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University of Washington

Abstract

Energy and volume flux into the deep ocean:

examining diffuse hydrothermal systems
by Matthew J. Pruis

Chair of Supervisory Committee:

Professor H. Paul Johnson
School of Oceanography

Hydrothermal circulation plays an important role in the chemistry of the world’s
oceans, the biology beneath and at the seafloor—as well as within the ocean itself—
and also the geology of the uppermost igneous oceanic crust. Seawater slowly perco-
lates through the crust, reacts with the basaltic rock, transports nutrients and heat,
and eventually discharges back into the deep ocean—primarily at low-temperature
vents and hydrothermal seeps. This dissertation is concerned with the flux of heat
and fluid discharging from the seafloor and how field observations and numerical mod-
eling can be utilized to describe the bulk hydrologic and mechanical properties of this
fluid reservoir. Toward this end, heat and volume flux estimates were obtained using
(1) a hydrologically sealed sampler which obtained direct measurement of fluid volume
and heat flux from a diffuse hydrothermal vent on the seafloor, and (2) turbulence
data collected above areas exhibiting low-temperature diffuse hydrothermal venting.
Given that field observations near deep-sea hydrothermal vents are frequently modu-
lated on tidal time-scales, a simple thermodynamic model is also proposed which can

explain the modulation of temperature observed at some hydrothermal vents.
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Chapter 1

INTRODUCTION

Hydrothermal circulation plays an important role in the chemistry of the world’s
oceans, the biology within the basaltic crust—as well as within the ocean itself—and
also the geology of the uppermost igneous oceanic crust. It is estimated that a volume
of sea water equivalent to that contained within the entire global ocean is circulated
through the upper oceanic crust on a timescale of ~10° years [1]. This seawater
slowly percolates through the crust (average residence time is 2700 years), reacts
with the basaltic rock, transports nutrients and heat, and eventually discharges back
into the deep ocean—primarily at low-temperature (<20 °C) vents and hydrothermal
seeps [1]. This dissertation is primarily concerned with the flux of heat and fluid
discharging from the seafloor, and how field observations and numerical modeling can
be utilized to describe the bulk hydrologic and mechanical properties of this fluid
reservoir. Most of the work described in this dissertation is contained in four research
papers [1, 2, 3, 4]. Please see Appendix A for information on obtaining copies of the
papers.

The global scale upper oceanic reservoir and the importance of low-temperature
hydrothermal venting—with respect to the volume and energy fluxes—is described in
chapter 2. Global databases of heat flow [5], sediment thickness [6] and crustal age
[7] allow for calculation of reservoir temperatures, predicting temperatures between
10 and 20 °C at the sediment / rock interface in crust younger than 70 My. Utilizing

these temperature estimates, heat flow measurements [5] and a model for the thermal



structure and evolution of the oceanic lithosphere [9], mean hydrothermal fluxes into
the deep ocean were calculated as a function of plate age.

While analysis of these global data sets suggests that the impact of off-axis fluxes
of heat and volume are significant, much can also be learned from the detailed analysis
of single sites and locations. In chapter 3, the results obtained from sampling one
square meter of diffusely venting seafloor over the course of 206 days are examined. A
unique sampling strategy, which involved the cementing of a permanent fluid sampler
directly to the seafloor on Axial Seamount, Juan de Fuca Ridge, allowed the first long-
term direct coupling to a low-temperature hydrothermal vent on a mid-ocean ridge.
Using the hydrologically sealed sampler, direct measurement of fluid volume and heat
flux from a diffuse hydrothermal vent on the seafloor was obtained over an extended
period of time. Enhanced variance at both tidal and lower frequencies was recorded
with a high coherence between the temperature and flow data. Mean volume and
heat flux for the square meter of seafloor sampled by the instrument are estimated at
48 m3/yr and 260 W/m?, respectively. Inferred Darcy velocities of the fluid within
the crust beneath the sampled region are approximately 1.5 x 107® m/s and indicate
fluid velocities within cracks in the substrate of 1-4 m/day, with an effective upper
crustal permeability of 107! to 1072 m2. While the measured variability in fluid flow
is driven primarily by changes in the thermal buoyancy of upwelling fluid, there is also
a significant (above hydrostatic) pressure gradient contribution to the measured flux.
This overpressure produces roughly four times the driving force compared to that
attributed to thermal buoyancy alone. Small variations in the volume flux and the
effluent fluid temperature (~1.5 x 1078 m/s and ~0.5 °C, respectively) also occurred
on approximately tidal time scales and appear to be related to poroelastic control of
the velocity of hydrothermal fluid through the seafloor boundary (i.e. tidal pumping).

Expanding on the results obtained from a single point location, estimates of tur-
bulent heat flux at 25 different locations (36150 individual estimates) near diffuse

hydrothermal vents on the Endeavour Segment of the Juan de Fuca Ridge are ex-



amined in chapter 4. This turbulence data reveals several processes important in
turbulent heat transfer in this unusual oceanic environment. Temperature measure-
ments obtained at the rock / water interface demonstrate that low-temperature diffuse
effluent leaving the oceanic crust is highly variable. Our calculations show that this
variability at the interface is quickly mixed in the near-bottom boundary layer. Ve-
locity and temperature time series, at a measurement height of roughly 0.5 meters
above the seafloor, indicate that heat and momentum flux occur at nearly the same
scale. Typical turbulent eddies are 0.10 to 0.25 m in dimension, with the largest (en-
ergy containing) turbulent eddies occurring at scales of approximately 0.45 m. The
turbulent eddies that are responsible for heat transfer depend mainly on the shear
forcing, not thermal buoyancy. Probability distribution functions confirm that most
of the heat flux occurs in intermittent events, and yield a mean heat flux value of
order 4 kW /m?.

Substantial variability in the observed heat fluxes and temperatures of the effluent
fluid in these different studies imply large variability in the transport properties of
crust through which the hydrothermal fluid is flowing. In Figure 1.1 is plotted the
specific discharge of fluid through the seafloor, for different heat fluxes or crustal
permeabilities, as a function of hydrothermal fluid temperature. In order to obtain
heat fluxes from low temperature fluid advecting through the seafloor on the order of
hundreds to tens of thousands of W/m?, either permeabilities greater than 10712 m?
are required or the pore fluid must be overpressured with respect to the hydrostatic
gradient. Figure 1.1 shows that if the off-axis sediments had average permeabilities
in the range of 1071® to 1071% most of the off-axis advective flux of fluid from the
crustal reservoir could be occurring through the sediments. However, the partitioning
between the volume and heat fluxes of hydrothermal fluid through small areas of
exposed basalt outcrops (with substantially higher permeabilities) and fluid which
flows up through a substantial thickness of sediment is still unclear.

Many field observations near deep-sea hydrothermal vents are modulated on tidal
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Figure 1.1: Volumetric flow per unit area of seafloor for different hydrothermal fluid

temperatures. Calculation of the permeability and specific discharge in this figure
assumes the pressure gradient within the crust 1s hydrostatic and all the buoyancy
is thermally-derived. Filled circles are the hydrothermal volume flux computed in
Chapter 2 divided by the area of seafloor in each crustal age bin. Lightly shaded region
schematically shows the approximate range in median turbulent heat flux estimates,
50-730 W/ m?, obtained along the Endeavour segment of the Juan de Fuca Ridge. The
slighter darker shaded region above it schematically shows the approximate range in
mean turbulent heat flux estimates, 1800-5500 W/ m? in the same area (see Chapter
4). The mean rock /water interface temperature observed at the base of the turbulence
instruments was approximately 9 °C. Measurements ab individual sites have heat
fuxes as high as 150 kW /m?. The dashed shaded region at higher temperatures
shows the results obtained for the hydrologically sealed sampling box discussed in

Chapter 3 before correcting for the observed overpressure.



time-scales, the observations discussed in this dissertation notwithstanding. These
measurements range from physical quantities such as pressure, temperature, effluent
fluid velocity and vent fluid composition, to observations of micro-seismic activity and
the biological response of vent animals. Therefore in chapter 5, a simple thermody-
namic model that can explain the modulation of efHuent fluid temperature measured
at some hydrothermal vents is examined. The model solves the governing equations
for a compressible two-phase flow in one dimension, utilizing the equation of state
for pure water and Darcy’s law for fluid flow in porous media. In order to generate
effluent fluid temperatures that are lower than the boiling point at the rock/water
interface (such as those typically observed), two simple model cases are examined: (1)
conductive heat loss to the host rock and (2) mixing of the upwelling hydrothermal
fluid with cooler background water. If the heat loss required for fluid to depart from
the boiling curve occurs near the seafloor interface, our model shows that it is plau-
sible for a tidally-modulated thermal signal to propagate from a deep source area.
However, if significant cooling occurs at depth, dissipative loss of a tidally-induced
signal may be substantial. While this model simplifies the physical processes present
in deep-sea hydrothermal systems, simulation results compare well with field data
collected from high-temperature vents on Axial Seamount in the Northeast Pacific.
In this dissertation, many aspects of the volume and energy flux of diffuse hy-
drothermal fluids will be examined; from the global magnitude of low-temperature
venting all the way down to observations obtained from just a single square meter
of seafloor. Both temporal and spatial variability are discussed, as are the mixing
processes and the hydrogeology and thermodynamics necessary to describe the in-
teractions and interplay between point observations and integrative measurements.
The observations and modeling discussed will hopefully contribute to the growing
interdisciplinary foundations which are attempting to create a more complete bio-
geo-chemical description of low-temperature venting of hydrothermal fluid into the

deep ocean.



Chapter 2

GLOBAL SCALE HEAT AND FLUID FLUX

There is a global scale fluid reservoir residing within the uppermost igneous oceanic
crust. This hydrothermal fluid reservoir forms initially within volcanic rocks newly
erupted at mid-ocean ridges, but extends to the vastly larger and older ridge flanks.
The upper oceanic crust is porous and permeable due to the presence of lava drain-
backs, fissuring, and inter-unit voids [8], and this porosity and permeability allows
active fluid circulation to advect measurable quantities of lithospheric heat from the
crust to an average age of 65 My [1]. Heat flow and sediment thickness data allow cal-
culation of reservoir temperatures. Utilizing these temperature estimates, heat flow
measurements, and models for the thermal structure and evolution of the oceanic
lithosphere; mean hydrothermal fluxes into the deep ocean as a function of plate age
have been computed [1]. The total hydrothermal volume flux into the oceans ap-
proaches 20% of the total riverine input, and may contribute to the global seawater

mass balance.

2.1 Temperature of rock / sediment interface

The average thermal characteristics of the global crustal reservoir can be estimated
by merging (using crustal age as the common index) heat flow and sediment thickness
data determined over wide geographical areas into a box model of the seafloor (Table
2.1). While this type of model is useful for estimating global properties when data
are sparse [9, 10], it is unlikely to successfully predict crustal properties at any given

geographical location. For example, it has been well documented that the uppermost



igneous crust on the Juan de Fuca Plate is anomalously warm, probably exceeding
100 °C in some locations even though the crust is younger than 10 Ma [11, 12]. Uncer-
tainties for all crustal properties in Table 2.1 were estimated by iteratively removing
samples greater than 5 standard deviations from the mean, and then computing the
remaining average deviation. Twenty equal area age bins, each 5% of the total range,
were chosen for all distributions other than porosity. An additional age bin of 0-1 Ma
crust allowed identification of young on-axis hydrothermal flux. Each subsequent bin
contains an area of 1.34 x 107 km?. Global sediment thickness for the ocean basins
has been determined geographically [6] and then merged with a separate crustal age
distribution [7]. These data do not include Atlantic data north of 50° N nor the
region near the Sea of Okhotsk, as this data is not currently processed (D. Divens,
pers. comm., 2003). Sediment thickness for time intervals of equal area are plotted as
a function of age in Figure 2.1, showing the expected systematic increase in sediment
cover with increasing crustal age. Heat flow data were also compiled geographically
[5], marginal basins were excluded, and then merged with crustal age over the same
intervals. Although Figure 2.1 represents more heat flow data than that used by
the most recent previous compilation [9, 10|, the results are not dramatically differ-
ent. The age of 70 My where heat flow data and the conductive flux model merge,
and where the crustal reservoir can be considered convectively disconnected from the
overlying ocean by thick impermeable sediments, is approximately the same as that
determined by previous analyses [9]. This interpretation yields a globally-averaged
crustal age—yet both venting and re-charge of fluid can occur locally in much older
crust [13].

Biological and chemical processes within the oceanic crustal reservoir depend
strongly on temperature. To estimate the temperature of the sediment / basement
interface with crustal age, a method previously applied to heat flow data on the east-
ern flank of the Juan de Fuca Ridge, which was verified by the logging of several

Ocean Drilling Program holes [12], was utilized. In this technique, temperature gra-



Table 2.1: Physical properties of the crustal reservoir binned into regions of equal area,
each 5% of the total area of seafloor excluding margins. Uncertainties for all crustal
properties were estimated by iteratively removing samples greater than 5 standard
deviations from the mean, and then computing the remaining average deviation.

Age Sediment Heat flow  Heat flow Rock/sediment Hydrothermal
mean thickness [6] measured [5] model [9]  temperature volume flux
(Ma) (m) (mW/m?)  (mW/m?) (°C) (km?/yr)
2.4 47 £ 32 202 £ 13 464 107 3037 £ 2307
7.3 95 + 55 110 + 11 192 11+6 879 + 602
11.9 124 + 74 109 + 11 149 14 £ 8 337 £ 248
16.5 127 + 75 77T+ 9 126 10+ 6 579 £ 405
21.2 150 £ 78 67 £ 7 111 11+ 6 005 £ 323
25.7 167 £ 86 59 £ 9 101 10 £ 5 492 £ 325
30.3 186 + 96 55 + 8 93 11 +6 430 + 281
35.6 205 £ 109 50 £ 9 86 11+£6 403 £ 275
41.9 208 &+ 109 62 + 8 79 13+7 155 + 123
48.6 228 + 128 63 £ 7 73 14 +£ 8 87 4+ 83
55.2 259 + 158 b8 £ 6 69 14 +£9 85 + 76
62.5 307 £ 203 o7 £ 7 65 16 + 11 54 + 63
70.3 364 £ 255 60 = 5 62 20 + 14 11 + 29
78.3 435 £+ 307 61 £ 7 99 23 £ 17 -9 £ 37
87.0 564 + 366 52 £ 4 57 24 + 16 20 + 24
97.6 673 + 477 52 + 5 94 28 £+ 20 10 £ 21
108.7 633 £ 501 54 + 3 53 27 4+ 22 -5+ 14
122.0 783 £ 591 51 £+ 2 51 31 £ 24 0+6
139.1 614 + 394 47 + 3 50 24 + 16 13 £ 18
164.1 1013 + 882 43 + 4 49 31 £+ 27 23 + 25
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Figure 2.1: (a) Global sediment thickness as a function of crustal age. The geo-
graphically distributed data [6] are merged with crustal age [7] and then compiled in
20 equal area bins. Dashed bounding lines represent global rate of sediment accu-
mulation including the effect of compaction. (b) Compiled global heat flow data [5]
compared to flux from the purely conductive GDH-1 models [9, 10]. The difference
between measured heat flow and the conductive model represents the advection of
heat and fluid between the crustal reservoir and the overlying seawater.
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entire upper crustal reservoir. Open symbols have higher uncertainty (>20%) due
to the assumption of no fluid convection within the crustal section. Temperatures
represented as filled symbols should be independent of this assumption.

dients determined from surficial heat flow measurements are projected downward to
the sediment / basement interface, using estimates of sediment thickness and thermal
conductivity, and adjusted for a bottom water temperature of 1.5 &+ 0.5 °C [17]. Sedi-
ment thermal conductivities can vary both geographically and as a function of depth,
thus in this analysis a global compilation derived from the extensive Ocean Drilling
Program data set was used [14]. Results from the calculation of sediment / basement
interface temperatures are shown in Figure 2.2, with the youngest (sediment-covered)

basement temperatures near 10 °C, rising near 30 °C for 120 My old crust.
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Estimated mean basement temperatures using this simple non-convecting model
are substantially elevated above bottom water temperatures, increasing to near 40 °C
in crust of mid-Cretaceous age (Figure 2.2). This increase of crustal temperature with
increasing age older than 20 My is a consequence of a relatively uniform heat flow for
older crust that is accompanied by an increase in Cretaceous sediment thickness (Fig-
ure 2.1). Although the mid- and lower-reservoir temperatures can be over-estimated
by this method by as much as 20% in young crust where convection is present [15, 16],
the temperatures at the sediment/rock interface, and the associated fluxes of heat and

fluid into the deep ocean, are not affected by the model assumptions.

