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University of Washington
Abstract

Watching The World Sweat
Development and utilization of an in-situ conductivity sensor for monitoring chloride
dynamics in high temperature hydrothermal fluids at divergent plate boundaries

Benjamin Isaac Larson

Chair of the Supervisory Committee:
Professor Marvin D. Lilley
Oceanography

The magmatic upwelling that drives plate tectonic motion at divergent plate boundaries
also heats seawater circulating within the Earth’s crust. The seawater undergoes physical
and chemical changes beneath the surface and the resulting buoyant hydrothermal fluid
ascends to the seafloor where it is comes out of structures called hydrothermal vents. One
subsurface process of particular interest is phase separation, which is the transformation
of a homogenous fluid into two phases, each with properties different from the original
fluid. Phase separation is the dominant control on chloride in hydrothermal systems and
chloride controls the distribution of all other chemical species. Thus, the measurement of
chloride in hydrothermal fluids gives insight into extreme subsurface processes that are
inherently difficult to probe. Since these processes evolve with time, measurements must
be taken on a continuous basis. The research presented herein discusses the development
and utilization of an instrument capable of continuously monitoring the hot salty
solutions that flow out of hydrothermal pores in the Earth’s crust. Instruments were
deployed at two different mid-ocean ridge hydrothermal systems. An array of instruments
was deployed on the Juan de Fuca Ridge at the Main Endeavour Field 12-15 months after
a magmatic intrusion. Tidal changes and non-tidal changes on timescales of minutes to
hours were observed. Chloride data were also used to infer subsurface mixing between

two non-seawater fluids at depths below the seafloor between 486 and 695 meters.



Another instrument was deployed at Bio 9’ vent at 9°50’N on the East Pacific Rise in the
immediate vicinity of seismometers monitoring earthquake activity. The hydrothermal
response to intense seismicity was observed on two separate occasions. On the basis of
these observations, conditions of subsurface phase separation were estimated at pressures
between 269 and 288 bars and temperatures between 369.7 and 403.5°C. Recurrent
chloride spikes were also observed, with magnitudes up to 720 mmol/’kg and durations up
to 7 minutes. At both study sites, data indicate the influence of subsurface fluids with
chloride concentrations greater than seawater. These observations may help resolve the
apparent chloride deficit indicated by venting of chloride-depleted fluids over decadal

timescales.
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Chapter 1 — Overview

The drift of the Earth’s massive tectonic plates on top of a layer of molten lava is
driven, in part, by the creation of new crust at divergent plate boundaries. As magma
upwells from the mantle in locations where chunks of the crust are pulling apart, seawater
circulates within the rock, convectively cooling the solidifying magma at pressures
several hundred times higher than at the Earth’s surface. In this type of system, known as
a mid-ocean ridge hydrothermal system, seawater can be heated to extremely high
temperatures (Alt and Back, 2003; Alt, 1985). Under these conditions, seawater phase
separates, creating fluids with chemical and physical properties significantly different
than the seawater precursor (Bischoff and Pitzer, 1989; Butterfield et al., 2003; Von
Damm, 1995). These hot buoyant fluids spew out of holes in the earth’s surface known as
hydrothermal vents.

One goal of hydrothermal chemistry is to use the properties of hydrothermal vent
fluids to constrain subsurface pressures and temperatures. However, the extreme nature
of hydrothermal processes and their remote location makes the study of mid-ocean ridge
(MOR) hydrothermalism a multilayered problem. Moreover, seafloor spreading is not a
smooth function with respect to time. Rather, crust formation is sporadic, occurring in
discrete bursts of activity marked by high heat and mass flux as well as rapid variability
in hydrothermal chemistry (Delaney et al., 1998; Lilley et al., 2003; Malinvero and
Pockalny, 1990; McClain et al., 1993). Thus, our understanding of MOR
hydrothermalism relies, in part, on our ability to measure the properties of high
temperature vent fluids on a continuous basis.

The collection of discrete fluid samples for later analysis is an extremely
informative technique but it is limited in its temporal coverage. This approach requires a
research vessel and some type of submersible vehicle and even when these conditions are
met, a given hydrothermal vent may be sampled only once a day. Furthermore, the time
between cruises to a particular site can range from months to years. Thus, fluid sampling

may miss periods of short-lived variability altogether (Butterfield et al., 1997; Lilley et



al., 2003; Von Damm et al., 1995). Given the short timescales (minutes to hours) and
unpredictability of hydrothermal processes, there is a genuine need for new and novel
techniques that can continuously analyze the system as it exists in its natural state. Such
techniques increase the likelihood of observing changes in vent effluent associated with
bursts of volcanic or tectonic activity.

Many existing in-situ analytical methods preclude their use in the typically
inaccessible and extreme environments of deep-sea hydrothermal vents. Thus, the
development of a viable in-situ device must meet several criteria. It must be robust
enough to withstand the high temperatures and pressures characteristic of the target
environment (Delaney et al., 1992; Von Damm et al., 2003) and it must be simple enough
that it can be deployed by the unwieldy manipulators typically used by manned
submersibles and remotely operated vehicles (ROV’s). In addition, the data collection
process must not use more power than can be provided by a battery pack with a limited
lifetime; the size of the data collected cannot exceed the memory available to store it; and
the design must be capable of remaining on the seafloor for extended periods of time.

Fluid parameters measured by existing instruments that meet the aforementioned
requirements include temperature (Scheirer et al., 2006; Tivey et al., 2002), pH (Ding and
Seyfried, 1996), H, and H,S (Ding et al., 2001). One notable parameter missing from this
list is chloride. Dissolved chloride is the master chemical variable in hydrothermal fluids
and nearly all other chemical species either correlate or anti-correlate with chloride
(Butterfield et al., 2003; Butterfield et al., 1994; Butterfield et al., 1990; Seyfried et al.,
1986; Von Damm, 1995). Chloride is also useful in diagnosing the effects of phase
separation because it does not participate significantly in water-rock reactions during
ascent (Butterfield et al., 2003; Butterfield et al., 1994; Seewald and Seyfried, 1990). The
effects of phase separation are of particular interest because of the observed chloride
deficit in vent fluids over decadal timescales (Butterfield et al., 1994; Lilley et al., 2003;
Von Damm, 2004). Simply put, chloride-depleted hydrothermal fluids have been venting

for so long in some cases that it’s not clear what happens to the remaining chloride.



The goal of the present study is to develop an instrument that can make in-situ
measurements of chloride concentration in hydrothermal fluids with temperatures up to
400°C and at pressures up to 250 bars, This information will be used to constrain the
pressure and temperature conditions of fluid circulation, including how these parameters
evolve over time both before and after periods of intense volcanic activity.

The results of the study are presented in three chapters. Chapter 2 deals with the
design, construction and calibration of an in-situ chloride sensor. Chapter 3 discusses a
large scale deployment of 10 instruments 12-15 months after an intrusive magmatic event
at the Juan de Fuca Ridge in the Northeast Pacific Ocean (Johnson et al., 2000; Lilley et
al., 2003) .Within the context of this discussion, pressure and temperature of
hydrothermal circulation are constrained and the impact of the ocean tides is considered
including the role played by critical fluids in tidally correlated changes. Also, a possible
explanation of the chloride deficit is considered. Chapter 4 discusses the deployment of a
single instrument 9-14 months before an eruption at 9°50° N on the East Pacific Rise
(Tolstoy et al., 2006). The chloride data from this deployment are complimented by
seismic data (Tolstoy et al., 2006). The combined data are used to constrain pressure and
temperature of subsurface hydrothermal processes occurring in conjunction with seismic
events. We also consider a second possible explanation for the chloride deficit in MOR
hydrothermal systems, short-lived bursts of chloride rich fluid, which can’t be seen with
discrete sampling techniques.

The data presented herein represent the most extensive set of time-series chloride
measurements ever collected at MOR high temperature vents. The data are used to shed
light on the evolution of subsurface hydrothermal conditions and to help answer
questions as to the fate of chloride in hydrothermal systems, Although future studies will
be needed to refine the theories discussed below, this work represents an important
contribution to our understanding of the forbidding and ever-changing hydrothermal

environments that vigorously churn thousands of meters beneath the ocean surface.



Chapter 2 — Instrument Description and Calibration

In-situ Measurement of Dissolved Chloride

in High Temperature Hydrothermal Fluids

Summary
The ability to continuously monitor chemical properties of hydrothermal vent effluents
for extended periods of time is essential to understanding dynamic processes responsible
for the temporally variable nature of mid-ocean ridge hydrothermal systems. Although
instruments do exist for some parameters, there has been no sensor capable of measuring
the chloride concentration, an indicator of possible phase separation, on a real-time and
long-term basis. In this article, we discuss the construction of a novel instrument which
measures solution resistance as a proxy for chloride concentration. The sensor consists of
four gold electrodes embedded’ in a cylindrical ZrO, ceramic housing. It has been
successfully deployed in several high temperature vents at the Main Endeavour Field
(MEF) on the Juan de Fuca ridge in the NE Pacific, and calibrated under simulated
hydrothermal conditions ranging up to 380°C and 300 bars. The in-situ data clearly
demonstrate a tidal influence on the effluent from some high temperature vents possibly
relating to a subsurface mixing process involving non-seawater end-members. Non-tidal
changes are used to constrain the sequence and type of controls operating on fluids

circulating within the subsurface.



1. Introduction

The production of new oceanic lithosphere at divergent plate boundaries is
accompanied by fluid circulation within the upper crust at high temperatures and
pressures. If this circulating fluid is sufficiently heated, it will undergo phase separation
resulting in a significant alteration of fluid composition. The result of this process is the
production of one phase that is denser than seawater and enriched in chloride and other
major elements and another phase that is less dense than seawater and depleted in
chloride and enriched in volatile components. Hence, chloride concentration is an
important indicator of fluid modification by phase separation, and the degree of
modification depends on the temperature and pressure at which the fluid phase separates
(Bischoff and Pitzer, 1989). Chloride also exhibits controls on mineral solubility via
aqueous complexes, ionic strength and charge balance (Seyfried and Ding, 1995). Thus,
phase separation profoundly impacts not only the chloride concentration but also the
composition of hydrothermal fluids in general. The effects of phase separation have been
observed in several deep sea hydrothermal systems including the Main Endeavour Field
(MEF) on the Juan de Fuca ridge (Butterfield et al., 1994; Lilley et al., 2003; Seewald et
al., 2003 Seyfried et al., 2003), and have been shown to vary over time (Von Damm et
al., 1997; Von Damm, 2000) and space (Butterfield et al., 1990).

Conventional oceanographic research at deep-sea hydrothermal systems to date
has relied upon ship based sampling and submersible observations, but this approach is
limited to the relatively brief periods during which research vessels are able to remain on
location and collect samples. The method of discrete sampling, while providing pertinent
information about long term dynamics, does not adequately characterize the variability of
mid-ocean ridge (MOR) hydrothermal systems on shorter timescales. Such a
characterization requires the use of in-situ instruments capable of measuring the chemical
properties of high temperature vent fluids at high sampling rates over extended time

periods.



There are existing in-situ temperature measurements of high temperature fluids
(Fornari et al., 1998; Tivey et al., 2002). Sample collection devices also exist for time
series sampling of low temperature fluids (Wheat et al., 2000; Butterfield, 2001), but the
composition of these samples reflects end-member dilution and a low temperature
reaction overprint (Butterfield et al., 2003), and it is difficult to infer anything about the
effects of phase separation under these circumstances. Ding and Seyfried (2001) and
Ding et al., (2005) have successfully deployed an instrument in low and high temperature
fluids at the Main Endeavour Field (MEF) to measure H,, H,S and temperature for
periods of time ranging up to several days. In this chapter, we discuss an instrument that
enables us to continuously measure conductivity as a proxy for chloride concentration in
high temperature fluids, a measurement not possible with previous in-situ instruments. To
date our instruments have been deployed for up to 2 months. The sensor measures the
electrical resistance of the vent fluid as a proxy for salt content of the fluid, and data
gathered thus far have been useful in providing information about the effects of phase

separation on vent fluid at the MEF on the Juan de Fuca ridge

2. Instrument Description

Resistivity data were collected with a newly developed instrument that includes a

sensor, sensor housing (the wand) and electronics package and its housing.

2.1. Sensor and Wand

The resistivity sensor is composed of gold spheres pressed into the end of a
magnesium stabilized ZrO, ceramic rod to produce a smooth circular face with four
circular gold electrodes (Figure 1). In all but 2 sensors, the gold/ceramic seals maintained
their integrity for at least 2 months at a pressure of ~220 bar and temperatures ranging
from 365 to 380°C. The sensor extends un-protected from the wand into the surrounding

fluid allowing measurement of the fluid’s resistivity. Ceramic-insulated wires extend



from the electrodes back through a pressure compensated titanium wand into a reservoir
of non-conductive oil within a Tygon-tube. The wires terminate in an electrical feed-
through that connects to 10 ft. of deep-sea cable. The wand is composed of grade 2
titanium tubing that enables the introduction of a bend of ~90°, which protects the back
end from exposure to high temperature fluid. A type K thermocouple sheathed in 1/16”
titanium tubing is positioned within ~ 1/4” of the sensor on the outside of the wand and
held in place by titanium wire is. The thermocouple terminates in a polyurethane boot
containing a reference thermistor. The wires from theses two temperature monitoring

devices feed into another 10 ft. length of deep-sea cable.

2.2. Pressure Case and Electronics

The 10-ft. temperature and resistivity cables extend to an electronics package
housed in a titanium pressure case. Signal generation, data acquisition and system control
electronics were designed and assembled by the University of Washington Ocean
Engineering Services group. Components were chosen for low power consumption.
Power and data storage considerations allowed sampling rates up to 12 hr”' during two-
month deployments. All signals were digitized as 12 bit voltages. Two of the four gold
electrodes are connected to ‘drive’ terminals on the electronics package and the other two
are connected to ‘sensor’ terminals. The drive electrodes establish an electric field across
a packet of fluid, which behaves as a resistor, by sending a constant alternating current of
100 uA at 1 kHz across a 10 kQ resistor. The resistance of the fluid is dependent on its
temperature and salt content (Smedley, 1980) and is measured by monitoring the
potential difference across two sensor electrodes immersed in the fluid (Figure 1). This
setup is accomplished with a constant current AC drive signal and a synchronously
demodulated measurement of fluid resistivity between sensor electrodes. This method of
averaging the voltage reading from the equivalent segment in each cycle of a block of 10

cycles in the AC signal enhances the signal/noise ratio.
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Figure 1. Resistivity-temperature probe deployed at Sully Vent showing the various components
including a plan view schematic of the sensor face

2.3. Data Output
As the saline fluid behaves as a resistor, Ohm’s Law can be applied to the
solution. The relationship between the reciprocal of the probe output, in V™', and the

specific conductance, k in ohm™cm™, is given by the following equation:

1 1
(1) V_[E(—e—jXK

where the cell constant, 0, describes the specific dimensions of a given measurement and
is calculated as the ratio of the path length of the measurement, £, to the cross sectional
surface area, A (Smedley, 1980). The relationship between V™! and « is linear if the

current, I, and 6 are constant (Figure 2). Although the data in Figure 2 are not in the



pressure and temperature range of hydrothermal conditions, they cover the expected
range in chloride concentrations. Data shown in Figure 2 also demonstrate that the linear
correlation between the instrument readings and conventional conductivity data holds
true for concentrated NaCl solutions that do not necessarily obey equations relating
conductivity to salt content. For the purpose of simplification, the reciprocal of our

instrument’s raw data in units of V"' will be hereafter referred to as conductivity.
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Figure 2. Reciprocal of probe voltage vs. literature specific conductivities for NaCl solutions from 0.1
M to 3.0 M at room temperature and pressure. Specific conductance data are taken from Currie &
Gordon (1960) and Bianchi et al. (1989).

3. Laboratory Calibration

3.1. Calibration Apparatus
Hydrothermal conditions were simulated for purposes of sensor calibration using
the apparatus shown in Figure 3. The pressure compensation provided by the Tygon tube

on the field instrument is replicated in the calibration apparatus by a pair of 1/8 inch
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stainless steel coils (one filled with oil, the other with water) and a 3-way connector. This
system requires only a single pressure source and pressure regulator and generates equal

pressure on the front and back side of the sensor.

. Temperature g
Back Pressure { Controller oo

Regulator

Type K
Pressure Cell  Thermocouple
_::::i::::D]:] Eam
Waste I ,/E_) o L__j_[,:_ﬂj I
< & M Sensor
O .
N ‘
3-Way {
Sgg Connector cPU Water O
mimln] Coil Coil /Z’ ? ; é
- Resistivity Electronics
| i
> . <

Test Solution m‘*ﬂ

Figure 3. Schematic of experimental setup. See text for discussion.

|

3.2. Uncertainty in Calibration Experiments

The uncertainty of the conductivity measurement was estimated by using 3
different sensors to make a total of 7 duplicate measurements on a variety of solutions
spanning the range of experimental temperature, pressure and composition. For
experimental time spans < 15 hours, the range of values was no greater than = 1.1% of
the average for any given sensor and set of experimental conditions. For experimental
time spans up to 70 hours, the range was + 10.2%. Maximum standard deviation of
temperature measured in lab experiments was £0.1 °C.

Although the uncertainty measured in the lab on longer timescales is comparable
to observed changes in the field data on the same timescales (Section 4), comparison of

chloride concentrations from pre and post deployment fluid samples with initial and final
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conductivity readings, respectively, suggests that drift in the field is minimal (see section
4.2.2). We attribute drift in lab experiments to problems with the pressure compensation
components of the laboratory calibration system. We sometimes noted oil on the
electrode surface, a likely result of leaks induced by intermittent pressure gradients across

the electrodes.

3.3. Fluid Parameters Affecting Conductivity
3.3.1 Salt Content

The main controlling factor of fluid conductivity is the salt content of the fluid. In
vent fluids, NaCl is the dominant salt (Butterfield et al., 1994). In experiments we
conducted at constant temperature, the dependence of conductivity on NaCl
concentration is linear, e.g., for temperatures ranging from 20 °C to 380 °C and for NaCl

concentrations ranging from 54 mmol/kg to 3 mol/kg; (Figure 2 &Figure 4a).

3.3.2 Temperature

The second most influential factor affecting fluid conductivity is temperature. The
dependence of conductivity on temperature is more complex than the dependence on salt
content and exhibits a nonlinear functionality with a conductivity maximum at
temperatures ranging from approximately 250 °C for a 634 mmolal NaCl solution to 280
°C for a 54 mmolal NaCl solution (Figure 4b). The temperature range of maximum
conductivity is similar to that determined by Quist and Marshall (1968) for more dilute
solutions at higher pressures. There is some variation in the temperature of maximum
conductivity with the addition of other cations, but the temperatures of most black
smokers put the fluids in the section of the calibration curve in which conductivity

decreases with increasing temperature.
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3.3.3 Functional dependence of conductivity on temperature and salt content
Conductivity as a function of the two dominant factors, temperature and salt
content, is depicted in Figure 4c. The functional dependence of conductivity on
temperature was interpolated from experimental data along planes of constant salt
concentration using piecewise cubic interpolation (de Boor, 1978). A surface was fit to
the resulting two-dimensional curves using the Matlab function ‘griddata’ which relies on
the method of Delaunay triangulation to create a triangular irregular network (Barber et
al., 1996). The surface so created provides unique values of conductivity for a fluid with
given temperature and NaCl content. Thus, each NaCl (mmol/kg)-temperature (°C) pair
can be translated to a unique value for the conductivity (V™). Similarly, a unique value of

NaCl content can be calculated from measurements of conductivity and temperature.

3.3.4 Normalization of conductivity readings to fluid sample data

A complicating factor of the calibration process is that conductivity measurements
depend, in part, on the surface area of the electrodes. Variation inherent in the fabrication
process results in differences in electrode surface area for different sensors. Such
differences, while significant, can be accounted for by pre-deployment calibration or by
normalization to chloride concentrations in fluid samples collected before and after
sensor deployments. This normalization is accomplished by pairing the first and last
conductivity (Cgea)-temperature (Tgeiq) readings for each data record with the chloride
concentrations (Sgeq) for pre-deployment and post-recovery fluid samples respectively.
Stield and Treiq are also paired with their associated conductivity value (Cyap) from the
calibration surface. Using Cgeiq and Cyp, a scale factor, f, can be calculated for the

beginning and end of each data record:

Clab

2 f=
Cﬁeld
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Each data point is multiplied by the average scale factor for that deployment prior to
conversion to calculated NaCl. In this way, fluid samples are used to anchor each end of a
data record to independent laboratory determined chloride measurements. In general,
these samples are taken within ~20 mins of the placement or removal of a sensor. On this
timescale, tidally driven changes in chloride are less than 2 mmol/kg. Non-tidal changes
could be larger and occur more quickly but even the large rapid changes we observe in
this data set take place on the scale of hours (see discussion of data below). Thus, we can
reasonably make comparisons between pre and post deployment fluid samples with initial
and final in-situ measurements.

Scale factors calculated with this procedure are in good agreement at the
beginning and end of each data record indicating minimal instrument drift over the length
of each deployment (Table 1). Differences between scale factors for any given
deployment are less than the 2-3% uncertainty for end-member concentrations calculated
from extrapolations of chloride measured in fluid samples to zero Mg. We conclude,
therefore, that the relationship between chloride and conductivity is constant throughout
the life of the deployment within our ability to detect any change. Calculated NaCl
obtained from normalization to fluid sample data as described above will be used in

presenting the field data (section 4.2).

