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ABSTRACT 

 

Hydrogeology of ridge-flank hydrothermal systems 

 

Dustin M. Winslow 

 

Most of the hydrothermal circulation through the ocean crust, in terms of mass, heat, 

and many solute fluxes, occurs on ridge-flanks. Far from the magmatic influence of 

mid-ocean ridges, fluid flow is driven by lithospheric heating from below and 

channeled through volcanic rock outcrops that serve as high-permeability conduits 

between the ocean and the underlying volcanic crust. Field data in this setting is 

sparse due to difficulties associated with accessing these remote locations, making 

geologically accurate modeling particularly valuable to assessing the nature of ridge-

flank hydrothermal circulation. Each study in this thesis applies a combination of 

modeling and field observations to constrain the hydrogeologic properties and 

behaviors of ridge-flank hydrothermal systems, including: (1) deriving permeability 

estimates from flowing subsea boreholes, (2) investigating the sustainability of 

outcrop-to-outcrop hydrothermal flow, and (3) constraining the properties and 

behaviors on a well-studied outcrop-to-outcrop system. In the first study, thermal 

records from flowing boreholes in young oceanic crust are used to assess borehole 

and formation properties, including permeability, using analytic equations and a 

Markov chain Monte Carlo analysis to quantify uncertainty. We find the median bulk 



 ix 

permeability at all sites to be between 0.4 to 1.5 x 10-11 m2, with a standard deviation 

of 0.2 to 0.3 log-cycles at each borehole. These results are remarkably homogenous, 

given the much larger variability in permeability measurements in the oceanic crust. 

Results from the second study illuminate the controls on hydrogeologic sustainability, 

flow rate, and preferred flow direction in outcrop-to-outcrop hydrothermal systems. 

We find that sustained flow between outcrops over tens of kilometers depends on a 

contrast in transmittance (the product of outcrop permeability and the area of outcrop 

exposure) between recharging and discharging sites, and that discharge is favored 

through less transmissive outcrops. These systems require aquifer permeability values 

ranging from 10-12 to 10-11 m2, consistent with field measurements and values inferred 

from the first chapter. In the third study, a suite of three-dimensional numerical 

simulations are used to characterize and constrain the permeability and thickness of 

the upper crustal aquifer, the permeability of outcrops, and the potential for multiple 

discharging outcrops and azimuthal permeability anisotropy to influence 

hydrothermal processes at a field site on the eastern flank of the Juan de Fuca Ridge. 
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 1 

INTRODUCTION 

 

This thesis explores ridge-flank hydrothermal circulation from three distinct 

perspectives. The first chapter applies Bayesian statistical methods to thermal logs 

taken in flowing subsea boreholes in order to estimate the permeability and other 

hydrologic properties of the ocean crust. This method improves on previous work by 

providing rigorous error estimates for properties and processes associated with these 

field experiments. In the second study, I use three-dimensional numerical simulations 

to characterize mechanisms and properties controlling outcrop-to-outcrop 

hydrothermal circulation in ridge-flank environments. In the third chapter, I apply 

similar numerical techniques to a well-studied outcrop-to-outcrop hydrothermal 

system on the eastern flank of the Juan de Fuca Ridge in order to identify the heat and 

fluid flow behavior, and constrain hydrologic property ranges, that are present at the 

site. Though each study is distinct in the approach used and problems addressed, all 

results contribute to our understanding of the hydrogeology of the ocean crust on 

ridge flanks. The conditions and properties inferred with these simulations comprise 

crucial controls on seafloor hydrothermal systems across the seafloor, and this work 

constitutes a significant step in the characterization of these systems globally. 

 

Seafloor hydrothermal circulation influences processes throughout the global ocean, 

modifying ocean chemistry [Elderfield and Schultz, 1996; Wheat and Mottl, 2004], 

lithospheric heat flux budgets [Stein and Stein, 1992], the physical state and evolution 

of oceanic crust, as well as a diversity of biology both above and within the crust 
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[Cowen et al., 2003; Edwards et al., 2011]. This thesis focuses on studies of ridge-

flank hydrothermal systems, found far from mid-ocean ridges and characterized by 

relatively cooler flows (5 – 100 ºC) than those found at seafloor spreading centers. 

Despite lower temperatures, ridge-flank systems cover significantly larger areas and 

involve considerably greater contributions to fluid, heat, and some geochemical 

fluxes. Volumetric fluxes of water through ridge-flank hydrothermal systems are 

commensurate with global riverine discharge, and contribute global geochemical 

fluxes comparable to or in excess of those from riverine fluxes for many elements 

[Elderfield and Schultz, 1996; Wheat and Mottl, 2000]. These flows also carry 

enough heat to account for 70% of the deficit in the global lithospheric heat budget, 

about 25% of the earth’s total heat loss, as estimated from cooling plate models [Stein 

and Stein, 1992; Fisher, 2005]. 

 

Sediment cover on ridge-flanks is often thick and regionally extensive, and can 

restrict the exchange of hydrothermal fluids between the water column and 

underlying the crust. In such cases, seamounts and other areas of crustal exposure 

(outcrops) provide high-permeability conduits that allow flows to bypass relatively 

impermeable sediments [Baker et al., 1991; Fisher and Becker, 2000; Villinger et al., 

2002; Fisher et al., 2003b]. With two or more outcrops connecting the underlying 

volcanic crust to the overlying ocean, self-sustaining outcrop-to-outcrop flow systems 

can develop, driving significant heat, fluid, and solute fluxes over tens of kilometers 

between outcrops [Fisher et al., 2003a, 2003b; Hutnak et al., 2008; Anderson et al., 

2012]. Outcrop-to-outcrop flow is driven by escaping lithospheric heat and operates 
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by means of a “hydrothermal siphon,” which is established when thermal differences 

between recharging and discharging fluids create a differential pressure large enough 

to generate flow through the intervening crust. The physics of outcrop-to-outcrop 

hydrothermal siphons, including the nature of heat and fluid flow patterns and crustal 

permeability structure, are the focus of the second and third chapters of this thesis. 

 

Large scale, international and multidisciplinary studies of the deep biosphere, 

hydrogeology, geochemistry, tectonics, crustal composition and alteration are 

underway in hydrothermal systems around the world, including a site on the eastern 

flank of the Juan de Fuca Ridge that is featured in each chapter of this thesis. Field 

data collected for these systems is relatively sparse, due to the difficulty and cost 

associated with deep-sea research, making the application of statistically rigorous and 

geologically accurate models particularly important. Measurements and estimates of 

crustal properties in this area are limited, yet comprise much of the global dataset. 

The first chapter of my thesis adds to this dataset by linking analytical models with a 

rigorous statistical framework. These systems have not previously been modeled in 

three-dimensions using a coupled-flow code (fluid, heat), and idealizations used in 

earlier numerical and analytical work make it difficult to interpret the properties of a 

connected regional flow network within the crust. State of the art models are 

presented in Chapters 2 and 3 of my thesis. As work in all fields at these sites is 

dependent on a careful understanding of hydrothermal flows, developing the next 

generation of quantitative models is essential for understanding these integrated 

subsea biogeochemical systems. 
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Each chapter contributes to our understanding of ridge-flank hydrothermal systems by 

constraining the permeability structure in the ocean crust and identifying primary 

controls on heat and fluid flow in hydrothermal systems. These studies each address 

unique research questions, but are connected in terms of overarching research goals 

and similarities in the relevant physics, methods applied, and setting. In each case, the 

careful application of modeling techniques to sparse field data provided valuable 

insight into the properties and dynamics that characterize ridge-flank hydrothermal 

systems.  
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Abstract 

Most seafloor hydrothermal circulation occurs far from the magmatic influence of 

mid-ocean ridges, driving large flows of water, heat and solutes through volcanic rock 

outcrops on ridge flanks. We create three-dimensional simulations of ridge-flank 

hydrothermal circulation, flowing between and through seamounts, to determine what 

controls hydrogeologic sustainability, flow rate, and the preferred flow direction in 

these systems. We find that sustaining flow between outcrops that penetrate less 

permeable sediment depends on a contrast in transmittance (the product of outcrop 

permeability and the area of outcrop exposure) between recharging and discharging 

sites, with discharge favored through less transmissive outcrops. Many simulations 

include local discharge through outcrops at the recharge end of an outcrop-to-outcrop 

system, as observed at field sites. In addition, smaller discharging outcrops sustain 

higher flow rates than do larger outcrops, which may help to explain how so much 

lithospheric heat is extracted on a global basis by this process. 

 

 

2.1 Introduction  

Ridge-flank hydrothermal circulation through the volcanic ocean crust is responsible 

for the majority of the seafloor heat flux deficit[Stein and Stein, 1992], drives solute 

fluxes between the crust and the ocean[de Villiers and Nelson, 1999; Wheat and 

Mottl, 2004] and supports a vast and diverse crustal biosphere[Cowen et al., 2003; 
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Edwards et al., 2005]. Basement outcrops allow massive hydrothermal flows to 

bypass marine sediments that generally have much lower permeability than the 

underlying volcanic rocks[Baker et al., 1991; Fisher and Becker, 2000; Villinger et 

al., 2002; Fisher et al., 2003b]. Although bare volcanic rock is common close to 

seafloor spreading centers, where the crust is young, widely spaced rock outcrops 

provide the primary pathways for hydrothermal exchange of fluid, heat and solutes 

between crust and the ocean on older and more heavily sedimented ridge 

flanks[Fisher et al., 2003a, 2003b; Hutnak et al., 2008; Anderson et al., 2012]. Flow 

between rock outcrops, which can be separated laterally by tens of kilometers, is 

driven by a hydrothermal siphon, where the primary impelling force is generated by 

the difference in density between recharging (cool) and discharging (warm) columns 

of crustal fluid[Fisher et al., 2003b; Hutnak et al., 2006; Fisher and Wheat, 2010]. 