2.2 Global fluxes of fluid and heat

For a given age interval, the difference between measured heat flow and the thermal
flux expected for a conductive-only plate model provides an estimate of the missing
heat flux due to the advection of fluid from basement to overlying seawater [9, 10].
These differences between measurement and model, along with sediment / basement
temperatures (Figure 2.2) and a global bottom water temperature, were converted
into estimates of fluid flux in to/out of the basement reservoir as a function of crustal

age (Figure 2.3). Volume fluxes were determined using

Qn = pepq(T — Tp)/ A, (2.1)

where @, is the heat flux, p is the water density, ¢, is the specific heat of water, ¢ is
the volume flux, T is temperature at the rock / sediment interface, Tp is the bottom
water temperature and A is the area of the seafloor in the bin. Other parameter
uncertainties were propagated to obtain the uncertainty in volume flux. As measured
heat flow data approaches purely conductive values (Figure 2.1b), average fluid flux
approaches zero for crust 70 My and older. Figure 2.3 shows that at least 50% of the
total global hydrothermal fluid flux is from ridge flank crust with ages between 5 My

and 70 My. This analysis does not include the small component of high temperature
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venting from the axial zone where fluid temperatures can exceed 350 °C [21], which
would require the percentage of the off-axis fluid flux to be slightly larger.

Calculations based on these parameters give 2 total age-integrated fux of 7.1 X
1012 m?/yr of low-temperature hydrothermal fluid into the deep waters of the global
ocean, with 3.0 x 1012 m®/yr in crust <5 My and 4.1 x 10* m3 /yr occurring in older
crust. These compare to previous estimates of 4.2 x 10" m®/yr (axial flux), 7.3 X
1012 m®/yr (flank flux) and 11.5 x 10'2 m3/yr (total flux) [21] and 2.5 X 10'2 m3/yr
(flank flux only) [18] that were based on earlier data compilations.

While this amounts to 18% of that due to riverine flow into the oceans, which

s estimated to be 4 x 10%° m?/yr [19], the impact of this flux on the seawater
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chemical inventory is uncertain. The composition of hydrothermal fluid from varying
reservoir source temperatures is substantially different than river water, and crustal
fluid is injected near the seafloor while river input is added at or near the surface.
There is a continuing ambiguity in the chemical composition of the low-temperature
diffuse fluids in general [20], and ridge-flank hydrothermal fluid in particular—which
is strongly dependent on temperature, age, rock alteration and circulation history,
and only limited fluid chemical analyses are available from anomalous sites unlikely
to represent global averages [18, 21, 22]. Nonetheless, the flux of mass and energy
introduced into the deep ocean via low-temperature off-axis venting of fluid through

the seafloor is substantial.
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Chapter 3

INSIGHTS FROM DIRECT MEASUREMENT

Direct measurement of flow from diffuse hydrothermal systems has proven difficult
because, unlike the visually impressive high temperature edifices, diffuse flow is spread
over a large spatial area and both the temperatures and the velocities of the fluid are
small. The majority of previous studies have therefore focused on the measurement of
diffuse fluxes utilizing integrative water-column measurements [23, 24, 25, 26]. These
measurements allow efficient integration of the highly variable low-temperature fluxes
over relatively large (vent-field scale) geographic areas, but are also complicated by
the decoupled nature of the measurement and the source. Thus measurements of
hydrothermal fluxes constrained to either the near-bottom boundary layer, or the
neutrally buoyant plume, require careful analysis to separate effects from bottom
currents, tidal low and the natural spatial and temporal variability of diffuse plumes
and their sources [27, 28, 29, 30]. Even with these difficulties, these data have proven
valuable in determining the partitioning between diffuse and high temperature fluxes
in mass, heat and chemical constituents. Within the axial zone, the heat flux from
diffuse sources has been estimated to be as much as 1 to 10 times that from focused
high temperature venting [23, 24, 31]. Simple scaling of this heat flux to a mass
flux, assuming a 10 °C diffuse fluid temperature and a 300 °C high temperature end-
member, implies that over 95% of the volume flux is from low temperature sources
within active vent fields.

Previous direct measurements of co-registered volume and heat flux at low tem-
perature venting sites studied areas near high temperature sulfide-vent structures

[31, 32] or similar locales where diffuse flow was visibly concentrated [33, 34]. The
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measured effluent velocities in these experiments ranged from 0.5 to 140 mm/sec
(31, 35]. These diffusely venting systems are typically believed to be composed of a
mixture of high temperature fluids and seawater that is entrained directly into the
venting structure, and may be hydrologically distinct from the basaltic-hosted diffuse
venting sampled in this study. A recent geochemical study of directly-sampled diffuse
vent fluid from the Lucky Strike hydrothermal vent field on the Mid-Atlantic Ridge
showed that low-temperature venting may become hydrologically disconnected from
the source high-temperature fluid [34]. In such cases the fluid may undergo a heating
and cooling history that is not consistent with simple mixing of a high-temperature
endmember fluid with seawater.

Co-registered measurements of efftuent fluid flow and temperature have also demon-
strated a strong positive correlation between the volume flux and effluent temperature
at tidal or lower frequencies, with generally poor correlations at higher frequencies
[31, 32]. Occasional periodic flow reversals (i.e. cold seawater flowing into the crust)
were also documented, and are qualitatively similar to measurements of flow reversals
that have been seen in the underpressured ODP and DSDP drill holes (i.e. 1024C,
1027C and 395A) [31, 36]. Tidal pumping of the seafloor is a known consequence of
the dynamic water tide; but without a good estimate of permeability of the exposed
crust on the seafloor, the magnitude of this periodic flushing of the upper crust has
remained uncertain (see [36] for more discussion). For the pressure effect of the wa-
ter tide to yield substantial periodic seawater flow into unsedimented oceanic crust
(with seawater penetration of order 0.5 m), the permeability must be sufficiently
high, of order 1071° m~2, a value well within the range estimated for young oceanic
crust [36, 37, 38]. If the occurrence of flow reversals into the exposed young ocean
crust could be generalized over large areas, it would imply a zone of intense mixing
within the upper 0.5 meter of unsedimented oceanic crust, with major implications
to geologic, hydrologic and biologic processes in the uppermost crust.

In this chapter, co-registered fluid flow and temperature data collected from a
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Figure 3.1: Axial Seamount. (a) The instrument package was deployed in the ASHES
vent field in the southwestern caldera. Lighting in the image is from the east and
the depth in the image range from 1411 to 2863 meters. The SeaBeam bathymetric
data used in this figure was obtained from the Ridge Multibeam Synthesis Project
[http://ocean-ridge.ldeo.edu]. (b) ASHES vent field is characterized by pervasive
low-temperature venting encompasses an area of roughly 200 m x 1200 m. The most
intense hydrothermal venting is however constrained to a 180 m x 180 m region
covered by smooth sheet and lobate flows. Known high temperature vents are labeled
(locations provided by R. Embley, pers. comm.). There is little bathymetric relief (<
4 m) over this entire region of intense venting [39].

low-temperature diffuse vent on Axial Seamount on the Juan de Fuca Ridge in the
Northeast Pacific is examined. After describing the geologic context and background
of related studies done in this area in Section 3.1, the instrument package and sampling
system is described in Section 3.2. In Sections 3.3 and 3.4, the volume and thermal
fluxes through the sampling device is shown and some detail on their variations over
the deployment interval is given. Simple modeling used in Section 3.5 shows that
the measured diffusely venting flow through the seafloor interface in this location is
overpressured with respect to what would be expected for thermal buoyancy-driven

flow alone.
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3.1 Geologic setting

Axial Seamount, the youngest member of the Cobb-Eickelberg seamount chain, is a
well-studied ridge axis volcano on the central Juan de Fuca Ridge, and represents a
good natural laboratory for a hydrologic study of hydrothermal systems. The caldera
floor (approximately 8 km x 4 km) is the locus of substantial hydrothermal vent-
ing, with several widely-distributed vent fields found around the caldera rim [40].
Our monitoring package was deployed in the ASHES vent field; which is composed
of approximately a dozen high temperature (>200 °C) vents and includes a large
area of diffuse venting spread over approximately 0.24 km? (see Figure 3.1). The site
is appropriate for a long-term monitoring of fluid and temperature fluxes since the
surrounding area has been well mapped and there is a long history of related fluid
chemistry and geophysical measurements [40, 41]. Ocean bottom gravity studies have
shown that the seamount is has an absolute porosity of approximately 38% for the
upper volcanic crust, while magnetic studies indicate that the seamount has either a
highly altered or a very warm (>100 °C) central core [43, 44]. Recent seismic tomo-
graphic mapping has confirmed the presence of a zone of partial melt approximately
1-2.5 km beneath the surface of the caldera [45].

Interestingly, prior to 1998, the area surrounding the seamount was the most tec-
tonically active region in the NE Pacific detectable utilizing the US Navy’s SOSUS
arrays. A volcanic eruption in January, 1998, on the southeastern caldera wall has
however dramatically altered the tectonic regime, with a general paucity of earth-
quakes in this region following the eruption, including the Cleft segment to the south
and the Co-Axial segment to the north [46]. The measurement interval for our vent
monitor began in late 1998, approximately one year after the nearby eruption. The
low level of local tectonic activity may have allowed the detection of a far field re-
sponse to the June 8th, 1999, earthquake on the Endeavour segment, approximately

220 km to the north [47]. This earthquake, which may have been part of a larger
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aseimic spreading event, had significant impact on diffuse venting at the nearby En-
deavour vent fields and was recorded at several drillholes on the ridge flank as well as
the sedimented Middle Valley ridge-axis drillhole [48, 49].

Our sampling instrument was placed in the Crack Vents region in the southwest
corner of the ASHES vent field. The area is dominated by fractured ropy sheet
flows. Many of the fractures (generally < 5 cm in width) in this region are marked
by bordering accumulations of anhydrite and have exit fluid temperatures in excess
of 200 °C, although there are no large anhydrite mounds or spires in this area [39].
Effluent fluid chemistries are similar to the high-temperature phase-separated (gas-
enriched, low-chlorinity) fluids exiting at the anhydrite-dominated Virgin Mound vent
located 40 meters to the north [41]. Generally, brine phase fluids are discharging from
the high-temperature sulfide chimneys active in western part of the ASHES vent
field near the caldera wall; while vapor phase components appear to be venting as
diffuse flow from the seafloor surrounding these chimneys and in anhydrite chimneys
to the east. It has been proposed that the observed pattern of spatial segregation of
fluid phases is due to the relative permeability variability of two-phase flow within a
substrate; with brine phase fluids confined to large flow conduits by a surrounding
relative permeability barrier, and vapor phase fluids flowing diffusely through the

surrounding host rock [42].

3.2 Instrumentation

The seafloor boundary represents a complex and difficult site for sampling fluids,
where pillow flows and fissured basalt make it difficult to obtain a reliable hydrologic
seal with the seafloor. Our instrument package was designed to overcome this difficulty
in order to obtain un-contaminated diffuse hydrothermal fluid samples as evidence
for a microbial biosphere living within the oceanic crust [50]. Our sampling design

consists of a rectangular 1 m x 1 m Teflon-lined polyethylene base surrounded by a
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Figure 3.2: The deployment is in an area of an extensive sheet flow that is fractured
by a series of N-NE trending fissures (1-3 cm in width). White staining present on
some fractures are bordering accumulations of anhydrite. The instrument package was
installed into the circular sampling port seen on the upper surface of the cemented
base. This high-resolution digital photograph was taken by R. Embley with ROPOS
during a cruise in 2002 funded by the NOAA Vents Program. Camera development
was by the Canadian Scientific Support Facility and Deep Sea Power and Light.

flared-out cofferdam (Figure 3.2). The cofferdam was grouted with a concrete mixture
that hydrologically sealed the box to seafloor [61]. A one-meter tall instrumented
column was mounted on the top of the permanently-deployed base consisting of the
datalogger, internal and external thermistors, a filter pack designed to collect dissolved
and particulate organic carbon, and the flow sensor. The upwelling fluid was focused
from the one square meter of seafloor sampled by the box, through the Teflon-lined
base and into a 1.27 cm diameter sampling tube where the fiuid volume flux was
measured. The pressure drop due to focusing the flow through the small pipe diameter
is less than 1% the vertical buoyancy of the fluid. The flowmeter was a Kobold
Instruments magnetic paddle wheel flow sensor (DPL-1120) modified to perform at
full-ocean depths. Temperatures were recorded both at the input of the instrument

port and also externally to the sampling package. All sensors initially sampled every
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Figure 3.3: Data plots showing the (a) volume flux, (b) temperature of the effluent
fluid, and (c) the temperature of the bottom water near the cement box recorded
on an externally mounted thermistor. Note the rapid response that occurs within 8
hours of the June 8th earthquake which occurred approximately 220 km to the north,
and the possible precursor decrease in fluid flow that occurs approximately two weeks
preceding the earthquake [47, 49].
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20.5 minutes during the first 21 days of the record, at which point the sample rate was

subsequently slowed to one sample every four hours for the remainder of the record.

3.3 Volume flux

Given that the instrument base is in contact with an area much larger than the
crack widths (1-3 cm) in the area covered by the instrument base, measurements of
volumetric flux through the seafloor interface (see Figure 3.3) and the conservation
of mass equation can be used directly, (i.e. Ajv; = Agvs), to calculate the Darcy
velocity of the upwelling fluid within the subsurface. The specific discharge is simply

the measured fluid flux rate divided by the area of the seafloor sampled,

g
n=4. (3.1)

The velocities measured in the instrument sampling pipe, with a diameter 1.27 cm,
ranged from 1.0-1.3 cm/s, inferring a specific discharge of 1.3 ~ 1.6 x 107% m/s
during the experiment interval. The total fluid flux through the one square meter
of seafloor sampled is 48 m3/yr. Utilizing an idealized geometrical model for the
porosity structure of oceanic crust in which circular tubes form a regular cubical
matrix throughout an otherwise impermeable rock matrix,

Puc
3 ’

u= (3.2)

the vertical velocity of the fluid within volcanic rock matrix, u., can be estimated if
the porosity, ¢, is known [36, 52, 53]. Assuming that the effective porosity (available
for fluid flow) ranges somewhere between 10% and the bulk porosity estimate of 38%
obtained from seafloor gravity studies [43] and that the horizontal (non-vertical) flow
within the substrate is negligible, equation (3.2) gives vertical velocities for the fluid

within cracks in the substrate which are between 8 to 30 times the specific discharge.
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Figure 3.4: Data plots showing a ten day record of (a) volume flux, (b) temperature
of the effluent fluid, (c¢) external thermistor recording background water temperature
and (d) the modeled tidal variations utilizing a near pressure recorder [54].
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Although these measured flow rates are low, and the tidal range in this area can be
substantial (e.g., Figure 3.4c), it is important to note that the flow out of the seafloor
in this location remained positive at all times (i.e. there were no flow reversals when
seawater flowed into the seafloor). Examination of shorter time intervals (see Figure
3.4 for an example) indicates some consistent variance in both the internal temper-
ature and flow measurements at roughly daily time scales. This variability may be
related to poroelastic effects on the velocity of fluid through the seafloor interface,
where the pore fluid pressure in the upper crustal rocks is responding to trénsient
loading arising from the passing water tide [55]. Inferring the specific discharge as-
sociated with a tidal volumetric flux of roughly 0.5 m®/yr daily variability over one
square meter of seafloor equates to approximately 1.6 x 1078 m/s. Using this as the
Darcy velocity, a 2 meter water tide amplitude and a fluid viscosity of 6.4 x 10~*
Pa s, a formation scale effective permeability of order 10712 m? is obtained. Caution
should be used in interpreting this result however, since it has been assumed (but
not demonstrated) that the daily variations observed in the effluent velocity and tem-
perature are a direct result of the instantaneous loading of the passing ocean tide.
Although the signals at periods of 24 hour and greater are strongly correlated, they
are not well correlated at higher frequencies. In fact, examination of the spectra at
tidal frequencies indicate that the neither the effluent temperature nor the velocity
have significant enhancement of energy over the 206-day deployment interval at tidal
frequencies (Figure 3.5). An alternative method to computing effective permeabilities

is given in Section 3.5.

3.4 Heat flux

Since both the volumetric flux and the temperature of the effluent fluid have been
measured, direct measurement of the heat flux from one square meter of a diffuse vent

has been obtained in a manner analogous to previous direct measurements of heat
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Figure 3.5: Normalized power spectral plots showing enhanced energy at tidal fre-
quencies for the external temperature sensor and very little tidal energy in the internal
flow and temperature measurements. The spectra were offset for image clarity.

flux from the high temperature point sources,

pcpq(T - TO)

— (3.3)

Qu =

where Qg is the heat flux, p is the density of fluid, ¢, is the specific heat of the fluid,
q/A is the specific discharge and (T" — Tp) is the temperature difference between the
bottom water and the hydrothermal fluid. Both the fluid density and the specific heat
are functions of temperature, salinity and pressure and therefore vary throughout the
instrument deployment. In this experiment the hydrothermal fluid density ranged
from 1021.7 to 1025.3 kg m~3, and the specific heat ranged from 3986.1 to 3992.1 J
kg™t °C—L.