Table 1. Scale factors used to normalize field data to fluid sample chloride concentrations.
Differences in scale factors are an indicator of instrument drift. Uncertainty in end-member chloride
is 2-3%

Vent, Sample type Encdl;il;:ir:;:er Scale Calculated
deployment # (mmol/ke) Factor (f) NaCl
- pre-deployment 350 1.380
Milli-Q, # 1 pre-deployment 344 1.359 3465
1 pre-deployment 358 1.348 3584
Milli-Q, #2 post-recovery 384 1.354 382.5
Grotto. # 1 pre-deployment 458 0.774 456.7

post-recovery 444 0.768 446.5
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3.3.5 Cation composition

Although salt content and temperature have the most significant impact on
conductivity, other factors influence the conductivity of hydrothermal fluids. The most
important factor considered besides NaCl concentration and temperature is the ionic
composition. In high temperature hydrothermal fluids of interest, chloride is the dominant
anion, and other anions are present in trivial amounts (less than 1 mmol/kg). Although
sodium is the dominant cation at MEF, ranging from 260 to 391 mmol/kg, K™ and Ca**
are present in concentrations ranging up to 29 mmol/kg and 43 mmol/kg respectively
(Butterfield et al., 1994, Table 3).

A cation replacement experiment was performed with potassium at 22°C and 1
atm. Conductivity increases with increasing mole fraction of K™ (Figure 5) from 0.75 V!
for a 440 mmolal NaCl solution to 0.97 V™! for a 440 mmolal KCI solution. This
observation is in agreement with data from Currie & Gordon (1960), and reflects the
higher specific conductance of K™ with respect to Na™ for a given equivalent
concentration (Table 2). Experiments on 10 mmolal NaCl and KCl solutions by Quist &
Marshall (1969) at 500 bars and 300°C and 400°C show that the difference in
conductivity between a NaCl solution and a KCl solution is less than the change we

observe at atmospheric conditions.

Table 2. Equivalent conductance and concentration range in MEF fluids for relevant ions
(Butterfield et al., 1994, Table 3; Vanysek, 2005)

Equivalent Conductance x 10 (m2 MEF Concentration Range
Ion o equiv.”!
quiv.”) (mmol/kg)
Na” 50.08 200 - 400
Ca®™ 59.47 10 — 40
K" 73.48 10 — 40
H 349.65 104 =107
Cr 76.31 10-700
OH" 198 107 - 10"

A calcium cation replacement experiment at pressures up to 220 bar and

temperatures up to 300°C demonstrated a decrease in conductivity with increasing mole
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fraction of Ca®" (Figure 5). These observations are consistent with data from Quist and
Marshall (1968) and Frantz and Marshall (1982) for NaCl and CaCl, solutions
respectively. As with K, Ca* has a higher equivalent conductance than Na®, but
dissociation constants calculated by Quist and Marshall (1968) and Frantz and Marshall
(1982) suggest CaCl, is more likely to form non-conducting ion pairs than NaCl at higher
temperatures and pressures. As a result, the conductivity for a CaCl; solution will be
lower than for a NaCl solution with the same chloride concentration. The magnitude of
the conductivity decrease in our experiments grows slightly with temperature from 100°C
to 300°C (Figure 5). The effect of cation replacement on our field conductivity
measurements can be calculated for the maximum levels of Ca*? and K* in the MEF

fluids using the slopes of the appropriate isotherms from Figure 5.

3.2

28 Ca*at 200 °C
<24 a_at
pd
2.0 - ca”
2 at300 °C
216 ¢
[$) ++2
§ 1.2 Ca™at104 °C
[e]
o 08 K™ at20 °C
04 -
0.0 :

00 02 04 06 08 1.0
Mole Fraction of K" or Ca™

Figure 5. Effect of replacement of Na* with K* in a 440 mM chloride solution at 21 °C and
atmospheric pressure and effect of replacement of Na* with Ca* in a 271 mmol/kg chloride solution
at 220 bar.

The results of these calculations suggest that for the concentrations of Ca™ and K*
in MEF hydrothermal fluids, the difference in conductivity resulting from a change in the
cation composition from a pure NaCl solution to a composition similar to MEF
hydrothermal fluid is about -3% of the measured value for Ca™* and about +3% for K~

(Table 3). It should be noted that most fluids sampled at MEF contain both Ca™ and K*
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with Ca:K ratios ranging from 1 to 1.6 (Butterfield et al., 1994) such that the effect of
each ion on conductivity will tend to cancel out the effect of the other. Thus, in the

context of conductivity, it is reasonable to model the ionic composition of hydrothermal
fluid as pure NaCL

Table 3. Summary of cation replacement experiments

Parameter/quantity of interest Ca™ K
Chloride concentration (mmol/kg) 272 440
Solution temperature (°C) 300 20
Conductivity for pure NaCl (V) 2.89 0.75
Maximum mole fraction in MEF fluids of indicated cation 0.1 0.1
Conductivity for solution WitP sodium and maximum amount of 279 0.77
indicated alternate cation (V™) ' '
Percent difference from pure NaCl solution -3.3% +2.7%

3.3.6 Pressure and density

Fluid conductivity is also dependent on pressure due to changes in fluid density.
Decreasing density at lower pressures results in a decrease in the density of charge
carriers (the Na* and CI ions), increased ion pairing as the dielectric constant of water
decreases, and an increase in ion mobility as viscous drag is reduced (Quist and Marshall,
1968). The first two processes result in a decrease in fluid conductivity while the third
results in an increase. Thus, it is important to determine if these processes have a
significant effect on conductivity. To this end, experiments were performed at constant
temperature and NaCl concentration and variable pressure (Figure 6).

The magnitude of these effects on conductivity for pressure fluctuations at MEF
can be calculated using seafloor pressure data from this region. Data collected by a
bottom pressure recorder show that the maximum range in water column height at MEF
during the instrument deployments is 4.5 meters. The pressure change associated with

this variation in water column height is 0.44 bars.
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Figure 6. Effect of pressure on conductivity. (a) Conductivity vs. pressure for 271 and 54 mmolal
NaCl solutions at 300°C. (b) Conductivity vs. pressure for a 100 mmolal NaCl solution at 370°C
calculated using data from Quist & Marshall (1968) and Anderko & Pitzer (1993). Data labels
indicate densities of the solution in g/cm? at the given pressure.

Using the slope of the line for the more concentrated solution from Figure 6a, the
increase in conductivity for this magnitude of pressure change is on the order of 10 V!,
which is equivalent to a change of 20 umol/kg. This effect is well within the uncertainty
of the measurement. Based on these experiments, we conclude that the dependence of
conductivity on pressure at the temperature and pressure of MEF hydrothermal vents is
negligible for dilute solutions and very slight for more concentrated solutions (see below
and Figure 6b).
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One caveat to these experiments is that they were performed at temperatures and
pressures well away from the two phase boundary of the NaCI-H,O system. As a result,
the data do not extend above 300°C or below 220 bars. A comparison of density
calculations performed at 370°C using the Anderko and Pitzer (1993) equation of state
for NaCl-H,O with data from Rogers & Pitzer (1982) for 300°C shows that density
exhibits a smaller dependence on pressure under these laboratory temperatures and
pressures than under the field conditions at MEF where the temperature is higher.
However, we can calculate the magnitude of the change in conductivity resulting from a
change in pressure at temperatures close to the two phase boundary for solutions ranging
up to 100 mmol/kg NaCl, which is the maximum concentration considered by Quist &
Marshall (1968). First, the dependence of specific conductance (k) on pressure at the
desired temperature can be extrapolated from data collected by Quist and Marshall
(1968). The specific conductance can then be converted to our conductivity measurement
using the cell constant, and density can be related to pressure for a given NaCl
concentration using the Anderko and Pitzer (1993) equation of state (Figure 6b). This plot
can then be used to determine the change in conductivity for a given change in pressure.
For a 100 mmolal NaCl solution at 370°C, a change in pressure of 0.44 bars would
produce a 0.004 V! (0.6%) change in conductivity. For more concentrated solutions,
such as those at MEF, this effect will be less significant (Quist & Marshall, 1968). Thus,

tidal pressure oscillations have a minimal direct effect on fluid conductivity at the MEF.

3.3.7 pH

Experimental results demonstrate only a slight dependence of conductivity on pH
below pH 7, with a maximum in conductivity at ~ pH 5. This dependence decreases with
increasing temperature and is nearly non-existent at temperatures between 300 and 380°C
(Figure 7). Although H' has a much higher equivalent conductance than any other ion
considered here (Table 2), the effect of pH on conductivity is fairly small even for

moderately acidic solutions due to the relatively low concentration of free H' ion
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compared with Na*. Results of this suite of experiments demonstrate that it is reasonable
to use data collected on neutral NaCl solutions to extrapolate to more acidic and

compositionally diverse solutions found in hydrothermal systems.

4.0

Conductivity (V 1)
N
(&)}

382 °C
20. * = —*
103 °C
15 /—-o\.
1.0 1 ] ] ‘
2.5 3.5 4.5 55 6.5
pH

Figure 7. pH Dependence of Conductivity for 271 mmol/kg NaCl solution. In the temperature range
of interest, effect of pH is smaller than measurement uncertainty. Experiment conducted at 220 bars
with the exception of the 382°C data which was collected at 300 bars.

4. Field Data

4.1. Experimental Site

In the summer of 2000, two separate cruises were undertaken to the Main
Endeavour Field (MEF) on the Endeavour segment of the Juan de Fuca Ridge. The Main
Field at 47°57° N and 129°06° W is a vigorously venting basalt-hosted system located on
the western wall of the axial valley (Delaney et al., 1992). Venting sulfide structures
occupy a region about 350 m long and 180 m wide and increase in size and volume from

the South to the North, with southern structures venting fluids hotter than those to the
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North. Instruments were deployed at four different sulfide structures in the southern
portion of the field and at one structure in the northern portion. Data discussed herein are
the result of three separate resistivity probe deployments, two at a structure named Milli-
Q residing in the southern portion of the vent field, and one at a structure named Grotto in
the northern portion of the field. The resistivity data (Figures Figure 8, Figure 9, Figure
10 and Figure 11) are supplemented by chemical data from discrete fluid samples taken at
these structures (Lilley et al., 2003) as well as sea-floor pressure data from a
Paroscientific model 46K-101 pressure sensor that was deployed at MEF between the two

structures. Some of the features of each data set are compared in tabular form (Table 4).

Table 4. Comparison of the experimental parameters and the data from the three resistivity probe
deployments at the Milli-Q and Grotto vents. See text for discussion.

Vent/deployment # Milli-Q #1 Milli-Q #2 Grotto #1

Deployment date 6/16/00 7/7/00 6/16/00

Recovery date 7/5/00 9/15/00 6/26/00

Length of deployment (days) 20 70 10

Avg. CI for pre-deployment fluid 347 357 458

samples (mmol/kg)

Avg. CI for post-deployment fluid 357 3184 444

samples (mmol/kg)

Temperature range (°C) 363-367 358-370 358.4-359.5

Maximum peak-to-peak chloride non-oscillating
S 21 18 :

oscillation (mmol/kg) signal

Minimum peak-to-peak chloride non-oscillating
s 4 7 .

oscillation (mmol/’kg) signal

4.2. Field Data

4.2.1 Milli-Q Vent, deployment #1

The full record of the first deployment at Milli-Q is shown in Figure 8 along with
an enlarged portion of part of the record in Figure 9. The break in the pressure record
beginning near the end of day 173 reflects the recovery of the pressure recorder for

routine maintenance followed by redeployment the following day.
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Figure 8. Data from the first of two instrument deployments at Milli-Q vent in the southern half of
the MEF vent field. Awater height is the difference in the height of the water column from the mean

value.

After an initial jump, the mean conductivity value decreases from year day 168 to day
176 as the amplitude of the pressure oscillations decreases with the approach of the neap
tides. The most striking features of this data record are the diurnal and semi-diurnal
oscillations in both the temperature and conductivity records which correlate strongly in
both frequency and amplitude with the tidally driven oscillations in pressure. Several
investigators have observed a tidal influence on the temperature and other fluid
parameters of diffuse hydrothermal effluent (Little et al., 1988; Kadko et al., 1994;
Schultz et al., 1996; Tivey et al., 2002), but a lack of tidal influence has been reported for
high temperature vent fluid effluent (Tivey et al., 2002; Scheirer et al., 2006). To our
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knowledge, these are the first observations showing a tidal influence in high temperature

vent effluent temperature and composition.
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Figure 9. A blown-up 5 day segment of the data shown in Figure 8

The oscillations in conductivity and temperature are relatively small in amplitude
at the beginning of the record during which time the pressure oscillations are relatively
large. These oscillations remain fairly small in magnitude as the pressure oscillations
diminish, but start to increase between year day 176 and day 177 as the pressure
oscillations increase with the onset of the spring tides. Also during this time period, the
mean temperature increases from 363.8 °C to 366.2 °C with a rapid 2 degree increase
starting early in day 175 and occurring over approximately 90 minutes. After a more
gradual decrease to 365.2, we see another jump in the mean temperature at the end of day
176 to 366.5 °C occurring over 16 mins followed once again by a more gradual decay,
then another 1.3 °C jump 3 hours later to 366.7 occurring over 4 minutes. After this third

offset, the mean temperature remains at a higher value for the remainder of the record.



24

4.2.2 Milli-Q Vent, deployment #2

A second resistivity probe was deployed at the same orifice on Milli-Q on year
day 189.5 a few days after the first probe was recovered from there on year day 187
(Figure 10). It is interesting to note that although the data for these two deployments were

collected by different probe assemblies, the average scale factors for the two sensors

differ by only 1.4%.
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Figure 10. Data from the second of two instrument deployments at Milli-Q vent

The second deployment at Milli-Q represents a longer residence and a wider
range in temperature and conductivity than the first Milli-Q deployment. The tidally
correlated oscillations manifest themselves again in the conductivity signal with a phase

angle of zero with respect to the pressure signal. As with the first Milli-Q data set, the
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diurnal and semi-diurnal oscillations in conductivity correlate well in both frequency and
amplitude with the pressure oscillations. Temperature oscillations for this record correlate
well in frequency with pressure and conductivity oscillations but not as well in amplitude.
The amplitudes are smaller in general than the first Milli-Q dataset and gone altogether
for some periods of time. Between days 217 and 223, tidal temperature oscillations are
dampened beyond our ability to measure them (see supplemental data).

Several other features of this record deserve mention as well. During the onset of
the period of maximum oscillation in pressure just after year day 208, there is a rapid
increase in the mean conductivity value of about 0.2 volts™ occurring over ~7 hrs which
would correspond to an increase in chloride from ~390 mmol/kg to ~ 409 mmol/kg. It
should be noted that the change of 0.2 V"' is nearly 10% of the conductivity value at the
time of the increase which is notably larger than both the drift measured in the field over
70 days (discussed below) and the +1.1% of uncertainty measured in the laboratory for
the same timescales. Thus, this trend likely reflects actual changes in vent fluid
composition. During the next nine days, the amplitude of the conductivity oscillations is
also slightly larger than before the jump. Following this nine day period, there is a
decrease in the mean conductivity from 3.1 V' t0 2.9 V! (corresponding to a change in
NaCl from ~409 mmol/kg to ~380 mmol/kg), which is lower than the value before the
jump. This decrease occurs during the decrease in the amplitude of the pressure
oscillations from their maximum to their minimum amplitude. The conductivity remains
at this lower value from year day 217 to day 224 during which time, the amplitude of
pressure oscillations 1s at a minimum. As the amplitude of the pressure oscillations
increases slightly after the period of minimum oscillation, the mean chloride
concentration rebounds close to the initial value before the increase at year day 208.

The temperature for the second deployment exhibits an overall decrease, from
~368 °C at the beginning of the record to ~358 °C at the end of the record, compared to a
general increase in the first deployment. The rate of temperature decrease becomes

greater at about year day 250 just as conductivity exhibits an increase. The rate of the
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temperature drop increases yet again at day 257 coinciding with a change in the rate of
the conductivity increase. Chloride concentration measured from water samples taken at
recovery was 384 mmol/kg which is 27 mmol/kg higher than the concentration measured
at the deployment. This is consistent with the chloride trend observed by the resistivity
probe which gave calculated NaCl values of 359 and 383 mmol/kg for the start and end
of the record respectively.

In considering the conductivity oscillations, it should be noted that conductivity
changes result from changes in both density and in NaCl concentration per unit mass.
However, the maximum peak-to-peak change in conductivity for the two Milli-Q
deployments ranges from 4.4% to 6.0%, and changes in density might account for only
about 0.6% of this fluctuation as discussed earlier. Thus, the oscillations likely represent
actual changes in the salt content of the fluid per unit mass and not just in the volumetric
concentration. However, the magnitudes of these chloride oscillations should be
considered maximum values since the component of the oscillation attributable to density
changes can not be accounted for over the entire range of vent fluid compositions and
temperatures encountered here.

For changes on longer timescales discussed in the second Milli-Q data set (Figure
10), it should be noted that we observe good agreement between scale factors calculated
at the beginning and end of the deployment (Table 1). If we use the scale factor
calculated at the beginning of the data record to determine the chloride measured by the
probe at the end of the record, we calculate a value at recovery of 382 mmol/kg. This
value differs by only 0.5% from the chloride measured in the fluid sample taken at
recovery, 384mmo/kg. This agreement indicates that the relationship between
temperature, conductivity and calculated NaCl is fairly constant over time such that long
term trends in calculated NaCl reflect actual changes in vent fluid composition, not drift
in the conductivity reading. This conclusion is consistent with the fact that we did not
observe any signs of processes such as erosion or precipitation on the surface of the

sensor which is deployed 8” to 10” down within the chimney (Figure 1) where
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precipitation due to seawater entrainment is much less significant than at the vent orifice

(Goldfarb et al., 1983; Tivey et al., 1990).

4.2.3 Grotto Vent
The data collected from Grotto (Figure 11) show that Grotto fluid is as much as

12 °C cooler in temperature and about 66-117 mmol/kg higher in chloride than Mill-Q.
Furthermore, neither temperature nor conductivity at Grotto exhibit a tidal component.
Mean calculated NaCl concentration increases from year day 169.5 to 174.5 coinciding
with a slight decrease in the amplitude of the pressure oscillations. This increase
terminates in a chloride maximum of 483 mmol/kg and is followed by a decrease in

chloride.
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The temperature during this deployment at Grotto exhibits a slow but steady decrease
from 359.2 °C to 358.4 °C, with a small jump in temperature at day 173.5 of ~0.6 °C
corresponding to a small dip in chloride of about 9 mmol/kg. Other than this minor

excursion, there are no significant or recurring deviations from the mean temperature.

5. Discussion

5.1. Changes on Tidal Timescales
5.1.1 Calculated NaCl correlates well with pressure data

Striking features of the Milli-Q results include oscillations in temperature and
chloride that correlate well with tidal oscillations in seafloor pressure. Fourier analysis of
pressure and chloride data demonstrates that the four strongest peaks in the frequency
domain for Milli-Q chloride and pressure data are identical and represent the S2 and M2
semi-diurnal tidal peaks and the O1 and K1 diurnal tidal peaks (Figure 12). Visual
inspection suggests there is no phase lag between the two sets of data (Figure 9).
However, calculations using T_TIDE, a tidal analysis software package (Pawlowicza et
al., 2002), show that for the M2 tidal constituent, the constituent with the greatest power
in the Fourier analysis of Milli-Q (Figure 12), chloride oscillations are shifted by 13°
with respect to pressure which equates to a 56 minute lag. Such a shift would not be
readily apparent visually for the peak resolution and sampling rate of our data. Given the
fact that chloride oscillations likely reflect subsurface processes as discussed below in
section 5.1.2., the phase lag calculated by T_TIDE is consistent with numerical modeling
results which show that depending on properties of the crust, subsurface pressure

perturbations may lag seafloor pressure oscillations (Crone and Wilcock, 2005).
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Figure 12. Fourier analysis of seafloor pressure and Milli-Q and Grotto calculated NaCl. The Fourier
transform of each data record is computed with the Matlab ‘fft’ function. Each element of the
resulting vector is multiplied by its complex conjugate and normalized to the length of the vector
squared. This normalized power is plotted against the inverse of the constituent frequencies.

5.1.2 Seafloor observations reflect subsurface processes

Other investigators have observed tidal modulation of fluid temperature
(Kinoshita et al., 1998; Tivey et al., 2005) and flow velocity (Schultz et al., 1996) in
diffuse fluids. Some studies attribute the tidal influence on fluid temperature to bottom
currents that vary in time with seafloor pressure and change the amount of seawater
mixed with buoyant vent fluid exiting the chimney. (Kinoshita et al., 1998; Tivey et al.,
2002). However, there is other evidence that the dominant controls on variations in
hydrothermal flow are subsurface processes modulated by tidal changes in the pressure of
the hydrothermal system (Schultz et al., 1996; Crone and Wilcock, 2005). This latter
scenario, that of a subsurface process signature, is the one most consistent with our own
observations.

Turbulent mixing at a chimney orifice between hot end-member vent fluid and
cold seawater (also called seawater entrainment) results in fluid flow that is spatially

heterogeneous such that conductivity and temperature measurements made at a fixed
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point within the mixing zone will reflect spatial heterogeneity as temporal variability. If
the oscillations in temperature and chloride were due to variable seawater entrainment
controlled by bottom currents or pressure fluctuations, we would expect the oscillations
to be evident in both the Grotto and Milli-Q fluid chemistry as both vents have end-
member fluid compositions that differ measurably from seawater (Table 4). However,
there is no tidal signature in the Grotto dataset suggesting the tidal signature at Milli-Q is
generated deeper within the crust. However, even if we do assume tidal temperature
changes are due to seawater dilution of a hydrothermal end-member at the vent orifice,
the associated chloride changes would be too small to explain our observations. As an
example, we calculated the expected change in chloride during a half tidal cycle for
Milli-Q using the increase in pressure midway between day 181 and 182. During this
time, Temperature decreases from 366.3°C to 366.0°C which gives a required mass
fraction of seawater of 8 x10™. Using this ratio to calculate the change in chloride gives
less than 1 mmol/kg compared to a change in NaCl based on conductivity of 18 mmol/kg.