However, factors controlling flow sustainability, rate, and direction in these 

hydrothermal siphon systems have not previously been explained. 

 

We use three-dimensional, transient simulations of ridge-flank hydrothermal siphons 

to determine what physical parameters allow these systems to function, and how 

system properties influence fluid and heat transport, at a well-studied field site. In 

comparison to earlier one and two-dimensional models of similar systems[Fisher et 

al., 2003b; Hutnak et al., 2006; Anderson et al., 2012], three-dimensional simulations 

provide a more accurate representation of crustal geometry and dynamic flow 

behaviors (regional mixed convection, asymmetric flow patterns, lateral heat 
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extraction adjacent to three-dimensional fluid flow paths). The outcrop geometry and 

the range of sediment and basement properties simulated are guided by conditions 

observed 100 km east of the Juan de Fuca Ridge[Davis et al., 1992], northeastern 

Pacific Ocean, where thermal, geochemical and hydrogeologic field observations 

show that a hydrothermal siphon is presently active[Wheat et al., 2000; Fisher et al., 

2003b]. Using the geometry and properties of this field site as a guide, we investigate 

the mechanisms controlling regional-scale flow behavior that supports a self-

sustaining hydrothermal siphon. Simulations are assessed in terms of their ability to 

reproduce key observational constraints on the character of regional flow: a 

hydrothermal siphon operates between the two outcrops 50 km apart, discharging ~5–

20 kg s-1 of fluid and 1-3 MW of heat[Thomson et al., 1995; Mottl et al., 1998; Wheat 

et al., 2004], and does not result in regional heat-flux suppression at the 

seafloor[Hutnak et al., 2006]. Additional characteristics of this field area are 

described in Methods. 

 

We simulated fluid and heat transport with FEHM, a fully coupled and transient 

model that employs a finite volume method to solve flow equations[Zyvoloski et al., 

2011]. Simulation domains are 130 km long, 80 km wide, and 4 km thick, with no-

flow side boundaries, lithospheric heating from below (varying with position 

according to crustal age), constant (bottom-water) temperature at the top (seafloor), 

and seafloor pressure varying with water depth (Fig. 2-1). Two volcanic rock 

outcrops are separated by 50 km, penetrating upward from a flat crustal aquifer and 
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extending 65 to 500 m above an otherwise-continuous sediment layer. Simulations 

presented in the main text of this study were started with a pre-existing hydrothermal 

siphon running between the two outcrops, to distinguish the investigation of siphon 

sustainability from issues associated with initial siphon formation, although similar 

behaviors were observed in simulations started from a hydrostatic initial condition. 

Each simulation was run until a dynamic steady state was achieved, wherein transient 

behaviors persisted (e.g. mixed convection, unstable secondary convection, local 

circulation) and recharge and discharge rates through outcrops stabilized to ± 0.1% 

per kyr of simulation time.  

 

Here we present the first transient, three-dimensional simulations of outcrop-to-

outcrop hydrothermal siphons on the seafloor, and explore the parameter space under 

which a siphon is sustained. We identify key controls on system behavior (outcrop 

size, permeability) and provide a mechanistic explanation as to why some systems 

sustain hydrothermal siphons whereas others do not. Model results indicate that, for 

the geometry and range of properties tested, a significant contrast in outcrop 

properties is required for a hydrothermal siphon to be sustained, and that discharge is 

favored through the outcrop which is more restrictive to flow. This helps to explain 

field observations indicating that small outcrops tend to be sites of hydrothermal 

discharge[Fisher et al., 2003b; Davis and Becker, 2004; Hutnak et al., 2008], and 

suggests that small outcrops may play an especially important role in extracting 

lithospheric heat from the oceanic crust.  
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2.2 Results 

For simulations that sustain a hydrothermal siphon, net lateral fluid transport in the 

upper crustal aquifer occurs from the recharge site toward the discharge site, although 

one or both outcrops may recharge and discharge fluids simultaneously (Fig. 2-2). 

Typical flow behaviors in simulations consistent with field observations include a 

temperature difference at the base of recharging and discharging fluid columns of 

~60°C, mixed convection within the crustal aquifer between outcrops, and 

insufficient fluid flow through seafloor sediments to cause measurable thermal or 

chemical perturbations (Fig. 2-2). Typical pressure differences in the crustal aquifer 

between the base of recharge and discharge sites are 20-100 kPa, consistent with 

differential pressures measured with subseafloor observatories on the eastern flank of 

the Juan de Fuca Ridge[Davis and Becker, 2002].  

 

The mass rate of siphon flow (QS) is calculated by subtracting simulated recharge 

from discharge at the discharge site; the fraction of total outcrop discharge passing 

through the siphon (FS) is ≤0.75, and generally scales with QS. An upper crustal 

aquifer permeability (kaq) of ~10-12 m2 is necessary to sustain the hydrothermal siphon 

and match typical flow characteristics at the field site (Fig. 2-2). Higher kaq generally 

results in higher QS than observed, accompanied by excessive lowering of 

temperatures at the sediment-basement interface, and leading to excessive regional 
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heat extraction, whereas lower kaq results in lower QS or fails to sustain a 

hydrothermal siphon between outcrops. 

 

We define transmittance (T, m4) as the outcrop permeability times the area of outcrop 

exposure at the seafloor (k x A), a measure of the capacity of a rock outcrop to 

transmit fluid as part of a hydrothermal siphon. Two sets of simulations illustrate how 

outcrop properties affect siphon behavior. In the first set, we modify T at the 

discharge site (variable TD) by changing both outcrop size and permeability (Table 2-

1), while holding outcrop properties fixed at the recharge site (constant TR) (Fig. 2-3). 

Hydrothermal siphons in these simulations transmit QS≤60 kg s-1, with QS generally 

increasing with TD until the siphon fails. In the second set of simulations, with two 

outcrops of equal size, we vary T by modifying outcrop permeability only. These 

simulations generate similar behaviors but lower siphon discharge rates (QS ≤18 kg s-

1) (Fig. 2-4). For both sets of simulations, hydrothermal siphons are sustained only 

when TD/TR < 0.1, with QS tending to be greatest at somewhat lower TD/TR values 

(Fig. 2-4). In addition, every simulation that sustained a hydrothermal siphon did so 

with the lower-T outcrop becoming the primary site of siphon discharge, even when 

siphon flow was initiated in the opposite direction. 

 

2.3 Discussion 

These simulations demonstrate that, given sufficiently high permeability in the crustal 

aquifer, the variability of volcanic outcrop transmittance determines both (a) whether 
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or not a hydrothermal siphon can be sustained, and (b) the dominant siphon flow 

direction. A flow restriction at a ridge-flank discharge site (low TD) slows the overall 

rate of siphon transport, allowing the fluid to be warmed by lithospheric heat, which 

increases the impelling force for the siphon. At the same time, relatively high 

permeability in the crustal aquifer allows the pressure difference between recharging 

and discharging ends of the siphon to drive lateral flow with minimal energy loss. In 

cases where the difference in outcrop properties is smaller (TD/TR > 0.1), the pressure 

difference between the crust below the outcrops may be insufficient to overcome 

viscous losses in the intervening aquifer, rendering the siphon unsustainable. The 

abrupt transition in behavior between systems that sustain siphons and those that do 

not (Fig. 2-3) indicates that the transmittance ratio exerts a fundamental control on 

siphon sustainability in systems of this kind. The transition occurs at TD/TR ~ 0.1 for 

the geometry and properties assigned in this study, but this transition will likely shift 

in systems having different outcrop spacing, aquifer thickness, and/or permeability. 

 

The finding that hydrothermal siphons tend to discharge through outcrops with lower 

T is consistent with field observations suggesting that discharge is favored through 

smaller outcrops[Fisher et al., 2003b; Davis and Becker, 2004; Hutnak et al., 2008]. 

In addition, it has been proposed that higher temperature (“black smoker”) 

hydrothermal vents on mid-ocean ridges tend to discharge at sites where there is a 

flow restriction[Strens and Cann, 1982, 1986; Germanovich and Lowell, 1992; 

Lowell et al., 1993]. Although mid-ocean ridge hydrothermal systems include many 
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characteristics that are not found on volcanically inactive ridge flanks (e.g., phase 

separation of flowing fluids, development of a cracking front, faster rates of reaction), 

the consistency of this trend could indicate a fundamental behavior of subseafloor 

hydrogeologic systems driven by lithospheric heat. 

 

Although outcrop transmittance comprises the primary control on siphon behavior in 

our simulations, outcrop size has an additional influence. Simulations having smaller 

outcrops as discharge sites yield higher QS and FS than those with larger outcrops 

having equivalent TD (Fig. 2-3). This may occur because, given a particular flow rate 

(limited mainly by system geometry, aquifer permeability, and available heating from 

below), higher temperatures in ascending crustal fluids are thermodynamically easier 

to maintain in small outcrops than in large outcrops. A warmer column of discharging 

fluid creates a larger difference in fluid pressure between the base of recharging and 

discharging outcrops, generating larger lateral driving forces and flow rates within the 

underlying crust. Small outcrops also tend to be dominated by the thermal influence 

of one direction of fluid flow, as less space is available for flow paths to develop in 

both directions. Thus, once a small outcrop is established as a discharge site, local 

recharge (and associated crustal cooling) is inhibited, boosting FS. These results 

suggest that outcrops smaller than ~2 km in diameter, which are thought to be 

abundant globally but are generally undetectable with satellite gravimetric data[Kim 

and Wessel, 2011], may have a disproportionate influence on lithospheric heat 

extraction. This may explain why so few sites of ridge-flank hydrothermal discharge, 
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a global process responsible for 25% of Earth’s geothermal heat loss, have been 

identified to date: the vast majority of sites where this process occurs remain 

unmapped and unexplored. 