Our measured heat flux varied from 200 to 300 W/m? over the deployment inter-
val, with a mean heat flux of 260 W/m?. In 1987, Rona and Trivett [23, 56] measured
diffuse heat flux in this area utilizing plume measurements within the bottom bound-
ary layer. They obtained estimates of diffuse heat flux that ranged between 22 to 57

kW /m? over nearby diffusely venting areas, and estimated that the total component
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of diffuse heat flux for the ASHES vent field was 15-75 x 10® W. This prior study
did not however record a water column plume above the crack vents where the ce-
ment box is located, nor were they able to estimate magnitude of the diffuse heat
flux for this specific site. This indicates that the area sampled by the cement box
may not be characteristic of the magnitude of diffuse flow within the ASHES vent
field in general, and may have broader implications. In order to obtain two orders of
magnitude higher heat flux (and therefore volume flux assuming roughly equivalent
effluent temperatures), significantly higher effective permeabilities would be required
over relatively short spatial distances (~50 meters). The disparity between these two
estimates also highlights the well-known spatial and temporal variability of diffuse
venting, where it is common for the temperature of the fluid exiting the crust to vary
by 10s of degrees over a spatial scale of decimeters and temporal scales as short as

weeks.

3.5 Darcy flow approximation

Since previously (in Section 3.3) the daily variation in the specific discharge to esti-
mate formation scale permeabilities of order 1071? m?, it would be useful to examine
whether the measured flow indeed meets the required assumptions for Darcy’s law
for fluid flow in a porous media. The critical assumption in Darcy’s law is that the
flow within the substrate must be laminar. In order to examine this assumption,
the Reynolds number of the flow within the substrate can be estimated using the
formulation for flow within a pipe [57]. It has been shown experimentally for pipes
and open channels that if Re « 2300, the flow can be considered laminar. Within
an aquifer however, where the roughness of the flow path is large and the flow path
very tortuous, a Re < 10 is usually required to ensure laminar flow. The Reynolds

number is defined as

Re = —, (3.4)
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where Re = Reynolds number, p = density of the hydrothermal fluid, @ = mean
velocity per unit area, D = pipe diameter and p = fluid viscosity. Examining the
Reynolds number for flow within the subsurface reservoir, utilizing the specific dis-
charge of 1.5 x 107® m/s and the same fluid density and viscosity used above, and
crack widths less than 1 meter in dimension yields a Re < 10. These calculations
support the expectation that sub-surface flow in the crust below the cemented box
should be laminar.

This laminar flow in the substrate is howevér focused from the one square meter
sampling area at the seafloor interface to a 1.27 centimeter sampling pipe. Computing
the Re for the flow within the measurement pipe (using an equivalent volume flux
as above, or 7 = 1.2 cm/s, a mean hydrothermal fluid density of 1023 kg/m?® and
p=6.4x107* Pas), a Re > 2300 is obtained, indicating flow within our measurement
pipe should be fully turbulent. This result is supported by the spectra showed in
Figure 3.5, where obtaining an approximate wavenumber spectra by scaling with the
mean velocity of 1.2 cm/s yields the expected slope for turbulent flow of approximately
-5/3. So while the subsurface flow was likely laminar (the region of interest for all the
following calculations), the flow actually measured in the sampling pipe was turbulent.

Measurements of the Darcy velocity can be used to directly compute the effective

permeability of the substrate using Darcy’s equation of fluid flow,

gk (51-]3 - Apg) , (3.5)

where k is the permeability, u is the Viscosity of the hydrothermal fluid, P is the
reduced or non-hydrostatic pressure, Ap is the density contrast between seawater and
hydrothermal fluid, g is the gravitational acceleration and % is the Darcy velocity. If
fluid within the crust is hydrostatic and the background vertical pressure gradient is
zero, then the permeability estimated from equation (3.5) ranges from 1.0 x 10~ to
7.8 x 1072 m?. This permeability is however highly correlated with the effluent fluid

temperature (see Figures 3.3 and 3.6). Relaxing the constraint of zero background
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ing equation (3.5) and dividing result by the median computed permeability over the
deployment interval. The % =0 case has been offset by 0.05 for clarity.

vertical pressure gradient, and instead iteratively solving equation (3.5) with the best
fit determined by minimizing || k; — k ||, a mean overpressure equivalent to 535 Pa
m~! reduces the variance of the estimated permeability to less than 4%. This strategy
produces a significant improvement during the last 90 days of deployment when there
is a substantial variation in effluent temperature. The calculated overpressure would
contribute approximately 4 times the driving force, with respect to fluid buoyancy
alone, to the measured effluent velocity and would reduce the average required perme-
ability to 1.5 x 1072 m2. Driving fluid flow with the overpressure alone would yield
Darcy velocities of 1.25 x 107 m/s (or 1 to 3 m/day within the subsurface cracks).
It is not obvious what process would cause the calculated, non-thermal, overpres-
sure in this system. The geopressuring of fluid in sedimentary basins has however
been well studied and some of the most common processes associated with these sys-
tems may be analogous to the process(es) that are present in this hard-rock system;
(1) aquifer head, (2) tectonic compression, (3) loading / compaction with the absence

of adequate drainage systems, and/or (4) intrusion of gas or fluid phase-changes. A
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general requirement for the anomalous subsurface pore fluid pressure is the presence
a subsurface permeability barrier that is effectively preventing, or greatly restricting,
free fluid flow. It may be that the large sheet-like lava flow, upon which the sampling
box is deployed, acts as an effective permeability barrier (cap rock). Other subsurface
permeability barriers, including biological films or gas bubbles, cannot be excluded
however.

Although the flow from the cemented box is only mildly overpressured (535 Pa
m~! is equivalent to transferring an additional load of 5 cm of water or 2 cm of
rock to the fluid), the constant geopressure dominates the measured effluent fluxes
in this low-flow hydrothermal system. It is also significant that over the course of
the 206-day deployment there is no requirement for time-dependent changes in the
measured effective permeability. If the upper crustal permeability is constant over
this interval, it implies that the observed temporal variability in diffuse flux (mass,
volume and heat) from the cemented box is a consequence of changes in (1) the sub-

surface mixing, (2) the geometry of the flow paths, or (3) the addition of 'new’ heat
to the hydrothermal system.

3.6 Summary

The volumetric and heat fluxes of a diffuse vent have been measured using the direct
coupling provided by an interface cemented onto the seafloor of an active volcano on
a mid-ocean ridge. Volume flux of the low-temperature hydrothermal fluid is approx-
imately 48 m®/yr and indicates upwelling flow velocity within the subsurface at 1-4
m/day. An effective permeability of 1.5x 10712 m? for the uppermost crustal rocks
of the seamount is estimated and a significant, time-invariant contribution to the
pressure gradient from a non-thermal process has been documented. The measured
permeability is surprisingly consistent over the 206-day deployment, without any in-

dication of significant changes in the subsurface plumbing during this time. Our flux
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measurements are consistent with an oscillatory poroelastic-driven flow (~ 1.5 x 108
m/s) through the rock/water interface. This oscillatory (tidal) flow, however, consti-
tutes less than 1% of the total flow volume from the box, and would only represent
approximately 5% of the volume flux if the overpressuring of the effluent fluid was
relieved. It is likely however, that other diffusely venting areas (with higher effective
permeabilities) may be experiencing significant tidal modulation of their mass and en-
ergy fluxes on tidal timescales. Although the cemented-box has allowed us to tightly
characterize a small diffuse hydrothermal zone and shown the potential importance of
non-thermal buoyancy terms in low-flux deep-sea hydrothermal systems, the obvious
diversity of diffusely-venting areas and our limited spatial sampling severely limit the

broad generalization of these results.
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Chapter 4

BOUNDARY LAYER OBSERVATIONS

Measurements obtained over the past few years aimed at determining the heat
flux of diffuse hydrothermal vents have provided several insights into the way in
which this heat is transferred into the deep ocean boundary layer. These results are
not only significant for predicting the magnitude of heat transfer from this type of
hydrothermal venting, but also in understanding how other biological and chemical
properties are distributed in the ridge-axis environment. There are three ways in
which hydrothermal fluid typically exits the seafloor; (1) focused high-temperature
vents, (2) diffuse seepage of hydrothermal fluid through, or closely associated with
vent structures, or (3) low-temperature, diffuse flow that occurs distant from focused
vent structures. Initially, high-temperature focused vents drew the most attention,
since this type of venting is easier to detect with water column surveys, and also
because the focused nature of flow from the structures made it (somewhat) easier
to estimate mass and energy fluxes. Even so, the scale of measurement is difficult
to obtain using deep-diving submersibles and/or remotely-operated vehicles at the
seafloor. Sulfide structures have been documented up to 50-m tall, and each structure
may consist of several, to dozens, of individual high-temperature vent orifices [58].

A high-temperature vent site is defined to consist of at least one smoker vent,
> 215°C, however the actual number may be much larger [77]. For example, the Main
Endeavour vent field (which is included in this study) consists of over one hundred
individual vent orifices, and covers an area greater than 0.2 km? [59, 60]. Temperature
and velocity measurements obtained within a few centimeters of focused vent orifices

yield power outputs which range from less than 1 to nearly 100 MW, and effluent
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fluid velocities between 0.1 and 2 m/s [23, 61, 62]. Complicating the estimation of
vent-field scale fluxes from point-source measurements is not just the difficulty in
locating and documenting all the different vent sources, but also the variability in
the dimensions and geometry of the vent orifices themselves. While typical orifices
are only a few centimeters across, some have been documented to be as large as 30
centimeters in diameter [62].

Thus many investigators have instead focused on measurements of buoyant or
neutrally-buoyant plumes above the vent fields, and thereby obtain a more naturally
integrated estimate. Buoyant plumes from individual orifices may (or may not) merge
as they rise vertically through the water column. Either way, the plumes entrain
background fluid from near the vent structures and throughout their ascent [63, 64].
Typically, plumes from high-temperature, focused hydrothermal sources rise several
of hundred meters above the seafloor before reaching a height of neutral buoyancy,
although the actual rise heights are determined by the buoyancy flux, background
stratification, configuration of the source(s) and strength of the bottom water currents
[65, 66, 67]. After the plumes reach a height of neutral buoyancy, the fluid is advected
away from the source area with the prevailing ocean currents at that depth [26, 68,
69, 70]. We know that this fluid is broadly distributed throughout the ocean basins,
as chemical signatures of the high-temperature source fluid within these plumes are
found 1000s of km from ridge axes [71].

However, it is currently unclear to what degree the diffuse, lower-temperature flow
near the sulfide edifices is entrained into these plumes. Preliminary field observations,
which measured both the point sources and the buoyant plumes above hydrothermal
structures, seemed to indicate that diffuse efHuent near hydrothermal structures may
not necessarily be entrained into the focused-vent source plume [62, 72]. This is sig-
nificant since diffuse flow near vent structures can be substantial, and if it is entrained
into the high-temperature plumes, then it is included in heat estimates obtained from

water column surveys of neutrally-buoyant plumes. Diffuse percolation of hydrother-
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mal fluids through or closely associated with hydrothermal structures may represent
anywhere from one to five times the heat flux dissipated by the focused vent sources
themselves {23, 24, 26, 29, 31]. The effluent fluid velocities for this type of hydrother-
mal venting can also be substantial, with direct observations ranging from 0.005-0.15
m/s [23, 31, 32, 33, 34, 35].

The determining factors in the entrainment of background fluid near a vent struc-
ture may be the configuration of distributed high-temperature sources, and the mean
speed of the bottom currents. Acoustic imaging of deep-sea hydrothermal plumes, as
well as numerical simulations, show inward flow consolidation—a point of minimum
radius—above distributed sources [67, 64, 73, 74]. Thus they predict enhanced en-
trainment of fluid from the bottom boundary layer as the source area is expanded.
There will also be a point of maximum vertical velocity associated with the ’neck’
of the plume, below which the fluid is accelerating and above which it is decelerat-
ing [75]. However, given the substantial volume and heat flux predicted for diffuse
percolation through sulfide structures, it is likely the buoyancy flux from this type of
venting is significant enough to obtain a substantial rise height, even when not en-
trained into focused vent plumes. Estimating the partitioning of diffuse and focused
flow fluid within neutrally buoyant plumes therefore requires detailed modeling and
mapping of source configurations and flux rates, and would likely require additional
constraints provided by chemical or biological tracers [29]. Unfortunately, this leads
us to conclude that an a priori estimate of the relative partitioning of distributed and
focused vent fluids in the neutrally-buoyant plume is not feasible.

Lower-temperature, diffuse flow that is tens to hundreds of meters away from
focused vent structures is well outside the defined source region of high-temperature
vent sources, and thus this fluid is unlikely to be (initially) drawn into the high-
temperature plumes [76]. Basalt-hosted, diffuse flow of this type generally has effluent
temperatures which are less than 35 °C [77] and a single measurement from one of

these vents showed exit velocities which were less than 5 x 107° m/s [2]. Much larger
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flow rates of 2-10 1/s were measured in concentrated flow regions of similar vents on
the Galapagos Rift by Corliss et al. with vent fluid temperatures of up to 17 °C, but
they were unable to determine the area of the vents [33]. Buoyancy flux from low-
temperature diffuse vents of this type is thus likely to be sufficiently small that their
plumes will be blown over by bottom currents (which are of order 2-20 cm/s) and
transported along the rock / water interface [23, 30, 78]. A simple numerical model
developed to examine low-temperature diffuse venting predicts for a wide range of
conditions (a) the rise height of these plumes will be less than their source dimension
and (b) the plume may be transported a substantial distance while still maintaining
contact with the rock / water interface [56]. The eventual fate of this hydrothermal
fluid remains uncertain, although studies have shown signatures of this fluid are still
contained in the bottom mixed-layer several kilometers from their source regions [78].

The present work describes a synthesis of heat flux data collected over three years
along the Endeavour Segment of the Juan de Fuca ridge. The focus of this study is low-
temperature, basalt-hosted diffuse vents away from high-temperature focused vents.
Diffusely venting patches of the seafloor are examined in four separate vent fields
along a 2.5 km length of ridge axis (see Figure 4.1). Vertical heat flux measurements
were obtained at ~0.5 m height above the seafloor, both within and outside areas
of active hydrothermal venting. In the next section, we describe the percolation
of hydrothermal fluid through the upper basaltic crust as well as the fundamental
aspects of heat transfer into the near-bottom oceanic boundary layer. Section 4.2
describes how the low-temperature fluid is mixed into the bottom boundary layer and
sets the context for our observations near the rock / water interface. In section 4.3, a
description of our turbulence instruments is given, including velocity calibration. The
turbulence observations are then described in section 4.4. The time and space scales
and the form and distribution of turbulent eddy heat flux are shown for a range of
heat flux magnitudes. These results show similar form for the different vent fields,

most likely indicating the influence of similar geologic constraints on the advection of
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fluid (and thus heat) within the upper oceanic crust. Lastly, we compare statistical
extrapolations of the turbulent eddy heat flux estimates with previous studies of

hydrothermal heat flux in the ridge-axis environment.

4.1 Rock / water interface

The thermal energy that drives the circulation of low-temperature fluids through the
upper oceanic crust has the same source (i.e. the formation of the new seafloor) as
the high-temperature systems, yet much less is known about its spatial, temporal and
physical variability. The sub-surface flow-path, mixing history and geochemistry of
diffuse effluent fluid has remained ambiguous. Low-temperature fluids near focused
vent structures may be (1) conductively-heated seawater, without large geochemical
modification, (2) a mixture of high-temperature effluent with seawater or other reser-
voir fluid or (3) some combination of these two processes [34, 79, 80, 20]. Secondary
processes such as mineral precipitation and / or dissolution [79, 81], re-equilibration
of the vent fluids with the host rock at low temperature [82], or sub-seafloor bio-
logical processes [83, 84] may also affect the temperature—chemistry relationship of
the hydrothermal fluid prior to discharging into the ocean. Given these ambigui-
ties, substantial uncertainty remains in estimating the magnitude of mass and energy
transport from low-temperature, diffusely venting regions of the seafloor. While one
recent study [80] showed that more than 90% of the heat flux along one segment of
the Mid-Atlantic Ridge is dissipated by conductively heated seawater or simple ther-
mal conduction—with little or no geochemical modification—all studies which have
examined geochemical data from ridge-axis diffuse fluids as they discharge from the
seafloor, support the involvement of a high-temperature source fluid [20].
Systematic, quantitative data on the prevalence and distribution of basalt-hosted,
diffuse venting along spreading axes is currently lacking. However it is clear that con-

siderable variability in the surface expression of venting of this type occurs between,
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Figure 4.1: Location map of the Endeavour Segment on the Juan de Fuca Ridge. High
Rise and Main Endeavour fields are the most active of the four vent sites shown. Each
has over 10 large sulfide structures displaying vigorous venting. In contrast, the Raven
and Clam Bed fields exhibit relatively large areas of low-temperature, basalt-hosted
diffuse flow, yet each contains three or less structures exhibiting focused venting. The
above bathymetry is from a high-resolution survey collected in 2000 and 2001 [113].
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and within, active vent sites. Most low-temperature, basalt-hosted venting occurs
as small patches (a few meters in diameter) of flow that appears to be associated
with local variability in the permeability of the rock structure—with the majority of
flow occurring either along surface cracks or near regions of active faulting. However,
much larger regions of venting do occur. The Clam Bed vent field (see Figure 4.1) is
host to a large, 30 m x 50 m, area of diffuse venting. The region of active venting
can clearly be delineated by the presence of an extensive tubeworm community. A
small high-temperature, greater than 215 °C, vent is located near the center of this
diffuse patch, but measurements of the temperature of the basalt-hosted flow are all
still less than 30 °C.