Although the oscillations do not appear to be due to linear mixing with seawater,
we do note a linear trend when chloride concentration is plotted vs. temperature for a five
hour section of the Milli-Q data about a third of the way through day 181 (Figure 13).
The line through the data has a significantly different slope than the seawater entrainment
line, suggesting there is another process at work. Based on the temperatures and chloride
concentrations that fall on this line, we postulate that this alternative process involves
mixing of non-seawater end-members occurring in the subsurface region of the
hydrothermal system. The observation of chloride concentrations ranging from 58 to 172
mmol/kg lower than seawater throughout the duration of the experiment suggests that at
least one end-member is the result of ubiquitous and on-going phase separation which is
consistent with other studies of the Main Endeavor Field (Butterfield et al., 1994;
Seyfried et al., 2003; Seewald et al., 2003).
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Figure 13. Plot of 5 hour segment of Milli-Q data shown in Figure 10 in NaCl-temperature space
showing slope of linear fit to the data and slope of mixing line from seawater entrainment.

During the period from day 217 to day 223 (Figure 10 and supplemental data), we
observe a disappearance in the temperature oscillations of the Milli-Q fluid. At the same
time, chloride oscillations diminish but do not go away altogether. This pattern is
consistent with the differences between re-equilibration times for fluid temperature and
fluid chemistry. Namely, a temperature perturbation at depth would be expected to be
muted in the vent orifice fluids as the ascending fluid approaches thermal equilibrium
with the surrounding rock (Berndt et al., 1989; Wilcock, 1998). However, in the absence
of additional phase separation or subsurface mixing, changes in chloride concentration at
the vent orifice should reflect changes at depth owing to minimal exchange of chloride
with surrounding rock (Berndt and Seyfried, 1990; Seewald and Seyfried, 1990). It
should be noted that this re-equilibration of temperature during ascent would change the
slope of the mixing line in Figure 13. However, the change would be to larger values,
further increasing the difference between the slope for this line and the slope for seawater

entrainment.
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5.2. Non Tidal Changes Reflect Diversity in Subsurface Processes
5.2.1 Uncoupled NaCl and temperature changes

We also observe trends on non-tidal timescales. Specifically, data from the second
Milli-Q deployment span a 70 day period and demonstrate long term variability over the
course of the deployment as can be seen in the plot of the data in which a low-pass
Butterworth filter has been applied to temperature and calculated NaCl (Figure 14). For
some portions of the record, we observe large variability in calculated NaCl with little to
no variability in temperature. For instanée, the large increase in NaCl just before day 208,
coinciding with maximum amplitude in pressure oscillation, occurs while temperature
changes are relatively minor. As with the instance of NaCl tidal oscillations without
corresponding temperature oscillations, this absence of coupling may reflect
perturbations to the fluid chemistry that occur deep within the system resulting in
chemical changes that are maintained during ascent while temperature changes are muted

by thermal re-equilibration (Berndt et al., 1989; Wilcock, 1998).
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Figure 14. Plot of Milli-Q data from second deployment after application of a low-pass Butterworth
filter. Variation on non-tidal timescales implies a variety of subsurface processes affecting vent fluid
composition. See text for discussion.
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Another possibility is addition of NaCl enriched fluid with temperature similar to the
venting fluid. This latter process poses no constraint on the depth at which such brine
addition occurs.

Data from the first Milli-Q deployment (Figure 8) illustrates a different scenario.
Beginning on day 175, we observe a series of jumps in temperature two of which occur
without a concurrent change in conductivity. A re-routing in the circulation of subsurface
fluid via the propagation of a cracking front as described by Lister (1974) is consistent
with the observed temperature increases. The absence of a coincident change in chloride
indicates the fluid was heated in the one phase region of the NaCl-H,O system (Bischoff
and Rosenbauer, 1985), where temperature changes do not induce composition changes.
We observe no changes in the tidal signature before and after the jump, but it is not
certain whether this putative crack propagation precedes the proposed tidally modulated
mixing process or follows it. In the first scenario, the freshly exposed rock would have to
heat the mixed hydrothermal fluid at a constant rate to preserve the tidal signature
occurring throughout the series of temperature jumps. In the second scenario, the
temperature of either end-member may vary independently prior to mixing and we would
still observe a tidal signature provided some temperature difference is maintained

between end-members.

5.2.2 Coupled NaCl and temperature changes

For other portions of the record, calculated NaCl and temperature co-vary.
However, the sign of correlation is not constant. Calculated NaCl data shown in Figure
14 were plotted against their corresponding temperature for four representative segments
of the data record. The slope of the best fit line for each of the four segments is listed in
Table 5. In two of the segments, we see a direct correlation. In the other two segments,
we see an inverse correlation. An inverse correlation is consistent with a temperature

perturbation to the conditions of ongoing phase separation. At constant pressure in the
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two phase region, an increase in temperature would result in a decrease in NaCl
concentration in the vapor phase (Bischoff and Pitzer, 1989). The origin of the
temperature perturbation must be sufficiently shallow or the magnitude sufficiently large

for the change to be measured at the vent orifice.

Table 5. Variation of slope of calculated NaCl vs. temperature for data from second Milli-Q
deployment after removal of tidal signature.

Time Period (Year Day) Slope (mmolal/°C) r
225.4-226.0 -6.8 0.9967
231.0-231.9 +2.9 0.9907
250.7-251.7 +3.3 0.9943
257.1-258.1 -4.4 0.9934

Because increasing temperature results in decreased chlorinity in the vapor phase,
a positive correlation between NaCl and temperature increases cannot be explained by a
change in temperature of phase separation. One possibility is the interaction of vent fluid
with a reservoir of heated brine prior to venting. Fontaine & Wilcock (2006) assert that it
1s possible for brine to be stored subsurface in rock conductively heated by a magma lens.
Release of theses hot subsurface brines into the circulating fluid would result in an
increase in both temperature and NaCl.

It should be noted that some of the data segments for which we consider the
covariance of temperature and calculated NaCl exhibit changes in temperature and
conductivity that are only slightly greater than the uncertainty in our measurement.
However, the concurrence of the changes in both temperature and conductivity bolster

the case that we are observing actual changes in vent fluid composition and temperature.

5.3. Variability is an Indicator of Complexity
The high degree of temporal variability in vent fluid chemistry at MEF is an
indicator of the complexity of hydrothermal response to a magmatic event. Post-eruption

behavior predicted by Butterfield et al. (1997) is much smoother and does not predict
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some of the trends we observe. However, their model uses discrete fluid samples taken in
the immediate aftermath of an eruption rather than in-situ instruments made 12-15
months after an event. In this later phase of hydrothermal response and at a higher
temporal resolution, we observe a variety of trends occurring in close temporal proximity,
depicting a more jagged evolution of vent fluid chemistry than can be monitored with
discrete sampling methods. Further effort needs to be made in constraining the
parameters of both tidally correlated processes and other processes, but as our data show,

the post-event recovery of a hydrothermal system is highly dynamic.

6. Conclusions

We have developed a prototype resistivity sensor for monitoring chloride
concentrations in deep-sea high temperature hydrothermal vents. This instrument has
been successfully deployed for periods as long as 2 months and with sampling
frequencies as high as 1 min™'. The sensor has been calibrated in the laboratory under
simulated hydrothermal conditions. This calibration has been applied to the field data to
give chloride concentrations of the vent effluent as a function of time. The conductivity
data discussed above demonstrate a correlation with oscillating water column pressure on
a tidal time scale (in the case of Milli-Q) as well as other trends that occur over longer
time periods (in the cases of both Milli-Q and Grotto). We postulate that the temporal
variability in vent fluid chemistry is a result of a suite of subsurface processes including
mixing between non seawater end-members and abrupt changes in fluid circulation

pathways.
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Chapter 3 — Main Endeavour Field at the Juan de Fuca Ridge

Parameters of subsurface brines and hydrothermal processes 12-15 months after the
1999 magmatic event at Main Endeavour Field inferred from in-situ time series

measurements of chloride and temperature.

Summary
Phase separation at mid-ocean ridge hydrothermal systems is a widely dsitributed
frequently occurring process. It is highly sensitive to dynamic subsurface pressure and
temperature conditions and has a significant impact on chloride concentrations of
hydrothermal fluid. Although vapor phases produced by phase separation are observed in
a variety of hydrothermal settings, observation of conjugate brines that must be produced
concurrently are more rare and the fate of subsurface brines is still not well understood.
Here we use an array of in-situ chloride sensors deployed at the Main Endeavour Field on
the Juan de Fuca Ridge in the wake of a magmatic event to monitor the behavior of
hydrothermal vent effluent with high temporal resolution. Qur results provide evidence of
near-critical chloride depleted fluids within the crust up to 486 m beneath the seafloor.
We estimate that a brine reservoir stored beneath the Main Endeavour Field is
constrained to temperatures between 131°C and 326°C for chloride concentrations
ranging from 6-25 Wt.% NaCl, respectively. Our data suggest that subsurface fluids and
circulation pathways vary widely over spatial scales on the order of meters. Under these
circumstances, simultaneous measurements of multiple fluid parameters at a high
tempofal resolution are essential to understanding subsurface hydrothermal processes

associated with magmatic events.
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1. Introduction

Seafloor spreading at mid-ocean ridges is a discontinuous process with discrete bursts of
activity marked by high heat and mass flux (Delaney et al., 1998). The resulting surge of
heat to overlying hydrothermal systems can induce periods of intense phase separation
wherein chloride-depleted vapors and chloride-enriched conjugate brines are generated
from seawater circulating within the crust at high temperature and pressure (Lilley et al.,
2003; Seyfried et al., 2003; Von Damm, 2000; Von Damm et. al, 1997; Butterfield et al.,
1990).

The hydrothermal response to a magmatic event has been modeled both
conceptually (Butterfield et al., 1997) and numerically (Cherkaoui, 2003; Lewis and
Lowell, 2004; Wilcock, 2004) and although there are some differences between models,
they agree in the general chronology of the hydrothermal response. Immediately
following the event, there is a rapid increase in hydrothermal fluid temperature
accompanied by a decrease in chloride concentration as low density vapor is produced
and vented from the system. Brine is likely segregated and sequestered within the crust
(Schoofs and Hansen, 2000; Fontaine and Wilcock, 2006). A slow decrease in fluid
temperature is accompanied by a rebound in chloride concentration as the magma
intrusion cools and solidifies allowing fluid to circulate deeper within the crust. This
pushes the conditions of phase separation to higher pressures (Lister, 1974). The final
stage of this process is venting of conjugate brines produced during phase separation in
the subsurface immediately following the magmatic event (Schoofs and Hansen, 2000;
Lowell and Germanovich, 1997; Von Damm et al., 1997).

Although the results of many studies are in agreement with this model, the fate of
produced by subsurface phase separation is still not completely understood. In some
systems, brines and conjugate vapors vent from adjacent chimneys (Massoth et al., 1989)
or adjacent orifices on the same structure (Von Damm et al., 2003). In other areas, a brine

phase is never observed, as in the case at the Main Endeavour Field (MEF) on the Juan de
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Fuca Ridge where chloride concentrations in vent effluent were been below seawater
concentrations 15 years before a 1999 magmatic event (Butterfield et al, 1994, Lilley et
al., 2003) to 6 years after the event (Butterfield, pers. comms).

Several theories have been put forward to account for the ‘missing’ brines.
Bischoff and Rosenbauer (1989) suggested that brines form a convecting layer at the root
zone of a hydrothermal cell. Given geophysical constraints on fluid flow, this particular
scenario is unlikely. Nevertheless, brines are likely stored within the crust in some form
(Fontaine and Wilcock, 2006). Given the finite pore space of mid-ocean ridge basalt and
the longevity of phase separation at many hydrothermal fields, the ocean crust eventually
should be saturated with brine that must be removed. Michael and Cornell (1998)
hypothesize that some of this brine may be assimilated into axial magma chambers.
Another possibility is the subsurface lateral movement of brine several kilometers north
or south to the Salty Dawg and Mothra vent fields, respectively, where chloride-enriched
fluids are observed on a regular basis (Fontaine et al., 2007; Kelley et al., 2002).
However, chloride enrichment at these nearby vent fields can not entirely account for the
brine produced at MEF based on observed vapor phase composition (Bischoff & Pitzer,
1989; Lilley et al., 2003). Still another explanation is that brine vents intermittently and
discrete fluid samples are taken at times when brine is not venting. This last scenario is
possible given the temporal variability in fluid chemistry on timescales of days to weeks
(Larson et al., 2007; Von Damm, 2000).

In this chapter, we use data collected by in-situ chloride sensors (Larson et. al,
2007) at MEF to provide evidence of the existence of stored subsurface brines. These
data also allow us to constrain brine properties and consider a possible mechanism for
their partial removal: shallow subsurface mixing. We constrain the depth of linear mixing
and end-member properties, calculate the amount of brine that may be removed as part of
a mixture and compare it with brine fluxes calculated by other investigators. Finally, we
discuss fluid modifications that precede and follow subsurface mixing as the fluid

ascends towards and away from the mixing zone, respectively.
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2. Experimental Site and Methods

2.1. Experimental Site

In the summer of 2000, two separate cruises to MEF occurred 12-15 months after
a magmatic event (Johnson et al., 2000; Lilley et al., 2003). The MEF at 47°57° N,
129°06°W (Figure 15) is located near the western wall of the axial valley (Delaney et. al,
1992). Based on seismic reflection studies, the vent field is located over a thin magma
lens, which lies at a depth of ~ 2.6 km (Van Ark et al., 2007). This magma lens is likely
located within the plutonic section of the crust and is overlain by sheeted dikes and
pillow basalts. (Cudrak and Clowes, 1993).

The locations of sulfide structures at MEF are shown in Figure 15. The field is
divided in two portions: a lower temperature northern portion with relatively voluminous
vent structures, and a southern portion with smaller more tightly clustered structures that

are venting higher temperature fluids (Delaney et. al, 1992).

2.2. Experimental Conductivity Methods

A 32 day cruise to the MEF in June and July of 2000 with the submersible Alvin
and the ROV Jason involved fluid sampling and 6-76 day deployments of instrument
packages capable of measuring fluid temperature and resistivity. The reciprocal of
resistivity, conductivity, serves as a proxy for chloride concentration (Larson et al.,
2007). Instruments were deployed in the south in the edifices Bastille, Cannaport, Milli-Q
and Sully and in the north at Grotto (Figure 15). Each sensor sampled at a rate of 1 min.
All instruments were recovered before departing and three more were deployed for the
duration of the summer at Milli-Q, Sully, S&M and Puffer. Each of these sampled at a
rate of 0.2 min™'. The 18 day follow-up cruise in September with the submersible Alvin
involved fluid sampling and recovery of probes previously deployed. An additional probe

was placed at Grotto with a 1 minute sampling interval. All of the probe deployments
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Figure 15. Experimental site, the Main Endeavour Field (MEF) on the Juan de Fuca ridge. Central
map (courtesy of D. Kelley) shows arrangement of vent structures within the MEF, Blue stars show
locations of deployed instruments and green circle shows the area where the hydrothermal response to
the 1999 magmatic event was most pronounced. Deployment date ranges are shown next to vent name.
Lower right inset shows regional location of the ridge.
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yielded reasonably good data with the exception of the probes deployed at Puffer and
S&M which produced resistivity data consistent with cracking of the ceramic sensor
housing. For these two vents, only temperature data are reported. Temperature for all
instrument packages is good to within 0.1°C.

Before and after each probe deployment, fluid samples were collected with
evacuated 150 mL gas tight titanium bottles and 750 mL titanium syringe major
samplers. Each sample was analyzed for chloride and magnesium concentration as
described in Butterfield et al., 1994. End-member chloride concentrations in fluid
samples reported here are calculated from linear extrapolation to zero Mg and are used to
normalize conductivity readings for a given sensor (Table 6) as described in Larson et al.
(2007). Seafloor pressure was measured by a Paroscientific pressure sensor placed in a
central location of the vent field just northeast of Bastille (Figure 15) for the duration of
the cruise program with the exception of a short break on day 174 for instrument

maintenance,

Table 6. Scale factors calculated with equation (2) are used to normalize field data to fluid sample
chloride concentrations. Differences in scale factors for a given deployment are an indicator of
instrument drift. This parameter is quantified in the right-most column by comparing calculated
chloride at the end of a deployment with chloride measured in post-recovery fluids samples. For
Sully #2, calculated chloride values are determined using the scale factor from the pre-deployment
sample only because the sensor was likely compromised prior to recovery. Uncertainty in end-
member chloride is 2-3%.

Vent, Avg. end-member  Scale  Calculated

Sample type chloride Factor NaCl % Drift
deployment # P (mmol/kg) ()  (mmolke)
Bastille pre-deployment 386 2.066
Cannaport pre-deployment 327 0.798
post-recovery 339 0.789 344 1.5
Sully, #1 pre-deployment 312 1.486
post-recovery 309 1.539 296 4.2
Sully, #2 pre-deployment 303 1.566
post-recovery 350 251 283
Grotto, #2 pre-deployment 442 0.435

post-recovery 468 0.440 463 1.1
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3. Field Data .

Data from 7 of 10 instrument packages are shown in Figure 16-Figure 20. The
remaining 3 data sets were previously reported in Chapter 2 in Figure 8-Figure 11 along
with a description of the instrument, the resistive measurement and the calibration
process. Figure 16-Figure 20 show seafloor pressure, fluid temperature and chloride
concentration, where available, as calculated from temperature and conductivity using the
method described in Larson et al. (2007). Deployment dates and chloride and temperature

ranges for each data set are compared in Table 7.

3.1. Bastille vent

Chloride concentrations at Bastille (Figure 16) range from 271 to 439 mmol/kg,
well below a typical seawater value of 542 mmol/kg. Chloride also exhibits a clear
correlation in both amplitude and frequency with tidal oscillations in seafloor pressure.
There is a decrease in the mean chloride from 360 to 310 mmol/kg from day 167 to day
171. During this time, overall temperature increased from 375.6°C to 377.2°C, however,
the trend is not smooth. The temperature rapidly increases from 376°C to 377°C in just
over an hour starting on day 168.4. Just before day 169, there is a temperature decrease
from 377.2°C to 376.2°C over the course of nearly 6 hours followed by a gradual return
to 377.2°C over the next several hours.

At day 171.2, mean chloride begins a rebound while the temperature continues to
exhibit highly variable behavior. A dip in temperature to a minimum value of 376.3°C
occurs around day 171.5, and then the temperature quickly increases to 377.7°C,
followed by a relatively slow 0.8°C decrease. At day 172.1, temperature jumps 1.6°C to
378.6°C. Another decrease in temperature occurs around day 172.5 before the
temperature drops to 377.7°C. Temperature then exhibits an overall slow and steady

decline over the remainder of the record to 377.1°C. Mean chloride variation is less rapid
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Figure 16. Pressure, temperature and calculated chloride for (a) full record from Bastille vent and
(b) blown up section of Bastille data after application of a low-pass Butterworth filter with
frequency cutoff of 48 day™. Panel 1 shows seafloor pressure at MEF. Panels 2 and 3 show fluid
temperature and calculated chloride concentrations of vent effluent. Pressure is shown as difference
in water column height from the mean at the site of the pressure sensor (see text for description),
Chloride concentrations are calculated as described in Larson et al. (2007) using scale factors from

Table 6.
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than temperature. Chloride steadily climbs just before the 2.3°C temperature increase on
day 172.1 and ends at 392 mmol/kg, ~30 mmol/kg higher than the start of the deployment
and ~80 mmol/kg higher than the observed minimum value. Simultaneous appearance of
highly erratic behavior in both the temperature and chloride signals at day 184.3 (not
shown) indicate that data transmission was compromised at this point, consistent with the
observation upon recovery that the sensor housing was destroyed. For this reason, only

pre-deployment fluid samples are used in normalizing conductivity values from this vent.

3.2. Cannaport vent

Chloride concentrations at Cannaport (Figure 17) range from 274 to 346
mmol/kg. Although chloride variations exhibit a correlation in frequency with seafloor
pressure oscillations, the dependence on pressure is much less pronounced than in other
vents. However, Cannaport is one of three vents (along with Milli-Q and S&M) that

exhibits well defined tidally correlated temperature oscillations 180° out of phase with
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Figure 17. Pressure, temperature and calculated chloride for Cannaport vent. Panels are as
described in Figure 16 caption.
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pressure oscillations (Larson et al., 2007). The amplitude of temperature oscillations at
Cannaport is ~0.5°C.

Mean chloride at Cannaport decreases from 315 to 284 mmol/kg from day 167.8
to 168.7, then steadily increases to 333 mmol/kg over the next 3 days. Mean chloride
exhibits another minor dip over the next 3 days then climbs to 341 mmol/kg by the end of
the record. One small 10 mmol/kg jump in the chloride concentration occurs at day 171.4
but, there is nothing in the temperature signal that corresponds to this change. Mean
temperature exhibits a slight increase from 361 to 363°C over the course of the 8 day

record.

3.3. Sully vent
3.3.1 Deployment #1, year days 165.8 — 174.9

Chloride concentrations during the first deployment at Sully (Figure 18) range
from 316 to 358 mmol/kg and exhibit a correlation in both frequency and amplitude with
pressure oscillations. The mean chloride concentration shows little variation during the
course of the deployment with the exception of a 20 mmol/kg dip occurring over the
course of the first day of the deployment. This is apparent only after the tidal signature
was filtered out. The mean chloride then rebounds to ~335 mmol/kg and remains steady
for the rest of the deployment.

Fluid temperature at the start of this deployment is ~368.3°C. There is a 0.5°C dip
starting around day 166.3 and lasting ~ 4.5 hours. The temperature then drops to
~367.9°C starting at day 167.3 and lasting for about 1.5 days and interrupted only once at
day 167.7 by a 0.4°C positive excursion. At day 168.8, there is a rapid increase in
temperature to 368.7°C over the course of ~80 minutes. The temperature slowly declines
back to ~367.8°C, then climbs at a steady pace for the remainder of the record to end at

approximately the same temperature as at the start of the record.
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The dip and rebound in temperature between days 167.3 and days 168.8 is
preceded by a dip and rebound in the mean chloride concentration between days 166.1
and 168.2. Another noteworthy feature of the temperature record is the appearance of
small (< 0.4°C) temperature oscillations at approximately day 172.8 and visible only after

application of a low-pass filter (Figure 18b).