 

In simulations that sustain a hydrothermal siphon through two larger outcrops 

(differences in T result entirely from differences in k), FS is generally low enough to 

allow significant outcrop-local circulation (Fig. 2-4). Both outcrops generate local 

recharge and discharge in these simulations, even in those sustaining a hydrothermal 

siphon. Simultaneous recharge and discharge through large outcrops that are thought 

to be sites of hydrothermal siphon recharge has been observed at field sites[Hutnak et 

al., 2006, 2008; Wheat et al., 2013]. That the hydrothermal siphon fails when TD/TR > 

0.1 demonstrates the additional possibility that local (single-outcrop) hydrothermal 

circulation systems can develop within proximal outcrops between which there is no 

siphon flow, even if there is a permeable aquifer connecting them.  

 

The minimum aquifer permeability required to sustain an outcrop-to-outcrop 

hydrothermal siphon in this study, kaq =10-12 m2, is well represented by the global 

dataset of in-situ permeability measurements in the upper ocean crust (Fig. 2-5). This 

permeability value is at the lower end of values estimated with one-dimensional 

analytical calculations[Fisher and Becker, 2000; Fisher et al., 2003b], and lower than 

inferred from two-dimensional simulations based on an equivalent geometry[Hutnak 

et al., 2006]. Three-dimensional numerical simulations may result in more fluid flow 
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and heat extraction than do one- and two-dimensional simulations with equivalent 

permeability because the three-dimensional simulations result in advective heat 

extraction focused within a comparatively small area. This allows recharging and 

discharging fluid columns in the crust to be relatively isothermal, maximizing the 

driving force for siphon flow. In contrast, two-dimensional simulations treat volcanic 

outcrops as “ridges” that extend to infinity in and out of the plane of the simulation, 

so a smaller fraction of crustal heat is advected per area of two-dimensional outcrop, 

and higher aquifer kaq is required for the siphon to be sustained. 

 

The simulations presented in this study were developed for an end-member of ridge-

flank hydrothermal systems, based on a field site where there is considerable 

understanding of system geometry, crustal properties, and flow fluid rates[Davis et 

al., 1992; Mottl et al., 1998; Fisher et al., 2003b; Wheat et al., 2004; Hutnak et al., 

2006]. This field site sustains an outcrop-to-outcrop hydrothermal siphon that 

operates at a relatively low flow rate (tens of kg s-1) at present, but likely operated 

much more vigorously in the past when sediment cover was thinner and less 

extensive, and there was a larger network of exposed basement outcrops[Hutnak and 

Fisher, 2007]. On a global basis, outcrop-to-outcrop circulation systems are generally 

more efficient at extracting lithospheric heat than is the system operating presently at 

this field site[Stein and Stein, 1992; Fisher and Becker, 2000; Villinger et al., 2002; 

Anderson et al., 2012]. Based on trends from simulations presented herein (Figs. 3, 

4), higher fluid flow rates between outcrops cannot be generated by larger differences 
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between TR and TD alone (holding other parameters with ranges simulated). Instead, 

achieving greater basement cooling and a larger reduction in seafloor heat flux likely 

requires higher aquifer permeability and/or an outcrop geometry that allows faster 

fluid flow rates through the upper crust. We hypothesize that one or both of these 

conditions help to explain the global heat flux anomaly on ridge flanks, and may 

account for even more extreme cases of highly efficient heat extraction from these 

systems[Davis et al., 1992; Villinger et al., 2002; Hutnak et al., 2008].  

 

2.4 Methods 

2.4.1 Computational methods 

The numerical model used in this study, Finite Element Heat and Mass (FEHM), was 

developed at Los Alamos National Laboratory for analyzing complex hydrogeologic 

systems[Zyvoloski et al., 2011]. FEHM is node-centered and was run with a Delaunay 

mesh of tetrahedral elements, incorporating a finite volume approach to representing 

properties and flows between nodes. Darcy’s law governs fluid flow in these 

simulations, and flow rates calculated in the present study are consistent with this 

approximation (e.g., laminar flow). FEHM is fully coupled and transient, with flow 

potential and fluid properties (and thus the vector components defining the three-

dimensional flow field) being updated with each time step. For this study, we applied 

FEHM with a solver that is fully implicit with upstream weighting.  
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All simulations in this study were run for ≥105 years of simulation time (1,000 – 

2,000 time steps), sufficient to reach a dynamic steady state such that recharge and 

discharge rates from outcrops stabilized to ± 0.1% per kyr of simulation time, 

requiring runtimes of 1 to 10 days on a desktop (Linux) workstation. Whole grid mass 

and energy conservation were confirmed for simulations at dynamic steady state, 

finding the apparent “imbalance” between input and output to be <3% at late times. 

These apparent imbalances arise mainly because of very low rates of fluid transport 

(at rates too small to be detected in the field, <0.1 mm/yr) across a large seafloor area. 

These very slow flows become a percentage of flow through outcrops only because 

outcrop flows are relatively small for the field setting used as the basis for simulations 

presented in this study. Apparent imbalances also occur because flows through the 

whole crustal system (>4 x 104 km3) continue to be irregular and oscillatory, with 

water moving into and out of storage at all times. Internal mass balance errors, 

calculated by FEHM during solution iteration, are <<1%. 

 

2.4.2 Grid development and resolution 

Grid geometries for simulations shown in this study comprise of ~4 x 105 nodes and 

~2.2 x 106 elements. Initial simulations were performed using coarser grids, which 

yielded somewhat different local convection patterns, but siphon flow and 

sustainability were otherwise robust to differences in grid resolution. Grid resolution 

is highest within the aquifer and outcrops, with typical node spacing of 50-225 m, 

consistent with grid spacing used in earlier, two-dimensional models of ridge-flank 
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hydrothermal systems[Davis et al., 1997; Wang et al., 1997; Stein and Fisher, 2003; 

Spinelli and Fisher, 2004; Hutnak et al., 2006]. Cells are coarser within the sediment 

(200-500 m node spacing) and the low-permeabilty basalt layer underlying the 

aquifer (150-2000 m spacing), both of which experience no measurable flow based on 

thermal and/or geochemical measurements (≤0.1 mm/yr). Areas of the domain 

located ≥10 km horizontally from a volcanic rock outcrops also have larger node 

spacing to improve computational efficiency. The relatively thick section of low-

permeability volcanic rock below the crustal aquifer allows the redistribution of 

lithospheric heat rising conductively from depth, which is important for capturing the 

full coupling between hydrothermal circulation, patterns of advective heat extraction, 

and conductive seafloor heat flux. 

 

2.4.3 Initial conditions 

All simulations presented above were started with the initial temperature and pressure 

conditions of an active outcrop-to-outcrop hydrothermal siphon. Generating this state 

requires a series of steps, starting with a conduction only (no fluid flow) simulation 

that yields a thermal state consistent with the simulated geometry and physical 

properties. We use these results to calculate hydrostatic pressures consistent with 

conductive thermal conditions at each node as a function of depth, including 

differences in fluid density (“conductive-hydrostatic”). These initial conditions are 

used to start a fully coupled simulation that can spontaneously form an outcrop-to-

outcrop hydrothermal siphon, given appropriate aquifer and outcrop permeabilities. 



39	  
	  

We use the fluid and formation pressure and temperature conditions that result from 

this flowing hydrothermal siphon as a consistent starting condition for all subsequent 

simulations of the same crustal geometry. 

 

We performed a suite of simulations, across the same range of system geometries and 

aquifer and outcrop permeabilities discussed in the main text, in which the initial 

condition was “conductive-hydrostatic,” rather than being based on an active outcrop-

to-outcrop siphon. In almost every case, the simulated behaviors and QS, at dynamic 

steady state when starting from “conductive-hydrostatic,” were identical to those 

based on starting with an active siphon (Fig. 2-6). The exception was for a single 

simulation with different-sized outcrops and TD/TR ~ 0.1, in which an initial siphon 

can self-sustain under conditions where it would not develop spontaneously from 

“conductive-hydrostatic.” We also ran subset of the simulations presented in Figs. 3 

and 4 beginning from an active siphon that flows in the opposite direction. In all of 

these cases, the siphon either failed or spontaneously switched direction to yield 

identical results at dynamic steady state to those started from “conductive-

hydrostatic.” We focus in this study on sustaining a hydrothermal siphon, rather than 

developing it from “conductive-hydrostatic,” to avoid convolving the influence of 

system properties and initial conditions on siphon behavior. Real outcrop-to-outcrop 

hydrothermal siphons develop through a complex history of volcanism, lithospheric 

cooling, sedimentation, consolidation, lithification, alteration, and tectonic processes, 
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all of which are highly variable and details of which are poorly known at individual 

field sites. 

 

2.4.4 Physical properties and outcrop geometry 

The physical properties assigned to parts of each grid are summarized in Table 2-2. 