Substantial variability in rock surface temperature does exist within the patch
of diffuse venting however. In fact, measurements showed high variability even at
decimeter scales. A collection of temperature measurements obtained using a 1-m
triangular array of thermistors, which were kept in direct contact with the seafloor
using spring-loaded pistons, showed variability of more than 10 °C over less than
twenty centimeters (Figure 4.2 and Table 4.1), although there was no visual evidence
in variability of the health of the tubeworms within the sampled areas (J. Voight, pers.
comm., 2001). These observations demonstrate that at the rock / water interface,
diffuse vents are more analogous to a collection of small micro-plumes emanating
from discrete cracks than a large distributed heat source. To better understand how
these microplumes mix into the bottom boundary layer requires more information on
the buoyancy of the hydrothermal fluid as it leaves the crust and the rate at which the
fluid is supplied to the interface. This is typically expressed as the surface buoyancy

flux,

B() = b()’wo, (41)

where by is the vertical buoyancy, b = (g/p)p/, and g is the acceleration of gravity.
Fluid density, p, is determined by the salinity, temperature and depth of venting.

Generally, diffuse fluids have salinities near background seawater values (D. Butter-
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Figure 4.2: (a) The ”spider” instrument was designed to examine the spatial variabil-
ity of surface temperature at the rock / water interface on the scale of decimeters.
Twelve high-resolution thermistors were deployed over less than 1 m? of seafloor with
spring-loaded contact plungers (see Table 4.1 for data). (b) The five deployments
were all within a large tubeworm field in the Clam Bed vent field.

field, pers. comm., 2003), so for our calculations we have assumed the density contrast
is due only to thermal effects. Thus we can write b = ga AT, where « is the coeffi-
cient of thermal expansion and AT is the temperature differential between the warm
hydrothermal fluid and the cool background seawater. In point-source plume models,
the total source buoyancy flux, By, is the important factor, therefore the source vol-
ume flux is used instead of the mean velocity of the venting fluid, B’O = bywoA, where
A is the cross-sectional area of the source.

The geology of the upper oceanic crust places important constraints on the vol-
umetric fluid flow rate out of the basaltic crust, and thus has a large impact on the
measured surface buoyancy flux. Similar to flow in the ocean, the vertical velocity
of fluid within the porous media is controlled by the vertical buoyancy and the re-
sistance to flow, in this case primarily the capacity of porous rock to transmit the
fluid. Unfortunately, there is a large range in the measurements and estimates of the
transport efficiency of the upper oceanic crust [37]. However, it is possible to broadly

constrain the velocity of the hydrothermal fluid as it flows through the crust. From
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Table 4.1: Mean temperatures over deployment interval for twelve contact thermistors
deployed within a tubeworm vent field. Thermistor accuracy was 0.002 °C, although
only 0.1 °C is shown for clarity. Deployment times are given with day in the month
of June, 2001, followed by the time in UTM.

Thermistor’ Dep. 1 Dep. 2 Dep. 3 Dep. 4 Dep.5

A 2.2 — — — —
B >18 2.2 5.8 7.0 —
C 2.2 2.2 2.9 2.0 —
D I — _ _ _
E >18 2.8 2.0 7.9 6.7
F 7.5 5.8 2.3 2.0 3.4
G 4.9 3.8 2.9 2.0 7.1
H 3.0 2.7 2.3 2.5 6.7
J 4.3 2.2 2.3 2.0 5.7
K 2.1 1.9 1.9 2.0 2.2
L 7.8 >18 2.0 2.5 2.4
M 6.6 5.9 2.0 2.1 6.2

tdeployed 19 14:00 19 16:50 19 19:50 22 04:30 24 23:40
trecovered 19 16:40 19 19:38 22 04:23 24 23:10 25 04:12

tSee Fig. 4.2 for thermistor locations.
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Darcy’s Law for fluid flow in a porous media, the one-dimensional volumetric flow
rate per unit area, W, which is driven by the vertical pressure gradient, dp/dz, due to

the buoyancy of the hot hydrothermal water, can be expressed as

Kdp  Kpob
w= P PO (4.2)
pdz Iz

where K is the permeability of the host rock, u is the dynamic viscosity of the fluid
and pg is the density of the background seawater.
The vertical flow rate and temperature of the efluent fluid also directly determine

the flux of heat through the seafloor interface, i.e.
Q = pc,WAT, (4.3)

where ¢, is the specific heat capacity of the fluid. Comparing equations (4.2) and (4.3)
demonstrates the interplay between geologic properties and the heat flux measured
at the surface. In Figure 4.3, the specific discharge of fluid through the seafloor is
plotted as a function of hydrothermal fluid temperature. It shows that for the range
of heat flux estimates for diffuse hydrothermal flow, hundreds to tens of thousands
of W/m? [2, 23], the specific discharge of fluid over the diffusely-venting region is
between 10~® and 107® m/s, and that the effective permeability of the uppermost
rock matrix must be between 107 and 107! m?2.

If we are interested in estimating the effect of the individual micro-plumes ema-
nating from the cracked surface of the basaltic basement rocks, then it is important
to realize that the specific discharge calculated above is not the actual velocity of the
fluid as it departs from the seafloor, wg. The fluid in the rock matrix is constrained
to flow only within the open space of the porous media, so a geometric scaling is
required to translate the specific discharge into the actual fluid velocity within the
cracks in the substrate. Allowing for laminar flow, the scaling factor depends on the
porosity of the media, ¢, and also the geometry of the fluid flow paths accessible for
vertical flow. Simple permeability models yield scaling factors between 1/¢ and 3/,
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Figure 4.3: Volumetric flow per unit area of seafloor, w, for different hydrothermal
fluid temperatures at different crustal permeabilities (dashed-lines) or heat fluxes
(solid-lines). Pressure gradient within the crust is assumed hydrostatic and all the
buoyancy is thermally-derived, i.e. the salinity of the hydrothermal fluid is assumed
equal to seawater.

although larger scaling factors are possible if the majority of the open pore space is
unavailable for fluid flow [85]. Ocean bottom gravity surveys have shown that the
porosity of young uppermost oceanic crust ranges from 9-38% [8] and a recent grav-
ity survey estimated that a mean porosity for the upper 130 meters of basaltic crust
for the Endeavour Segment at the upper end of that range [86]. Thus while Figure
4.3 shows that if the advective heat fluxes from diffusely venting regions are of order
1000s W/m?, the volumetric flow per unit area is of order 10~ to 10~® m/s; using the
above correction factors, this translates into interstitial pore fluid velocities which are
as much as ten times larger, but are still < 1 cm/s. These calculations demonstrate
that the vertical velocity of the efluent hydrothermal fluid from this type of venting
is likely to be small in comparison to the typical horizontal velocities of bottom water,
which are of order 2-20 cm/s.

Before we cross the rock-water interface and examine the near-bottom turbulent

boundary layer, it should be noted that the gradients in surface temperature shown
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in Figure 4.2 and Table 4.1 are unlikely to extend to substantial depth within the
rock matrix. This is an important point since the heterogeneity seen at the surface is
not likely to represent heterogeneity in the upwelling source fluid below the surface.
The thermal capacity of the rock matrix would quickly dissipate any excess thermal
energy carried by the hydrothermal fluid. To demonstrate this point, we can estimate
the surface heat flux between cracks within an otherwise uniform, un-broken block
of basalt, using Fourier’s law of heat conduction. The heat flux through the basalt

matrix can be written as
oT
O=_4 <_) | 44
). (4.4)

where A is the thermal conductivity of basalt, ~2.4 Wm~='K~!, and T is the tem-
perature of the rock matrix. Thus two cracks separated by 20 cm—one with its
rock surface maintained by upwelling hydrothermal fluid at < 30 °C, and the other
maintained at 2 °C—would dissipate enough thermal energy to cool the volume of
seawater in a 2-cm wide crack by an amount equivalent to the entire difference in
fluid temperature in less than two hours. The actual rate of thermal dissipation in
oceanic crust would likely be substantially greater. Even though the rock is likely to
be fractured, and therefore have a lower effective thermal conductivity [1], the fluid
flow paths within the rock are unlikely to be constrained to cracks as large as 2-cm.
Thus the rock-water surface area, and consequently the interfacial heat transfer rate,
is likely to be much larger than for the uniform block calculation above [3, 87, 88].
Therefore the observed gradients in rock surface temperature are likely due to vari-
ability in the surface permeability structure and near-surface mixing of the upwelling
hydrothermal fluid with seawater, and not different reservoirs of upwelling hydrother-
mal fluid. These results imply that the uppermost basaltic rock likely represents
the most heterogeneous region of temperature and fluid chemistry—since below the
surface, large temperature gradients within the upper basaltic crust cannot be main-

tained; and above the surface, mixing processes quickly homogenize any variability in
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fluid properties.

4.2 Diffuse hydrothermal plumes

Utilizing these results, we can examine the importance of the geometry and initial
momentum of the individual micro-plumes in a cross-flow current. At distances x >
- Ly = (wou) /by, the effect of the initial momentum of the plumes is negligible, and
at L > ro, where rg is the radius of the source, initial geometry effects are negligible
[89]. Assuming a minimal salinity contribution and hydrothermal fluid temperatures
between 3 and 40 °C, by would range between 1072 and 107! m/s?. Using conservative
over-estimates for the bottom water velocity, u ~ 107! m/s, and the effluent fluid
| velocity, wp ~ 1073 m/s, gives LM < 10 cm. Given that the individual sources
are also constrained to small areas (see Figure 4.2 and Table 4.1), initial geometry
effects of the micro-plumes are also fairly localized. Thus the geometry and initial
momentum of the individual micro-plumes from low-temperature diffuse sources does
not greatly impact the plume dynamics at measurement heights greater than several
tens of centimeters.

While it is therefore more appropriate to discuss diffuse plume dynamics as origi-
nating from a distributed source area [90], we will first look at the more well-studied
point-source plumes, since the impact of a cross-flow current has been examined
in more detail for point-sources, and also to facilitate comparisons with the high-
temperature focused source plumes. Observational and laboratory studies for point-
source plumes rising in a non-rotating, stratified environment with no cross-flow have
shown that the maximum rise height [63, 91, 92] is
By ) /4

Zmaz == 3.7 <——

3 (4.5)

where N is the buoyancy frequency,

N = (35if> 1/2. (4.6)

pdz
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Typical values of N are 7.35 x 107* s7! and 1.68 x 107 s™* for the depth range of
2100-2300 m in the Atlantic and Pacific oceans, respectively [65]. Similarly, recently
obtained vertical CTD casts near our study area along the Endeavour Segment of
the Juan de Fuca Ridge [69] yielded average values for N of 2 x 1072 s7! and 1.5
x 1073 571 for observations above and within the near-bottom geothermal boundary
layer, respectively. Our surveys in 2001 and 2002, utilizing a CTD mounted on the

1 pear the floor of

remotely-operated vehicle Jason, found N less than 1 x 1072 s~
the axial valley, generally between 1 and 1.5 x 1073 s™! for the next 300 meters and
approximately 2 x 1072 s~ for observations above 400 meters above the seafloor (see
Figure 4.4 for an example profile taken above the central valley instrument, deployment
site). A near-bottom low stability layer, which we define as the region below which
the squared buoyancy frequency is less than a prescribed limit, in our case N2 < 1 x
1076 572, was found to be generally < 35 m in vertical dimension.

Salinity variation is an important contributor to the source buoyancy flux of high-
temperature systems, where high-temperature hydrothermal fluid salinities range
from 0.1 to 2 times that of seawater [20]. Given this complication and constrained
by point source measurements at the seafloor, the range of source buoyancy fluxes
used in numerical simulations is between 0.1 m*/s® for individual vent sources to
2.1 x 1073 m*/s® for distributed (100 m?) sources [65, 91]. Using this entire range,
one would expect rise heights anywhere between 80 and 375 m. However, the rise
height of hydrothermal plumes is also sensitive to the cross-flow current [91, 92, 93]
and from atmospheric observations it has been shown that
B >1/3

max =~ 26 At 47
& <uN2 (4.7)

For a cross-flow velocity, u, of 0.2 m/s, and using the other values from above, the
minimum of the estimated rise heights would decrease to approximately 60 meters
above the seafloor.

Mixing depths for the distributed sources have primarily been studied from the
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Figure 4.4: Potential temperature (6;), potential density (o2), and salinity (S) profile
above the central valley deployment (see Figure 4.1) obtained using a CTD mounted
on the ROV Jason. A bottom low stability layer and range of rise heights predicted
for high-temperature focused vent sources are shaded. The depth of the top of the
axial valley wall is shown with a dashed line.

perspective of generating deep and intermediate water sources at high latitudes. Nu-
merical simulations and laboratory studies [90, 94, 95, 96] have shown that in a
stratified ocean, the maximum depth (or in our case, height) of penetration is related

to the radius, 7y, of the source region,

(B()T‘o)l/3
-——-—N .

Zimaz 75 3.9 (4.8)

Given the large range possible for surface buoyancy fluxes and radii of diffusely venting
patches of seafloor, rise heights anywhere up to ~ 75 meters are reasonable. But for a
typical diffuse patch of a few meters in diameter, a surface heat flux of a couple thou-

sand W/m?, and a buoyancy frequency of 1 x 1073 s™1, the generated plume would
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reach a maximum height of 40 meters. However, cross-flow effects and an increase
in the buoyancy frequency above the near-bottom low stability layer would likely de-
crease the maximum plume height somewhat. Thus, one may expect some vertical
separation between the high-temperature and lower-temperature diffuse plumes as
they advect away from their respective source regions, although overlapping between
the plumes is still feasible. It should therefore be possible for water column surveys
to differentiate between the two different source regimes, if surveys are extended to

very near (perhaps, impractically near) the seafloor.

4.3 Instrumentation and data collection

Vertical heat flux estimates were obtained at approximately 0.51 m height above
the instrument base, although there is substantially roughness in the seafloor which
may cause an effective zero plane displacement. The on-bottom deployment intervals
ranged from 5 hrs to 322 days (see Table 4.2). Shorter term deployments recorded con-
tinuously at 2 or 5 Hz, while year-long deployments were configured to record bursts
of 180-320 samples at 2 Hz every hour. Each turbulence sensor package consisted of
a central data logger which recorded synchronous measurements of temperature (3
point measurements within 0.8 m hob) and three-axis velocity (nominally at 0.51 m
hob). The instruments were deployed with a novel single-point mooring design, which
enabled stable instrument deployments in areas of rough volcanic-pillow basalt terrain
(Figure 4.5). This deployment system eliminated the effects of current meter motion
by having rigid contact of the mounting system with the seafloor, and also allowed for
placement of the instrument package in the very rough surface morphology associated
with most diffuse venting areas. The instrument packages were generally not placed
closer than 10-15 meters from actively venting sulfide structures. The thermistors
are encased in individual titanium pressure housings and have a measurement range

of =5 to +45 °C. Thermistor precision is 0.1 °C and the resolution is 0.03 °C. The
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Figure 4.5: (a) Schematic of the single-point mounting system which was utilized for
deployment of the turbulence sensors on the seafloor. The instrument retracted into
the PVC housing when carried along the seafloor by the remotely operated vehicle. (b)
Image of instrumentation during recovery after a one-year long deployment. Biological
coating of the instruments was common during long-term deployments.

thermistors were calibrated prior to and following deployments utilizing a well-stirred
ice bath which was slowly heated to 40 °C. The calibrations were verified by examin-
ing self-consistency within the thermistor chains during descent and ascent from the
seafloor.

Acoustic velocity measurements were made using Nobska MAVS-3 [97]. MAVS
have previously been used in the deep sea deployments [30, 98] because of their abil-
ity to measure small velocities with reasonably high accuracy (~0.3 cm/s). MAVS are
differential time-of-flight velocity‘sensors and have a linear response function similar
to the BASS instrument [99, 100]. This enables equal sensitivity at low velocities, but
requires careful calibration to determine the zero-point. Each MAVS obtained zero-
point measurements both prior and subsequent to the instrument’s deployment [101].
During the initial deployment of our instruments, large '<up to 4.5 cm/s) offsets were
noticed between the pre- and post-deployment calibrations. We have found that all of

our MAVS-3 instruments exhibited offsets during their first full-ocean depth immer-

sion in salt water. In all subsequent deployments, the zero-velocity calibrations varied
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Table 4.2: Deployment interval averages and ninety-five percent confidence intervals
determined using the bootstrap method. Dissipation rate was estimated from the
spectra by means of equation (4.16), other quantities were calculated directly from
observations of velocity and temperature. Time intervals where frozen turbulence test
failed were excluded from all averages shown.