3.3.2 Deployment #2, 179.7 — 256.9

Chloride concentrations for the second deployment at Sully (Figure 18) range
from 377 to 524 mmol/kg and exhibit a correlation in frequency and amplitude with
seafloor pressure oscillations. However, this signal is significantly more variable than
most of the other data records. Although the correlation with tidal pressure is still evident,
the decreased signal to noise ratio compared with other data records complicates
determination of oscillation magnitude (Table 7). Mean chloride concentration exhibits
an overall increase from 302 mmol/kg to 385 mmol/kg over the course of the 1.5 month
deployment. However, the rate of increase varies, with chloride increasing more rapidly
between days 180 and 206.3. Following this increase, the chloride dips slightly at day
206.8, then again at day 235.8. The chloride rebounds after day 235.8, reaching a
maximum value of 428 mmol/kg at day 247.6 then dropping again slightly before
rebounding to a value of 434 mmol/kg at day 254.5.

Just after day 254.5, chloride variability intensifies and we see a much wider
range of chloride than observed throughout the preceding record. If we use chloride
measured in the pre-deployment fluid sample to normalize conductivity data from this
sensor, then differences between calculated chloride and chloride measured in post-
recovery fluid samples indicate that sensor integrity was compromised (Table 6).
However, agreement to within 16% between what we suspect is the last viable calculated
chloride measurement before sensor failure (405 mmol/kg) and average chloride
measured in fluid samples taken 2.5 days later (350 mmol/kg) indicates that sensor

integrity remained intact until this point (Figure 18). Although a 16% difference is
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outside the uncertainty of the measurement, it is within the range of chloride variability
observed elsewhere in MEF over the course of 2.5 days.

Throughout, the record, the temperature remains fairly constant at ~370.7°C with
the exception of a 1.8°C jump at day 184 occurring over 24 minutes. The temperature
then decreases over the next 6.5 days to ~370.3 before rebounding to 370.7°C, where it
remains relatively steady for the remainder of the record. The spike in temperature at day
184 is preceded by a 40 mmol/kg increase in chloride occurring over approximately 30
minutes and remaining elevated for nearly 7 hours. Afterwards, chloride concentrations

are comparable to the range of values seen before the increase.

3.4. Grotto vent

Chloride concentrations from Grotto (Figure 19) range from 420 to 567 mmol/kg.
Unlike other vents, Grotto does not exhibit tidally-correlated oscillations in either
temperature or chloride. However, there are a series of positive chloride excursions in the
first 2 days of the deployment. These excursions generally occur as clusters of spikes.
One such cluster occurs near the start of the record just before day 253, lasting 5.7 hours
with the spike magnitude ranging from 40-60 mmol/kg and spike duration ranging from
1-8 minutes (sampling rate for this deployment was 1 sample/minute). There is another
shorter cluster at day 253.25 lasting 46 minutes with the spike magnitude ranging from
35-56 mmol/kg and duration ranging from 1-3 minutes. A much longer cluster starts at
day 253.7 and lasts almost 9 hours, with spike magnitude ranging from 32-94 mmol/kg
and spike duration ranging from 1-6 minutes. A cluster beginning just before day 254.4
exhibits short lived spikes similar to preceding clusters but in this case, we also observe a
sustained 22 minute elevation in chloride concentration of 41 mmol/kg with respect to
chloride concentrations before and after the cluster. Two more such offsets start at days
254.44 and 254.85, last 71 minutes and 133 minutes, respectively, and exhibit elevations
with respect to surrounding values of 15 and 10 mmol/kg. Chloride remains steady for

the remainder of the record.
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Temperature remains relatively stable during this deployment with the exception
of the period between days 254 and 255. This is around the time when we observe several
clusters of chloride spikes, including the 9 hour cluster described above. At day 254,
temperature increases 0.5°C over 79 minutes from 363°C to 363.5°C. At day 254.4,
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temperature increases more slowly from 363.5 to 363.9°C. This 0.4°C increase occurs
over ~7 hours.

After this increase, temperature exhibits a steady decline throughout the
remainder of the record. Although chloride spikes and increased temperature variability
at Grotto take place within the same window of time, the variability of the two
parameters is not synchronized. This lack of synchronization contrasts to the correlated

chloride and temperature oscillations in fluid from southern vents at MEF.

3.5. Smoke & Mirrors (S&M) temperature record

Chloride data from the instrument deployed at S&M is not available due to sensor
failure during deployment. Chloride measured in a fluid sample take at this site just prior
to the instrument deployment was 469 mmol/kg, higher than any other vent discussed in
this paper except the northern vent, Grotto, where some spikes in chloride reached a
maximum value of 567 mmol/kg.

At S&M (Figure 20), temperature oscillations correlate with tidal pressure
oscillations, with amplitudes ranging from 0.3-0.5°C. These amplitudes are larger than all
other southern vents where instruments were deployed with the exception of Milli-Q
where the amplitude of temperature oscillations is comparable to those at S&M (Larson

et. al, 2007). Mean temperature shows little variability over the course of the deployment.

3.6. Puffer temperature record
Chloride data from the instrument deployed at Puffer are not available due to
sensor failure during deployment. Chloride concentration measured in a fluid sample
taken just prior to deployment was 403 mmol/kg and the average chloride concentration
measured in samples taken just after instrument recovery was 434 mmol/kg.
Temperature at Puffer (Figure 20) exhibits significant temporal variability that is
unique compared to all other vent fluid temperature records. Generally, temperature

variability occurs in clusters of recurring features that emerge throughout the temperature
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record. In addition, near the beginning of the deployment, at day 180.9, we note 2 cycles
of temperature oscillations approximately 0.5°C in magnitude. However, unlike
temperature oscillations at other vents, those at Puffer are nearly in phase with pressure
oscillations.

At day 188.8, there is a rapid increase in temperature from 370.2 to 371.3°C
occurring over 15 minutes followed by a slower decline to 370.5°C occurring over 1.9
days (Figure 20c). Then, there is another rapid increase from 370.5 to 371.5°C occurring
over 5 minutes followed by a decrease to 370.5°C over 28 hours. Mean temperature
levels off at ~371.1°C for the next 15 days. During this time, Recurring negative
temperature excursions range up to 0.8°C in magnitude. These excursions generally occur
at or around high tide but this is not always the case.

Just after day 209, mean temperature decreases slowly from 371 to 370.2°C over
the course of ~7 days. During this period, temperature is highly variable including a
series of negative excursions beginning just after low tide at day 214.7 and ranging up to
1°C in magnitude. About 1 day later after mean temperature has begun to rebound, there
are roughly 6 cycles of temperature oscillations with a maximum amplitude of 0.4°C.
Similar to temperature oscillations at day 180.9, these oscillations exhibit a positive
correlation with seafloor pressure rather than the inverse correlation observed at other
vents.

Beginning at day 219.9 and lasting for 12.5 days, we observe recurring but
random positive temperature excursions ranging up to 0.5°C and set atop a baseline value
of ~370.3°C. At day 232.6, there is a 0.2°C decrease in mean temperature followed by a
0.2°C increase in mean temperature ~13 days later. During this sustained dip in
temperature, we continue to see temperature spikes, though less frequently than before
the offset. Mean temperature remains steady at ~370.5°C for the remainder of the record

but the temperature reading is still highly variable with a span of ~0.5°C.
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4. Discussion

4.1. Characteristics of tidal signature
4.1.1 Fourier analysis

For each vent in the southern portion of the MEF where time series measurements
of chloride concentration were made, there is a tidal signature in the data. Visual
inspection indicates that the strength of the tidal component is not uniform for all vents so
Fourier analysis was used to more quantitatively explore the variation. The 'psd’ function
in the Matlab signal processing toolbox (Welch, 1967) was used to estimate the power
spectral density of tidal frequencies in our time series chloride, temperature and seafloor
pressure data. The results of these analyses are shown in Figure 21 and Figure 22.

With the exception of Grotto, the spectrum for each vent (Figure 21b-¢) has peaks
in both the diurnal and semi-diurnal frequency bands that match the position of the
analogous peaks in the spectrum for the pressure signal (Figure 21a). For the second
deployment at Sully, the longest chloride record analyzed (Figure 21d), peak resolution is
sufficient to identify all four tidal constituents that appear in the power spectrum of the
pressure data: S2, M2, O1 and K1. Resolution for the shorter records is only good enough
to separate the diurnal from semi-diurnal constituents. It is also worth noting that the
power of diurnal and semi-diurnal tidal peaks in the spectrum for Cannaport is ~1 order
of magnitude lower than for all the other vents in the southern portion of MEF for which
we have chloride data. This result is consistent with the fact that chloride oscillations are
much less visually apparent in the Cannaport data record (Figure 17) than in the other

southern vents (Figure 16,Figure 18).
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Figure 21. Estimates of power spectral density in pressure and chloride data calculated using the
method of Welch (1967) as applied in the Matlab function, psd.m to (a) seafloor pressure (b) Bastille
chloride (c) Sully chloride from first deployment (d) Sully chloride from second deployment ()
Cannaport chloride and (f) Grotto chloride.

For Grotto, the only vent in the northern portion of the MEF for which we have
data, the power spectrum (Figure 21f) shows a small poorly resolved peak in the semi-
diurnal frequency band despite no obvious tidal signature in the raw data. The magnitude
of the peak is comparable to peak heights in the power spectrum for Cannaport which is
the only southern vent with temperatures as low as those observed at Grotto.

A Fourier analysis was also performed on the temperature records and these
results are shown in Figure 22. Cannaport and S&M exhibit readily visible temperature
oscillations and their respective power spectra have diurnal and semi-diurnal peaks
(Figure 22b, g) with better resolution and higher power than in spectra for all other vents
(Figure 22c, d, e, £, h). There is also a well resolved peak in the semi-diurnal band of the
Puffer spectra with power approximately half the magnitude of the analogous peaks in

the Cannaport and S&M spectra.
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The results of the foregoing spectral analyses are consistent with similar
calculations performed by Larson et al. (2007) on data from Milli-Q and a previous
deployment at Grotto with the exception that for earlier Grotto data there is no power in
either the diurnal or semi-diurnal frequency bands. Our results and those of Larson et al.
(2007) indicate that observed chloride and temperature oscillations are coupled to tidal

loading of the hydrothermal system.
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Figure 22. Estimates of power spectral density in pressure and temperature data calculated using the
method of Welch (1967) as applied in the Matlab function, psd.m to (a) seafloor pressure (b) Bastille
temperature (c) Sully temperature from first deployment (d) Sully temperature from second,
deployment (¢) Cannaport temperature and (f) Grotto temperature.
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4.1.2 Tidal harmonic analysis

We now consider the phase angle of oscillating chloride and temperature with
respect to oscillating seafloor pressure. To better determine these phase angles, we use
the T_Tide software package from Pawlowicza et al. (2002). This program calculates the
Greenwich phase for a given tidal constituent frequency. This quantity is the time shift
between the peak value of an oscillating signal and the time when the equilibrium forcing

for the chosen constituent is at its largest positive value at 0° longitude (Figure 23).

o ‘
Reference |

@ - —— — Pressure

Q{ |- Fluid Data

Data Signal

Time

Figure 23. Phase angles, @x, calculated for oscillating signals using the Matlab toolbox developed by
Pawlowicza et al., (2002)

The Greenwich phase for any signal has the same reference point, so we can compute the
difference between the Greenwich phase for pressure, @, and the Greenwich phase for
chloride or temperature, ®», to determine if there is any phase lag between the two

oscillating signals (Figure 23):
3) AD = D, - @,
For our phase angle analysis, we select the tidal constituent M2 because it has the greatest

power in the frequency spectrum of the pressure signal. Next we chose the three longest

data sets with the most pronounced tidal signatures: Sully #2, S&M and Puffer. Under
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these circumstances, M2 peaks in the frequency spectra (Figure 21, Figure 22) are better
resolved than records with a short duration or weak tidal signature. These selection
criteria enable more precise determination of phase angle (Table 8).

Oscillations in chloride at Sully during the second deployment exhibit a phase
shift of 9° with respect to seafloor pressure (1° for the M2 constituent is equivalent to 4.3
minutes). However, this shift is only slightly higher than the combined 95% confidence
intervals (8.7°) for pressure and chloride (Table 8). Thus, at this level of certainty, the
phases for these two signals are almost indistinguishable. Oscillations in temperature at
S&M exhibit a shift of -182° indicating temperature oscillation here are almost exactly
out of phase with respect to seafloor pressure such that we see a minimum in temperature
at high tide.

At Milli-Q, the phase shift is larger than can be explained by uncertainty in the
calculation (Larson et al., 2007) suggesting there is some lag between seafloor pressure
and the hydrothermal response at this vent. Implications of this phase lag as well as the

absence of a phase lag at Sully are discussed in more detail in the following section.

Table 8. Comparison of phase angles, @, calculated by T_Tide (Pawlowicza et. al, 2002) for the M2
tidal constituent in seafloor pressure and selected data records. Differences between ® for a given
data record and @ for pressure are an indicator of delays in hydrothermal response to oscillating
pressure. Calculations for Milli-Q #2 chloride are taken from Larson et al. (2007).

Data Signal ® (degrees) AD w.r.t 26 s/n
pressure
Pressure 241 1.3 2200
Milli-Q chloride from deployment #2 254 13 2.9 390
Milli-Q chloride from deployment #2 51 -190 17.1 11
Sully chloride from deployment #2 250 9 7.4 66
S&M Temperature 59 -182 3.5 250
Puffer Temperature 215 -25 21.4 6.6

The results of tidal harmonic analysis at Puffer are unique. Although the power of
the M2 constituent at this vent is much lower than for other vents (Figure 22h), the M2
peak is still well defined indicating there is some tidal influence in the signal. The phase

shift for the M2 constituent is -25°, which is only slightly less then the combined 95%
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confidence intervals (22.7°) for pressure and Puffer temperature (Table 3). This indicates
the phase angle could be much smaller. Thus, peaks in temperature oscillations at Puffer
occur around the same time as peaks in pressure which is consistent with sections of the

Puffer temperature record (Figure 20b).

4.2. Tidal loading coupled to vent effluent composition through subsurface mixing
On the basis of a best fit line of calculated chloride vs. temperature for data from
Milli-Q (Figure 24a, b), Larson et al. (2007) attribute tidally correlated temperature and
chloride oscillations to linear mixing between non-seawater end-members. A linear fit of
calculated chloride vs. temperature data from Cannaport (Figure 24c, d) yields a similar
result indicating that subsurface mixing is not limited to Milli-Q. Cannaport is the only
other vent where both chloride and temperature oscillations have been observed. Absence
of temperature oscillations in vents where we observe chloride oscillations does not
preclude subsurface mixing but it does indicate differences in properties of end-member
fluids. Here, we attempt to constrain the properties of both vapor and brine end-members.
It is important to note that because the tidal signature is much less pronounced in
Cannaport than in Milli-Q (Figure 21, Figure 22 and Larson et al., 2007), it was
necessary to apply a low pass filter with a cutoff frequency of 12 hr "' (Parks and Burrus,
1987) to quantitatively examine the relationship between chloride and temperature
oscillations. Furthermore, the section of Cannaport chloride data we have used in Figure
24c, d represents the portion where the tidal signature is the strongest; for most of the

Cannaport record, the tidal signature is much less pronounced.

4.2.1 Brine properties
Crone and Wilcock (2004) demonstrated that tidal loading of hydrothermal
systems can result in lateral pressure gradients that drive lateral fluid flow near the

upflow zone. Brines may line the walls hydrothermal upflow zones as well as the
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surrounding rock while vapors flow through the center of the upflow zone (Fontaine and

Wilcock, 2006, Fox, 1990; Goldfarb and Delaney, 1988).
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Our data are consistent with a process in which tidally driven horizontal subsurface flow
results in mixing of chloride-depleted vapors with chloride-enriched brines to produce
tidally coupled oscillations in vent fluid chloride and temperature.

We can constrain the temperature of brine end-members in the following manner.
First we assume that the minimum chloride during an oscillation represents the vapor
end-member and that the maximum chloride concentration represents a mixture of vapor
and brine. Next, we estimate salinity of the brine end-member. Fontaine and Wilcock,
(2006) estimate a range between 15-65%. Other investigators have shown that phase
separation immediately after a magmatic event may occur at or just beneath the seafloor
(Lilley et. al., 2003; Seyfried et al., 2003). Under these conditions, brines produced by
phase separation may be as low as 6 Wt.% NaCl (Bischoff and Pitzer, 1989). Here, we
consider the full range of postulated brines (6-65%). We calculate the brine mixing
fraction (X;) required to produce the observed increase in chloride over the course of one

half tidal cycle using equation (4).

S, -8,
“4) Xb =
S,—S

S'is Wt.% NaCl and subscripts b, v and findicate brine, vapor and observed vent fluid
respectively. As an example, the half tidal cycle at Milli-Q from year day 181.5 to day
181.8 is examined. During this period, chloride concentration increases from
approximately 330 to 350 mmol/kg (1.95 to 2.02 Wt.% NaCl) and temperature decreases
from 366.5 to 365.7°C (Figure 24a). For brines ranging from 6-65%, X; ranges from 0.02
to 0.001 respectively (Table 9).

We use these mass fractions and the analogous version of equation (4) for
temperature to calculate brine temperatures that range from 326°C for 6 Wt.% NaCl to
136°C for 25 Wt.% NaCl (Table 9). The small mass fraction required for a brine of 65
Wt.% NaCl implies a temperature below freezing.
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Table 9. Mixing fraction and temperature of vapor and brine end-members as calculated using
equation (4) and the specified parameters for the half tidal cycle at Milli-Q from day 181.5 to day
181.8 and at Cannaport from day 172.2 to day 172.5,

Parameter Milli-Q Cannaport

S (Wt.% NaCl) 6 25 65 6 25 65
Sy (Wt.% NaCl) 1.95 1.95 1.95 1.92 1.92 1.92
T, (°C) 366.5 366.5 366.5 362.5 362.5 362.5
Sr(Wt.% NaCl) 2.03 2.03 2.03 1.92 1.92 1.92
T (°C) 365.7 365.7 365.7 362 362 362
X, : 0.9802 0.9965 0.9987 0.9879 0.9978 0.9992
X 0.0198 0.0035 0.0013 0.0121 0.0022 0.0008
Ty (°C) 326.0 136.0 -264.0 321.2 131.2 -268.8

However, the presence of highly concentrated brines cannot be ruled out because hotter
brines would produce chloride oscillations without coincident temperature oscillations.
This is consistent with data from Bastille and Sully (Figure 16 andFigure 18). Results of
analogous calculations for a selected portion of Cannaport data (Figure 24b) yield
temperatures ranging from 131-321°C for brines ranging from 6-25 Wt.% NaCl
respectively (Table 9). A caveat to the calculation of brine temperature is that
temperature oscillations at the seafloor are likely muted during ascent (Wilcock, 2004).

Thus, brine and vapor temperatures may be cooler and hotter respectively.

4.2.2 Mechanism and depth of mixing

For subsurface mixing to be coupled to tidal loading, the mixing process must be
highly sensitive to pressure. This is because pressure changes over the course of a tidal
cycle (less than 0.5 bar) are less than 0.2% of seafloor pressure and they represent an
even smaller percentage of hydrostatic pressure deeper within the crust. Pressure
sensitivity is most pronounced if the vapor end-member is at or near its critical point
where a fluid becomes infinitely compressible such that small pressure changes result in

large volume changes (Johnson and Norton, 1991).
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It is important to note that lateral pressure gradients may exist even when
subsurface fluids are not in the critical region (Crone and Wilcock, 2005). However, the
elevated compressibility of critical fluids would enhance lateral pressure gradients and
augment subsurface mixing that may be ongoing. Furthermore, the observation of critical
fluids at the seafloor in southern MEF in 1999 (Lilley et al., 2003, Seyfried et al., 2003) is
consistent with the presence of subsurface critical fluids less than a year later. This
scenario may also explain why the hotter vents in the southern MEF exhibit tidal mixing,
while the cooler vent to the north does not. However, we cannot rule out the possibility
that the physical properties of local upflow zones, such as permeability, vary from north
to south and that this variance accounts for the absence of tidal mixing at Grotto.

At the MEF, fluids with chloride concentrations between 1-3 Wt.% NaCl and
temperatures of ~400°C are very close to their respective critical points at 550 m beneath
the seafloor (Povodryev et al., 1999) which approximately coincides with the layer
2A/2B transition (Cudrak and Clowes, 1993; Van Ark et al., 2007). Under critical
conditions, fluid compressibility increases dramatically (Johnson and Norton, 1991) and
we can expect mixing involving critical fluids to be extremely dependent on pressure
fluctuations. It is important to note that in estimating brine temperature in section 4.2.1,
we assumed a vapor temperature 32°C lower than the critical temperature for fluids with
chloride ranging from 1-3 Wt.% NaCl (Table 9). We address this discrepancy in more
detail below in section 4.2.3.

Numerical modeling indicates that the layer 2A/2B interface is the maximum
height within the crust at which subsurface brines are likely stored (Fontaine and
Wilcock, 2006) so mixing at this depth is consistent with brine distribution. This interface
is also the point at which rock permeability increases dramatically (Cudrak and Clowes,
1993; Van Ark et al., 2007) such that tidally driven mixing within this region is likely to
show only a minimal lag with respect to pressure (Crone and Wilcock, 2006; Larson et
al., 2007) or no lag at all (Table 8). Thus, we postulate that mixing involving a near-

critical, chloride depleted vapor may occur at or just beneath the layer 2A/2B interface.
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The mixing depth is calculated for each vent assuming critical conditions for the
vapor phase. Critical conditions for each vent are calculated using the average chloride
measured in the fluid samples from the given vent (Povodryev et al., 1999). Depth of the
critical point for the range of observed chloride concentrations ranges from 486 to 695 m

below the seafloor (Table 10).