Individual model cells are intended to comprise representative elemental volumes, in 

which bulk properties apply to solid material and pore space surrounding a single 

node. We use homogenous and isotropic bulk properties for the volcanic (basaltic) 

crust, with a single value assigned to each section (the crustal aquifer, the low 

permeability crustal layer beneath, and two outcrop regions). Preliminary testing 

indicates that a more complex treatment of the crustal aquifer (anisotropy, 

heterogeneity) produces the same trends in regional-scale flow behavior that are 

described in this study, but these dependencies remain to be explored and quantified. 

 

Sediment porosity, thermal conductivity, and permeability vary with depth to account 

for compaction. We used data from the field area to create representative depth-

dependent functions for each property. Each function was discretized and values were 

assigned to nodes so that the cumulative effects of the sediment layer were accurately 

represented. Although there is some uncertainty in the estimates of bulk sediment 

properties, we find that the results of this study are robust to realistic deviations in the 

hydrologic and thermal properties assigned. 
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The values chosen for basement permeability and thickness of the crustal aquifer 

were based on consideration of the global borehole dataset of in-situ permeability 

measurements (Fig. 2-5), and simulations that resulted in either no sustained 

hydrothermal siphon (kaq ≤ 10-13 m2) or siphon flow rates and cooling within the 

upper crustal aquifer exceeding observations at the field site (kaq ≥ 10-11 m2). In-situ 

bulk permeability determinations made in basaltic ocean crust, using an inflatable 

packer or a temperature log in an unsealed hole, indicate permeability in the upper 

300 m below the sediment-basement interface having a range of 10-14 to 10-10 m2 (Fig. 

2-5). There are few crustal permeability measurements that extend below the upper 

300 m of basement, but these suggest somewhat lower values. Simulation results 

shown in the present study are based on crustal aquifer thickness of 300 m, which is 

consistent with the global permeability data set. Additional simulations show that 

results are comparable for thicker or thinner crustal aquifers, if the kaq is 

proportionately adjusted such that the product of aquifer thickness and permeability 

remains the same. 

 

Overall outcrop geometries are patterned after those observed on 3.5 M.y. old 

seafloor on the eastern flank of the Juan de Fuca Ridge[Davis et al., 1992; Fisher et 

al., 2003b], and simulated as ziggurats (flat-topped pyramids). The smallest outcrops 

represented in our simulations have a geometry similar to that of Baby Bare 

outcrop[Mottl et al., 1998; Wheat et al., 2004], which rises 65 m above the 

surrounding sediments but is the tip of a much larger volcanic edifice that is mostly 



42	  
	  

buried by regionally thick and continuous turbidites and hemipelagic mud. The 

largest outcrops in our simulations have a geometry similar to Grizzly Bare 

outcrop[Hutnak et al., 2006; Wheat et al., 2013], rising ~500 m above the 

surrounding seafloor. The ratio of outcrop areas for the large and small outcrops in 

our simulations is ~100, and the medium-sized outcrops simulated in this study have 

an area and elevation that is intermediate to that of the large and small outcrops 

(Table 2-2). 
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Fig. 2-1. Geometry and configuration of three-dimensional domains. Domains 
represent a section of upper ocean crust, oriented with the long-axis parallel to the 
spreading ridge, consistent with conditions at a field site on the eastern flank of the 
Juan de Fuca Ridge[Wheat et al., 2000; Fisher et al., 2003b; Hutnak et al., 2006]. A 
conductive volcanic rock section (red, lower permeability) is overlain by a crustal 
aquifer (orange, higher permeability) and marine sediments (blue, lower 
permeability), and two volcanic rock outcrops penetrate through the sediment (light 
blue). Heat is applied to the base, following a lithospheric cooling trend (1). The sides 
and base are no-fluid flow boundaries, and the top is free flow (fluid and heat) with 
pressure varying as a function of seafloor depth. System properties are summarized in 
the Methods. Simulation results within the volume delineated with the yellow 
rectangle are shown in Fig. 2-2.   
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Fig. 2-2. Simulation results at dynamic steady state. This simulation, showing one 
quarter of the domain illustrated in Fig. 2-1, has one large outcrop and one small 
outcrop (characteristics defined in Table 2-1). Domain colors show domain 
temperatures, including influence of rolling/mixed convection in basement aquifer 
and thermal influence of recharging/discharging outcrops. Inset diagrams show fluid 
flow vectors within and around outcrops (length indicates flow rate), with vectors 
plotted on a natural-log scale, the longest vector (exiting the top of the discharging 
outcrop) corresponding to a flow rate of ~4.5 x 10-7 m s-1 (14 m yr-1). Fluid flow 
through the sediment is so slow that it would generate no detectable thermal or 
geochemical anomalies. Vertical exaggeration (VE) of main image is 3x; VE of inset 
images is 2x. 
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Fig. 2-3. Outcrop-to-outcrop siphon behavior for simulations having different 
outcrop sizes. (A) Siphon flow rate, QS. (B) Siphon fraction, FS. Outcrop geometries 
defined in Table 2-1. Each point represents a simulation run to dynamic steady state. 
Crustal aquifer permeability is kaq=10-12 m2 , and a large siphon-recharge outcrop 
(A=14.1 km2) has permeability koc = 10-12 m2, for all results shown. Permeabilities in 
the siphon-discharge outcrop differ for each simulation, as shown by the ratio of 
outcrop transmittance (TD/TR). Each geometry results in peaks for FS and QS when 
0.02 < TD/TR < 0.07, and siphons fail to sustain when TD/TR > 0.1. 
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Fig. 2-4. Outcrop-to-outcrop siphon behavior for simulations with two large 
outcrops. Outcrop geometries are defined in Table 2-1. Bottom and left axes indicate 
outcrop permeability, whereas top and right axes show equivalent transmittance 
(permeability x outcrop area). Each circle represents results of a single simulation, 
run to dynamic steady state, delineating the permeability of recharge and discharge 
ends of the hydrothermal siphon. Color contours illustrate QS (siphon flow rate), 
whereas solid contour lines and labels delineate FS (siphon fraction). Note offset 
between peak values of QS and FS. Simulations within the grey zone did not sustain a 
hydrothermal siphon. 
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Fig. 2-5. Compilation of borehole measurements of permeability in the basaltic 
(volcanic) ocean crust. Figure modified from ref ([Fisher et al., 2014]). Data in this 
compilation are from packer experiments[Becker et al., 2013] (P), modeling of 
borehole thermal logs[Winslow et al., 2013] (T), and a single cross-hole response 
experiment[Fisher et al., 2008], as labeled.  
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Fig. 2-6. Outcrop-to-outcrop siphon behavior for “conductive hydrostatic” 
simulations with two large outcrops. Simulations are as shown in Fig. 2-4, but 
started from a “conductive-hydrostatic” initial conditions rather than a running 
siphon. Each circle represents results of a single simulation, run to dynamic steady 
state, delineating the permeability of recharge and discharge ends of the hydrothermal 
siphon. Solid contour lines and labels delineate FS; filled color contours illustrate QS. 
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Table 2-1. Volcanic rock outcrop characteristics used in coupled-flow simulations. 
 Exposure area a 

A (km2) 
Height b 

(m) 
Top width c 

(km) 
Base width c 

(km) 
Small 

 
0.141 65 0.25 1.0 

Intermediate 

 
1.27 200 0.50 2.0 

Large 

 
14.1 500 2.0 4.5 

a Map-view cross-sectional area of outcrop exposed at the seafloor. 
b Outcrop height above the seafloor. 
c Top and base widths are measured side to side, with base width measured at the 
sediment-basement interface. Outcrop edifices are simulated as ziggurats (flat-topped 
pyramids). 
 
 
 
 
Table 2-2. Formation properties used in coupled-flow simulations. 

 Porosity, 
n (unitless) 

Thermal 
conductivity, 
λ (W/m·K) 

Permeability, 
k (m2) 

Sediment a 

 
0.39 to 0.52 1.36 to 1.51 1.1×10-17 to 2.2×10-17 

Outcrop b,c 

 
0.1 1.82 1×10-15 to 3.2×10-11 

Aquifer b 

 
0.1 1.82 10-12 

Deep crust b 

 
0.05 1.93 10-18 

a Values vary with depth, are consistent through all simulations. The relatively narrow 
range of sediment permeabilities applies to the full sediment column, representing a 
range at a smaller scale of several orders of magnitude. 
b Values assigned homogeneously throughout each region. 
c Each outcrop is assigned a single value in a given simulation. Range refers to values 
assigned across all simulations. 
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Abstract 

We present results of three-dimensional coupled simulations (fluid, heat) simulations 

of ridge-flank hydrothermal circulation on the eastern flank of the Juan de Fuca 

Ridge, where field studies have demonstrated fluid flow between two seamounts 

separated by ~50 km. Constraints from field observations include a range of possible 

flow rates between the outcrops, secondary convection adjacent to the recharging 

outcrop, determinations of crustal permeability from borehole measurements, and the 

lack of a regional seafloor heat flux anomaly as a consequence of outcrop-to-outcrop 

circulation. New simulations include an assessment of crustal permeability and 

thickness, outcrop permeability, permeability anisotropy in the crust, the potential 

impact of additional discharging outcrops, and a comparison with results from two-

dimensional simulations. Three-dimensional simulations are most consistent with 

field observations with crustal permeability of 3×10-13 to 2×10-12 m2, within a crustal 

aquifer that is ≤300 m thick, values consistent with borehole observations. In 

addition, we find fluid flow rates and crustal cooling efficiencies that are an order of 

magnitude greater in three-dimensional simulations than inferred from two-

dimensional simulations using equivalent properties. 