Year At  Location u pep(w'T") Uy g x1078
(days) (m/s) (W/m?) (m/s)  (W/kg)

2002 2.0 MEF' 0.038 4700 £ 660  0.014 6.81 & 1.63
2002 3.0 Mid. Valley!T 0.029 10 £ 2 0.005 0.22 & 0.04
2002 1.5 MEFft 0.033 12000 + 1400 0.014 5.17 £ 1.16
2001 4.0 Clam Bed 0.032 100 + 590 0.012 6.18 & 0.69
2001 2.5 High Rise 0.096 110 £ 75 0.011 4.89 + 1.16
2001 1.7 MEF 0.065 38000 + 6000 0.030 80.7 + 11.6
2001 6.2 MEF 0.045 150000 £ 6600 0.038 232. £ 30.6
2001 5.8 Clam Bed 0.037 35000 £ 1800 0.020 17.8 &+ 1.54
2001 2.5 High Rise 0.059 4+6 0.008 3.08 & 0.60
2001 5.3 MEF 0.020 9800 -+ 1100 0.017 11.0 & 2.58
2001 5.8 Raven 0.048 35000 £+ 2200 0.020 21.6 + 1.69
2001 5.8 Raven 0.027 3700 £270  0.014 10.8 + 0.82
2000 3.0 MEF 0.028 620 + 170 0.009 2.74 & 0.52
2000 0.2 Clam Bed 0.033 750 + 230 0.011 3.97 £+ 1.57
2000 3.2 MEF 0.042 26 + 23 0.009 3.40 £ 0.74
2000 3.2 MEF 0.033 3000 £ 580  0.015 9.34 £ 1.34
2000 2.9 MEF 0.032 710 £ 120 0.010 3.56 £ 0.50
2000 0.5 Clam Bed 0.041 13 + 14 0.007 0.74 £+ 0.40
2000 6.0 MEF 0.041 19000 & 1400 0.022 46.5 + 7.13
2000/1 251.2 MEF} 0.025 2100 + 160  0.013 19.7 + 1.37

2000/1 253.6 Clam Bed! 0.029 460 + 54 0.007 5.09 & 0.41
2000/1 256.6 Clam Bed* 0.026 970 £ 40 0.010 7.06 £ 0.46

2001/2 242.7 MEF 0.032 1100 £ 72 0.011 6.41 £ 0.51
2001/2 291.0 Raven 0.039 2200 £ 180 0.011 8.32 £ 0.37
2001/2 321.7 MEF 0.046 2600 + 120 0.011 8.33 £0.46

TSee Figures 4.6, 4.7, and 4.8. t1See Figures 4.7 and 4.8. tSee Figure 4.10.
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by less than 0.3 cm/s from the initial post-deployment calibration values. We there-
fore believe that zero-offset drift for these instruments is small, and simply subtracted
the post-deployment zero-point célibrations from all determinations of velocity.

The time-of-flight methodology for computing fluid velocities utilized by the MAVS
current meters involves acoustic receivers which are spaced at distances of approxi-
mately 10 cm. But due to the use of four separate acoustic paths, the instrument
has an effective sample radius of only a couple of centimeters. Small corrections to
the computed velocities are required for variation in the sampled fluid temperature,
and thus the velocity measurements are not entirely independent of the temperature
measurements. A thermistor was located along the instrument shaft just outside the
acoustic velocity sensor array. Examination of the spectra from a typical MAVS de-
ployment (e.g., Figure 4.6) shows that the maximum scale of turbulent motion occurs
at length scales of roughly 0.45 meters, where the angular wavenumber, k = 27 f /%,
is a function of frequency, f, and the mean current speed, %W. The velocity sensor
typically falls off almost three orders of magnitude before reaching its resolution limit
of a few centimeters. The temperature sensor falls off much more quickly due to its
slow thermal time constant (~5 seconds), and thus has a lower resolution limit that
is only capturing mixing lengths on the order of < 5 cm. Still there is almost two
orders of magnitude falloff from the dominant length scale, and we are therefore able
to capture most of the variance that is responsible for the majority of the energy
dissipation. The dominant turbulent motions can clearly be seen in the data records,
which show periodic large variations on timescales of 30-60 seconds, corresponding to
mixing lengths scales of 0.25-0.5 meters for a mean horizontal current of order 0.05

m/s (see Fig. 4.7 for some examples).
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Figure 4.6: Normalized power spectra for one-hour time series of w’, w'T” and T,
covering the time period shown in Figure 4.7a. The w'T” and T"T” spectra were offset
one decade downward for clarity. The approximate 5-second thermal time constant for
the thermistors is evident, but most energy is at larger wavelengths. Total variances
are (w'w’) = 1.70 x 1074 m? 72 (w/'T") = 1.94 x 107* m s™! K and (I"T") = 6.20
x 107* K2, The mean current speed, 7, is 0.038 m/s.

4.4 Turbulent heat flux

There are two limiting thermal convection regimes that our turbulence instruments
could be experiencing; (1) forced convection or (2) free convection. In free, or natu-
ral, convection, the movement of the fluid is due entirely to density gradients within
the fluid, e.g. hot air rises over cold air. There is no external device or phenomenon
which causes fluid motion. In forced convection, the fluid is forced to flow by an exter-
nal factor—wind in the atmosphere, geostrophic or tidal currents in the ocean. Our
measurements, which were generally obtained directly above areas venting warm hy-
drothermal fluid, but were quite close to the bottom boundary in a known cross-flow,
will be experiencing some mixture of these two modes of convection. In a homogenous,
neutrally stratified boundary layer, the Monin-Obukhov length is the ratio of produc-
tion of turbulent kinetic energy due to the mechanical shear and the magnitude of

buoyancy conversion, and defines the height above the surface where buoyant factors
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Figure 4.7: Samples of typical 17-min records. Columns 1 and 2 contain data from
two MAVS placed approximately 4 meters apart during the 2002 field program in
the Easter Island area within the Main Endeavour Field. Column 3 is from a MAVS
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same time interval. Most of the energy is at temporal scales of less than one minute
[see (a)-(f)]. Mean turbulent heat fluxes over this interval are 5900, 8900 and 2 W /m?
for (j), (k) and (1), respectively. Note the change of one and two orders of magnitude
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begin to dominate over shear production of turbulence from the horizontal flow. The
generation of turbulent kinetic energy due to shear production can be expressed as

ou

= Tr—
0z’

s (4.9)

where 7 = u2 is the kinematic Reynolds stress and u, = ({(w'w’)? + (v'w')?)/4 is the
local friction velocity. For our calculations, we used 17-minute averaging periods in
determination of local shear velocity. Numerous observations of the timé—averaged
velocity gradient and the Reynolds stress have established that

gg‘ = % (4.10)
where A is the length scale of the dominant turbulent motion [102]. In a constant-
stress, unstratified turbulent surface layer, A = k|z|, where & is von Kdrmén’s constant
(taken to be 0.4) and z ié the height above the surface. Using A = k|z|, the generation
of turbulent kinetic energy due to shear production can be expressed as u3/k|z|.

The local rate of buoyancy conversion in the turbulent kinetic energy equation is
B = (w'V) = ga(w'T"), (4.11)

given that the buoyancy flux depends almost exclusively on the heat flux, i.e. the
salinity flux is assumed negligible, for low-temperature diffuse vents. Thus we can

estimate the Monin-Obukhov length from direct observations of u, and (w'T”), or

3 3
U Uy POCp

L= T kga(w Ty kgaQ (412)

Using the deployment average values given in Table 4.2, it can be shown the Monin-
Obukhov length scale would be at all the deployment sites with heat flux greater than
1000 W/m?, between —1.5 and —8.4 m (L is defined as negative for unstable condi-
tions), although substantial variability exists on shorter timescales. At the 17-minute
averaging timescale used for our calculations, it was not uncommon for both stable
and unstable conditions to be sampled over the course of a multiday deployment, even

near regions which exhibit rigorous venting.
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The actual shape of the surface-layer velocity profile is influenced by the local
state of stratification. Unstable conditions yield larger mixing length scales, while
stable stratification yields dominant mixing scales which are smaller. Most of our
observations above diffuse vents are within a statistically unstable boundary layer,
where the fluid density is generally lower near the seafloor interface than it is above.
The Monin-Obukhov similarity theory has been extended though the use of stability

functions which depend solely on z/L or
ou Uy

5’;=E‘I'g|' my

where the ®,, function were empirically determined from atmospheric data to be

(4.13)

&, = (1 - 16%)_1/4, (4.14)
and
o, = (1+ 5%), (4.15)

under unstable and stable conditions, respectively [103, 104]. Thus a Monin-Obukhov
length scale of —1.5 meters would effectively increase the dominant mixing length from
0.2 to 0.33 m, although dominant mixing lengths of up to 0.45 m are not uncommon
for shorter averaging timescales. Alternatively, it has been postulated that the mixing
length may be proportional to the wavelength at the peak in the weighted vertical
velocity spectrum, or Apeak = €x/kmaz, Where ¢y = 0.85 [105]. Examples of the 1-hour
average spectra are shown in Figure 4.8 and give reasonably good correspondence
between the two methods, with \,.qx ranging from 0.1 to 0.5 m, but typically a value
close to 0.2 to 0.35 m would be estimated.

The dissipation rate can also be calculated directly from the measured wave num-

ber velocity autospectra within the inertial subrange,

£2/3 _ %\I/ww(k)ks/?’, (4.16)

where ¥, is the vertical velocity energy density spectra at wavenumber k = 27 f /17

in the inertial subrange of the spectrum and ¢ is Kolmogorov’s constant, taken to
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Figure 4.8: Examples of smoothed 1-hour spectra, corresponding to the instruments
shown in Figure 4.7a, b, and c, plotted versus the wave number, k = 27 f /4, where T
ranges from 2.8 to 4.4 cm/s for the deployment intervals shown above. Dashed lines
mark the spectral peak, Kmaz = €1/Apeak- Dissipation rate may be estimated at any

point within the -2/3 slope region.
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be 0.51 [106, 107]. In Figure 4.9, the deployment averaged mechanical shear produc-
tion and the calculated buoyancy conversion are compared to the dissipation rate,
where time intervals which fail a frozen turbulence criteria are excluded. The de-
ployment averaged buoyancy conversion is everywhere less than half the estimated
shear production, and the shear production is equal to or greater than the dissipation
rate. From this comparison, it seems piausible that the overall importance of diffusely
venting patches to the structure of turbulence in the near-bottom boundary layer lies
in its enhancement of mechanical stirring, rather than in direct plume entrainment.

Turbulent heat fluxes were directly calculated from our measured vertical velocities
and temperatures,

Q = pe, (w'T), (4.17)
where (w'T”) needs to be computed over timescales sufficiently long for statistical
robustness, but sufficiently short to ensure the assumption of stationary. This time
interval, chosen to be around 17 minutes, was easily obtained in our short-term de-
ployments (which recorded continuously at either 2 or 5 Hz). But due to logistical
constraints, the yearlong deployments only recorded bursts of measurements over a
time interval of 90-160 seconds. These timescales are of similar order to the scale of
the dominant turbulent motions. To test whether we could obtain statistically reli-
able heat flux estimates utilizing only short, 1.5 to 2.5 minute, bursts of recordings,
we compared the short-term, continuously recording deployments to results obtained
from decimating these records to simulate the long-term sampling. The measured
turbulent heat fluxes seem to indicate that the shorter sampling periods can substan-
tially underestimate the turbulent heat flux, when short time averages are considered.
But generally when averaged over multi-day deployments, the results were more com-
parable. We thus expect the turbulent heat fluxes estimated from the long-term

deployments to be lower-bound estimates, but correct to order of magnitude.
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Figure 4.9: (a) Comparison of estimated shear production, S = %I@m, to the dissipa-
tion rate, ¢, for the deployment averages. (b) The dissipation rate generally increases
with the local buoyancy conversion, B = ga(w'T"). Turbulent heat flux relates to the

buoyancy conversion by a factor of {pc,)/(ge), which is a function of fluid tempera-
ture, but is approximately 3 x 10° kg/m?2. Ninety-five percent bootstrap confidence

limits are shown for each estimate as a representation of the uncertainty.
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4.5 Discussion

Comparison of the measured temperatures at the rock/water interface with the mea-
sured turbulent heat flux has shown that point measurements of surface interface
temperature are a poor predictor of turbulent heat flux measured above the diffuse
vent. This result is perhaps not completely surprising given the large spatial gradi-
ents in surface rock temperature shown in Figure 4.2 and Table 4.1. Nevertheless
this result could also be a consequence of spatially variable permeability modifying
the velocity of the effluent fluid, and thereby affecting the transport and discharge
rate of hydrothermal fluid out of the seafloor, or surface roughness variability which
may locally enhance or reduce the measured heat flux over the vent site. However,
since our six year-long records did not show a strong correlation between the bottom
thermistor and observed turbulent heat flux (examples are shown in Figure 4.10),
it is most plausible that the bottom thermistor measures only the temperature of
very localized effluent fluid, and that this temperature may vary over small spatial
distances. Even so, both the turbulent heat and the bottom thermistor temperatures
did display variability on monthly to annual timescales. This variability may be in-
dicative of slow variations in the permeability of the uppermost rock matrix due to
mineral precipitation or dissolution or sub-seafloor biological productivity. However,
without synchronous volume flux and fluid density measurements, it is impossible to
distinguish between changes in the geologic properties of the sub-surface flow paths
and the rate of heat supplied to the system [2].

Several qualitative observations can be made from the turbulent heat flux obser-
vations we have obtained over basalt-hosted, diffusely venting patches of the seafloor.
The probability and cumulative distribution functions for each of the vent fields stud-
ied are shown in Figure 4.11. The large skewness of the probability distribution
indicates the efficiency with which heat is dispersed as the bigger eddies overturn.

Similarly, the large kurtosis reinforces the view that most of the actual heat trans-
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Figure 4.10: Examples of turbulent heat fluxes (in W/m?) calculated for two instru-
ments (a), (b) in the Clam Bed vent field and one (c) in the Easter Island vent area in
Main Endeavour Field. The temperature recorded at each instrument base is shown
in (d), (e) and (f), respectively. Instruments were deployed in 2000 and recovered in
2001. Data shown after a low-pass 36-h filter was applied for clarity. Large changes
in temperature at the water / rock interface do not necessarily correspond to changes
in the measured heat flux at 0.51 meters above the vent source.
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fer takes place during intermittent events, and emphasizes the fact that there will
be substantial variability in short-term averages of heat flux. The accuracy of such
statistics depends strongly on the characteristics of the distributions, and if the tails
of the distribution are poorly sampled, the mean values will likewise be poorly es-
timated. While the most common observed value of heat flux ranged from 50-730
W /m?, the mean values were an order of magnitude larger. Functionally, the Clam
Bed vent field results are very similar to the observations of diffuse heat flux at the
Main Endeavour vent field, although the mean heat flux was roughly half of that
observed within the Main Endeavour Field. These two sites represent the most com-
prehensively studied regions in our study. Clam Bed is mostly dominated by large
areas of diffuse flow and has only three active sulfide structures. In contrast, Main
Endeavour Field is dominated by large, focused-flow structures and has only small
patches of basalt-hosted diffuse flow at any distance from the sulfide edifices. Yet for
each vent field, only about 20% of the observations were above the calculated mean,
and removal of the largest 5% of measured heat flux values reduces the mean by a
factor of approximately one third. The consistency of the results most likely indi-
cates some geologic control on the hydrothermal discharge, but human preferences
for instrument placement on the seafloor cannot be totally excluded. Nonetheless,
the range of turbulent heat fluxes observed and the measured temperatures of efflu-
ent hydrothermal fluid at the rock/water interface, indicate that diffuse flow may be
preferentially located in regions of enhanced permeability, greater than 1071° m? from
Figure 4.3 and Table 4.2.