Table 10, Temperature (Tc), pressure (Pc) and depth below the seafloor (dc) of the critical point as
calculated for the average chloride measured in fluid samples at each vent using the equation of
Povodryev et al. (1999). Average Milli-Q chloride concentration was calculated from chloride
measurements reported in Larson et al. (2007)

Vent Avg. Chloride (mmol/kg) T, (°C) P, (bars) d. (m)
Bastille 386 400 280 585
Cannaport 331 397 273 516
Milli-Q #1 347 398 275 536
Sully #1 309 396 270 486
Sully #2 341 398 275 528
S&M 469 405 291 695
Puffer 423 402 285 636
Grotto #2 455 404 290 678
3.2 Wt.% NaCl 566 408 301 789

A schematic of the mechanism and location of the putative mixing process is
shown in Figure 25. The spatial context of the mixing is shown in Figure 25a and a
cartoon of what this section of rock might look like has been modified from Fontaine and
Wilcock (2006) and is shown in Figure 25b. An idealized plan view of a cross section of
the upflow zone is shown in Figure 25¢ along with a cartoon of the relative volumes of
vapor and brine at low and high tide. At low tide, the vapor end-member has a volume,
Vo, and is surrounded by a film of brine. At high tide, an increase in pressure relative to
low tide results in a reduction of the more compressible vapor by a volume AV which is
compensated by an influx of cooler and less compressible brine, thus generating the

chloride and temperature oscillations we observe.
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4.2.3 Differences between subsurface and seafloor fluid temperature

In calculating brine temperature, we used the maximum temperature observed
during an oscillation as the vapor temperature (366.5°C in our example) but the criterion
of pressure sensitivity requires a critical vapor temperature for 2 Wt.% NaCl of ~398°C.
The discrepancy is likely due to the fact that fluid temperature measured at the seafloor is
cooler than fluid temperature 550 m beneath the surface. A 2 Wt.% NaCl fluid with 2100
J/g intersects it’s critical temperature of 398.3°C at 275.7 bar (Figure 26). Adiabatic
cooling of the fluid as a result of decompression from 276 to 220 bars during ascent
results in a 22°C decrease in fluid temperature (Figure 26). The fluid would have to be
cooled an additional 10°C for fluid temperature to match observations in our example.
This amount of cooling is consistent with estimates of conductive cooling in chimneys
(Seewald and Seyfried, 1990) and subsurface upflow zones (Baker et al., 2004).

Using a value of 398 °C for the vapor, calculated temperatures from Table 9 for
the various brines, and mass fractions comparable to those in Table 9, the temperature
version of equation (4) yields an amplitude of ~2°C for temperature oscillations at their
point of origin. This result is ~1°C higher than the observed maximum amplitude at the
seafloor. A 50% reduction in oscillation amplitude is consistent with the dampening of
subsurface temperature oscillations during ascent by equilibration with wall rock
(Wilcock, 2004). If temperature oscillations are sufficiently dampened, they could
disappear altogether, which could be one explanation for why some vents exhibit no
temperature oscillations. However, the phase lag predicted to accompany oscillation
dampening is not apparent (see section 4.1.2). Cleary, this bootstrapping method of
calculating brine temperature can only give very rough numbers due to the non

conservative nature of temperature in hydrothermal upflow zones.
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Figure 26. Isenthalps, two-phase boundary and critical point for 2.0 Wt.% NaCl calculated with the
program developed by Berndt et al. (2001) and plotted in pressure-temperature space.

4.2.4 Vapor properties

We can use brine fractions and properties calculated in section 4.2.1. to calculate
isothermal compressibility, 5, of the vapor end-member (1.95 Wt.% NaCl for our
example), and thus proximity to its critical point, using the equation given by Johnson
and Norton (1991).

-AV

O F=yap
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AV represents change in volume of a fluid with initial volume ¥, for a given change in
pressure AP. If we assume that 1 kg of vent fluid is a linear mixture of a vapor end-
member and a brine end-member, then V7 is the initial volume of the vapor and the
change in volume, AV, is compensated by an influx of brine for a change in hydrostatic
pressure, AP.

Equation (5) as written gives only a rough estimate of fluid compressibility
because it assumes an instantaneous pressure change and a static parcel of fluid. In
reality, tidal pressure changes occur over time in a flow-through system. Rigorous
numerical treatment of such a system is beyond the scope of this research. Nevertheless,
we use the approximation as a first order to way to probe the possibility that critical or
near-critical fluid exists in the upper crust many months after a heat pulse. Rewriting this
equation with the mass fractions and brine properties calculated in section 4.2.1. yields an
equation relating isothermal compressibility to parameters that can be either measured or

calculated:

_lm [ A | 1
© ﬁ_[/’b)x(l‘mbij’

where m is fluid mass, p is fluid density and b and v indicate brine and vapor respectively.
Brine masses for a given chloride concentration are taken from Table 9 assuming 1 kg of
vent fluid. For vapor density, we assume our example fluid (1.95 Wt.% NaCl) is near its
critical point of 275 bar and 398°C and we calculate fluid density with a program
developed by Berndt et al. (2001). For brine density, we use the critical pressure for the
vapor end-member and assume temperatures as calculated in section 4.2.1. The measured
pressure change for this time period, 0.27 bars, is used for AP.

For the conditions we’ve described, compressibility ranges from 3.92x10 to
1.30%107 bar™ for 6 to 65 Wt.% NaCl respectively (Table 6). An analogous calculation
was performed for Cannaport for the half tidal cycle from day 172.2 t 0172.5 and results
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are comparable to Milli-Q (Table 11). Calculated compressibility values in Table 11 are
an order of magnitude higher than non-critical fluids (Rogers and Pitzer, 1982) and are
within the range of values measured for critical water (Johnson and Norton, 1991). Thus,

the existence of subsurface near critical fluids is a reasonable supposition.

Table 11. Properties of vapor and brine end-members. Brine mass is calculated from mass fraction of
brine in Table 6 assuming a 1 kg parcel of vent fluid. Vapor densities are calculated using code
developed by Berndt et al. (2001) and assuming critical conditions of 275 bars and 398°C. Brine
densities are calculated assuming 275 bars and appropriate temperatures from Table 9. Isothermal
compressibility is calculated using equation (6) and the specified parameters for the half tidal cycle at
Milli-Q from day 181.5 to day 181.8 and at Cannaport from day 172.2 to day 172.5.

Parameter Milli-Q Cannaport

Sy - (Wt.% NaCl) 6 25 65 6 25 65

AP (bars) 0.27 0.27 0.27 0.13 0.13 0.13
my, (g) 19.8 3.5 1.3 12.1 2.2 0.8
py (g/cm’) 0.4 0.4 0.4 0.4 0.4 0.4
s (g/cm?) 0.75 1.10 1.43 0.75 1.10 1.43
B x 107 (bars™) 3.92 0.46 0.13 4.90 0.59 0.17

This calculation was repeated for all vents where oscillations in chloride
concentrations were measured (Table 12). For vents without clear temperature
oscillations, no constraints can be placed on brine temperature, which limits our ability to
estimate brine density. This limitation can be tolerated given the fact that brine density
does not vary significantly over a wide range of temperatures (Berndt et al., 2001).
Calculated compressibility values for effluent from Bastille and Sully, assuming 25 Wt.%
brine, are ~2x higher compared with Milli-Q and Cannaport (Table 11). This indicates
subsurface conditions at Bastille and Sully are closer to the critical point than conditions
at Milli-Q and Cannaport.

This calculation assumes the vapor end-member bears the full pressure change
observed during the course of a tidal cycle. However, Crone and Wilcock (2005) show
that tidal loading is distributed between both rock matrix and pore fluid with distribution
coefficients for each medium ranging from 0 tol. If a portion of a pressure perturbation is

born in part by the rock matrix, then vapor compressibility would need to be even higher
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to yield the required volume change while bearing a smaller portion of the pressure

change.

Table 12. Isothermal compressibility calculated using equation (6) and specified parameters for
selected portions of data from vents at which we observe chloride oscillations but no temperature
oscillations.

Parameter Bastille Sully #1 Sully #2
Time (year days) 181.6-181.9 167.6-167.9 239.5-239.8
AP (bars) 0.28 0.22 0.27

S, - (Wt.% NaCl) 25 25 25

X 0.0070 0.0043 0.0057
my (g) 7.0 4.3 5.7

P (g/em’) 0.95 0.95 0.95

py (g/lem?) 0.40 0.40 0.40

B x 107 (bars™) 1.07 0.83 0.82

4.2.5 A unique mixing regime

A 2.0% NaCl fluid at 398°C and 275 bars is very near its critical point (Figure 26)
and has a density of ~0.4 g/cm’ (Table 11) and volume changes are less than 2% of the
2.5 L occupied by 1 kg of near-critical fluid. Thus, the picture that emerges from this
analysis is a chloride-depleted vapor ascending from the hydrothermal root zone and
approaching its critical point at the interface between layers 2A and 2B. The resulting
near critical fluid is especially sensitive to pressure changes such that increases in
hydrostatic pressure compress vapor slightly and drive lateral flow of very small amounts
of surrounding cooled brine into the upflow zone where vapor and brine are mixed to
vent as a homogenized fluid at the seafloor. Time series measurements at an orifice
venting such a mixed fluid would show chloride and temperature changes that vary in
concert with tidal pressure oscillations, while chloride concentrations could remain below
seawater values. In this way, brine may be slowly removed from a hydrothermal system

without vent fluid chloride ever exceeding seawater concentrations.
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4.3. Temporal Context and Chloride flux
4.3.1 Temporal context

Six months after the 1999 event at the MEF, other investigators measured
chloride concentrations of 10 mmol/kg chloride and temperatures of 380°C (Lilley et al.,
2003; Seyfried et al., 2003). Seafloor pressure at the MEF is ~220 bars such that a nearly
freshwater fluid at 380°C is very close to its critical point (Bischoff and Pitzer, 1989).
Twelve to fifteen months after the event, we hypothesize that critical fluids are
circulating at depths between 486 and 695 m (Table 10). This apparent downward shift in
the vertical position of the critical point occurred at the same time that a shift in PT
conditions of subsurface phase separation produced vapor phases with increasingly
higher chloride concentrations (Lilley et al., 2003).

Thus, in the summer of 2000, we speculate that increasingly saline vapors
encountered near critical PT conditions in a part of the crust where brines accumulate
(Fontaine and Wilcock, 2006) and permeability increases (Cudrak and Clowes, 1993).
These unique circumstances enabled tidally sensitive subsurface mixing. However, as the
heat pulse from the magmatic intrusion subsided, fluids move away from the critical
region. Although mixing may continue to occur, we expect the process to be much less
sensitive to tidal pressure oscillations. This expectation is consistent with time series

chloride observations made at Sully in 2004 (Lilley, unpublished data).

4.3.2 Chloride flux

Estimates of the rate at which brines accumulate beneath the MEF have been
calculated by Fontaine and Wilcock, 2006. Here, we use brine mass fractions from Table
9 and Table 12 in conjunction with estimates of hydrothermal mass flux to approximate
the quantity of brine extracted via subsurface mixing. The amount of brine mixed with
vapor per kilogram of vent fluid at high tide is given by equation (4). Assuming a 25
Wt.% brine, we use an average brine mass fraction for all southern vents of X, = 0.005.

At low tide, vent fluid is assumed to be pure vapor such that over the course of a tidal
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cycle, the amount of brine removed is roughly half the amount removed at high tide.
Thus, for fluid venting from structures in the southern portion of MEF, approximately 2.5
g of 25 Wt.% brine is removed per kilogram of vent fluid.

Total hydrothermal mass flux, O, is given by the equation (7) from Turcotte and
Schubert, 2002:

where Q 1s total hydrothermal heat flux for MEF and H is enthalpy of the fluid. Heat flux
for MEF has been measured by Veirs et al (2001) as 600 MW but we use one quarter of
this value to represent heat flux from southern MEF because previous research suggests
distinct subsurface plumbing beneath southern and northern portions of MEF (Tivey and
Johnson, 2002) and equal distribution of local heat flux between focused high
temperature flow and diffuse flow (Veirs et al., 2006).

For fluid enthalpy, we use mixing zone conditions to estimate mass flux within
this region. The median pressure of mixing from Table 10 is approximately 279 bars and
the mean temperature of critical fluids with chloride concentrations from Table 10 is
approximately 400°C. Although heat capacity is not available for the chloride
concentration range of interest, Bischoff and Rosenbauer (1985) report a heat capacity of
approximately 1944 J/g for a 3.2 Wt.% NaCl solution at 279 bars and 400°C.

With parameters as outlined above, we calculate a hydrothermal mass flux
through the mixing zone of 77 kg/s. which is about half the mass flux measured by
Converse at al. (1984) for seafloor chimney structures. This difference is consistent with
a lower permeability in subsurface upflow zones compared with seafloor vent structures.
Based on this mass flux and the amount of brine removed per kg of vent fluid, we

calculate that 25 Wt.% brine can be removed at the rate of 192 g/s from each of the
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southern structures. Assuming a brine density of 1000 kg/m’ for fluids in the 5 vent
structures where we observe chloride oscillations, this removal rate equates to 9.6 x 107
m?/s. This is only 14% the estimated accumulation rate for 25 Wt.% brines (Fontaine &
Wilcock, 2006). Because the phenomenon is likely transient, this mechanism of brine
removal can account for only a small portion of brines produced and stored subsurface.
Thus, in the absence of evidence of chronic brine venting at MEF, brines must either

have long residences times or migrate within the crust to vent at other locations.

4.4. Fluid circulation prior to mixing

From the depth and temperature constraints imposed by the putative mixing
process, we can also speculate about other portions of the fluid circulation pathway prior
to mixing. Conditions for the root zone of the MEF hydrothermal system have been
estimated by several studies. Seyfried et al. (2003) place the temperature of initial phase
separation at 418°C just after the 1999 magmatic event. At this temperature, a 3.2 Wt.%
NaCl solution (a seawater analog) intersects the two phase boundary at 327 bar (Bischoff
and Pitzer, 1989). The maximum depth of hydrothermal circulation is limited by the
depth of the feeder magma lens which has been placed by seismic reflection studies at
~2.6 km beneath the surface (Detrick et al., 2002). This depth equates to a pressure of
480 bars at which seawater must be 477°C to undergo phase separation. Although more
recent research indicates a shallower depth of the axial magma lens (Van Ark et al.,
2007), here we consider the deep end of the range of possible conditions at which
seawater may first enter the two-phase region, 480 bars and 477°C.

A 2.0% NaCl solution intersecting its critical point at 276 bars and 398°C has an
enthalpy of 2100 J/g (Figure 26). Assuming the fluid has ascended adiabatically from the
root zone, fluid temperature at 480 bars will be 435°C (Figure 26). However, seawater at
480 bars must be 42°C hotter to phase separate (Figure 27). For phase separation to
produce a 2.0% NaCl solution from a seawater precursor, the temperature at 480 bars

must be 490°C (Figure 27). A 2.0% solution at 490°C and 480 bar has an enthalpy of
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2600 J/g (Figure 26). Decompression of this fluid to 275 bars results in an adiabatic
temperature decrease from 490°C to 421°C. Thus, in order for a 2.0% NaCl solution at
490°C and 480 bars with an enthalpy of 2600 J/g to intersect its critical point at 275 bars
and 398°C with an enthalpy of 2100 J/g, the fluid must loose approximately 500 J/g,
which equates to 23°C of non-adiabatic cooling. This estimate is consistent with research
by Baker et al. (2004) which holds that conductive cooling in the wake of a magmatic

event can account for a significant amount of heat loss.
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Figure 27. Isotherms showing composition of conjugate vapors and brines produced by phase
separation of 3.2 Wt.% NaCl (modified from Bischoff and Rosenbauer, 1989), Isotherm labels are in
units of °C and the dashed line shows the concentration of seawater analogue, 3.2 Wt.% NaCl.
Subcritical phase separation, or boiling, generates a vapor phase depleted in chloride with respect to
seawater. Supercritical phase separation, or condensation, generates a brine phase enriched in
chloride with respect to seawater.

The foregoing analysis assumes that once a 2.0% solution has been produced by
phase separation of seawater and segregated from its conjugate brine, the resulting fluid
maintains a constant NaCl concentration during ascent to the point of mixing. However,
because the 2.0% fluid in the example above remains in the two phase region until

mixing occurs at 275 bars, phase separation and segregation is likely ongoing during
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ascent (Seyfried et al., 2003). Furthermore, enthalpy of a bulk fluid partitions
preferentially into the vapor phase (Berndt et al., 2001). Thus, a more robust estimate of
the magnitude of conductive cooling would require numerical modeling similar to the
study performed by Seyfried et al. (2003) but with boundary conditions representing the
mixing zone rather than the seafloor.

These complications do not affect our analysis of fluid ascent after mixing as the
addition of small amounts of cooled brines (in the case of Milli-Q and Cannaport) shifts
the resulting mixture off the two-phase curve. Even for fluids where the brine end-
member may not have been substantially cooler (as with Bastille and Sully), the adiabatic
cooling path coincides with the phase boundary (Figure 26) such that any amount of

conductive cooling shifts the mixture to the one-phase region.

4.5. Spatial variability in time series measurements

Thus far, we have concentrated on numerical analyses of tidal oscillations in
chloride concentration and, in some cases, temperature of vent effluent. However, as is
clear from sections 3 and 4.1, variability is observed not only in the character of the tidal
signature at each vent, but also in non-tidal changes measured at each vent. Below, we

consider this variability and its implications for vapor and brine distribution.

4.5.1 North-South variation

One of the most pronounced differences between data from the northern portion
of the MEF and data from the southern portion is the absence of a tidal signature in the
northern vent, Grotto (Larson et al., 2007 and Figure 19,Figure 21 and Figure 22). The
absence of a tidal signature indicates that subsurface mixing is not occurring beneath
Grotto. One explanation is that ascending hydrothermal fluid beneath Grotto does not
intersect its critical point. Fluid from the first Grotto record has a lower temperature and
higher chloride concentration than any other vent for which we have data (Larson et al.,

2007 and Figure 16-Figure 20). The critical point occurs deeper within the crust and
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requires a higher temperature than fluids with a lower chloride concentration (Table 10).
Under these conditions, the absence of shallow near critical fluids would make the Grotto
fluids less sensitive to tidal loading.

It is important to note that there are southern vents with either chloride
concentrations or temperatures comparable to Grotto where we do observe a tidal
signature, but none of these have both lower temperatures and higher chloride
concentrations than Grotto. Chloride in a fluid sample taken at S&M is 469 mmol/kg
(Table 7) which is higher than mean chloride at Grotto, but the temperature at S&M is
also 4-9°C higher than at Grotto. For portions of the data records from Cannaport and
Milli-Q (Figure 17 and Larson et al., 2007), temperatures fall within the range observed
during the second deployment at Grotto (Figure 19) but chloride concentration at these
vents ranges from 61 to 137 mmol/kg lower than chloride at Grotto. Essentially, critical
fluids may not have been viable at Grotto given its chloride concentrations and inferred
subsurface PT conditions (Table 10).

The north-south variation in tidal character may depend on physical
characteristics of the upflow zones rather than on subsurface fluid properties. Based on
the observations that fluid perturbations were greatest at Sully and Puffer after the 1999
magmatic event (Lilley et al., 2003), it’s possible that the permeability in the south may
have been more agitated than plumbing in the north. Under these circumstances, we
might expect lateral pressure gradients in the south to be more responsive to tidal loading
than in the north. The result would be a tidal signature in southern vents that is not readily

apparent in northern vents.

4.5.2 Variation within the southern portion of MEF

Differences in the nature of the tidal signatures and in non-tidal changes at each
vent are observed in all vents in the south part of the MEF. The most notable difference is
that temperature oscillations occur at Milli-Q (Larson et al., 2007), Cannaport and S&M
(Figure 17 and Figure 20) but not at Bastille and Sully (Figure 16Figure 18). Two of the
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vents where we observe a tidal signature in temperature (Milli-Q and S&M) are located
in the eastern part of the southern MEF and lie along the same fault line (Figure 15).
These vents are also the furthest removed from the area most impacted by the 1999
magmatic event, Puffer and Sully (Lilley et al., 2003).

A strong tidal signature in temperature at Milli-Q and S&M may reflect the fact
that brines produced near the site of the magmatic intrusion had more opportunity to cool
before arriving at distal subsurface mixing zones beneath Milli-Q and S&M. Brines
involved in subsurface mixing beneath Sully and Bastille would have originated much
closer to their respective mixing zones and cooled less prior to mixing. This scenario
implies a short residence time for subsurface brines (less than 15 months), which is
consistent with results of Kadko and Butterfield (1998) who calculated brine residence
times of 3 years or less. It must also be assumed that all brines originate from a common
point. This is unlikely because variation in chloride across the field indicates different
subsurface PT conditions for each vent.

Other investigators have estimated residence times from years to centuries
(Lowell and Germanovich, 1997). Thus, it may also be possible that brines had been
stored within the crust for an unspecified time prior to the 1999 event. In this case, brines
located beneath Bastille and Sully would be heated more by the proximal magmatic
intrusion than brines located further away beneath Milli-Q and S&M. The hotter brines
would cool the hydrothermal mixture less than brines with lower temperatures. The result
would be the dampening of temperature oscillations at Bastille and Sully. Given the
similar temperatures for all these vents, it must be assumed that the dominant vapor phase
at each vent undergoes relatively uniform cooling during ascent to the mixing zone
despite spatial variability in the temperature of brines stored in the rock

Cannaport is close to the area most influenced by the 1999 event and it also
exhibits tidal oscillations in temperature (Figure 22b). The tidal signature in Cannaport’s
chloride concentration record is weaker (Figure 21e) and the fluid temperature lower than

other southern vents (Figure 16 and Figure 20). This indicates a cooler brine end-member
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in the subsurface than nearby Bastille and Sully. Such dramatic differences over distances
less than 50 m are consistent with research by Lilley et al. (2003), which shows that
adjacent vents may exhibit different hydrothermal responses to a magmatic event. For
instance, chloride concentration at Bastille increases slightly from 1998 to 1999 while
chloride concentration at Puffer about 20 m away drops off dramatically during the same

period.