 

3.1 Introduction 

3.1.1 Background and motivation 

Ridge-flank hydrothermal systems drive substantial flows through the oceanic crust 

on a global basis. These systems, which operate at lower temperatures and in older 
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ocean crust than that found near ridges, extend over a large fraction of the seafloor. In 

global aggregate, ridge flank systems are responsible for ≥70% of advective heat 

extraction from the oceanic crust [Stein and Stein, 1992, 1994], and mediate 

significant solute fluxes between the crust and the ocean [de Villiers and Nelson, 

1999; Wheat and Mottl, 2004; Fisher and Wheat, 2010]. These flows also influence 

the structure and development of the crust, and support a vast and diverse biosphere 

within the sediments and upper ocean crust [Cowen et al., 2003; Edwards et al., 

2005]. 

 

Coverage of thick and relatively impermeable sediment is pervasive across much of 

the ridge-flank environment. Seamounts and volcanic edifices (outcrops) exposed at 

the seafloor can allow fluids to bypass sediments, providing relatively high 

permeability conduits for fluid exchange between the ocean and underlying crustal 

aquifer [Fisher and Becker, 2000; Villinger et al., 2002; Fisher et al., 2003b]. 

Systems that develop sustained subsurface flow between sets of outcrops are referred 

to as outcrop-to-outcrop hydrothermal siphons, and are capable of driving flows 

through the ocean crust that significantly impact lithospheric heat extraction [Fisher 

et al., 2003a; Hutnak et al., 2008; Anderson et al., 2012]. This type of flow is driven 

by differences in pressure between cool (recharging) and warm (discharging) columns 

of water within each outcrop [Fisher and Becker, 2000; Fisher et al., 2003b; Winslow 

and Fisher, 2015]. With sufficiently high permeability in the outcrops and 
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intervening aquifer, these differential pressures can drive significant fluid, heat, and 

solute fluxes through the ocean crust. 

 

Seamounts and volcanic edifices (outcrops) are ubiquitous throughout the seafloor 

[Kim and Wessel, 2011], as are fracture zones, transform faults, and other regions of 

basement exposure, allowing flows capable of extracting significant lithospheric heat 

on a global basis. Given the number of seamounts globally, pairs of outcrops have a 

typical spacing that should allow for a large number of hydrothermal siphons to 

operate [Anderson et al., 2012]. These systems may also be more significant to the 

lithospheric heat budget than previously estimated since small outcrops, which are 

underrepresented in gravity studies [Kim and Wessel, 2011], tend to be sites of 

discharge [Fisher et al., 2003b; Davis and Becker, 2004; Hutnak et al., 2008] and 

may play a more important role in regional heat extraction than their larger 

counterparts [Winslow and Fisher, 2015]. 

 

We focus on a well-studied outcrop-to-outcrop hydrothermal siphon operating on the 

eastern flank of the Juan de Fuca Ridge. We present a series of parametric studies, 

each comprising of a number of three-dimensional coupled-flow simulations designed 

to elucidate the nature of heat and fluid flow within the system, and to constrain 

system hydrologic properties in the context of field observations. A subset of 

simulations contrasts two-dimensional modeling, which has been applied to systems 

of this kind in the past [Hutnak et al., 2006], with three-dimensional modeling to 
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examine the importance of dimensionality in accurately representing system 

properties and behavior. We also assess the potential influence of additional factors 

(discharge through additional outcrops, azimuthal permeability anisotropy) on the 

patterns of heat and fluid flow, and on our estimates of hydrologic properties. 

 

3.1.2 Field site and observations 

3.1.2.1 Characterization of field site 

Our field site is located 100 km east of the Juan de Fuca Ridge, an intermediate-rate 

spreading center. Despite being relatively young (3.5-3.6 Ma) crust, a thick layer of 

sediment (~450 m) has accumulated due to high sedimentation rates (30-50 cm/ky) 

and the trapping of turbidites by abyssal hill topography [Underwood et al., 2005]. 

The field site is located over a basement topographic high, where a number of 

volcanic outcrops breach the sediments [Davis et al., 1992]. Two outcrops, Baby Bare 

and Grizzly Bare, support an active hydrothermal siphon that drives fluids through 

the 50 km of crust between them [Fisher et al., 2003b; Hutnak et al., 2006; Winslow 

and Fisher, 2015]. These outcrops were most likely formed through off-axis 

volcanism through processes distinct from those governing the initial formation of the 

crust [Karsten et al., 1998; Becker et al., 2000], implying that hydrologic properties 

in each outcrop may differ from those of the nearby crust. The Baby Bare and Grizzly 

Bare outcrops are relatively isolated from the others in the region (Fig. 3-1), and the 

hydrothermal siphon between them flows from south to north [Wheat et al., 2000]. 
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Additional outcrops, Mama Bare and Papa Bare, are located 16 and 20 km to the 

north of Baby Bare, respectively. 

 

The high-permeability crustal aquifer is one or more layers of extrusive basalt that 

may extend hundreds of meters beneath the sediments, though this thickness (and 

associated depth extent of circulation) is not well known. In-situ bulk permeability 

measurements at the study site, completed with borehole (packer) testing [Becker et 

al., 2013] and from modeling of thermal logs in flowing boreholes [Fisher, 1998; 

Winslow et al., 2013], indicate bulk permeability in the upper 300 m of basaltic crust 

of 10-12 to 10-11 m2. Although no boreholes deeper than 300 m have been drilled near 

this site, deeper holes drilled elsewhere in the ocean crust show a significant decrease 

in permeability in ocean crust deeper than 600 m [Anderson and Zoback, 1982; 

Becker et al., 1983], which provides an upper bound on the possible range of aquifer 

thickness. 

 

Hydrothermal circulation in this system may have been more vigorous in the past, but 

rapid sedimentation has diminished hydrothermal activity by thickening sediment 

cover and burying many former outcrops. A number of heat-flow surveys have been 

performed throughout the region (Fig. 3-1), and show heat flow that is somewhat 

lower than predicted by lithospheric cooling models [Stein and Stein, 1992], 

indicating a regional deficit of ~15%. This deficit can be fully accounted for by 

thermal rebound in the crust [Hutnak and Fisher, 2007], a process by which the crust 
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returns to equilibrium over up to millions of years following to the rapid burial of a 

site. This effect is distinct from that of current hydrothermal circulation, discussed at 

length in this study, which has no measurable influence on regional heat-flux at the 

seafloor [Hutnak et al., 2006]. There are local seafloor heat flux anomalies on and 

near the two outcrops forming the recharge and discharge sites for the hydrothermal 

siphon, but these are restricted to within a few kilometers of the edge of basement 

exposure. 

 

3.1.2.2 Siphon observations 

The existence of the hydrothermal siphon operating between Grizzly Bare and Baby 

Bare outcrops has been established through multiple lines of evidence. Heat flow 

surveys local to Grizzly Bare show reduced heat-flow and cool upper-aquifer 

temperatures: 80 to 100 mW/m2 and ~5 °C, compared to background values of 175 to 

185 mW/m2 and 60 to 65 °C at >1 km from the outcrop edge [Hutnak et al., 2006]. 

This indicates the recharge of cool bottom-water fluids through the outcrop. 

Similarly, heat-flow measured near Baby Bare is elevated (> 800 mW), consistent 

with the discharge of warm crustal fluids [Becker et al., 2000; Wheat et al., 2004; 

Hutnak et al., 2006]. Fluid chemistry from water column samples and sediment cores 

near and between the outcrops establishes hydrologic connectivity between the 

outcrops, as fluids show a clear pattern of increasing alteration along a south-to-north 

transect between the outcrops [Wheat and Mottl, 2000; Wheat et al., 2000]. Finally, 

fluid chemistry in pore and spring waters from Baby Bare is distinct from that of 
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bottom-water samples, and consistent with increased alteration and water age [Mottl 

et al., 1998; Wheat and Mottl, 2000], and with the composition of fluid samples 

collected from nearby boreholes (e.g., Wheat et al., 2003, 2010). An analysis of water 

age based on 14C in upper-basement fluids indicate a travel time of 4 to 10 ky 

[Elderfield et al., 1999; Walker et al., 2007], though dispersive corrections could 

significantly reduce this estimate (corrections by a factor of 10 to 100 are common in 

fractured rock systems) [Fisher et al., 2003b; Stein and Fisher, 2003]. 

 

Thermal studies of the warm plume above the Baby Bare outcrop provide estimates 

of the discharge rate (5-20 L/s) [Thomson et al., 1995; Mottl et al., 1998; Wheat et al., 

2004]. Fluid flow rates may be somewhat higher than this, considering the difficulties 

in estimating heat and fluid fluxes from the water column, and that extrapolating 

diffuse flow over the outcrop would tend to bias estimates towards lower rates if sites 

of focused flow were missed. Given the relative impermeability of regional sediments 

and that heat-flow surveys show no indication of recharge through either the sediment 

column or at Baby Bare, the fluids discharged from Baby Bare must be recharged at 

Grizzly Bare. While Baby Bare appears to act strictly as a site of discharge, 

subseafloor thermal measurements show evidence for outcrop-local discharge at 

Grizzly Bare in addition to recharge [Wheat et al., 2013], which suggests a complex 

and three-dimensional character to fluid flow within the outcrop, in addition to flow 

associated with the hydrothermal siphon. Heat-flow observations around Grizzly Bare 

seamount show no evidence for localized heat-flow suppression beyond the 2-3 km 
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from the edge of basement exposure [Hutnak et al., 2006], which indicates minimal 

regional heat loss due to current hydrothermal circulation.  