A recent water column study of the Main Endeavour Field [98] has attempted
to quantify the lateral transport of warm hydrothermal fluid within the axial valley,
while also quantifying the flux of heat in the buoyant plumes above the vent field.
Estimates of 50-150 MW were obtained for the lateral near-bottom transport and 650
+150 MW for the high-temperature buoyant sources [70, 98]. Extrapolation of our

turbulence measurements, assuming the heat flux measured at 0.5 m is representative
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Figure 4.11: (a) Probability distribution of turbulent heat flux estimates obtained
during the 2000, 2001 and 2002 field programs. Large skewness is due to the efficiency
with which heat is dispersed by larger eddies. (b) The large kurtosis, or peaked-
ness, indicates that most of the actual heat transfer takes place during intermittent
events. The median values for these observations range between 50-730 W/m?, while
mean values are between 1800-5500 W/m?2. The inset pie chart shows the spatial
distribution of the measured heat flux values; 50% Main Endeavour Field, 19% Raven,
29% Clam Bed and <2% in the central valley and High Rise vent field. Total number
of observations over the three years was 36150 at twenty-five different locations, and
the mean heat flux was 4100 W/m?.
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of the surface heat flux and that the region of diffusely venting seafloor is between
0.5-5%, yields 700 m x 300'm X 0.005 to 0.05 x 5500 W/m? or 6-58 MW, roughly
consistent with the water column data. Similar scaling applied to the Clam Bed
vent field, but using the smaller area of the vent field, a larger percentage of seafloor
having diffuse venting (~20-30%) of the approximately 200 m x 300 m vent field,
and a lower mean heat flux of 1800 W/m? gives a similar range of heat flux between
21-32 MW. This result is of comparable magnitude to, but still substantially smaller
than, an earlier study of the focused heat flux from this vent field of 122 + 61 MW
[62).

4.6 Summary

The flux of mass and energy through the seafloor interface impacts the interactions
of the biological, chemical and physical processes important to the development of
deep-sea hydrothermal vent communities, and also the global ocean chemical balance
[29, 70, 80, 108, 109, 110, 111, 112]. In this paper, we have examined the processes
important for the advective transfer of heat from the basaltic upper oceanic crust to
the near-bottom boundary layer via basalt-hosted, diffusely venting regions of a mid-
ocean spreading ridge. Our observations indicate that the seafloor interface is very
heterogeneous within these regions of diffuse venting. This variability at the interface
is however quickly homogenized both above and below the surface. The turbulent heat
transfer in the near-bottom surface layer (< 2 m hob) is controlled by the mechanical
production of shear due to bottom currents. However, substantial enhancement in
the shear production was observed near sites exhibiting large surface heat fluxes.
Plumes from the low-temperature diffuse sources are likely to be constrained within
the bottom low-stability layer, and are not likely to be mixed into high-temperature
neutrally-buoyant plume which is of order 100s of meters above the axial floor. While

short-term observations of turbulent heat flux show large variability, a mean heat flux
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between 2-5 kW /m? is probably reasonable for diffuse-patches in this study area. The
measured heat fluxes imply permeabilities greater than 107!° m? for the uppermost

basaltic crust.
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Chapter 5

TEMPORAL VARIABILITY

The influence of tides on submarine hydrothermal systems has been observed
almost since the discovery of hot springs in the deep ocean over 25 years ago [33].
Ocean tides modulate the seafloor pressure field, and thereby force a periodic variation
in hydrostatic pressure throughout the water column and in any portion of the upper
oceanic crust which is in 'open’ contact with the water column. These tides, which
may yield an effective stress as much as two orders of magnitude larger than co-located
Earth tides, also cause compression and dilation of the rock matrix within the upper
oceanic lithosphere [54, 114]. This deformation may be a significant factor in the
observed variability in fluid flow rates out of, and the microseismicity near, deep-sea
hydrothermal systems [36, 53, 55, 114, 115, 116, 117]. But the presence of significant
tidal currents in the bottom boundary layer have made it difficult to ascertain how
much (if any) of the observed modulation of hydrothermal temperatures is due to
(1) an actual modulation in the temperature of the effluent fluid or (2) the effect of
boundary layer processes that advect heat down to, or along, the seafloor interface.

Tidal modulation of horizontal bottom currents has long been suspected of having
a substantial effect on many of the deep-sea hydrothermal observations; particularly
measurements of fluid temperature near diffuse hydrothermal vents and observations
of the biologic responses of vent fauna [31, 32, 118]. Oscillations between peak- and
slack-tidal velocities (on the order of 5 to 30 cm/s in ridge-crest environments) may
substantially affect thermal boundary conditions near the seafloor [27]. At periods
of peak tidal flow, strong bottom water motion may efficiently advect heat away

from the seafloor. In contrast, periods of slack or diminished tidal flow may allow
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a thermal boundary layer (order 10s of meters) to develop above low temperature
diffuse vents. Further, the enhanced fluid temperatures in this region of the boundary
layer may subsequently be horizontally advected along the seafloor with the mean
current [23, 56], resulting in elevated temperature measurements ’downwind’ of the
vent source. Recent field studies have documented examples of this effect, where
periodic changes in temperatures measured at diffusely venting sites are the result of
lateral advection of warm / cool fluid from regions of more / less vigorous venting
[30, 119].

It has also been suggested that near-bottom tidal currents may also be the source
of temperature oscillations recorded at high temperature focused-vent locations, even
when the temperature sensors are buried within the sulfide or anhydrite deposits
[30, 35]. Lateral motion of water along the seafloor interface, with perhaps some
bottom water penetrating into the interior of the permeable vent structures, would
yield a vertical pressure gradient within the vent structure. In areas of large ver-
tical temperature gradients, such as vent orifices where measurements are typically
obtained, effluent temperatures could be impacted due to changes in the cooling rate
of the upwelling hydrothermal fluid; either through enhanced mixing with seawater
or greater conductive heat loss [35]. It has been suggested that temperature varia-
tions on the exterior of the vent structures could also affect the rate of conductive
cooling of the upwelling hydrothermal fluid, and imprint a periodic variation on the
vent fluid temperature [30]. While it is not obvious how to easily distinguish between
these processes Wit‘h field data, these hypotheses are testable with field observations.
Effluent fluid temperatures affected by any of these processes should display a small
(fixed) phase lag between the measured effluent temperature and the bottom current
speed and/or direction. This phase lag should be small, and related to the time it
takes hydrothermal fluid to flow through the vent structure.

An alternative hypothesis for producing a modulation of effluent fluid temperature

in high-temperature hydrothermal systems is related to the large gradients in the
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thermodynamic properties that exist near the two-phase boiling curve. Because of
these large gradients, small changes in fluid pressure could greatly affect the transport
and thermodynamic properties of upwelling hydrothermal fluids, potentially yielding
variations that could be measured at the seafloor. The disproportionately large impact
that small variations in pressure and / or temperature can have on the transport
properties of hydrothermal fluid near the critical point has long been recognized in
numerical simulations [120]. The local extrema in the gradients of the buoyancy and
heat transport properties may also exert significant control on both the style and the
temperature observed during surface venting of hydrothermal systems [121, 122, 123].

Motivated by these observations, an examination of the impact of ocean tides on
the thermodynamic properties of hydrothermal fluid and how these processes produce
fluid temperature Variations at the seafloor is undertaken. Section 5.1 describes the
governing equations for idealized one-dimensional hydrothermal flow utilized in these
simulations. Section 5.2 illustrates the effect of small pressure perturbations on the
thermodynamic properties of fluid at a fixed depth surface, such as the seafloor or the
high-temperature reaction zone. Section 5.3 examines the chronology of a hydrother-
mal fluid parcel as it travels through an entire idealized flow path, from reaction
zone to seafloor. The expected temperature modulation of the effluent fluid is then
calculated for two simplified models for the cooling of the hydrothermal fluid, i.e.
conduction and mixing with seawater. In Section 5.4, the idealized model simulations
are compared with field observations acquired at high-temperature focused vents on
Axial Seamount. The simulations are able to match the amplitude of the effluent

temperatures and also their observed phase-lags with respect to the ocean tide.

5.1 DModel description

Seafloor hydrothermal systems are an important component in the Earth’s total heat

flux budget. It is estimated that roughly one third of the heat flux through the ocean



65

floor is due to hydrothermal circulation [1, 21]. Dissipating such a large amount
of heat requires that a volume equivalent to the entire world’s oceans be circulated
through the ocean crust on the order of every 10°-10° years [1, 111, 21, 124]. Chem-
ical exchanges between the circulating water and seafloor basalts cause the effiu-
ent hydrothermal fluid to be either enriched or depleted in a number of chemical
constituents—yielding a global impact on ocean chemistry [111, 112, 21]. Given the
global importance and diversity in the processes of interest, a large collection of math-
ematical models have been developed to elucidate different aspects of hydrothermal
systems. These mbdels can in general be described as either cellular convection models
or single-pass (pipe) models [125]. Cellular convection models solve the conservation
equations (mass, momentum and energy) in a permeable 1-, 2-, or 3-dimensional rock
matrix. Typically only the steady state solutions are derived. Single-pass models, in
contrast, examine the general behavior of hydrothermal systems, without considering
the details of the fluid temperature and velocity distribution. The equations used in
pipe models are formulated only in terms of the integrated properties of the systems,
such as total resistance to flow or total heat supply.

Whether pressure variations from the surface tide can yield variations in the ef-
fluent temperature of some deep-sea hydrothermal vents is examined with our model.
Consistent with this goal, our model solves the governing equations for a compress-
ible two-phase flow in one-dimension. It should be noted however that many of the
idealizations utilized in this model are unlikely to represent the true complexity of
deep-sea hydrothermal systems, such as assuming uniform permeability and porosity
throughout the entire upflow zone or the absence of phase segregation in the upwelling
fluid.

Governing equations for one-dimensional flow of pure water and/or steam and the
transport of heat within the subsurface porous media are (1) the continuity equation,

(2) the conservation of energy and (3) Darcy’s law for fluid flow in a porous media
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(see [87] for a complete derivation);

op 0

o= (@) =0 5.1
5 T 5y P =0, (5.1)
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Por = pr TV AT +4a (5.2)

k (OP
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n=— ( 5 pg) , (5.3)
where %# % +7- a% is the substantial derivative in one dimension. In the above

equations, p is the fluid density, @ is the vertical component of the Darcy velocity, h is
the enthalpy (per unit mass), P is the pressure, A is the thermal conductivity, T is the
temperature, ¢, is the transient heat transfer term, k is the permeability of the rock
matrix, g is the acceleration due to gravity, and u is the dynamic viscosity. These
equations were solved using the equation of state for pure water [126]. Flow is assumed
compressible, and the rock and fluid are not required to be in thermal equilibrium
(i.e. a non-steady state solution). Assumptions implicit in these equations are that
Darcy’s Law for porous flow is valid, capillary-pressure effects and heat transfer by
dispersion are negligible, and separation (e.g. gravitational segregation) of the two
fluid-phases does not occur. Mass and energy balances for each time-step determine

convergerce.

5.1.1 Reaction Zone

As seawater-derived fluids penetrate oceanic crust in the axial region, their composi-
tion must continually evolve until the fluids enter a high-temperature reaction zone
and obtain their end-member fluid compositions [127, 128]. Fluids within the reaction
zone undergo dramatic changes in their thermodynamic properties, including energy
content, transport efficiency properties, and composition [122, 129, 130]. A fixed
(or at least slowly varying) amount of heat is input into the bottom of the reaction
zone from a magmatic-derived heat supply. This heat is transferred through a thin

conductive boundary layer to the hydrothermal fluid, which then rapidly migrates
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away from the reaction zone and efficiently removes the input heat supply through
vertical advection to the seafloor interface [122]. In our model, we are only concerned
with describing the fluid’s thermodynamic and transport properties as it leaves the
reaction zone and migrates vertically up through the crustal section.

Theoretical studies suggest that the temperature at which plumes initially separate
from the reaction zone may be controlled by gradients in the thermodynamic transport
properties of the fluid [122]. From the steady-state solution of equation (5.2), it can
be shown that the rate of change of energy per unit volume is given by the negative
divergence of the total heat flux, or —V - (phuw — AVT). The first and seconde terms
of this equation represent the rates of accumulation of energy per unit volume due to
advection and conduction, respectively. Jupp and Schultz [123] noted that the relative
importance of these two mechanisms can be expressed by the ratio,

V - (phu)

4
AV2T (5:4)

Ra(z,t) = l

This ratio measures the influence of fluid motion on the evolution of the local temper-
ature field and therefore Jupp and Schultz [123] described it as a ’local’ Rayleigh num-
ber. If Ray < 1, conduction dominates over advection. Conversely where Ray, > 1,
advection dominates over conduction. Jupp and Schultz [123] argue that the temper-
ature of the rising plume that initially separates from the conductive boundary layer
above a heat source can be inferred by calculating where Raj, is a maximum value.
When heat transport through the boundary layer is purely conductive (i.e. prior to
plume initiation), this corresponds to the region where the gradient in fluxibility as a
function of temperature is maximized, where fluxibility is defined as F' = k g(hp(m_fgz)
[122]. Numerical simulations show for pressures appropriate for deep sea hydrother-
mal reaction zones that plumes do initiate near the maximum values of Rar,, between
375 — 475°C for heat sources greater than 500°C [123].

During the time period following plume formation however, the rate of advective

heat loss from the reaction zone must eventually equal (or at least not be greater



68

than) the rate of conductive heat gain, or the depth of the reaction zone must prop-
agate vertically with respect to time. If the vertical migration of the reaction zone
is constrained on daily timescales, yet small perturbations in the pressure field are
permitted (e.g. the tides), then the advective heat transfer must be invariant with
respect to these small pressure perturbations since the conductive heat equation is not
dependent on pressure. Thus, for a given temperature, the solution in one-dimension
requires that % - (phw) = 0, or equivalently g—g = 0 for the fluid that advects verti-
cally away from the reaction zone. The temperature of the fluid leaving the reaction
zone (and therefore the thermodynamic and transport properties) can thus be pre-
cisely specified for any given reaction zone depth (Figure 5.1). This temperature is
always higher than the temperature where the Raj is maximized, which agrees with
the line of reasoning that if the Ray > 1 the reaction zone would propagate towards
the heat source. The exactness of this result is a consequence of the one-dimensional
solution space however, and is not a general solution applicable to multi-dimensional

problems.

5.1.2 Upflow Zone

Any changes in the thermodynamic properties of the hydrothermal fluid as it leaves
the reaction zone are then mitigated during the time spent within the upflow zone.
In these simulations, the permeability and porosity of the media are kept constant
throughout the entire flow path, and viscous dissipation losses are neglected. Much of
the solution space lies below the crifical point for pure water (373.9 °C and 22.04 MPa)
and the modeled hydrothermal fluid therefore consists of only a single phase. In our
simulations, solutions that occur within the two-phase region would still be assumed
to be single component. That is segregation between the vapor and water phases
is not permitted. While this assumption does not account for geochemical measure-
ments which indicate that phase separation occurs in some deep-sea hydrothermal

systems [41, 60], it does allow the present model to demonstrate a potential thermo-
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Figure 5.1: The temperatures for which plumes within the crust would (theoreti-
cally) initially separate from the boundary layer (dotted line; [123]) and for which
the advected heat flux is not sensitive to small pressure perturbations (dashed line).
The boiling curve for pure water (solid line) is also shown. The filled circle is the
critical point for pure water. Geochemical data indicates that in ASHES vent field,
the fluid has undergone subsurface phase separation [41]. If no near-surface cooling
occurs, the fluid would vent at the boiling temperature. The depth range shown for
the high-temperature reaction zone is consistent with a recent seismic study on Axial
Seamount [45]. ‘

dynamic explanation for the modulation of hydrothermal temperatures — without
the complexities produced by phase isolation. Observational data used to test our
model in Section 5.4 is perhaps an extreme example of phase segregation within a
vent field. Spatial variation in the salinity of the effluent fluid across the field, and
between high temperature focused-vents and low temperature diffuse-vents, make a
strong case for subsurface phase segregation. Hypotheses regarding the mechanism
for the physical separation of brine and vapor phases range from gravitational segre-
gation and fracture geometry [41, 131] to variations in the effective multi-dimensional
permeability structure as a function of the vapor saturation [42]. In Section 5.4, both

vapor- and brine-dominated venting fluids are compared with model simulations.
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Permeability Model

While most model calculations can be performed without direct description of a poros-
ity and permeability structure, a specific permeability model is used in order to exam-
ine the fluid’s transient heat loss to the host rock during upflow. Our idealized model
for the permeability and porosity structure is a cubic matrix of circular tubes [52].
The matrix has two inherent dimensions; the diameter, 9, of the individual tubes and
the distance, b, between the tubes. Given this geometry, the effective porosity of the

matrix is given by
3 62
4 v

The actual (or intrinsic) porosity of the medium, which has been measured in ocean

¢ = (5:5)

bottom gravity surveys [43, 8], may be substantially larger than the porosity that is
relevant to flow models. Specifically, all voids may not be interconnected in a way

which contributes to vertical flow. The volumetric surface area of this model is

4
A() = 37@, (56)

where Ag = A,;/V is the surface area of fluid in contact with the rock per unit volume,
A,y is the interfacial area between the solid and fluid phases and V is a unit volume.