4.6. Non-tidal temporal variability
4.6.1 Northern MEF

The most pronounced variability at Grotto occurs in September of 2000. Positive
Non-tidal chloride excursions coincide with the portion of the record when we observe
the greatest variability in temperature (Figure 19). These chloride variations were
recorded after a 4°C increase in mean temperature from the June deployment at Grotto
(Larson et al., 2007). However, there is no record of when and how the temperature
increase occurred. Chloride spike magnitudes are comparable to or only slightly above
seawater chloride concentration and may reflect propagation of a cracking front (Lister,
1974) and coincident release of either heated seawater or brine inclusions that may be

stored in the host basalt (Fornari et al., 1998; Sohn et al., 1998).

4.6.2 Southern MEF

Non-tidal temporal variability in southern vents can be classified as one of two
types: 1) rapid changes that disrupt the tidal signature, such as the spike in chloride at
Sully on day 183 (Figure 18) and 2) changes occurring over longer time scales, such as
the gradual rise in chloride at Sully at the beginning of the record (Figure 18). In the
second type, the tidal signature is superimposed on the overall trend.

One example of the second type is the gradual chloride increase at Sully from day
180 to day 206 (Figure 18) where mean chloride rises from 309 to 396 mmol/kg (1.77 to
2.26 Wt.% NaCl). This observation can be explained by a shift in the temperature or
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pressure of subsurface phase separation of seawater (Figure 27). This increase equates to
a 4°C decrease at 480 bars from 493 to 489°C, a 7 bar increase at 490°C from 474.5 to
481.5 bars, or some combination of both increased pressure and decreased temperature.
This shift is consistent with increasingly deeper penetration of hydrothermal flow into a
cooling magmatic intrusion.

Examples of the first type are the rapid increases in Puffer temperature before and
after day 190 (Figure 20), each of which is followed by a more gradual decline. These
features, which also occur at Bastille (Figure 16) Sully (Figure 18), may represent
propagation of a cracking front and subsequent hydrothermal cooling of freshly exposed
hot rock (Fornari et al., 1998; Sohn et al., 1998; Lister, 1974).

Although the Puffer temperature record has features similar to other vents, it is
also unique. In addition to temperature oscillations that correlate directly with seafloor
pressure, rather than inversely as with other vents, Puffer exhibits both positive and
negative temperature excursions throughout the data record. These observations suggest
that fundamentally different processes are at work within the hydrothermal system
feeding Puffer compared with neighboring vent structures. However, without coincident
chloride measurements or other chemical data we are unable to determine the cause of

this unique temperature variability at Puffer.

4.7. Crustal heterogeneity

In general, differences in the tidal signature of effluent issuing from the MEF
vents and the lack of coherence in non-tidal variability over spatial scales as small as a
few meters indicate highly complex fluid circulation pathways and a heterogeneous
crustal structure beneath MEF. Our results also indicate that the response of a
hydrothermal system after a magmatic event manifests itself not only in dramatic event
plumes (Baker et al., 1998) but also in local processes, like subsurface mixing, that

change over timescales on the order of months and years.
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5. Conclusion

An array of in situ chloride sensors were deployed at the MEF 12-15 months after an
intrusive magmatic event occurred there. The intrusion produced profound changes in the
chemistry of 360-380°C hydrothermal fluids from the southwestern part of the vent field.
A strong tidal signature in effluent from several of these vents is likely the result of
subsurface mixing between non-seawater end-member fluids at or just beneath the
interface between crustal layers 2A and 2B.

One end-member fluid may be a compressible near-critical chloride-depleted
vapor phase at a temperature of approximately 400°C. The other end-member fluid is
likely a pre-existing chloride-enriched brine with temperatures ranging from 131°C to
326°C for brines ranging from 6 Wt.% NaCl to 25 Wt.% NaCl. These temperatures likely
represent only approximate values. Brine properties may vary across the MEF with those
hosted closer to the site of magmatic intrusion being heated to a greater extent than less
proximal brines.

Absence of a tidal signature in the northern portion of MEF suggests subsurface
conditions in the North were not sufficiently perturbed to enable tidally sensitive
subsurface mixing. Spatial and temporal variability in non-tidal changes in fluid
temperature and composition are consistent with a highly heterogeneous upper crust in
which subsurface controls for Puffer vent are different than for the neighboring vents.
Further observation of this variability using high resolution time series measurements is
essential to elucidating properties of subsurface fluids and micro-scale structure of

circulation pathways.



81

Chapter 4 — The East Pacific Rise at 9°50°N

Evidence of brine expulsion and constraints on pressure and temperature of
hydrothermal circulation inferred from in-situ measurements of chloride and
temperature 9-14 months before the 2006 eruption at 9°50° N on the EPR

Summary
An in-situ conductivity sensor was deployed to measure chloride and temperature of high
temperature flow from Bio 9’ vent at 9°50°N along the East Pacific Rise 9-14 months
prior to an eruption. Phase separation is ei dominant control on chloride at this fast
spreading ridge and in situ measurements are necessary to thoroughly characterize the
behavior of fluids within the dynamic Bio 9 hydrothermal system. Here we report
chloride and temperature data collected at 1 min intervals showing unprecedented
temporal detail of the hydrothermal response to periods of intense seismicity on Nov. 27.
and Dec. 17, 2004. We observed a maximum chloride value of 720 mmol/kg, the highest
chloride yet measured at this vent. Using maximum and minimum chloride
concentrations, our calculations suggest that phase separation is occurring at 288 bars and
403.5 °C. Changes in chloride in the wake of Dec. 17 seismicity suggest a drop in
pressure and temperature (PT) conditions to 269 bars and 396.7°C. The shift occurs over
a period of 6 days then rebounds over a period of 2 weeks, indicating only a transient
change in flow patterns. We also observe recurring chloride spikes throughout the record
ranging from 1.5x to 3x higher than typical baseline values and lasting anywhere from 1

~ min to 7 mins. This pattern is consistent with continuing but intermittent brine venting.
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1. Introduction

It has long been hypothesized that episodic dike intrusions and seafloor eruptions
are the primary mechanism through which seafloor spreading occurs at mid-ocean ridges
(Delaney et al., 1998; German and Lin 2004) and hydrothermal response to these events
has been shown to be highly dynamic (Baker et al., 1998, Butterfield et al., 1997, Lilley
et al., 2003; Von Damm et al., 1995). In the case of the fast-spreading East Pacific Rise
between 9-10° North latitude (9N), two such periods of activity have been observed, one
in 1991-1992 (Von Damm et al., 1995; Von Damm, 2000; Fornari et al. 2004) and
another more recently in 2005 (http://ridge2000.org/science/tcs/eprO6activity.html;
Tolstoy et al., 2006). The hydrothermal response to each of these events has been
thoroughly characterized by measurements made in the immediate aftermath of the event
(Von Damm, 2000; http://ridge2000.org/science/tcs/eprO6activity.html). However, much
less hydrothermal chemical data is available for the period of time preceding a diking
event.

Although spreading events are episodic (Delaney et al., 1998; Haymon et al.,
1991; Henstock et al., 1993), seafloor spreading is unpredictable and it is difficult to
observe the hydrothermal activity prior to an event with discrete fluid samples. Thus,
long term in situ chemical measurements are needed to increase the likelihood of
monitoring fluid chemistry before during and after a diking event. To this end, we
deployed an in situ device capable of measuring chloride and temperature of ‘black
smoker’ fluids (Larson et al., 2007) in a high temperature vent along the EPR for a period
of time 9-14 months prior to the 2005 eruption at 9N. The data collected by this
instrument package provides unprecedented detail of the activity at a ridge-hosted
hydrothermal vent leading up to an extrusive event.

We can also use our data to address an observed chloride imbalance. Over the 15

years preceding the 2006 eruption, hydrothermal fluid leaving the Bio 9’ system had
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much lower chloride concentrations than the seawater entering the system (Von Damm,
2000; Von Damm, 2004; Von Damm, pers comms). Better temporal resolution may help
to resolve the issue of the apparently missing chloride. In addition, the dominant control
on chloride, phase separation, is influenced primarily by pressure and temperature
(Bischoff and Pitzer, 1989). Thus chloride measurements can be used to elucidate
portions of the fluid circulation pathway prior to venting.

In this paper, we discuss measurements of chloride and temperature collected at 1
minute intervals by an instrument deployed in Bio 9’ vent at 9°50’N from November
2004 to March 2005. This dataset represents the most detailed record to date of the
temporal variability of high temperature hydrothermal fluid chemistry. On the basis of
this data and co-recorded measurements of ridge seismicity made by M. Tolstoy, we are
able to infer removal mechanisms for chloride enriched brines previously unobserved at
this vent. We also constrain pressure and temperature (PT) conditions of hydrothermal
circulation and discuss residence time of subsurface brines within the upper crust. Finally
we discuss evidence of incomplete phase segregation and implications of this

phenomenon for root zone conditions inferred from PT conditions of phase separation.

2. Experimental Site

2.1. Experimental site

Bio 9’ Vent is located at 9°50°N and 104°17°W along the fast spreading
magmatically robust East Pacific Rise (Figure 28). The portion of the EPR hosting Bio 9’
vent is characterized by an axial high at 2500 m depth. An axial summit trough (AST),
measuring 70 m wide and up to 5 m deep, runs through the middle of the summit and is
thought to be the result of drainback and collapse of lavas extruded during eruptions
occurring from 1991 to 1992 (Fornari et al., 1998). The Bio 9’ orifice (Figure 28b) is
located on the floor of the AST within a group of several chimneys collectively identified

as the Bio 9 complex.
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This section of ridge also exhibits a discontinuity in the wall of the AST, likely the result
of erupted lava breaking through the wall (Fornari et al., 2004) which is consistent with
the estimated location of lava extrusion.

The uppermost layer of crust beneath the seafloor consists of highly permeable
extrusive volcanic rock (geologic layer 2A) extending down between 200 and 400 m
(Sohn et al., 2004). This layer overlies a layer of sheeted dikes which, in turn, sits atop a
magma lens that has been imaged at ~1.4 km beneath the seafloor (Detrick et al., 1987).
An extensive description of ridge morphology and seismic structure can be found in
papers by several other investigators (Detrick et al., 1987; Fornari et al., 2004; Fornari et
al., 1998; Haymon et al., 1991; Kent et al., 1993; Sohn et al., 2004).

2.2. Site history

In 1991, the EPR at 9°50°N was the site of a volcanic eruption followed shortly
by another in 1992 (Fornari et al., 2004; Von Damm et al., 1995). Since the 1991
eruption, the chemistry of hydrothermal venting in this area has been intensively
monitored (Lilley et. al., 2003; Oosting and Von Damm, 1996; Scheirer et al., 2006; Von
Damm et al., 1995; Von Damm, 2000; Von Damm, 2004; Von Damm and Lilley, 2004).

2.2.1 Post-eruptive period

When measurements were made in 1991, vent fluids were greatly depleted in
chloride with respect to seawater and decreased even further in 1992 accompanied by a
coincident increase in temperature in keeping with the intense phase separation usually
observed in the wake of a magmatic event (Butterfield et al., 1997; Von Damm et al.,
1997; Von Damm et al, 1995). After 1992, chloride concentrations began to rebound over
the next 4 years, accompanied by a decrease in temperature, before topping out at values
very close to seawater chloride, enriched for some vents, depleted for others (Von Damm,
2000). The rebound is consistent with deepening of hydrothermal circulation and cooling

of the crustal magma body. However, it is worth noting that during the rebound, an
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increase in CO; observed in late 1993 by Von Damm and Lilley (2004) suggests magma
was re-supplied to the upper crust though no such signature was evident in the major and

minor element chemistry.

2.2.2 Pre-eruptive period

After 1996, chloride concentrations in vent fluids issuing from the Bio 9 complex
declined for almost ten years before leveling of at ~250 mmol/kg in 2005 (Von Damm,
2004; Von Damm, pers comms). This trend in chloride is suggestive of the upwards
migration of magma within the crust (Von Damm, 2004) which is consistent with the
timing of the extrusive event sometime between November 2005 and January 2006
(http://ridge2000.org/science/tcs/eprO6activity.html). Temperature measurements made
within this time frame showed a perturbation of fluid temperature at high temperature
vents in November 1997, possibly the result of a short-lived perturbation of crustal

permeability brought on by continuing magma migration (Scheirer et al., 2006).

2.2.3 Ridge Seismicity

Ridge seismicity was also measured during this time frame (Sohn et al., 1998;
Tolstoy et al., 2006). A seismic event in 1995 and the ensuing temperature increase is
likely the result of cracking in the rock and a deepening of hydrothermal circulation
(Fornari et al., 1998; Sohn et al., 1998). Constraints from seismic observations indicate
cracking occurred at a depth of 1.1 km (Sohn et al., 1998). However, it is not clear
whether the cracking is hydrothermal or magmatic in nature since both scenarios can
induce seismicity (Fornari et al., 1998; Lister, 1974; Van Ark et al., 2007).

Seismic measurements made in late 2004 and overlapping our in-situ chemical
measurements show a very seismically active ridge (Tolstoy et al., 2006) in keeping with
the chemical evidence of an impending eruption (Von Damm, 2004). Seismicity was not

the only manner in which these instruments recorded the event. Several ocean bottom
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seismometers were immobilized by lava flows originating from the 2005-2006 eruption

(http://ridge2000.0rg/science/tcs/eprO6activity.html).

2.2.4 Evolution of an active spreading center

The chemical and temperature evolution of venting and coincident seismic
measurements paint a picture of a very active divergent boundary in which eruptions and
dike injections in 1991-1992 were followed by a relatively quiescent period during which
hydrothermal processes dominated (Von Damm, 2004; German and Lin, 2004).
Beginning in 1996, magma began an upward migration within the crust, eventually
extruding onto the seafloor in an eruption likely occurring Jan. 22, 2006 (Tolstoy, 2006;
http://ridge2000.0rg/science/tcs/eprO6activity.html).

3. Experimental Methods

3.1. Data collection
3.1.1 Resistivity-temperature data

It is within the pre-eruptive phase, during the upward movement of magma in the
crust and prior to the extrusive event, that on November 21*, 2004, we deployed our
instrument in Bio 9° vent at 9°50°N along the EPR (Figure 29) to make in situ
measurements of chloride for a 5 month period. Chloride data discussed in this paper was
collected with a sensor capable of measuring solution resistance the reciprocal of which,
conductivity (V), is a proxy for chloride (Larson et al., 2007). An Omega thermocouple,

model TRC-III was situated next to the resistivity sensor to record fluid temperature.

3.1.2 Supplementary fluid chemistry data

Fluid samples were collected on November 23™ at the Bio 9 complex two days
after instrument deployment during a fairly quiet portion of the data record. Samples

were analyzed for chloride and magnesium (K. Von Damm, pers comms) and the end-
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member chloride concentrations calculated by extrapolation to zero Mg. Our conductivity
readings were normalized to these end-member chloride values for Bio 9° (averaging 260
mmol/kg). Instrument components, sensor calibration and conductivity normalization are

described in detail in Larson et al. (2007). However, as described below, some sensor

improvements have been made since the publication of that article.

Figure 29. Photograph of the instrument package deployed at the experimental site. The inset shows
a blown up image of the position of the sensor housing.

3.2. Instrument upgrades and sensor re-calibration
3.2.1 Instrument improvements
The 2000 version of the sensor originally consisted of 4 gold electrodes embedded

in a zirconium oxide (ZrO;) housing with 4 cylindrical cavities (Figure 30) and pressure
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compensated by an oil reservoir. The upgraded sensor used in the Bio 9’ deployment
(2004 version) had 4 cone shaped titanium electrodes embedded in a ZrO, housing in
which the cylindrical cavities were machined to a cone shape complimentary to the

electrodes. A cone-shaped gold collar was also added to improve the metal/ceramic seal.

All the electrode faces were then gold-plated (Figure 30).

ot

Figure 30. Photograph of sensor face and schematic of electrode cavity for 2000 and 2004 version of

high temperature conductivity sensor. Improvements in the face seal from 2000 to 2004 eliminated
the need for oil compensation.

The oil was removed such that the pressure gradient across the sensor face
between ambient deep sea pressure and atmospheric pressure improved the seal by
forcing the electrodes into their cone-shaped seats. The Bio 9° sensor was verified to be
He-leak tight to at least 1x10® mL/min at atmospheric pressure and passed repeated

pressure cycling between atmospheric pressure and 10,000 psi.
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Instrument components were also upgraded to include the Tattle Tale version 8
processor which enables the use of flash memory cards and much larger data storage
capacity than previously used Tattle Tale version 4 processors. The sensor housing was
also upgraded to include thicker titanium to withstand the pressure gradient. In the
instance of the Bio 9’ instrument, however, a pure titanium tube bypass was placed at the
corner of the sensor housing to facilitate instrument construction. It was overheating of
this component as hydrothermal precipitation sealed the housing in high temperature flow
that cause the tube to collapse and the instrument to fail after 5 months. We have since

completely redesigned the sensor housing to eliminate this problem.

3.2.2 Sensor calibration

The 2004 sensor was calibrated as described in Larson et al. (2007) with the
exception that the pressure and temperature conditions were chosen to represent seafloor
hydrothermal conditions at 9°50°N. Pressures ranged from 250-300 bars, temperatures
ranged from 200-396°C and NaCl formality (mmol/kg solution) ranged from 100-1500
mmol/kg. Experimental results are shown in Figure 31.

For all but the most concentrated solution at 387°C, pressure and temperature
(PT) conditions put test solutions very near or squarely in the two-phase region where
measurement of bulk fluid conductivity with our laboratory apparatus becomes difficult.
Since we are not currently equipped to measure conductivity of each phase
independently, we measured solution conductivity at conditions slightly away from the
phase boundary and extrapolated the conductivity of the bulk two-phase fluid from these
measurements.

After stabilizing pressure at 250 + 2 bars, we measured conductivity for a range of
solutions at 202, 251, 300, 350, 380, 383 and 387 £ 0.1°C (Figure 31a). We repeated the
380°C isotherm again at 300 bars.
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Measurements were then taken at 396°C and 300 bars and the observed pressure effect on
conductivity at 380°C was applied to each solution at 396°C to extrapolate bulk fluid
conductivity values in the two-phase region at 396°C and 250 bars (Figure 31b).

Between 200 and 350°C, conductivity depends linearly on NaCl and we see
almost no temperature dependence (Figure 31a). At higher temperatures, we observe a
non-linear dependence of conductivity on NaCl and conductivity begins to decrease with
temperature (Figure 31b). Data shown in Figure 31b form the basis of a data grid used to
create a calibration surface (Figure 31c) via spline interpolation (de Boor, 1978). Under
similar conditions, Larson et al. (2007) modeled a relationship between conductivity and
temperature with a maximum at 270°C for solutions ranging from 54 to 634 mmol/kg.
Data from Larson et al. (2007) included measurements at 100°C where conductivity for a
given solution is much lower than at 200°C (the minimum of the current study). Fitting
the curve to these lower values, introduced an artificially inflated maximum. Results from
the present study with more data suggest the peak has a broader flatter shape.

It is important to note that both studies observe invariance between conductivity
at 200 and 300°C, but due to the shifted range and increased resolution in temperature
from one study to the next, the shape of the modeled surface differs. Nevertheless, both
surfaces depict decreasing conductivity with increasing temperature beyond 350°C which

is the temperature range relevant to our measurements.

3.2.3 Uncertainty in temperature and conductivity

The surface from the present study (Figure 31c¢) is used to infer NaCl
concentrations from conductivity-temperature data pairs collected at Bio 9°. It should be
noted that while conductivity measurements at the experimental site reflect a 10 cycle
average of the AC voltage measurement which reduces noise from variation in the drive
voltage, (Larson et al., 2007) no such averaging scheme was applied to temperature,

resulting in more high frequency variability in temperature than may truly exist.
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The combination of temperature variability and conductivity dependence on
temperature results in the conversion of a fairly flat conductivity baseline into a more
uneven chloride profile (Figure 32). For a typical section of data (Figure 32), this effect
translates to a chloride range that is approximately 2% greater than the associated
conductivity range. In our laboratory setup, individual temperature measurements are
based on an average of 10 thermocouple voltages. Isotherm temperatures in Figure 31a

reflect the average of individual measurements for the entire time temperature was held

constant, usually about 1.5 hours.
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Figure 32. Conductivity and temperature data are used in conjunction with the calibration surface to
convert conductivity values into NaCl concentrations. Data shown here are from a section of the full

data record collected at Bio 9°.

3.2.4 Two-phase measurements
Although we can not measure properties of each phase of a two phase fluid

independently in our laboratory calibration setup, we did observe the results of crossing



the two-phase boundary in our experimental setup by increasing the temperature of a

1000 mmol/kg solution to 396°C at 250 bars (Figure 33a).
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Figure 33. (a) Conductivity response under simulated hydrothermal conditions as a NaCl solution

crosses the two-phase boundary. (b) a blown up section of data shown in part (a).
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At ~386°C and 15:25 Pacific time, conductivity decreases rapidly in keeping with the
onset of phase separation and subsequent expulsion of mostly vapor phase. We also
observe occasional spikes in conductivity as the brine phase periodically moves through
the flow cell and across the sensor face, generating a somewhat ‘jumpy’ signal with a

fairly constant baseline value (Figure 33b).

