(-1.0*pi*pi*ar*(tt-tc)/w/w)
a5 = 2.0*lambr*ex/sr/d/erf/sqrt(tc)
END IF

I Coefficients From the Linearization
!___ _______________________________
DO i=0,nz
a2(i) = -cf*Q(i)/Au
A(i) = a3/dz/dz-a2(i)/2.0/dz
B(i) = a3/dz/dz+a2(i)/2.0/dz

IF (i <= n1) THEN
C(i) = 2.0*a3/dz/dz-al/dt-a4
F(@) =-T(i,1)*al/dt-T(i,0)*a4
END IF

IF (i > nl) THEN
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IF (i < n2) THEN
C(i) = 2.0*a3/dz/dz-al/dt-a4-a6
F(i) = -T(i,1)*al/dt-T(i,0)*a4-a6*Th
END IF

IF (i >= n2) THEN
C(i) = 2.0*a3/dz/dz-al/dt-a4
F(@i) = -T(i,1)*al/dt-T(i,0)*a4
END IF

IF (i >= nd) THEN
C(i) = 2.0*a3/dz/dz-al/dt-a4-a5
F(i) = -T(i,1)*al/dt-T(i,0)*a4-Tm*a5
END IF

IF (i >=nb) THEN
C(i) = 2.0*a3/dz/dz-al/dt-a4-a7
F(@i) = -T(i,1)*al/dt-T(i,0)*ad4-a7*Tm
END IF
END IF
END DO
verifl = C(0)
IF (verifl == 0) THEN

STOP 0100
END IF

I Elimination Method

apha() =BOYCO)
beta(1) = F(0)/C(0)+T0*A(0)/C(0)

DO i=1,nz-1
verif2 = C(i)-alpha(i)*A(i)

IF (verif2 == 0) THEN
OPEN (UNIT=3, File="Final.txt")
DO iz=0,nz
WRITE (3,100) -iz*dz, T(iz,0), T(iz,1)
END DO
CLOSE (3)
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OPEN (UNIT=4, File="Velocity.txt")
DO it=0,n
WRITE (4,%) it*dt, v(it)
END DO
CLOSE (4)
STOP 0200
END IF

alpha(i+1) = B(i)/(C(i)-alpha(i)*A(i))
beta(i+1) = (A(i)*beta(i)+F(i))/(C(i)-alpha(i)*4))
END DO

mul = A(nz)/C(nz)
mu2 = F(nz)/C(nz)+TrH*B(nz)/C(nz)

T(nz,2) = (mu2+mul*beta(nz))/(1-alpha(nz)*mul)

DO i=nz-1,0,-1
T(i,2) = alpha(i+1)*T(i+1,2)+beta(i+1)
END DO

I Computation of New Density
| e e o
DO i=0,nz
ro(i,2) = ro0*(1-alphf*(T(i,2)))
END DO

I Computation of New Viscosities
| e e o
DO i=0,nz
eta(i,2) = 0.032/(T(i,2)+15.4)
nu(i,2) = eta(i,2)/ro(i,2)
END DO

I Computation of New Permeability

e e
DO i=0,nz
xk(i) = 1-(alphr/phi0)*(T(i,2)-T(i,0))

IF (xk(i) <= 0) THEN
k(i,2) = 0.01*k(i,0)

END IF

IF (xk(i) > 0) THEN

IF (i < nd) THEN
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k(i,2) = 0.01*k(i,0)+k(i,0)*(xk(i))**3
END IF

IF (i >= nd) THEN
k(i,2) = 0.01*k(i,0)+1.5*k(i,0)*(xk(i))**3
END IF
IF (i >= nb) THEN
k(i,2) = 0.01*k(i,0)+k(i,0)*(xk(i))**3
END IF
END IF
END DO

I Computation of Flow Resistances

DO i=nh,nb-1
igl = igl+(nu(i,2)/k(i,2)+nu(i+1,2)/k(i+1,2))/@/Au*dz
END DO
rl=igl
ig2=0
DO i=0,nh-1
ig2 = ig2+(nu(i,2)/k(i,2)+nu(i+1,2)/k(i+1,2))/@/Au*dz
END DO
r2 =ig2
igd=0
DO i=nb,nz-1
ig4 = ig4+(nu(i,2)/k(1,2)+nu(i+1,2)/k(i+1,2))/@/10/Au*dz
END DO
r4 =ig4
r3 =1.8E2

I Computation of New Mass Fluxes
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ig2=0

DO i=0,nh-1
igl = igl+(rob(i)-ro(i,2)+rob(i+1)-ro(i+1,2))/@*dz
END DO

DO i=0,nb-1
ig2 = ig2+(rob(i)-ro(i,2)+rob(i+1)-ro(i+1,2))/@*dz
END DO

Q3(n+1) = g*((r1+r2+rd)*igl-r2*ig2)/((rl+rd)*(r23)+r2*r3)
Q2(n+1) = g*igl/r2-Q3(n+1)*r3/r2
Q1(n+1) = Q2(n+1)-Q3(n+1)