 

In context of the global average for heat-flow suppression, this site represents a low-

flow end-member. Outcrop-to-outcrop hydrothermal circulation in general must be 

more efficient at extracting lithospheric heat [Fisher and Becker, 2000; Villinger et 

al., 2002; Anderson et al., 2012], in keeping with observed suppression of seafloor 

heat flow [Stein and Stein, 1992, 1994]. These observations characterize the system 

as operating within a narrow range of conditions: driving forces and fluid flow are 

capable of sustaining an outcrop-to-outcrop hydrothermal siphon across 50 km of 

crust, yet are insufficient to affect regional heat-flow. These conditions place 

particularly strong constraints on system hydrologic properties related to fundamental 

crustal construction and evolution. 

 

3.2 Methods 

3.2.1 Model and configuration 

All simulations for this study were performed with Finite Element Heat and Mass 

(FEHM). FEHM is a node-centered hydrocode, developed at Los Alamos National 

Laboratory [Zyvoloski et al., 2011], which uses a finite-volume approach to represent 

properties and solve for coupled and transient heat and fluid flow. The model domain 

in each simulation is represented by a Delaunay mesh of tetrahedral elements. For this 

study, we used a fully implicit solver with upstream weighting. 
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The region surrounding individual nodes, referred to as model cells, comprise 

representative elemental volumes in which the application of bulk properties 

characterizes both solid material and pore space. Physical properties are assigned 

homogenously as a single value within each section of basaltic crust (the crustal 

aquifer, low permeability deep crust, and each outcrop region). Unless otherwise 

specified, crustal properties are also assigned isotropically. Properties for the 

sediment layer (porosity, thermal conductivity, and permeability) vary with depth to 

account for compaction. Representative depth-dependent functions are created for 

each property, then discretized and assigned to nodes such that the cumulative effects 

of the sediment layer are consistent with field data. A summary of physical property 

assignments for all simulations is presented in Table 3-1. 

 

Simulations were run for 105 to 106 years of simulation time (1,000 to 2000 time 

steps) over runtimes of 1 to 10 days on a desktop (Linux) workstation. This was 

sufficient in each case to achieve a dynamic steady state, wherein transient behaviors 

persisted (e.g. mixed convection, unstable secondary convection, local circulation) 

while recharge and discharge rates through outcrops stabilized to ± 0.1% per kyr of 

simulation time. Internal mass balance errors reported by FEHM and calculated 

during solution iteration are <<1%. Mass and energy conservation were confirmed for 

three dimensional models on the basis of bulk flows, finding apparent imbalances for 

single time steps to be <3% for simulations at dynamic steady state. These levels are 
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expected, as flows continue to be irregular and oscillatory and significant fluid moves 

into and out of storage throughout the crustal system (>4 x 104 km3). 

 

All simulations presented begin with the initial temperature and pressure conditions 

for an active outcrop-to-outcrop hydrothermal siphon, consistent with field 

observations. This initial state is obtained by first running a heat-flow only simulation 

that generates a state (temperature and pressure) consistent with the geometry and 

physical properties of the domain. This state is used to initialize a fully coupled 

simulation with aquifer and outcrop properties chosen to allow the spontaneous 

formation of an outcrop-to-outcrop hydrothermal siphon. The resulting state, 

characterized by a flowing hydrothermal siphon, is used as a consistent starting 

condition for all subsequent simulations of the same crustal geometry. Though a 

number of alternate initial conditions are possible, results from three-dimensional 

simulations of systems with similar properties and geometry to those found at our 

field site have been shown to be relatively insensitive to initial conditions [Winslow 

and Fisher, 2015]. 

 

3.2.2 Model domain 

Model grids are designed to represent the geometry, scale, and properties relevant to 

the outcrop-to-outcrop hydrothermal siphon system at the Juan de Fuca field site (Fig. 

3-2). This includes the Grizzly Bare and Baby Bare outcrops, spaced 50 km apart, and 

an outer section of the crust that places domain boundaries 40 km from each outcrop 
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center. The total model domain represents a 4 km thick section of the ocean crust, 130 

km x 80 km in spatial extent, and is aligned with the long-edge parallel to the ridge 

axis. We refer to the alignment of Grizzly Bare and Baby Bare in this study as “south-

north” and the perpendicular direction as “east-west” as a shorthand, though Baby 

Bare is in fact oriented N 20° E from Grizzly Bare. 

 

The size of the domain was chosen to provide a large gap between the outcrops and 

the boundaries of the model domain. This approach is intended to minimize the 

influence of the side-boundaries on the shape and character of the flow field between 

the Grizzly Bare and Baby Bare outcrops, without intending to explicitly represent 

features of the field site that fall within this outer region. The vertical structure of the 

crust is represented by a series of flat tabular layers, excepting the sediment and 

crustal sections associated with outcrop slopes. The sediment layer (450 m) sits atop a 

permeable crustal aquifer (100-600 m, varies by simulation), with a relatively 

impermeable underlying crustal layer (3 km). This lower layer supports little fluid 

flow but is important to the energy balance near outcrops, whose thermal influence 

can conductively propagate deep into the crust, bending isotherms well below the 

active aquifer. Models run with a thinner conductive layer can bias the result by 

limiting redistribution of lithospheric heat associated with vigorous fluid circulation. 

 

The sides and bottom of the domain are closed to fluid flow, with time-constant and 

depth-dependent hydrostatic pressure applied at the top. The side boundaries are also 
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no-flow and adiabatic, and a constant-temperature boundary consistent with bottom-

water temperatures (2 °C) [Davis et al., 1992; Fisher et al., 2003b; Hutnak et al., 

2006] is applied to the top of the model domain. Basal heat input is specified as a 

function of crustal age, calculated based on a lithospheric cooling curve [Stein and 

Stein, 1992], and has significant variability due to the regional scale of the model 

domain. Heat input across the model is corrected to account for the 15% reduction in 

heat-flow associated with thermal rebound in the region [Hutnak and Fisher, 2007], a 

process that is not explicitly modeled as part of this study. 

 

 

3.2.3 Metrics and observational constraints 

Field observations provide insight into the operation of the outcrop-to-outcrop 

hydrothermal siphon at the study site, and allow us to construct criteria to distinguish 

the simulations that emulate observed behaviors from those that do not. Specifically, 

for a simulation to be considered consistent with observational constraints, it must (1) 

sustain a hydrothermal siphon operating south-to-north, with siphon-discharge at 

Baby Bare in the north and siphon-recharge at Grizzly Bare in the south, (2) support 

siphon-flow rates of 5-20 kg/s, and (3) have no significant local or regional flow 

suppression outside the immediate influence of the outcrops. Later in this study, we 

discuss the implications of relaxing these constraints, particularly the second one, as 

the total flow rate supported by the siphon might be underestimated. Simulations 

should also feature outcrop-local discharge in the southern outcrop in addition to the 
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recharge associated with siphon flow, as inferred from subseafloor thermal 

measurements at Grizzly Bare [Wheat et al., 2013]. 

 

Siphon flow (QS) for each simulation is calculated by subtracting simulated recharge 

from discharge at Baby Bare, though recharge through this feature is typically very 

small (< 1 kg/s). As recharge in each simulation occurs primarily through the 

outcrops, any discharge in excess of outcrop-local recharge must be recharged at the 

Grizzly Bare outcrop. A tiny fraction of outcrop discharge could originate as slow 

infiltration through overlying sediments, but this process must occur at a rate that is 

undetectable with geochemical and thermal analyses (e.g., <0.1 mm/y). The siphon 

fraction (FS), defined as the ratio of QS to the total simulated discharge from outcrops, 

is used to quantify the relative significance of the hydrothermal siphon versus 

discharge supported by outcrop-local circulation. When FS < 1, outcrop-local 

circulation is present in one or both outcrops, in addition to recharge and discharge 

associated with the hydrothermal siphon. 

 

The heat-suppression fraction (FH) is used to quantify the extent to which regional 

seafloor heat flux is reduced below the lithospheric input at the base of the simulation 

domain. We define FH as the area-fraction of the model domain that has >10 mW of 

heat-flow suppression when compared against a comparable simulation with no fluid 

flow. This threshold, equivalent to ~5% of lithospheric heat input at the base of the 

domain, represents a significant and measurable deviation. The conductive heat flux 



68	  
	  

is assessed through sediment surrounding volcanic outcrops, but not through the 

outcrops themselves, because (1) field observations are restricted to locations where 

there is sediment cover, and (2) resolving conductive heat flux through outcrops 

would require fine grid spacing and very small time steps to accommodate rapid rates 

of fluid transport. In addition, the heat-flow anomaly extending out to 2 km from the 

edge of each outcrop was excluded when assessing the regional seafloor heat flux 

deficit, because areas closer to outcrops are subject to local conductive anomalies 

[Hutnak et al., 2006]. We generally consider simulations with FH > 0.05 to be 

inconsistent with observations, as the extensive heat flux studies at the field site (Fig. 

3-1) would have resolved anomalies associated with hydrothermal circulation over a 

significant fraction of the region. 

 

3.2.4 Parametric studies 

The next three sections report results from a series of parametric tests. In each 

parametric set, one or more properties are varied over multiple simulations in order to 

explore the parameter-space that produces simulations consistent with observational 

constraints. A number of properties that are not well determined on the basis of field 

observations (e.g., upper crustal aquifer thickness, permeability of basaltic crust in 

either outcrop) appear to significantly influence the operation of simulated 

hydrothermal siphons. This allows the values of each property to be assessed on the 

basis of simulated siphon behavior. 
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Each simulation in this study is assigned a single set of time-constant properties. A 

series of such simulations, each with distinct values for the properties in question, 

constitutes a parametric set used to investigate the influence of these properties on 

system behavior. A summary of each parametric set, and the associated property 

ranges tested in each, is presented in Table 3-2. The first sets (AQTEST, OCTEST) 

deal with the geometry and permeability within crustal rocks, and aim to constrain 

estimates for these properties on the basis of model output and observational data. 