4. Field Data

In the 9-14 months prior to the 2006 eruption, we deployed an instrument to
measure temperature and conductivity, as a proxy for chloride, of Bio 9° vent effluent
over an interval of time lasting approximately 5 months (Figure 34). Our data is
complimented by measurements of ridge seismicity (Figure 35) recorded with nearby
ocean bottom seismometers (Tolstoy et al., 2006).

The most significant periods of sustained variability in chloride and temperature
occur between the beginning of the deployment in November of 2004 and the end of
December 2004. During this interval, the number of seismic events varied between 200
and 600 events/day with the exception of two days when the number of seismic swarms
was in excess of 800 events (Figure 35). Both days were accompanied by noteworthy
changes in chloride and temperature. One swarm occurs on November 27, 8 days after
the instrument deployment and one occurs approximately 3 weeks later on December 17.

We will structure our discussion around two key sections of the data: 1) 2 days
before and 8 days following the intense seismic swarm on Nov. 27 and 2) 1 day before
and 2 weeks following another intense seismic swarm on Dec. 17. We use chloride and
temperature measurements from these two periods of intense variability in fluid

composition to infer PT conditions of hydrothermal circulation prior to venting.
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Figure 34. Full data record of NaCl and temperature for instrument deployment at Bio 9° from Nov.
22,2004 to Mar. 15, 2005. The red lines indicate midnight on each of two days with intense seismicity:
Nov. 27 and Dec. 17, 2004 (see Figure 35). NaCl concentrations are calculated as described in Larson et
al. (2007) using conductivity and temperature measurements in conjunction with the surface shown in

Figure 31c.
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Figure 35. Number of seismic events per day as recorded by nearby ocean bottom seismometers for the
portion of the EPR ridge axis at which Bio 9’ is located. Modified from Tolstoy et al (2006).
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4.1. Variability in fluid composition surrounding the Nov. 27 seismic swarm

On November 27, the number of seismic events peaked at over 850 (Figure 35)
and on the same day, we observe the beginning of a significant hydrothermal response
lasting for over a week (Figure 36). Temperature in Figure 36 has been filtered using a

running average with a 10 min. window size.
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Figure 36. Expanded view of data in Figure 34 showing chloride and temperature variability from 2
days before the Nov. 27 seismic swarm to 8 days after the event. Temperature has been filtered using
a running average with a 10 min window size.

4.1.1 Temperature variability

On Nov. 26, the day before the seismic swarm, temperature decreases slowly
from 390°C to 385°C leading up to a 4°C jump to 389°C occurring over 19 minutes
(Figure 36). We see this general pattern of temperature decay followed by a temperature
increase repeated several times from Nov. 27 to Dec. 3 with temperature fluctuating
between 385 and 388°C amid an overall decrease in temperature over 7days to ~387°C.
The rates of temperature increase and decay vary over this interval but temperature

decreases typically occur more slowly than subsequent temperature increases. Similar
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temperature variability in high temperature focused flow from the Bio 9 complex and
neighboring vents was also observed in Nov. 1997 and was attributed to a perturbation of

the permeability structure of the local hydrothermal plumbing (Scheirer et al., 2006).

4.1.2 Chloride variability

The 4°C jump in temperature occurring part way through Nov. 27 is accompanied
by an increase in chloride from 237 to 315 mmol/kg occurring over 1 hour (Figure 36).
Chloride then decays to the baseline value over the next 6.5 hours. We see a similar
coincident increase in chloride and temperature on Dec. 3 just before chloride stabilizes.
Both temperature and chloride changes in this instance are much smaller than on Nov. 27.
In the Dec. 3 instance, temperature increases from 385°C to 387°C over ~1 hour. The
increase in chloride from 220 to 247 mmol/kg also takes about 1 hour but does not start
until ~40 minutes after the beginning of the temperature increase.

Over the 6 days between these coincident chloride and temperature increases, we
observe frequent, recurring and short lived positive excursions in chloride coinciding
with large swings in temperature. The magnitude of these chloride spikes ranges from
400 to 720 mmol/kg, spike duration ranges from 1 min to 7 min and the interval between
spikes ranges from a few minutes to several hours. Meanwhile, baseline chloride over
this interval changes very little such that chloride always returns to a relatively constant
value (between 240-260 mmol/kg) after an excursion. We also note a slow overall
decrease in baseline chloride from 280 mmol/kg at the beginning of the deployment to
240 mmol/kg 1 week after the Nov. 27 seismic swarm

Although chloride excursions during the 8 days following the Nov. 27 swarm are
short lived, peak shape does exhibit some variability. Peaks vary from single data points
set above the baseline chloride (Figure 37a) to peaks with a rapid onset and gradual decay
(Figure 37b) to more well defined peaks (Figure 37¢). The most notable example of this
latter type occurs on Dec. 2 at 11:30 over a period of 7 mins, exhibits a gradual onset,

reaches a maximum of 721 mmol/kg then gradually decays (Figure 37).
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This chloride value is higher than any other measured chloride in fluids from both the Bio
9 complex and the nearby P vent over the last 15 years (Von Damm et al., 2004; Von

Damm, pers comms).

4.1.3 Lack of coherence between temperature and chloride signals

Beyond the initiation and conclusion of the hydrothermal response to the
increased seismicity on Nov. 27, chloride and temperature at Bio 9’ show little
correlation with the exception that degree of variability for each parameter is most
pronounced over the 10 day period depicted in Figure 36. This coincident heightened
variability and the duration of the chloride spike on Dec. 2 bolster the case that although
conductivity excursions are generally short-lived, they represent actual changes in fluid

chemistry which, however, lack coherence with respect to changes in temperature.

4.2. Variability in fluid composition surrounding the Dec. 17 seismic swarm

On December 17, the number of seismic events peaked at over 975 (Figure 35)
and once again, we observe a significant hydrothermal response (Figure 38) the temporal
nature of which, however, is somewhat different than the response to the Nov. 27 swarm.
As with the Nov. 27 swarm, the hydrothermal response to the Dec. 17 swarm occurs on
the same day as the intense seismic activity and is preceded by a decrease in fluid
temperature. However, the temperature decrease on Dec. 17 is sustained for a longer

period of time prior to the swarm than on Nov. 27.

4.2.1 Temperature variability

On Dec. 12, 5 days prior to the seismic swarm, we see a slow but jagged decrease
in temperature from 387 to 385°C (Figure 38). Temperature rebounds by 0.8 ° C on Dec.
13 over about 20 hours, then remains steady for ~3 days before a 1°C increase over a five

hour period on Dec. 17 coinciding with intense seismic activity (Figure 35).
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using a running average with a 10 min window size.

Temperature remains elevated around 386.5°C for 4.5 days before decreasing to 384.3°C
over the next 1.5 days. Temperature rebounds once more over the next 2 weeks, leveling

of at ~386.5°C on Jan. 7 for the remainder of the record.

4.2.2 Chloride variability

Prior to the Dec. 17 swarm, mean chloride exhibits a slow and steady decrease
from 240 mmol/kg a week after the Nov. 27 swarm to 220 mmol/kg just before a rapid
decrease in chloride coinciding with the intense seismic activity observed on Dec. 17
(Figure 38). This downward trend is part of an overall decrease in baseline chloride from
the start of the deployment to just before the Dec. 17 seismic swarm. On Dec. 17, mean
chloride decreases from 228 to 110 mmol/kg over the course of 6.58 days, reaching a
minimum on Dec. 23 and coinciding with the minimum temperature for the record. The
minimum value of the chloride dip, 110 mmol/kg, represents the lowest observed
chloride for fluid from the Bio 9 complex with the exception of fluid samples taken in

1992 which reached as low as 50 mmol/kg (Von Damm, 2004). After bottoming out at
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110 mmol/kg on Dec. 23, chloride rebounds over the next 6 days reaching a mean value
of 212 mmol/kg.

Two days later on Dec. 31, we observe a 1°C increase in temperature lasting ~8
hours and coinciding with a slight bump in chloride also lasting 8 hours. This coincident
increase in chloride and temperature is similar to features at the start and end of the
hydrothermal response to the Nov. 27 seismic swarm with one notable exception. On
Dec. 31, we see repeated and short lived spikes in chloride ranging close to 700 mmol/’kg
superimposed on the more slowly varying chloride signal (Figure 39). After each
excursion, chloride returns to the local baseline value.

Throughout the 2 weeks following the Dec. 17 seismic swarm we see virtually no
interruptions of the chloride baseline with the exception of 1 isolated spike reaching 600
mmol/kg but lasting for only a single data point. On Jan. 1, we observe the reappearance
of recurrent chloride spikes for the next 10 days, but none of these spikes exceeds 400

mmol/kg or lasts longer than 1 min.

4.2.3 Intense seismicity results in rapid and long term temperature changes
In the case of both the Nov. 27 and Dec 17. seismic swarms, we observe an

immediate hydrothermal response which is significantly shorter than the delay in the
hydrothermal response to a seismic event recorded in the study area on March 22, 1995
(Fornari et al., 1998, Sohn, 1998). In this latter instance, a perturbation to Bio 9 fluid
temperature was not recorded until 4 days after the March 22 seismic event

Temperature changes accompanying intense seismicity from Nov. to Dec. 2004 in the
present study persisted for at least another 3 months at 386.5°C, 3.5°C lower than before
the seismicity. In comparison, the 8°C temperature increase associated with the
seismicity in 1995 decayed slowly over a 3.5 month period, eventually returning to a pre-

event level of 366°C (Fornari et al., 1998).
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5. Discussion

The hydrothermal system at 9°50°N is located within a magmatically robust
portion of the EPR wherein both the chemistry of hydrothermal fluids (Foustoukos and
Seyfried, 2007; Von Damm and Lilley, 2004; Von Damm et al., 2004) and the seismic
structure of the ridge (Sohn et al., 2004; Detrick et al., 1987) have been intensively
studied. It is well known that phase separation plays in important part in the modification
of fluid chemistry in this area, however, the PT conditions of phase separation are less
clear. Inferences of hydrothermal root zone conditions from fluid chemistry
measurements made in 2002 range between shallow subcritical PT conditions of 275 bars
and 398°C (Von Damm, 2004), to deeper supercritical conditions of 320 bars and 420°C
(Foustoukos and Seyfried, 2007). Phase separation during upflow may obscure the true
PT conditions of the root zone so the seafloor chloride signature may actually represent
the point of last phase separation.

A seismic study of the ridge estimates depth to an axial magma lens of 1.4 km
below the seafloor (Detrick et al., 1987) which is consistent with supercritical PT
conditions hypothesized by Foustoukos and Seyfried (2007). Observation of a cracking
event in 1995 and subsequent modeling of the event (Sohn et al., 1998) also suggest
hydrothermal circulation at a depth of at least 1.1 km. However, eruptions at 9°50° N in
1991 and 2006 provide clear evidence that magma migration plays an important role in
determining the depth of hydrothermal penetration such that root zone conditions may be

quite variable.

5.1. Inferring subsurface pressure and temperature (PT) conditions from seafloor
measurements of chloride and temperature
It is well established that phase separation is the dominant influence on chloride

concentration in high temperature hydrothermal fluid (Butterfield et al., 1994; Butterfield
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et al., 1990, Von Damm, 1995) and that PT conditions of phase separation determine the
composition of the two phases generated from a given precursor fluid (Bischoff and
Pitzer, 1989). Thus chloride concentration in hydrothermal fluid can be used to infer the
PT conditions at which that fluid was generated (Seyfried et al., 2003; Von Damm, 2004;
Von Damm, 1995). However, given the likelihood that phase separation is not confined
to a single portion of the crust (Lewis and Lowell, 2003; Seyfried et al., 2003; Von
Damm et al., 2003) and that segregation of phases and conductive cooling can further
obfuscate the history of seawater entering the hydrothermal cell, care must be taken when

inferring subsurface PT conditions from seafloor measurements.

5.1.1 Seafloor phase separation

One possibility is that phase separation is occurring at the seafloor and obscuring
the subsurface signature. Chloride spikes such as those observed from Nov.27 to Dec.3
are very similar to the pattern observed in our experimental setup under 2 phase PT
conditions where we observed a varying mixture of vapor and liquid phases (Figure 33).
Chloride measured in fluid samples taken from Bio 9 around the time of deployment had
an average end-member chloride concentration of 260 mmol/kg and ranged in
temperature from 384-389°C. At a seafloor pressure of 250 bars, seawater intersects its
phase boundary at 388.7°C (Figure 40a) producing small amounts of a 58 mmol/kg vapor
coexisting with a liquid phase with seawater chloride (Figure 40b). If the chloride
baseline in the present study is assumed to be a constant mixture of vapor and liquid
phases generated at the vent orifice, then chloride spikes would reflect increases in the
fraction of the liquid phase as they do in our bench-top simulation (Figure 33). If this
were the case, however, we would also expect the 2-phase signature to subside once
seawater crossed into the 1-phase region. Temperature for most of the 6 day interval
following the Nov. 27 seismic swarm is well below the phase boundary for seawater, yet

we continue to see chloride spikes throughout this interval (Figure 40a).
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The precursor fluid undergoing phase separation need not be seawater. A 260
mmol/kg chloride solution at 250 bars phase separates at 386.7°C (Berndt et al., 2001),
generating a 150 mmol/kg vapor with a mass fraction of 0.12 coexisting with a 276
mmol/kg liquid phase with a mass fraction of 0.88 (Figure 40c). Temperature swings
following the Nov. 27 swarm and ranging up to 4°C in magnitude about a mean
temperature of 385.4°C result in repeated shifting between 1 and 2 phase PT conditions
for a 260 mmol/kg pre-cursor fluid (Figure 40a). If chloride spikes are assumed to be the
result of seafloor phase separation under these conditions, observed chloride would
reflect a mixture of vapor and liquid phases with spikes representing increases in the
mixing fraction of liquid. However, we would expect the phenomenon to cease once
temperature dipped below the phase boundary. Once again, the data does not bear this
out. It is also worth noting that we do not observe chloride spikes for large portions of the
record where temperature is sufficiently high to permit phase separation of a 260
mmol/kg fluid at the seafloor (Figure 34).

The implication of these observations is that even if seawater or a 260 mmol/kg
fluid intersects its phase boundary at the surface, we are observing conductivity of the
bulk fluid. This theory contrasts with results from our laboratory setup where a jumpy
baseline (Figure 33b) implies incomplete mixing. The discrepancy is likely due to
differences in flow under simulated conditions vs. flow at the vent orifice. Given the
foregoing discussion, the chloride signature likely reflects effects of subsurface rather

than seafloor processes.

5.1.2 Phase segregation and distillation

At the intersection of its 2 phase boundary, seawater generates a chloride depleted
vapor or chloride enriched brine depending on whether PT conditions are sub or
supercritical respectively (Figure 27). If phase separation is followed by complete phase
segregation — an open system — and no further phase separation occurs, then the phase

coexisting with vapor or brine at the point of phase separation will have seawater chloride
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concentration (Figure 41a). If phase segregation is followed by further phase separation
of a non-seawater precursor — distillation (Figure 27) — or if the phases do not

immediately segregate — a closed system (Figure 41b) — a wider range of chloride

concentrations is possible (Figure 41b).
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Figure 41. Composition of phase conjugates under (a) subcritical conditions in an open system at
282.5 bars 401°C and (b) supercritical conditions in closed system at 320 bars and 422.5°C. The open
red circle in parts (a) and (b) denotes seawater chloride.

The concept of phase segregation has been postulated by theoretical studies
(Fontaine and Wilcock, 2006; Seyfried et al., 2003; Schoofs and Hansen, 2000) and
observed in the field (Von Damm et al., 2003; Von Damm et al., 1997; Butterfield et al.,
1994). However the timing and extent of phase segregation and the distribution of phase

separation are not well known. In this section, we assess the likelihood of each scenario.

5.1.3 Subsurface PT conditions inferred from baseline chloride
For the majority of the record, chloride falls within a narrow range from ~210 to
280 mmol/kg. Under subcritical PT conditions in an open system, our data is consistent

with a scenario in which seawater phase separates at 282.5 bars and 401°C, generating a
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260 mmol/kg NaCl solution (Bischoff and Pitzer, 1989; Von Damm, 2004). Baseline
chloride in our data would represent the more buoyant vapor phase after segregation from
a liquid phase with close to seawater chloride (Figure 41a). However, the volume fraction
of the vapor phase would be unrealistically small and the seawater ‘brine’ would either
need to be stored subsurface in large quantities or vented somewhere else altogether.

Under supercritical PT conditions in a closed system, our data is consistent with a
scenario in which seawater phase separates at 330 bars and 421.5°C generating a 257
mmol/kg vapor (Bischoff and Pitzer, 1989). Baseline chloride in our data would represent
the vapor phase, which could be produced in sufficient proportions to explain the
continuous venting of a chloride depleted fluid (Figure 41b). Furthermore, this scenario is
supported by silica geobarometry studies (Foustoukos and Seyfried, 2007). However, for
this scenario to work, it must be assumed that the two phases remain homogenized or that
each phase is independently undergoing phase separation (distillation).

The brine condensate from closed-system phase separation would be 1785
mmol/kg, which is 2x the maximum observed chloride in vent fluids anywhere along the
East Pacific Rise (Von Damm et al., 1997). If it is assumed that distillation is occurring,
then the range of possible PT conditions expands dramatically. In reality, hydrothermal
effluent may reflect some complex combination of all three processes: phase separation
under partially closed conditions and interspersed with distillation. Our goal is to use the
in-situ chloride data to help place constraints on the complex evolution of subsurface PT

conditions.

5.2. Hydrothermal PT conditions inferred from chloride and temperature response
to Nov. 27 seismic swarm

The hydrothermal response to the seismic swarm on Nov. 27 (Figure 36) initiates
with a 4°C temperature jump over 19 minutes and a coincident 78 mmol/kg increase in
chloride over 1 hour. Temperature exhibits intense variability over the next 8 days

eventually leveling off 5°C lower than before the swarm. The temperature signature is
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consistent with repeated cracking events driven by hydrothermal cooling and followed by
heat pulses as fresh hot rock is exposed (Lister, 1974). The brief temperature spikes are
superimposed on an overall temperature decline reflecting the continued hydrothermal
mining of heat from the newly exposed rock. Although thermal cracking resulting from
melt migration has been postulated as a source of axial seismicity (Van Ark et al., 2007),
we would expect such a process to be accompanied by a larger sustained heat pulse as
well as dramatic and sustained dips in chloride (Lilley et al, 2003; Fornari et al., 1998;
Von Damm et al., 1995) rather than rapid temperature swings, an overall temperature
decrease and a transient increase in chloride. Thus we postulate that the Nov. 27 swarm

reflects a tectonic rather than magmatic event.

5.2.1 Chloride variability reflects removal of subsurface brines

Unlike the chloride spikes in the week following the Nov. 27 swarm, the initial
jump in chloride and the subsequent decay (Figure 36) persists for a relatively long time,
taking place over 7.5 hours. Nevertheless, the duration of the variation is short compared
to sustained brine venting at other sites on the EPR (Von Damm, 1995). The magnitude
of the chloride increase is small enough that it could be the result of changes in
water/rock reactions at the root zone (Seewald and Seyfried, 1990), however, the
transient nature of the change suggests it is the result of either a shift in PT conditions of
phase separation owing to the cracking related pressure and temperature changes or the
influence of subsurface brines released by cracking events.
If the chloride signature were the result of an increase in PT conditions of phase
separation in an open system driven by crack propagation into hot rock (Lister, 1974), we
expect an increase in vapor phase salinity (Figure 42). A shift in PT conditions from
400°C and 280 bars to 403°C and 288 bars would produce an increase in vapor phase
salinity from 237 mmol/kg to 315 mmol/kg which is consistent with the observed
chloride change. However, the predicted temperature change at depth is smaller than

what we observe at the vent orifice and, if anything, we expect a temperature perturbation
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at depth to decay during ascent (Seyfried et al., 2003; Wilcock, 1998) not increase.
Furthermore, chloride changes at depth are conserved during ascent in the absence of
phase separation while temperature changes at depth are buffered by the host rock during

ascent. Thus, we would expect the temperature increase to lag the chloride increase not

coincide with it (Wilcock, 2004).
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Figure 42. Shift in phase compositions expected for an increase in PT conditions of phase separation
originating from downward crack propagation into hot rock.

Another scenario consistent with the chloride increase is the release of subsurface
brines from rock exposed by a cracking event (Figure 43). Storage of subsurface brines is
a likely fate for the denser of two phases produced by phase separation (Fontaine and
Wilcock, 2006; Fontaine et al., 2005; Michael and Cornell, 1998; Larson et al., 2007;
Lowell and Germanovich, 1997) and given differences in density between phases
(Seyfried et al., 2003; Berndt et al., 2001; Anderko and Pitzer, 1993), it is typically
assumed that a ubiquitous vapor phase will ascend preferentially over a denser brine
phase. Under these assumptions, vent effluent during the chloride excursion on Nov. 27
may reflect mixing of small amounts of brine with a predominant vapor phase while PT

conditions of phase separation remained undisturbed. This scenario is consistent with the
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observation that chloride never exceeds seawater concentration during the excursion and
that baseline chloride remains relatively constant. The eventual decay back to baseline
chloride after 6.5 hours suggests the brine reservoir tapped by cracking in the rock is

finite.

F

Entrainment
of brine in
venting fluid

Figure 43. Schematic of subsurface brine reservoirs tapped by cracking in the rock. Blue reservoirs
represent brine pools. Graded arrows represent new cracks tapping subsurface brine pools.

Brine mining by chloride depleted fluid has also been observed at the Main
Endeavour Field (MEF) on the Juan de Fuca Ridge 12-15 months after a magmatic event
(Larson et al., Subm), though the mechanism of brine mining differs between the MEF

and EPR hydrothermal systems. In the case of MEF, brine mining can only account for a
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small fraction of the supposed subsurface reservoir (Larson et al., in prep). In order to
calculate the impact of brine mining at Bio 9’ on the EPR we must first determine the

likely composition of brines underneath this vent.