DO i=0,n1

Q(i) = Q2(n+1)
END DO

DO i=n1+1,n2-1

10 = Q3(n+1)/fu/bu/d

Q(»i) = Q1(n+1)-Au*I0*(i*dz-hj-fu/2.0)
END DO

DO i=n2,nz

Q(N) = Q1(n+1)
END DO

I Re-initialization

DO i=0,nz
T@,1) = T(i,2)
k(i,1) = k(i,2)
eta(i,1) = eta(i,2)
ro(i,1) =ro(i,2)
nu(i,1) = nu(i,2)

END DO

IF ((tt-val) ==tv) THEN
iv=iv+l
ivl =iv/100

Iv2 = (iv-iv1*100)/10
iv3 = iv-iv1*100-iv2*10
fil = ch(ivl+1:ivl+1)//ch(iv2+1:iv2+1)//ch(iv3%:iv3+1)

OPEN (UNIT=1, File='Num'/fil//".txt")
DO iz=0,nz
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! WRITE (1,*) T(iz,2)
! END DO
! CLOSE (1)

T1(iv) = T(10240,2)
T2(iv) = T(10241,2)
! T3(iv) = T(10067,2)
! T4(iv) = T(10068,2)
! Qb(iv) = Q(10061)
val = tt
END IF

I Save Results in Files

OPEN (UNIT=1, File="Final.txt")
DO iz=0,nz
WRITE (1,*) -iz*dz, T(iz,0), T(iz,2)
END DO
CLOSE (1)

OPEN (UNIT=2, File="Curvel.txt")
DO it=0,nv

WRITE (2,*) T1(it), T2(it)
END DO
CLOSE (2)

OPEN (UNIT=3, File="Curve2.txt")
DO it=0,nv

WRITE (3,*) T3(it), T4(it)
END DO
CLOSE (3)

OPEN (UNIT=2, File="Tb.txt")
DO it=0,nv

WRITE (2,*) T4(it)
END DO
CLOSE (2)

OPEN (UNIT=3, File="Qb.txt")
DO it=0,nv
WRITE (3,*) Qb(it)
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END DO
CLOSE (3)

OPEN (UNIT=5, File="Perm.txt")
DO iz=0,nz
WRITE (5,*) k(iz,2)
END DO
CLOSE (5)

OPEN (UNIT=6, File="Visc.txt")
DO iz=0,nz

WRITE (6,*) eta(iz,2)
END DO
CLOSE (6)

OPEN (UNIT=7, File="Parameters.txt")
WRITE (7,*) H, hj, time
CLOSE (7)

OPEN (UNIT=8, File="Qs.txt")
DO it=0,nt
WRITE (8,*) Q1(it), Q2(it), Q3(it)
END DO
CLOSE (8)

OPEN (UNIT=9, File="Dens.txt")
DO iz=0,nz
WRITE (9,*) ro(iz,2)
END DO
CLOSE (9)

I Format

100 FORMAT (3E12.4)
105 FORMAT (2E12.4)

END
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APPENDIX E

DIRECTION OF DIKE PROPAGATION

FROM THE MAGMA LENS

Although the dike trajectory is sub-vertical, ig#itly curves inwards, so that the
dike tip is located above the magma lens (e.@h#li to the right in Figure 4.1b). It may
appear that because the least principal stressorizontal in mid-ocean ridge
environment, the dike should be practically vettiedher than curved, even slightly, as
in Figure 4.1b. However, the computed dike shapebeaunderstood by considering first
a vertical dike emanating from the magma lens (feidgti1a). Kinematically, because the
dike and the lens are connected, the lens operisigts in shear displacements of the
dike sides, so thd€, # 0 at the dike tip of a vertical dike. Thereforadhthe dike been
vertical, it would have started propagating outwatds shown by the dashed line in
Figure E.la). Dike propagation in this directionulb be reducingK;, and the dike
curvature would be compensatir€y, resulting from the magma lens opening (as

described above).
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Figure E.1. Dike trajectories.

Because in our calculations we used the converitioitarion of crack growth
direction, that isK; = 0 [Rice 1968], the dike curves inwards instead of beiagieal.
This curvature compensatks (or shear displacements) due to the lens openihigh is
illustrated by arrows in Figure E.1b. Displacemesitswn by solid arrows in Figure E.1b
are due to the lens opening, while dashed arrodisate displacements of the dike sides
mainly caused by the gravity forces. These twoldgment modes cancel each other at
the dike tip, resulting in conditioiK; = 0 satisfied during the entire period of dike

propagation.
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APPENDIX F

FLOW REGIME IN THE UPFLOW ZONE

We can estimate the flow regime (i.e., laminar wbtlent) by considering the
case of similarly oriented fractures of width In that case, the permeabiliky is

approximatively given by

_#¢
o~ (F.1)

where ¢ is the porosity. It is typically taken within ange of 0.1-1% at mid-ocean
ridges. For a value of 0.1%, and k102m? (F.1) yields¢~10*m. Therefore,
assuming that the flow occurs through such frastofewidth, Reynolds number Re is

given by

23
@Yo

Re=—=~1 (F.2)

which places the fluid flow in the laminar domaimthe discharge zone (turbulent flow is
observed for Re ~ 1000 in laboratory experimert&d we taken @= 1%, Reynolds
number would have been Re ~40We can thus conclude that mixing within the

junction zone occurs at laminar regime in our satiahs.

215