Assuming flow through the tubes is laminar and occurs only in the vertical direction,

the relation between the interstitial pore velocity, u,, and the Darcy velocity is given

by

_ duy
= —, 5.7
=% (5.7
The intrinsic permeability of this model can then be directly computed as
w64
v (58)

For situations where two fluid phases are present (both liquid and vapor), the effective
permeability would in all cases be less than the intrinsic permeability of the reservoir

rock [132]. The reduction in effective permeability available to each of the separate
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phases is also different. For low vapor saturations, the vapor phase can be nearly
immobile; while at high vapor saturations, the brine / fluid phase becomes nearly
immobile [42]. Determination of relative permeability functions is dependent on the
flow geometry and fracture patterns and configurations [133, 134]. In our model
however, the fluid and vapor phases are defined to have the same velocity and thus
no relative permeability functions or corrections are sensible. If non-homogenous flow
were considered, the heat transfer coefficients between the two fluid phases would
also need to be estimated and some description of how the fluid and vapor phases
adhere to the rock matrix and / or coalesce in the pore channels at different vapor

saturations would be required.

Heat Loss

Since the time-varying temperature of hydrothermal fluid as it exits the seafloor is
being examined, we are necessarily concerned with how the internal heat carried by
the fluid is modified under the assumption that the fluid and the solid matrix are not
in local thermal equilibrium. It is expected that harmonic temperature changes of the
upwelling fluid will slowly diffuse into the host rock. During periods of cooler upwelling
fluid, the hydrothermal fluid would be warmed by the rock matrix. Conversely, during
time intervals of warmer upwelling fluid, the host rock would cool the upwelling fluid.
In general, conduction of heat between host rock and fluid dampens any thermal
variations carried by the upwelling fluid. The rate of heat transfer is dependent
on the solid-fluid contact properties and the magnitude of the temperature gradient
between the two phases. This type of heat conduction problem has been examined
for a wide range of different flow geometries and fluid flow rates [135].

Simple one-dimensional Darcean flow and heat transfer models, similar to the one
employed here, have been found to match experimental results to £20% [136]. In

these models, heat flux to the wall is conveniently expressed using a heat transfer
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coefficient, hss, between the wall and the excess fluid temperature

G = hos Ao((T2) — (T4)), (5.9)

where ( ) represents the volume average and T, and T are the temperatures of
the rock and fluid, respectively. Assuming laminar flow and using our permeability
model, the heat transfer coefficient can be written as
48\

- 2o 5.10
hsg 116 (5.10)

Combining equations (5.2) and (5.9) and ignoring axial conduction, the one-dimensional

time-dependent heat conduction equation for the fluid [137] can be written as

D(Ty) _ hsfAg
Dt opcp

where ¢, is the fluid’s specific heat capacity, ¢, = (0h/0T)p. If we define the rate

(Te) = (T3)), (5.11)

of heat transfer as I' = hf;%, then we can define a heat transfer coefficient, I'(k/¢),
which isolates the effects of porosity and density for our permeability model. This
formulation allows easy comparison of the thermal dissipation rates for a variety of
different intrinsic permeabilities and effective porosities.

While enthalpy is a monotonic increasing function of temperature at all pressures,
variations in the heat storage capacity of a given mass of fluid leads to a local mini-
mum in the rate of thermal dissipation for all pressures (Figure 5.2a). At subcritical
pressures however, there exists a discontinuity in specific enthalpy associated with
crossing the two-phase curve. The magnitude of this step increase is equal to the
latent heat of vaporization at that pressure. Thus two fluid parcels on the two-phase
curve may have slightly different enthalpies and still be isothermal, since there is no
change in the temperature of the fluid parcel until the quantity of heat added or sub-
tracted is sufficient to change the phase of the fluid. At this temperature there would
be no transient thermal dissipation, DI 0, since there would be no temperature

Dt

gradient between the fluid and the host rock. For all other cases, propagation of a
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)

illustrates that for thermal signals to propagate any distance requires high intrinsic
permeability, low effective porosity (volumetric surface area) and close proximity to
the two-phase curve.

thermal signal through the porous matrix on the order of days requires I' to be of
order 1075 s~! (Figure 5.2b).

In detailed calculations of transient heat transfer, one should also consider the rate
of temperature change of the solid. However, given the substantial thermal capacity
of the host rock in relation to the fluid, the temperature of the rock matrix is assumed
constant with respect to time. The surface temperature of the host rock can then
be prescribed to be the mean temperature of the upwelling hydrothermal fluid at

any given vertical location. This assumption increases the magnitude of the total
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dispersive loss of the transient temperature signal during upwelling.

Poroelasticity

While our model examines the effect of pressure variations on hydrothermal fluid flow
at the reaction zone and within the upwelling branch of the hydrothermal circulation
cell, the diffusive effect of poroelasticity on upwelling fluid flow rates within the up-
per oceanic crust is not included in the present model. Our model utilizes only the
instantaneous component of the pressure signal (assuming a loading effiency of 0.6
[53]), but for simplicity neglects any impact of the diffusive pressure pulse within the
porous upper oceanic crust. While the influence of tidally-induced pore pressure vari-
ations may be significant [53, 55|, the proportional effect of the incremental velocity
due to poroelastic effects decreases as a function of increasing thermal buoyancy-
driven vertical velocity [53, 138]. The influence of poroelastic effects on modulating
hydrothermal effluent may however be important in specific cases, and the effect (if
it obtains sufficient amplitude) should be observable in field data. Solution of the
poroelastic equations for velocity at the seafloor interface shows that the incremental
vertical velocity will lag the ocean tide by 90 — 135°, and potentially could yield a
small incremental temperature variation at the seafloor which would display an addi-
tional fixed lag for all tidal constituents [139]. Spatial variations in pore fluid pressure
due to this mechanism may also drive horizontal flow within the porous media. This
effect would be magnified near upwelling hydrothermal fluid because of the high ther-
mal gradients, and the resulting variability in the properties of both the fluid and the
rock matrix [138]. It is also possible that a variation in horizontal flow within the
rock substrate could enhance mixing of cooler host rock fluid with the upwelling hy-
drothermal fluid, and thereby generate measurable variations in efluent temperature

and chemistry.



75

5.2 Effect of pressure perturbations on fluid temperature

If we consider fluid flowing past a fixed depth, for example fluid flowing out of
rock/water interface, a periodic pressure variation should yield a temperature modula-
tion on the effluent fluid. In the simplest case of a stagnant water column (i.e. T = 0),
we can see from equation (5.1) that %§ = 0. Thus the stipulation of no-flow during
compressive forcing requires the fluid to be incompressible. Given the generally small
gradients in fluid density as a function of pressure, this assumption is reasonable for

small pressure perturbations such as ocean tides. It is therefore possible to directly

AP

determine the enthalpy variations prescribed by a pressure perturbation, Ah = ,

The change in enthalpy varies inversely with fluid density, and therefore the great-
est variations in enthalpy are seen at high temperatures (Figure 5.3a). Variations
in specific enthalpy of this magnitude correspond to only small changes in the fluid
temperature (Figure 5.3b). However, since the enthalpy variation scales directly as
a function of the pressure change, a doubling of the tidal amplitudes would double
the enthalpy response. Even so, the resulting variations in calculated enthalpy can-
not account for the 0.5 — 1.5°C temperature variations in effluent hydrothermal fluid
measured at ridge crest depths. Temperature variability of this magnitude (< 0.2°C)
also does not yield a significant change in the chemical reactivity of the fluid [140],
nor are these variations of sufficient magnitude to be within the resolution of typically
deployed thermistors.

If we focus on fluid leaving the reaction zone however, we find that small pressure
perturbations can yield substantial variations in enthalpy. The fluid departing from
a reaction zone that is held at a fixed depth is subject to the constraint that % .
(phw) = 0 over the pressure range of the tidal interval. Thus while equation (5.2)
requires that fluid leaving the reaction zone cannot change in temperature (if the
reaction zone is stationary), small pressure perturbations do produce variations in

the other fluid properties. The effect on the specific enthalpy of the fluid for pressure
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Figure 5.3: Small pressure perturbations (0.02 MPa in above examples) have little
impact on the enthalpy or temperature of a parcel of non-convecting hydrothermal
fluid. (a) Variation in enthalpy for an incompressible fluid, Ah = AP/p. (b) The
corresponding temperature variations for a non-convecting fluid are all less than 0.2
°C. This indicates that the simple thermodynamic (excluding advection) effect of
pressure variations due to tides is insufficient to yield the 0.5—1.5 °C temperature
variations observed at deep-sea hydrothermal vents.
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Figure 5.4: Plot showing the maximum change in enthalpy of the fluid leaving the
reaction zone for different tidal amplitudes. Fluid leaving the reaction zone is subject
to the constraint that % - (phw) = 0.

variations between 0.01 and 0.04 MPa is shown in Figure 5.4. Large gradients in the
transport and thermodynamic properties produce a strong increase in the relative
response as the critical point is approached. Although variations in fluid properties
are considerably less than 1% of their absolute magnitudes, transport of this enhanced
thermal energy to the seafloor interface can yield a measurable temperature response

at hydrothermal vent orifices.

5.3 Flow path model results

For fluid within the upflow zone, we assume a uniform Darcian flow rate during
ascent. The temperature of the upwelling fluid subject to this constraint is shown
in Figure 5.5a for reaction zone depths equivalent to 25, 35 and 45 MPa. Although
the specific enthalpy variations for fluid departing the reaction zone are substantially
larger than those due to hydrostatic pressure variations alone, temperature variations
in the hydrothermal fluid in the upflow zone are still small due to the large heat

capacity of the fluid along the flow path (Figure 5.5b). For this same reason, the
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Figure 5.5: Ascent paths for three different reaction zone depths assuming the specific
discharge, @, is constant for the upwelling fluid. (a.) Temperature of the fluid in
the upflow zone. The solid dot represents the critical point for pure water. (b.)
Maximum temperature differential of the fluid passing a given depth for the three
different reaction zone depths, assuming a 0.02 MPa tidal amplitude and negligible
transfer of heat between the fluid and the host rock. (c.) Transient heat transfer
coefficient along the ascent paths.

transient heat transfer rate to the host rock is also minimized in the region near the
flow path (Figures 5.2a and 5.5¢).

Even though the flow path is near the minimum in the heat transfer coefficient,
strong constraints on the intrinsic permeability and effective porosity of the host rock
are clearly required for the hydrothermal fluid to transport a transient thermal signal
for a substantial distance prior to reaching the boiling curve. For example, a heat
transfer rate of 107° s~! with a mean heat transfer coefficient of 10~'2 m?/s requires
k/® to equal 1077 m2. This is equivalent to intrinsic permeabilities of 10~%, 10~
and 1071% m? for effective porosities of 0.10, 0.01 and 0.001, respectively. These
permeability values are higher than typically expected for oceanic crust, but are
consistent with the range of permeabilities, 1078 to 1072 m?, estimated from ophiolite
studies [141, 142, previous modeling of ridge axis hydrothermal systems [143, 144,

145], recent borehole measurements [37, 146], and from the measured pore pressure
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responses to ocean tides [53] and regional scale hydrologic pressure transients [49).

5.8.1 Near surface cooling

Once hydrothermal fluid approaches the seafloor interface, it will cool through con-
duction of the heat to the surrounding host rock (which may be rapidly cooled through
secondary circulation), by mixing with a cooler background fluid, or through some
combination of these two processes. For simplicity, only the two end-member cases
are examined. In the pure conduction case, if transient heat transfer losses are negli-
gible, or equivalently if the rate of conductive heat loss is very high near the seafloor
interface, then variations in efluent temperature are determined from the entire vari-
ation in specific enthalpy. Since specific enthalpy increases with temperature over the
full range of pressure, the corresponding change in temperature for a given enthalpy
variation decreases with increasing temperature (Figure 5.6a). Gradients in specific
enthalpy near the boiling curve force the temperature response to approach zero at
the boiling point for the given pressure. While at the boiling point there is no change
in temperature corresponding to small changes in enthalpy, since an increase in en-
thalpy equivalent to the latent heat of vaporization is required before the fluid can
change temperature. For the case where all cooling is due to mixing with a back-
ground fluid (Figure 5.6b), a similar effect can be seen. In this case however, the
temperature response also approaches zero when the majority of the fluid mixture
consists of background fluid, which contains none of the variation in specific enthalpy.
If the upwelling hydrothermal fluid mixes with cooler host rock water or conductively
cools at any substantial depth however, it is clear from Figure 5.2 that any transient

thermal signal would likely dissipate before the fluid reaches the seafloor interface.
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5.4 Model / data comparison

No deep-sea hydrothermal system circulates the salinity-free water used in our model.
However there is no other model for which thermodynamic properties and phase equi-
libria can be used reliably across all relevant environmental conditions, even for such
thoroughly studied aqueous systems such as the sodium chloride solution [147, 148].
One important difference between the hydrothermal seawater system and the pure
water system is the location of the critical point (e.g. from 373.9°C and 22.04 MPa
for pure water to 405°C and 30 MPa for a 3.2% NaCl solution), and the slight dis-
placement of the two-phase curve with depth [149]. The goal of this section is only
to demonstrate a plausible thermodynamic reason for the tidal modulation of efluent
temperatures and care should be taken when interpreting our simulation results, ob-
tained by utilizing the equation of state for pure water, duriﬁg any comparison with
an actual hydrothermal system which has a more complex fluid chemistry.

Modulation of hydrothermal temperatures on tidal timescales has previously been
reported on the Juan de Fuca Ridge at the Endeavour vent field [150, 151, 20] and
at Axial Seamount [2], and also on the Mid-Atlantic Ridge at the TAG hydrothermal
- mound [32, 35]. Tidal modulation of hydrothermal temperatures is not a ubiqui-
tous feature of deep-sea hydrothermal systems however [30, 152]. The field data
utilized for the model comparisons was acquired from two high-temperature focused
vents located in the ASHES vent field on Axial Seamount in the Northeast Pa-
cific. Axial Seamount is a well-studied ridge axis volcano which has been repeatedly
visited and sampled in recent years as part of a multi-year observatory effort (see
http://www.pmel.noaa.gov/vents/nemo/index.html for additional information).

The two data records used for comparison with our model are from the Virgin
Mound and the Inferno vent structures (Figure 5.7). The deployed thermistors took
measurements every 20 minutes and their resolution was temperature dependent,

ranging from 0.6—1.1°C. Inferno is a 4-m high sulfide structure venting brine-rich
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fluid with effluent temperatures exceeding 320°C. Virgin Mound, while also venting
fluid over 300°C, consists of a nearly pure anhydrite structure approximately 2-m
across and is typically <1 m tall. The fluid compositions of the Virgin Mound and
Inferno vents represent the two high-temperature endmember compositions that can
explain most of the fluid compositions observed in the ASHES vent field, when a
three-endmember (with seawater representing the third composition) conservative
mixing model is employed [41]. The composition of Virgin mound fluid is gas-enriched
and has low chlorinity, while the composition of Inferno fluid is comparatively gas-
depleted and high-chlorinity. Fluid geochemistry argues that phase separation, and
subsequent phase segregation, occurred below the seafloor. Virgin Mound is also
somewhat depleted in calcium, indicating the hydrothermal fluid may have cooled in
the sub-surface due to mixing with cold seawater and has precipitated anhydrite [41].
The boiling point for fluid similar to seawater composition (3.2% NaCl) is 348.9°C
(or 344.6°C for pure water) at the pressures typical of the summit caldera on Axial
Seamount [126, 149].

Of probable significance to the hydrogeology of this area is a volcanic eruption
which occurred on the southeastern caldera wall in January of 1998, approximately
3 km distant from the ASHES vent field. This eruption modified both the effluent
fluid chemistry and bacterial diversity within the vent field [84, 153, 154]. An active-
source seismic survey in 1999 identified a region of partial melt at a depth of less than
1 km below the caldera floor, and micro-earthquakes recorded in the caldera region
during this survey did not extend deeper than 2 km [45]. Thus it is likely that the
high-temperature reaction zone is not deeper than 2 km below the caldera floor, and

may be at a depth of less than 1 km during the time interval sampled.