5.2.2 PT conditions of brine formation

Chloride excursions in the wake of the Nov. 27 seismicity are generally greater in
magnitude and shorter in duration than the 6.5 hour chloride excursion coinciding with
the Nov. 27 seismicity (Figure 36). We observe a general increase in the maximum
magnitude of the short-lived chloride spikes beginning on Nov. 27 and culminating on
Dec. 2 in a spike lasting 7 mins and reaching 720 mmol/’kg (Figure 37c). One scenario
consistent with both the longer lived chloride excursion and the more transient spikes is
that they are manifestations of the same brine mining process. The longer lived excursion
could represent a slow controlled depletion of a brine deposit under confined mixing
conditions while the brief spikes represent expulsion of less diluted brines from pore
space violently opened up by cracking in the rock. The latter process represents a
mechanism whereby hot brine phases, which are less buoyant than their conjugate vapors
but still more buoyant than ambient seawater, may vent at the seafloor.

If we assume brines are stored at the depth of formation and that the conjugate
phase for the stored brine has the same composition as the vapor phase currently venting,
we can infer possible PT conditions of brine formation from phase relations (Berndt et
al., 2001; Bischoff and Pitzer, 1989). We take the maximum observed chloride during
this period, 720 mmol/kg, as the concentration of undiluted brine and we use a typical
chloride baseline value, 252 mmol/kg, as the undiluted vapor phase. At 288 bars and
403.5°C, phase separation of seawater generates a 252 mmol/kg vapor phase with a
density 0.38 g/cm3 and a 732 mmol/kg brine phase with a density of 0.43 g/cm3 (Figure
44 and Berndt et al., 2001). A kg of seawater phase separating at these conditions would
produce 1.47 L of brine and 0.97 L of vapor. To make this calculation, we assumed no

vertical brine migration and temporal invariability but there is evidence that these
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assumptions may not always be valid (Fontaine and Wilcock, 2006; Goldfarb and

Delaney, 1990; Lilley et al, 2003; Von Damm, 2004).
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Figure 44. Inferred PT conditions of root zone based on chloride concentration of baseline and peak
values between Nov. 25 and Dec. 5. The red open circle represents seawater chloride.

Our calculated PT conditions (Table 13) are within the range of conditions
inferred by other investigators (Von Damm, 2004; Foustoukos and Seyfried, 2007) and
are unique conditions under which phases with the specified compositions coexist

(Berndt et al., 2001).

Table 13. Calculated root zone conditions for Bio 9° vent 9°50°N on the East Pacific Rise
based on in situ measurements or fluid samples from 2004

Reference Pressure (bars) Temperature (°C)
present study 288 403.5

Von Damm (2004 and pers comms) 282.5 401
Foustoukos and Seyfried (2006) 320 422.5

It is important to note that these PT conditions imply phase separation slightly beyond the
phase boundary (Figure 44) indicating a closed system for at least a portion of the



115

circulation pathway. The temperature difference between the depth of phase separation,
403.5°C, and the mean temperature at the seafloor, 386.7°C, is entirely accounted for by
adiabatic cooling of a 1.5 Wt.% solution assuming a bulk fluid enthalpy of seawater at

time of phase separation of 2075 J/g (Figure 45).
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Figure 45. Phase boundary and isenthalps for a 252 mmol/kg NaCl solution. Assuming PT conditions
of phase separation at 403.5°C and 288 bars, the seawater precursor has a bulk fluid enthalpy of
2075 J/g which translates to a seafloor temperature of 386.7°C for a 252 mmol/kg solution

Given the low density of both phases compared to ambient seawater and their
temporal proximity, it’s possible that chloride spikes represent intermittent venting of
brines produced concurrently with the predominant vapor phase. However, coincidence
of chloride spikes with intense seismicity and their general absence throughout the
remainder of the record despite similar temperatures argues for the release of pre-existing
brines. The duration of brine storage remains open to question. In our analysis we assume
no vertical brine migration but both theoretical studies (Fontaine and Wilcock, 2006) and

field observations (Von Damm et al., 1997) suggest that brines, in fact, do move upwards
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within the crust over timescales on the order of years. Thus, coexistence of a brine phase
and a vapor phase at a depth that is unique to that combination suggests the brine could

be vented not long after its creation.

5.2.3 Brine flux calculations

The duration and magnitude of the chloride excursion on Nov. 27 suggest the
subsurface brine deposit exposed by the seismic swarm is small and once it has been
mined, chloride returns to a value similar to the pre-excursion value. Nevertheless, we
can calculate the mass of brine contained in the reservoir. Using equation (8) and phase
compositions as calculated in section 5.2.2., we can calculate vapor and brine mixing

fractions.

s, =8,

where X is mixing fraction, § is Wt.% NaCl, and the indices v, / and f'indicate vapor,
liquid (brine) and vent effluent respectively. s, and §; from section 5.2.2. are 1.55 and
4.28 Wt.% respectively. The observed chloride concentration at the height of the
excursion, 315 mmol/kg (1.84 Wt.%), represents 5. Using these values, we calculate a
vapor fraction, X,, of 0.84 and a brine fraction, x;, of 0.16. After the initial spike, chloride

returns to a value similar to the pre-excursion value, over a period of 6.5 hours. If we
assume a linear decrease in the fraction of brine over this interval, then the amount of

4.28 Wt.% brine removed in this fashion can be calculated with equation (9),

) mb=%-xl-r-At
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where x; is the maximum mixing fraction of brine, 7 is the mass flux of vent effluent, At
is the duration of the excursion and 1, is the mass of brine removed. Assuming a mass

flux similar to high temperature fluids further South on the EPR at 21 °N, 7 has a value of
150 kg/s (Converse et al., 1984). Under these conditions, 2.81 x 10° kg brine can be
removed over the course of 6.5 hours. At the conditions of the mixing zone, 288 bars and
403.5°C, a 4.28 Wt.% brine has a density of 0.43 g/cm3. Under these conditions the mass
of the brine deposit equates to a volume of 6.53 x 10°L (653 m3).

5.3. Hydrothermal PT conditions inferred from chloride and temperature response
to Dec. 17 seismic swarm

The hydrothermal response to the seismic swarm on Dec. 17 is notably different
than the response to the Nov. 27 swarm exhibiting a dramatic and sustained dip in the
baseline chloride value coinciding with temperature swings up to 3°C in magnitude and
interrupted by only a few brief positive chloride excursions (Figure 38). After a small
initial increase, chloride begins a sustained downward trend over 6 days bottoming out at
a mean value of 110 mmol/kg. For 4.5 days of this decrease, mean temperature is
elevated by 1.5°C over mean temperature before the seismic swarm. However, even at its
maximum value during the chloride dip, temperature is comparable to the observed range
for the remainder of the record during which the chloride baseline is relatively stable. In
the following section, we address the various processes that could explain the chloride

and temperature signature.

5.3.1 Magmatic heat input — Heating at decreasing or constant pressure

Upwards migration of melt within the crust is consistent with the both the
chloride decrease and temperature increase (Lilley et al., 2003; Wilcock, 2004) and has
been postulated for the study area (Von Damm, 2004). The result of a dike injection

would be a shift in PT conditions to higher temperatures at decreasing or stable pressures
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(Delaney et al., 1998). We can calculate a variety of changes in PT conditions that
reproduce the observed decrease in chloride following the Dec, 17 seismicity (Figure 27).
However, a temperature perturbation arising from a magmatic heat pulse would likely be
significantly greater in magnitude and last significantly longer than the observed local
elevation in temperature of 1.5°C lasting only 4.5 days (Butterfield et al. 1997; Lilley et
al., 2003; Von Damm et al., 1995; Wilcock, 2004). Moredver, the chloride dip in the
wake of a magmatic event would likely be sustained for more than the observed 6 days
(Lilley et al., 2003). Thus the observed chloride and temperature changes are inconsistent
with the expected signature of a significant magmatic event. We can not, however, rule
out the possibility of very small amounts of magma expelled through newly created
cracks in the roof of a magma chamber at the base of the root zone. This scenario is

consistent with both the chemical and seismic signatures.

5.3.2 Downward or lateral propagation of a hydrothermal cracking front — heating at
increasing pressure or constant pressure

Another explanation consistent with the local elevation in temperature following
the Dec. 17 seismicity is penetration of a cracking front down into hot rock resulting in
both a heat pulse and an increase in the pressure of phase separation (Fornari et al., 1998
Lister, 1974; Wilcock, 2004). Phase separation in an open system as pressure increases
from pressure postulated in the present study, 288 bars, to pressure predicted by
Foustoukos and Seyfried (2006), 330 bars, generates an increase in chloride of the vapor
phase which is opposite the observed trend (Figure 46a). If we assume closed system
conditions for a portion of the circulation pathway and a shift in PT conditions from this
study to PT conditions similar to Foustoukos and Seyfried (2006), we can reproduce a
shift in chloride similar to the observed shift.

A PT shift from 288 bars and 403.5°C to 320 bars and 422.5°C yields a change in
vapor phase chloride from 252 mmol/kg to 111 mmol/kg (Figure 46b).
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Figure 46. PT conditions predicted from propagation of a cracking front from pressure predicted in
the present study to pressures similar to results of Foustoukos and Seyfried (2006) under (a) open
system conditions and (b) closed system conditions.

This scenario would imply crack propagation over a distance of ~320 m or, more likely,
an increase in pressure as fluid enters a tightly confined space opened by cracking.
However, the expected brine phase composition of 2686 mmol/kg is almost 4 times larger
than any chloride concentration observed during the course of the record. We can
reproduce the observed chloride decrease with a smaller increase in pressure but the brine
phase composition for an increase in pressure as small as 7 bars is 1689 mmol/kg, more
than twice the maximum observed chloride.

We can perform a similar analysis for a lateral cracking front in which heat is
injected into the system at constant pressure but here again, brine compositions cannot be
reconciled with maximum observed chloride values. However, it is important to note that
even the highest chloride concentrations at the seafloor may not represent undiluted brine

concentrations at depth.
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5.3.3 Change in upflow zone pressure gradient — effective reduction in pressure of phase
separation

A third scenario consistent with the observed decrease in chloride is the reduction
in pressure of phase separation (Figure 27) resulting from either a physical decrease in
depth of hydrothermal circulation or an effective decrease in the pressure of phase
separation without a physical change to the geometry of hydrothermal flow. A physical
change in depth of hydrothermal circulation may result from upwards melt migration
(Delaney et al., 1998; Von Damm, 2004) or the sealing of hydrothermal flow paths by
hydrothermal precipitates and deposits (Fournier, 1985; Lowell et al., 2003; Martin and
Lowell, 2000).

In the first case, upwards melt migration, the magma injections would need to be
relatively small to explain the transience of the changes following Dec. 17 seismicity (see
section 5.3.1). Nevertheless, a small intrusion of magma from the lid of the magma lens
is consistent with increased temperature, decreased chloride and increased seismicity.

For the second scenario, hydrothermal precipitation, there are several
inconsistencies. Predicted timescales of sealing are on the order of years, much longer
than the observed perturbation in chloride (Fournier, 1985; Martin and Lowell, 2000).
Also, hydrothermal precipitates would first drive the pressure up by constricting flow
before they drive the pressure down by limiting depth of circulation. Finally, intense
seismicity is not very conducive to the restriction of hydrothermal flow. Thus, chloride
and temperature changes following the Dec. 17 seismic swarm likely do not reflect
changes in hydrothermal flow paths brought on by the accumulation of hydrothermal
precipitates.

An effective reduction in pressure of phase separation without lasting changes to
hydrothermal flow paths may be generated via multiple mechanisms. One such process
has been modeled by Berndt et al. (2001) and involves evolution of hydrothermal fluid
properties in a two phase system such that the pressure gradient in the upflow zone is

reduced from cold hydrostatic seawater to hot hydrostatic vapor conditions. This process
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has been applied to the evolution of the hydrothermal fluid at MEF in the wake of a
magmatic event in order to explain the observation of hydrothermal effluent with
virtually no chloride (Seyfried et al., 2003).

We attempted to apply the model of Berndt et al. (2001) in a similar fashion to the

chloride dip following the Dec. 17 seismic swarm (Figure 47).
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Figure 47. Results of model of Berndt et al. (2001) applied to PT conditions within range of inferred
root zone at EPR. Each of the four plots shows how a given property varies with depth after heat has
been added to the bottom cell at a rate of 334 kJ/s/m’ for 5 days. (a) Temperature profile (black dots)
and phase boundary of seawater (red line). (b) Pressure profile depicting variation in pressure
gradient near the bottom of the cell. (¢) Profile of vapor phase salinity showing chloride shift at depth
similar to observed seafloor shift in chloride. (d) Profile of brine phase salinity. For the portion of the
cell not in the two phase region, vapor and brine salinities are identical,
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After model testing over a wide range of conditions, a combination of model parameters
was achieved that reproduced the magnitude of the observed chloride change at the root
zone without a physical change in depth of hydrothermal circulation which is constant for
any given model run. However, the model failed to reproduce the timing and magnitude
of the seafloor chloride signature owing to instabilities which prevented propagation of

the chloride change to the surface.

5.3.4 Incomplete phase segregation — effective reduction in pressure of phase separation
The model of Berndt et al. (2001) represents the best available simulation of 2-
phase flow but its inability to reproduce the chloride dip may reflect inaccuracy in one or
more underlying assumptions. Specifically, the model assumes complete phase
segregation at every point where phase separation occurs, as in an open system, but as we
suggested in section 5.2.2 and at several other points in the foregoing discussion, phase
separation may occur within a closed system for at least portions of the circulation
pathway. We can calculate the required PT conditions of phase separation by assuming
the minimum observed chloride during the dip on Dec. 23, 110 mmol/kg (Figure 38),
represents the vapor phase and the maximum magnitude of chloride spikes occurring 7
days later on Dec. 31, ranging up to 700 mmol/kg (Figure 39), represents the conjugate
brine phase. At 269 bars and 396.7°C, phase separation of seawater generates a 113
mmol/kg vapor phase and a 762 mmol/kg brine phase (Figure 48), very similar to the
minimum and maximum observed chloride following the Dec. 17 seismic swarm. It is
worth noting that implicit in the assumption that chloride spikes on Dec. 31 represent
manifestation of a conjugate phase produced 1 week earlier is that when generated at
shallow depths, brines can have relatively short residence times compared with brines
generated deeper in the crust (Fontaine and Wilcock, 2006; Von Damm et al., 1997). PT
conditions for this scenario, 269 bars and 396.7 °C, are 19 bars lower in pressure and 6.8
°C cooler in temperature than predicted PT conditions in the wake of the Nov. 27 swarm,

288 bars and 403.5 °C. The heat content of seawater under these lower PT conditions is
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2085 J/g which is only slightly higher than the 2075 J/g calculated for the fluid under
higher PT conditions in the wake of the Nov. 27 swarm suggesting adiabatic ascent of a

fluid with bulk chloride equivalent to seawater.
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Figure 48. Shift in PT conditions following Dec. 17 inferred from minimum and maximum observed
chloride within 2 weeks after the seismic swarm. We postulate an effective reduction in phase
separation generated by incomplete phase segregation.

The implication of this flow path is that phase separation is occurring without subsequent
phase segregation until much shallower in the upflow zone. In this manner, a decrease in
chloride can be generated without significant heat input to the system or a permanent
physical change in the depth of hydrothermal circulation which is consistent with the
transient nature of the chloride change and the absence of a significant temperature

increase.
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This result conflicts with previous studies that argue for complete and immediate
phase segregation (Fox, 1990; Seyfried et al., 2003; Von Damm et al., 2003). In addition
to differences in density, phase segregation is attributed to crack geometry and
differential flow of brines in confined spaces (Fontaine and Wilcock, 2006; Fox, 1990).
In the present study, we observe what appears to be a transient decrease in the inferred
pressure of phase separation owing to ascent of a non-segregated two-phase fluid.
Density differences as discussed in section 5.2.2 are sufficiently similar that phase
segregation may be less favored under the PT conditions calculated above. Furthermore,
if the seismicity is attributed to cracking in the rock which increases permeability without
changing the depth of hydrothermal circulation, then the new flow regime may be
temporarily less conducive to phase segregation than the more confined flow paths prior
to the seismic swarm (Figure 49). As steady state conditions are reestablished, brines are
once again segregated closer to their point of origin and chloride returns to the baseline
value observed before the seismic swarm.

Although this interpretation is the favored explanation of the chloride dip beginning
on Dec. 17 and culminating on Dec. 23, we cannot rule out other possibilities with out
either further empirical results or numerical modeling investigations (Table 14).
Furthermore, it is important to note that none of these explanations can explain the
temperature drop on Dec. beginning at the end of Dec. 22 followed by the temperature
rebound about a day later. Here again, we emphasize that care must be taken when
correlating subsurface chloride and temperature changes due to differences in how

changes in each parameter behave during ascent.
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Figure 49. Schematic of cracking induced transition from segregated to non-segregated flow of vapor
and brine following Dec. 17 seismic swarm. When brines (in blue) and vapors (in red) flow together
as bulk fluid, the effective pressure of phase separation is reduced without a lasting physical change
in the depth of the root zone.
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6. Conclusion

In the 9-14 months leading up to an eruption at 9°50°N along the East Pacific
Rise, we had in place a second generation conductivity-temperature package for the
purpose of monitoring chloride and temperature on a magmatically robust mid-ocean
ridge. The resulting data record represents the most temporally resolved data record to
date of the evolution of hydrothermal chemistry preceding an eruption.

We interpret intense chloride variability following a seismic swarm on Nov. 27 as
the violent release of subsurface brines by cracking in the rock which, however, does not
substantially change the depth of hydrothermal circulation. PT conditions inferred from
the range of chloride values observed during the week following the Nov. 27 seismic
swarm place the PT conditions of the root zone at 288 bars and 403.5°C.

Chloride variability following the Dec. 17 seismic swarm is interpreted to be the
result of an effective reduction in phase separation brought on by changes in the
permeability structure of hydrothermal circulation and the resulting non-segregated flow
of a 2-phase fluid with seawater chloride. PT conditions inferred from the chloride range
following the Dec. 17 seismic swarm indicate a pressure of 269 bars and a 369.7°C. This
shift in PT conditions relative to PT conditions inferred after the Nov. 27 seismic swarm
is roughly equivalent to 200 m of vertical flow within the 2-phase region before the 2
phases finally segregate. Once again, there does not appear to be a permanent change in
the physical depth of the root zone.

Our inferred PT conditions agree reasonably well with those of Von Damm
(2004) who also uses chloride to estimate depth of circulation. However, we estimate
much shallower cooler conditions than Foustoukos and Seyfried (2007) who use a
chloride dependent silica geobarometer to put the root zone at 320 bars and 422°C. It
may be that the chloride signature is distorted by phase separation during ascent while the

Si content remains unchanged. However, chloride should be more conservative than Si,
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not less. If, for instance, Si concentration goes down during ascent while chloride is
conserved, inferred circulation depth would be artificially deep Foustoukos and Seyfried
(2007). However we cannot rule out the possibility of supercritical conditions with our
current dataset

The overall temperature decrease relative to the beginning of the record over the
course of these two seismic swarms, the inferred tectonic nature of the seismicity and the
overall upwards melt migration postulated for this period of ridge evolution suggest we
may be observing recovery of the hydrothermal system from a recent dike emplacement

occurring just prior to our instrument deployment.
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Chapter 5 — Summary

Every year, huge amounts of seawater circulate through the hot rock at mid-ocean
ridge spreading centers. Phase separation at high temperatures and pressures splits this
fluid in two separate fluids with vast differences in chloride concentration. Chloride
values below seawater levels over decadal timescales suggest the presence of large
subsurface chloride-enriched brines.

We have constructed and calibrated an instrument capable of making in-situ
chloride measurements in high temperature fluids. Our measurements of hydrothermal
fluid from two divergent plate boundaries have allowed us to identify possible brine
removal mechanisms and constrain brine properties in ways not possible with
conventional chloride measurements. We also use the data to establish likely pressure-
temperature conditions of fluid circulation and show how these conditions evolve. The

primary conclusions of the research are listed below:

¢ Calibrated in-situ chloride sensor at temperatures relevant to Juan de Fuca
Ridge, 220-300 bars and temperatures up to 380°C

« Calibrated in-situ chloride sensor at temperatures relevant to 9°50° N on the
East Pacific Rise, 250-300 bars and temperatures up to 400°C

* Observed tidally correlated changes in high temperature vent effluent at Main
Endeavour Field on the Juan-de-Fuca Ridge and observed non-tidal changes on
timescales as short as minutes and hours

* Tidal signature consistent with the presence of subsurface mixing at depths
ranging from 486 to 695 meters, possibly involving near-critical fluids.

» Twice observed hydrothermal response to intense seismic activity at 9°N50’N

(9N) on the East Pacific Rise
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* Constrained conditions of phase separation at 9N to pressures between 288 to
269 bars and temperatures between 396.7 and 403.5°C
* Observed short-lived chloride spikes lasting up to 7 minutes and almost 3%

greater than local baseline values

This research required the construction of a hydrothermal simulator for sensor
calibration and the investigation of new materials potentially suitable for an extreme
environment. Tested materials include Alumina, Alumina stabilized-zirconia, Beryllia,
Zirconia as well as several proprietary materials. Based on experiments in the field and
under simulated conditions, Zirconia exhibited the greatest degree of stability.

The large amounts of unique multi-dimensional data generated by our sensor
necessitated data manipulation and processing methods not readily available. Thus, an
important result of the research was the development of a Matlab-based interface
designed to facilitate graphical exploration of extensive time-series measurements.
Additional programs were written to analyze chloride data in the context of the pressure-
temperature-NaCl surface of Bischoff and Pitzer (1989).

Lessons learned during engineering the instrument and data processing methods
highlight the challenges facing an observatory approach to oceanography. Our solutions
to those challenges could be a useful contribution to the infrastructure needed for the

tectonic plate observatories currently under construction.
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