Later parametric sets investigate additional influences beyond bulk property 

assignment, including the possibility of additional fluid discharge to the north of the 

modeled domain (through other outcrops, ADDQTEST), azimuthal anisotropy in 

permeability (ANITEST), and the influence of running simulations in two or three 

dimensions (2DTEST), including comparison with separate modeling studies [Hutnak 

et al., 2006; Anderson et al., 2012]. In each case, a subset of properties from ranges 

established in earlier sections is used, rather than testing the full range of possible 

properties, in order to focus on specific parameters of interest. 

 

3.3 Modeling constraints on crustal properties and flow geometry 

3.3.1 Flow patterns in coupled-flow simulations 

For all simulations presented with active hydrothermal siphons, fluid recharges at 

Grizzly Bare and flows northward through the upper crustal aquifer until discharging 

at Baby Bare (Fig. 3-3). The direction of flow between outcrops is controlled by the 

size and permeability of the outcrops [Winslow and Fisher, 2015] and is strongly 
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favored from Grizzly Bare to Baby Bare at this field site, with all simulations with 

active siphons also featuring flow in this direction. Even simulations that were started 

with flow in the other directions spontaneously flipped such that siphon recharge 

occurred through Grizzly Bare and discharge occurred through Baby Bare. 

 

Mixed convection is also typically present within the aquifer between the outcrops 

and similar secondary flow can occur within the outcrops; most simulations include 

significant outcrop-local discharge at Grizzly Bare. Simulations typically include a 

temperature difference of ~60 °C between recharging fluids at Grizzly Bare and 

discharging fluids at Baby Bare, with differential pressure in the crustal aquifer 

between the two outcrops of 20-100 kPa. These conditions typically generate lateral 

linear flow rates (specific discharge) of 0.2 to 0.9 m/y within the aquifer, indicating 

an outcrop-to-outcrop travel time of 5 to 25 ky assuming a 10% effective porosity, or 

0.5 to 2.5 ky assuming a 1% effective porosity. Specific discharge from the outcrops 

(including vertical flow) is somewhat higher (6 to 10 m/y), and low enough in the 

sediments (<0.1 mm/y) to be undetectable by thermal or geochemical methods. The 

highest flow rates in each simulation are associated with discharge at Baby Bare, even 

when kB is significantly lower than permeability elsewhere in the model (as in 

OCTEST). 

 

Overall lateral flow within the hydrothermal siphon is generally consistent with that 

of a dipole, causing recharging fluid at Grizzly Bare to travel along both direct and 
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indirect paths to Baby Bare. The lateral flow pattern within the aquifer and outcrops 

in a typical simulation is shown in Fig. 3-4. While the largest flows follow relatively 

direct paths between the outcrops, a fraction of fluid travels on sweeping paths around 

and behind the outcrops. The character of the thermal pattern and velocity field within 

each outcrop reflects this, with active hydrothermal circulation occurring throughout 

both outcrops. The distribution and relative importance of specific flow-paths will 

ultimately depend on the nature of the permeability network present in the field, and 

is highly idealized in these simulations, but the possibility for fluids to take both 

direct and indirect paths appears to be a significant feature of these systems. 

 

3.3.2 Siphon dependence on aquifer and outcrop properties 

One parametric set of simulations (AQTEST) is designed to estimate the permeability 

and thickness of the upper crustal aquifer (kA and b, respectively). In order to study 

the combined affects of both properties on the behavior of the hydrothermal siphon, 

we prepared four separate model grids with different aquifer thicknesses (100 to 600 

m, Table 3-2) and completed simulations with each over a range of permeability 

values. Outcrop permeability was assigned a moderate value of 10-12 m2 for all 

simulations; the impact of outcrop permeability is investigated later with OCTEST 

simulations. Hydrothermal siphon behavior for each simulation is summarized in Fig. 

3-5 in terms of three metrics defined earlier: siphon discharge (QS), the fraction of 

regional heat flow suppression  (FH), and the fraction of outcrop discharge that is 

associated with the siphon (FS). 
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All AQTEST simulations that sustain a hydrothermal siphon do so with QS at or 

above observed flow rates (5 to 20 kg/s). While most simulations produce flow rates 

of 25 to 150 kg/s, results for a small number of simulations with b ≤ 300 m have flow 

rates within the range constrained by observations (15 to 20 kg/s). All simulations run 

with b ≤ 300 m also showed minimal regional heat-flow suppression (FH < 0.05), 

while all simulations with b = 600 m exceeded this threshold. These higher values of 

FH result from a thicker aquifer generating a larger temperature difference between 

the upward and downward limbs of local convection cells when kA = 10-13 to 10-12 m2. 

With this range of properties, the convective pattern influences seafloor heat flow in 

ways inconsistent with field observations. The shape of response for QS as a function 

of kA is similar for each aquifer geometry, but the curves are shifted laterally (Fig. 3-

5A). It is notable that the change in kA required to sustain a siphon is not proportional 

to the difference in b, as would be expected if transmissivity (aquifer hydraulic 

conductivity times layer thickness) were the only control: a 100 m aquifer is 1/6 as 

thick as a 600 m aquifer, yet requires a tenfold increase in kA to produce similar QS. 

This suggests that aquifer thickness influences the efficiency of heat extraction in two 

ways, affecting both transmissivity and the depth of circulation. 

 

The next parametric set (OCTEST) focuses on the influence of permeability within 

the Grizzly Bare outcrop (kG) and the Baby Bare outcrop (kB). We use a 300 m 

aquifer in all simulations, and vary the properties of each outcrop separately (keeping 
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kG fixed at 10-12 m2 while varying kB, and vice versa). Three values of kA are tested to 

assess the sensitivity of results to aquifer properties. Results for simulations testing 

the influence of kG and kB are summarized in Fig. 3-6. 

 

All OCTEST simulations have QS within or above siphon flow rates estimated from 

field observations (5-20 kg/s), with a small number of simulations with low kB (1-3 × 

10-13 m2) falling within this range. All simulations except two also have FH < 0.05, 

with those above being the most extreme examples in terms of QS, kA, and kB (Fig. 3-

6B). Within the ranges tested, an increase in permeability results in monotonic 

increases in both QS and FH, with fluid flow rate being more sensitive to kB than to kA 

or kG. Higher kB also leads to higher FS, while kG has the inverse effect on FS (Fig. 3-

6C). This difference is largely due to the size contrast between Grizzly Bare and Baby 

Bare; Grizzly Bare is better able to support secondary convection and simultaneous 

recharge and discharge, whereas the small surface area of Baby Bare restricts the 

outcrop to discharge only in these simulations. Changes in kB only affect discharge, 

with Baby Bare acting solely as a discharge site in all OCTEST simulations, but 

increases in kG amplify both recharge and discharge at the outcrop and act to increase 

outcrop-local circulation more than QS (driving down FS). 

 

3.3.3 Discussion of permeability and aquifer thickness 

AQTEST simulation results show distinct behavior that varies with aquifer thickness 

(b), but the shape and magnitude of both QS and FS as a function of kA are similar for 
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each value of aquifer thickness (Fig. 3-5A, C). While variations in b shift these curves 

by up to an order of magnitude in kA, the similarity of the QS(b) response makes it 

difficult to constrain the aquifer’s thickness on the basis of these results alone. 

Borehole logs and results from packer testing show evidence for high permeability to 

a depth of 300 m into the crust, but also suggest that the upper extrusive ocean crust 

may comprise a series of thin, highly permeable units [Becker et al., 2013]. While we 

did not explicitly model separate zones within a single aquifer, the fact that a number 

of simulations involving thin aquifers (100 m, 200 m) resulted in active hydrothermal 

siphons and were consistent with the field constraints demonstrates that thin zones are 

capable of supporting significant flows without violating field constraints. Results 

from the ensemble of AQTEST simulations suggest that the best match for aquifer 

thickness in this setting is b < 600 m, considering how well simulations with thin 

aquifers match constraints, and that all simulations with b = 600 m had seafloor heat-

flux suppression well in excess of what is observed regionally (Fig. 3-5B). 

 

AQTEST simulations that result in active hydrothermal siphons (including those with 

large QS and/or FH) span three orders of magnitude in kA (10-13 to 10-10 m2). The span 

of permeability for simulations within observational constraints (QS from 5 to 20 kg/s, 

FH < 0.05) is significantly narrower (<1 order of magnitude), with kA ranging from 

3×10-13 to 2 × 10-12 m2. Both ranges are consistent with estimates of permeability from 

packer testing and borehole thermal logs from boreholes in the region [Becker et al., 

2013; Winslow et al., 2013], and bracket the value derived from a single cross-hole 
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test [Fisher et al., 2008]. These calculations result in lower values of permeability 

than those inferred from earlier two-dimensional modeling of the same system 

[Hutnak et al., 2006]; a more extensive comparison between two- and three-

dimensional modeling results is presented later.  

 

The hydraulic properties of basaltic rock outcrops on the seafloor are not well 

constrained by field data and, given complexities of drilling in bare rock settings, the 

rarity of field constraints on outcrop properties is likely to persist into the near future. 