5.4.1 Phase Information

An important consequence of any thermally modulated signal that originates at the

reaction zone is that it will lag the seafloor pressure by an amount related to the time
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Figure 5.7: High-temperature data records collected at Axial Volcano in the NE
Pacific from the summer of 1998 to the summer of 1999. (a.) Time-series and (b.)
spectra of the effluent temperature from the Inferno vent show enhanced energy at
tidal frequencies over the entire interval, including the post-April 1999 decrease in
measured effluent temperature. (c.) Time-series and (d.) spectra of the effluent fluid
from the Virgin Mound vent also show increased variance at tidal frequencies.
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required for the thermal signal to propagate through the full extent of the upflow
zone. This can be described as At/7;, where At is the time the fluid spends in the
upflow zone and 7; is the period corresponding to the tidal constituents. The seafloor
pressure field at Axial Seamount has been well characterized [155]. Additional bottom
pressure data was obtained from the southeastern caldera wall for the year prior
to the temperature data records, including 7 weeks of overlap in the two different
types of data records [54]. The phase lags between the bottom pressure and the
measured effluent temperature signals are shown in Table 5.1 for the six primary
tidal constituents. Given (1) the range of periods for the tidal constituents, (2)
noting that an increase in pressure yields a decrease in the specific enthalpy (energy
per unit mass) for fluid leaving the reaction zone and (3) assuming the entire phase
lag is due to the travel time of the fluid to the seafloor interface, a travel time in the
upflow zone, At, can be estimated which is independent of geologic flow parameters.
With these assumptions, both the Virgin Mound and Inferno vents have similar fluid
upflow times of between 23 and 25 hours. Allowing for one-dimensional Darcy flow
(i.e. equation (5.3)) and assuming the distance to the reaction zone is the same for
both vents, the similar At indicates that the effective permeability in the upflow zone

is remarkably similar (within 7%) for the fluid venting at both structures.

5.4.2 Temperature Amplitude

Given the tidal amplitude, an estimate of the maximum depth of the reaction zone
can be determined by (1) examining the specific enthalpy variation for fluid departing
the reaction zone at different depths and then (2) comparing this with the enthalpy
variations required at the seafloor interface to yield measured temperature variability
(see Figures 5.4 and 5.6). This calculation assumes no thermal dissipation, and rep-
resents the maximum possible depth to the reaction zone. In order to generate the
amplitudes of the temperature variations observed at the seafloor (0.5—1.5°C), the

reaction zone must be close to the critical point. For pure water this is at a depth
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Table 5.1: Phase lags between the measured surface pressure and the effluent temper-
ature signals, and from utilizing the given upflow times. The 95% confidence limits
for the measured phase are given when less than + 45°.

Constituent Period (hrs) Inferno Model; Virgin Mound Modelyy

So 12.0000 -160° £ 19° -156° 153° £+ 25° 153°
Mo 12.4207 -133° £ 12°  -132° -178° £ 21° 178°
Ny 12.6584 -118° £ 22°  -120° -173° £ 28° -168°
K, 23.9343 -140° £ 24°  -169° 163° + 23° 165°
0O, 25.8198 -92° -143° -149° £ 37° -167°
Q1 26.8673 -113° -131° -151° -154°
Upflow time (hrs) 23.2 24.9

equivalent to 22.04 MPa, and for a 3.2% NaCl solution it is at approximately 30 MPa.
For our simulations, we have chosen the reaction zone to be at a depth of 22.3 MPa,
or equivalently a depth of 690 m below the seafloor. Using this depth to the reaction
zone and the travel times computed for the upflow zone, we find that the interstitial
pore velocity for the upwelling fluid is approximately 8 x 10~* m/s. From equations
(5.3) and (5.7) we can write

E_w__p#
¢  3glpo—p) (5:12)

Using this interstitial pore fluid velocity, 8 x 107® m/s, and the fluid properties
calculated at 22.3 MPa with a reaction zone temperature of 376.6°C, we obtain k/¢ ~
1071 m2. For the idealized permeability model used in this study, this result yields
effective permeabilities of 10712, 107!* and 10~ m? for porosities of 0.10, 0.01 and
0.001 respectively, or similarly Darcy velocities between 2.6 x 107* to 107% m/s.
Increasing the reaction zone depth to 3000 m would increase the interstitial pore

velocity to 1.8 x 1072 m/s, and corresponding modify the other calculated values by
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a factor of less than 3. The small value of k/¢ implies very rapid dissipation of the
transient thermal signal, unless k/¢ is much larger (especially near the reaction zone)
than the value determined from the entire upflow zone indicates and / or the fluid in
the upflow zone (very) quickly meets and is maintained on the boiling curve during
ascent.

In the model / data comparison in Figure 5.8, results have been shown where
there is no thermal dissipation. If thermal dissipation were included, the reaction zone
would need to be shallower. The model shown also assumes all the surface cooling
is by conduction. Mixing with cold background water would decrease the model
amplitudes by approximately 40% at these effluent temperatures. The reasonable fit
between the model and observations is not surprising since the reaction zone depth
was chosen to yield the appropriate measured amplitudes, and have constrained the
flow in the upflow zone to yield the calculated phase lags. The time period shown
was chosen since the Virgin Mound vent displayed significant temperature variability
(of order 1°C) and in situ bottom pressure data was available [54]. The peak-to-peak
variability in the measured temperature signal is interesting. However given that
these amplitudes are close to the instrument resolution, it is uncertain whether this
variability represents actual changes in the vent fluid properties or is an artifact of

the instrument resolution and signal filtering.

5.5 Conclusions

A simple thermodynamic model which can explain the temperature modulation ob-
served at some deep-sea hydrothermal vents has been described. The model is based
on the assumption that for a stationary (non-propagating) reaction zone, the tem-
perature leaving the reaction zone must be constant and the rate of advective heat
transfer away from the reaction zone can not vary for small pressure variations. Cor-

respondingly, this requires the heat content per unit mass of the fluid to vary over a
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Figure 5.8: Model (dashed line) and measured (solid line) effluent temperatures for
(a.) Inferno and (b.) Virgin Mound. (c.) Pressure data from a nearby bottom
pressure recorder [54]. Effluent temperatures lag the pressure signal by the times
given in Table 5.1. An increase in pressure yields a decrease in the enthalpy (energy
per unit mass) for fluid leaving the reaction zone. All data records have had a 4-hr
low pass filter applied.



838

tidal cycle or during other pressure perturbations. For the one-dimensional case, the
temperature of fluid leaving the reaction zone can be precisely calculated.

Transport of the modulated thermal signal from reaction zone to seafloor is difficult
to explain. Examination of a simple permeability model and a heuristic transient
heat transfer model demonstrate that in order for a thermally modulated signal to
propagate any distance through a rock matrix, several restrictions must be met. The
rock matrix must have (1) a high intrinsic permeability and (2) a low effective porosity,
and the fluid (3) must be close to the two-phase curve. Using values typical for oceanic
crust it is found that, in general, it is unlikely that transient thermal signals will
maintain significant amplitude for time periods greater than a few days. One notable
exception occurs when the fluid is transported along the two-phase curve. In this
case, different amounts of thermal energy per unit mass may be transported by fluid
that is at the same temperature, due to the latent heat of vaporization. Since there is
no variation in fluid temperature, there is no loss of transient thermal energy; similar
in concept to a heat pipe. These stringent requirements are one possible explanation
for the lack of tidally-modulated temperature variations at some hydrothermal vents.

Simulation results have been compared with field measurements obtained from
two high-temperature focused vents on the summit of Axial Seamount in the North-
east Pacific. This data set may be considered somewhat prototypical for testing our
thermodynamic model however, since there is a known high-temperature heat source
(magma) at shallow depth. The hydrothermal fluid venting at this site has also un-
dergone phase separation, and thus is likely to have been at least partially transported
on the boiling curve. Consistent with the model, the measured phase lag between the
seafloor pressure and the effluent temperature can be explained by simple transport
of a thermal signal through the upper oceanic crust. Both Inferno and Virgin Mound
vents indicate the time spent by the hydrothermal fluid in the upflow zone is approx-
imately one day, and the temperature variations are consistent with the model which

yields a decrease in thermal energy per unit mass for an increase in pressure. If the
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thermal modulation of the efluent fluid occurs as the fluid leaves the reaction zone,
then the modeled travel times indicate an interstitial pore velocity of between 0.8 and
1.8 cm/s for a reaction zone depth between 690 and 1500 meters below the seafloor.
Comparison of the measured temperature modulation of the hydrothermal effluent
with the thermodynamic model shows that the fluid leaving the reaction zone must
be near the critical point. For a pure water system, that would imply a depth to the
reaction zone of approximately 660 meters, or roughly 1500 meters in the case of a
seawater system. The thermodynamic model proposed in this paper can thus provide
a reasonable explanation of the modulated vent temperatures seen at Axial seamount.
The model could be improved substantially however by inclusion of a more realistic
fluid chemistry and thermodynamic properties, and with more realistic modeling of
fluid transport in two phases. Model simulations for other vent fields where the depth
of venting is below the critical point (e.g. TAG) or where the depth to the reaction

zone is believed to be greater (e.g. Endeavour Segment) would be instructive.
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Chapter 6

CONCLUSIONS
(AND FUTURE WORK)

A large volume of low-temperature hydrothermal fluid is discharged into the deep
ocean each year. Analysis of point-observations and measurements obtained within
the deep sea bottom boundary layer yields information on the hydrologic and mechan-
ical properties of the upper oceanic crust. Numerical simulation of one-dimensional
porous flow from a theoretical high-temperature reaction zone within the igneous
basaltic crust to the seafloor interface has indicated a thermodynamic explanation
for some observations of tidally-modulated effluent signals from high-temperature hy-

drothermal vents.

6.1 Global-to-regional problems

Although the analysis included in Chapter 2 indicates that low-temperature hy-
drothermal flow is equivalent to about 20% of the total volume flux from river sources
into the oceans (1], surprisingly little is known about its composition, properties or
regional variability. This fluid has a significantly higher temperature and substan-
tially different fluid chemistry than deep waters which it is injected into. Many
research questions are still open. How this fluid is mixed into the deep ocean? Does
this fluid get distributed over wide geographic regions, such as has been shown for
high-temperature hydrothermal effluent [71]? Do biological process mediate, or make
use of, the nutrients provided by diffuse hydrothermal venting? Are there regional

hot-spots of low-temperature hydrothermal activity? Where? Why? What are the
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controlling factors on the chemistry of low-temperature (on-axis and off-axis) flu-
ids? What would the chemistry of the deep ocean be like if we turned off the tap of

low-temperature hydrothermal venting into the deep ocean?

6.2 Co-registered flow and temperature

Pore fluid pressure in the oceanic crustal reservoir is sensitive to aquifer head, tectonic
compression, loading / compaction with the absence of adequate drainage systems,
intrusion of gas or fluid phase changes, and ocean bottom hydrostatic pressure (at-
mosphere + ocean). Fluid temperature within the reservoir is determined by mixing,
advection and diffusion processes. Given that fluid temperature is believed to be the
dominant factor controlling the density of off-axis crustal fluids (i.e. salinity varia-
tions in the crustal fluids are not large), these two state parameters are inextricably
linked. In Chapter 3 co-registered flow and temperature data was examined. Stud-
ies of this type are yielding substantial advancements in our understanding about
the plate-scale stress state, large-scale hydrology of the upper oceanic crust and the
response of this fluid reservoir to both impulse and periodic forcing.

Variations in the sub-seafloor pressure field (in both time and space) drive horizon-
tal and vertical flow within the crustal reservoir. In any permeable medium, pressure
gradients drive a flux of interstitial fluid according to Darcy’s Law, and thus require
that changes in incremental pore pressure are subject to diffusion. This property
was utilized in a recent study [53], where both the amplitude and phase informa-
tion from borehole pressure sensors was utilized to estimate formation-scale hydraulic
and mechanical properties of the upper oceanic crust. Relative amplification of the
magnitude of lower frequency signals, and an incremental phase offset of the forcing
and response functions are principal indicators of a poroelastic influence on the sub-
seafloor hydrothermal circulation of crustal fluids, and observation of co-registered

flow and temperature allow for direct testing of this hypothesis [2, 36, 139]. Pore
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fluid pressure transients have also been examined in boreholes on the Juan de Fuca
Ridge flank following a plate deformation event [49]. Hydrologic transients are char-
acterized by a rapid co-seismic rise in pore pressure, followed by a continuing, slower
rise to a peak, and then a much slower decay. Based on a simple model that the tran-
sients reflect a combination of coseismic elastic strain and subsequent hydraulic diffu-
sion, [49] estimated bulk crustal properties, and also the size of the inferred (mostly
aseismic) crustal extension event. Similarly, low-temperature on-axis hydrothermal
systems showed large amplitude, periodic variations following this plate-scale strain
event [48], although these variations are not currently well understood.

Year-long observations of temperature data from the monitoring probe placed
on Baby Bare seamount also show large amplitude, periodic variations following a
large seismic event (S. Lange, pers. comm.). Interestingly, the temperature signal
shows significant variability at the four largest tidal constituents. Given the good
correspondence of the tidal variance amplitudes to the local bottom pressure variance
amplitudes, and also the large temperature variance—the upper part of the oceanic
reservoir is predicted to have comparatively uniform temperature [156, 157]—implies
local tidal flushing of the upper oceanic crust may be important, even in lightly
sedimented regions of the seafloor.

Determination of static loading (e.g. crustal strain, aquifer head, and lateral
pressure gradients) is only possible when chahges in the flow regime—temperature,
pressure—occur. Analysis of on-axis data from hydrothermal springs shown in Chap-
ter 3 have shown that even in open-circulation systems, static overpressuring of the
pore fluid of may be an important contributor to vertical flow [2]. These observa-
tions were only possible because of synchronous volumetric flow and temperature
observations were collected over a multiple month time period. Analysis of on-axis
data however is complicated by the associated high-temperature hydrothermal sys-
tems due to laterally induced flow [139], temporal variability in permeability due to

mineral precipitation / dissolution or biological processes [88] fluid phase changes and
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tidal variability in the energy transport of high-temperature fluids [3].

Utilizing the variability, it would be exciting to obtain the static stress state of the
fluid and the bulk hydrologic and mechanical properties of the fluid reservoir (scale will
be dependent on distance to recharge). This could be done by instrumenting both
on- and off-axis fluid monitoring sites [2, 158]. Utilizing crustal strain events, one
could additionally model the response and transient decay for plate-scale hydrologic

and mechanical properties.

6.3 Boundary layer mixing and flow

The observation of turbulent heat flux above deep sea diffuse hydrothermal systems
is ultimately determined by the geological transport properties of the upper oceanic
crust. In Chapter 4 the interconnections of these two regimes was discussed. From
the 36150 observations of the turbulent heat flux at roughly 0.5 m height above the
bottom, it appears that diffuse flow is largely accomplished in regions of relatively high
permeability (>107!° m?) zones. This may be an important factor in the patchiness
of diffuse flow on the seafloor, especially in locating the more rigorous regions of low-
temperature diffuse flow. In general, it appears that most low-temperature diffuse
venting will also be contained within the near-bottom mechanical boundary layer.
Typical rise heights (without cross-flow) are approximately equal to the bottom low-
stability layer observed in our survey.

However, even with these observations, very little is known about how this fluid
is eventually mixed into the deep ocean. What role do tides, and tidal mixing, play?
How is the boundary layer affected by the periodic, oscillating tidal flow? What is
the effect of cross-axis versus along-axis flow? Is the axial valley, or the geographic
location and distribution of venting, the dominant feature of the hydrodynamics of
fluid flow along the Endeavour Segment? What is the along-axis distribution of diffuse

venting? Are diffuse vents (quantitatively) located near faults and fissures, sheet or
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pillow flow? What is the proportioning of diffuse and high-temperature flow along

global spreading axes?

6.4 Temporal variability

Although each of the previous sections dealt with at least some aspect of temporal
variability, Chapter 5 showed how analysis and simulation of temporal variability can
yield important information on the hydrologic properties of the rock matrix in the
region of upflow. Additionally, if the model proves robust, substantial information on
the flow geometry, maximum fluid temperature, temperature in the reaction zone and
during transport to the seafloor can be estimated. Substantial improvements to the
modeling of fluid-rock interactions could then be undertaken with this flow history.
In fact, fluid geochemistry provides one potential way to examine the robustness of
the model, e.g. utilizing the Axial Seamount high-temperature systems, which have
shown tidal variability for several years, and comparing the geochemistry with the
models flow temperature and mixing history. An obvious first-order improvement
to the model will be to incorporate the one-dimensional heat conduction equation.
This will be required to better examine mixing and / or conductive cooling in future
simulations. Examining other hydrothermal systems showing tidal variability will

also test the utility of the proposed model.

6.5 Summary

In this dissertation, many aspects of the volume and energy flux of diffuse hydrother-
mal fluids have been examined. In Chapter 2, the global magnitude of low-temperature
venting was examined. Chapter 3 went from this global-scale all the way down to
observations obtained covering just one square meter of seafloor. These observations
led to insights and provided context for the observations of heat flux obtained in

the near-bottom boundary layer, discussed in Chapter 4. Finally, in chapter 5, the
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tidal variability observed in the efluent temperature of a couple of high-temperature
vents on Axial Seamount was addressed through the development of a thermody-
namic model which can explain the modulation of hydrothermal fluid seen at some
hydrothermal systems. However, this research has led to more questions. It is hoped
that the theoretical and observation data presented in dissertation will provide the
impetus and basis for many future research endeavors in deep sea hydrothermal re-

search.
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Appendix A

WHERE TO FIND THE FILES

Copies of the publications related to this dissertation are available for download
from http://www.nwra.com/resumes/pruis/publications/.
Data files and processing code are available upon request, please send email to

matt@nwra.com.
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