However, modeling results, particularly those from OCTEST simulations, provide 

insight into permeability at the recharging and discharging end of this hydrothermal 

siphon (kG and kB). Simulations that have both high kA and high outcrop permeability 

(≥10-12 m2) result in significantly greater QS than have been inferred independently 

from field observations. This suggests that, while permeability ≥10-12 m2 is physically 

possible in a hydrothermal siphon running at the scale of this system, elevated 

permeability both within the crust and within outcrops makes it more difficult to meet 

field constraints. 

 

That both QS and FH are more sensitive to changes in kB than in kG appears to be 

significant, and suggests that siphon behavior has greater dependence on properties 

near the site of discharge. The “discharge-dominated” nature of this system results 

from temperature being a primary control on driving forces that sustain the siphon. 

Since recharging fluids enter at a fixed temperature (that of bottom water, ~2 °C in 
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this region), the temperature of fluids in the discharging column ultimately sets the 

pressure difference (driving forces) between the outcrops. 

 

Thus driving forces inversely dependent on flow rates, a negative feedback that 

establishes a functional relationship between permeability and the rate of siphon flow. 

For example, a decrease in kB slows fluid flow and increases the temperature of the 

fluid column at the discharge site, which in turn increases the differential pressure 

across the siphon and thereby increases flow rates. This process could diminish or 

even dominate the direct impact of reducing permeability. The significance of 

discharge-domination in this system may additionally relate the fact that the system is 

barely operating as a hydrothermal siphon, or could result from the difference in size 

between the recharging and discharging features, as is the case for discharge-

dominated systems in high-temperature hydrothermal systems [Strens and Cann, 

1982, 1986; Germanovich and Lowell, 1992]. 

 

3.4 Comparison between two-dimensional and three-dimensional simulations 

3.4.1 Siphon response to dimensionality 

Here we present a parametric set of simulations performed in a two-dimensional 

geometry (2DTEST), which treats variations on both b and kA in a similar fashion to 

AQTEST simulations. Volumetric flow, used elsewhere in this study to describe the 

magnitude of siphon flow, is not strictly defined for two-dimensional problems 

because volumes are inherently three-dimensional. Results in this section are instead 
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presented in terms of mean specific discharge ( ), volume rate per cross-sectional 

area, evaluated at the surface of the Baby Bare outcrop. This metric has the benefit of 

being calculable for both two- and three- dimensional geometries, making it possible 

to compare results from similar simulations in each regime. In addition, we constrain 

realistic siphon behavior in two dimensions based on the system having an active 

hydrothermal siphon and negligible regional heat-flow suppression, as applied for 

three-dimensional simulations.  

 

Results for 2DTEST simulations are presented in Fig. 3-7, along with a subset of 

AQTEST simulations with an equivalent (three-dimensional) geometry. A number of 

two-dimensional simulations sustain hydrothermal siphons, and do so with the 

highest flow rates associated with discharge through Baby Bare and similar values for 

temperature and differential pressures to those found in three-dimensional 

simulations. However, many flow behaviors found in three dimensions, including 

dipole flow and complex circulation within the Grizzly Bare outcrop (Fig. 3-4), are 

not possible in two dimensions. Simulations in two dimensions have significantly 

lower values of  (0.2 to 9.5 m/d) than those for simulations in three dimensions with 

commensurate properties (25 to 86 m/d). All two-dimensional simulations also 

produce significantly higher FH (0.05 to 0.5) than their three-dimensional 

counterparts, extending well beyond observational constraints. 2DTEST simulations 

are also incapable of supporting hydrothermal siphons with lower values of kA (10-13 

to 10-12 m2). That two-dimensional simulations require somewhat higher values of kA 

q

q
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to support hydrothermal siphons is consistent with higher property estimates found in 

previous two-dimensional modeling of this system [Hutnak et al., 2006]. 

 

3.4.2 Discussion of dimensionality in simulations 

Two- and three-dimensional simulations generate results that are quantitatively 

distinct. Explicitly representing the three-dimensional system geometry significantly 

influences the magnitude and behavior of siphon flow, produces separate trends in 

response to b and kA, and alters the range of properties under which the hydrothermal 

siphon can operate. Given that simulations in three dimensions strictly improve on 

physical and geometric accuracy, these differences in behavior alone make a strong 

case for the necessity of three-dimensional modeling for inferring crustal properties 

and other characteristics when evaluating ridge-flank hydrothermal systems. 

 

Representing outcrop-to-outcrop systems in two dimensions restricts possible flow 

patterns to those within the planar model domain, removing the possibility of dipole-

like flow that is typical of simulations in three dimensions (Fig. 3-4) and altering the 

character of local recharge and discharge within individual outcrops. This distinction 

results in large differences in both  and FH due to the lack of flow paths outside of 

the primary flow-plane. Forcing all siphon flow to travel through a planar feature 

results in hydrothermal cooling being focused into relatively small region, resulting in 

excessive heat-flow suppression between the outcrops. This flow restriction also 

results in lower  since driving forces are similar in both two- and three-dimensional 

q

q
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simulations, set by thermally derived pressure differences between the outcrops in 

both cases. These factors ultimately lead to higher inferred values of kA (by 1 to 2 

orders of magnitude) being required to sustain an outcrop-to-outcrop hydrothermal 

siphon in two dimensions. 

 

A significant distinction between the geometries treated in two- and three-

dimensional systems is that the ratio of exposure areas of the two outcrops (AB/AG) is 

different in each case, even for an otherwise identical geometry. This ratio is 

approximately 1/100 for Baby Bare and Grizzly Bare in three dimensions, but 

reducing the problem to two dimensions increases the ratio to 1/10. This ratio has 

been shown in earlier work to influence both siphon behavior and the property ranges 

capable of supporting an outcrop-to-outcrop hydrothermal siphon [Winslow and 

Fisher, 2015]. Though restricting the geometry to two dimensions affects a number of 

factors that may be important to overall siphon behavior (e.g., convection, dipole 

flow), the shift in AB/AG alone can account for the fact that many systems that support 

hydrothermal siphons when simulated in three dimensions are unable to do so in two-

dimensions. 

 

Two-dimensional simulations have a number of additional drawbacks, specifically 

that they cannot be used to assess fluid mass flow rates or mapped seafloor heat-flux 

patterns. As both of these constitute important constraints on system behavior, three-

dimensional simulations are better suited for comparing model results to 
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observational data of this kind. A two-dimensional geometry is also insufficient to 

represent azimuthal anisotropy (examples in three dimensions shown in the next 

section), and less suitable for incorporating realistic heterogeneity, bathymetry and 

property boundaries. Ultimately the geometry and processes intrinsic to outcrop-to-

outcrop hydrothermal siphons, even those only involving two outcrops, are 

unequivocally three-dimensional in nature (Figs. 3-3 and 3-4). As two-dimensional 

models appear inappropriate to treat many aspects of this problem, and produce 

broadly different flow behaviors and property estimates, their use in investigating the 

mechanisms or behaviors associated with outcrop-to-outcrop hydrothermal siphon 

systems should be carefully considered. 

 

3.5 Additional complexity in hydrothermal siphon characteristics 

3.5.1 Influence of azimuthal permeability anisotropy 

We apply two separate treatments of azimuthal permeability anisotropy across a 

series of simulations. In ANITEST-T simulations, the permeability tensor is modified 

to generate increased permeability in the ridge-parallel direction relative to the ridge-

perpendicular direction (10:1 and 100:1), based on the idea that a regional crustal 

fabric runs sub-parallel to the spreading ridge to the west [Haymon et al., 1991; 

Fisher et al., 2008].  In ANITEST-F simulations, anisotropy is introduced by means 

of a single vertical and thin (250 m wide) region of high-permeability nodes 

extending from the base to the top of the crustal aquifer (300 m tall). This region runs 

north-to-south through the center of the model domain, and represents a permeable 
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ridge-parallel fault or fault network. Anisotropy in both cases is applied only to the 

crustal aquifer, with isotropic properties assigned to the outcrops and underlying 

crustal section. This treatment isolates the effects of anisotropy in the crust from 

outcrop permeability structure, shown in OCTEST simulations to significantly impact 

siphon behavior (Fig. 3-6), and is supported by the fact that both outcrops were most 

likely formed through separate processes than the underlying crust [Karsten et al., 

1998; Becker et al., 2000].  

 

Flow behaviors in cases with azimuthal anisotropy in kA differ significantly from 

those without, as illustrated by results for T-11x12 (Fig. 3-8). This is the only 

simulation from ANITEST-T that does not result in excessive heat-flow suppression, 

yet still has QS (75.2 kg/s), well in excess of observational constraints. This example 

shows distinctively focused flow compared to that in Fig. 3-4, with the majority of 

outcrop-to-outcrop flow occurring within a relatively zone range between the 

outcrops rather than spreading significant flow towards the boundaries of the model 

domain. Indirect flow paths that do exist in this case also extend much farther to the 

north and south of the outcrops, as the increased north-south permeability allows 

fluids to take longer paths in this direction with minimal energy losses. The presence 

of anisotropy (10:1 for T-11x12) also changes the character of convection, with 

focused siphon flow causing smaller secondary flow cells to coalesce into larger rolls 

that span tens of kilometers (Fig. 3-8). 

 



82	  
	  

Results for ANITEST simulations are summarized in Table 3-3, including a subset of 

simulations with isotropic permeability for comparison. The range of kA that allows a 

hydrothermal siphon to operate varies significantly between these sets. ANITEST-T 

yielded hydrothermal siphons over a wide range of properties with a variety of values 

for QS and FS, while only a single ANITEST-F simulation (F-11x12) resulted in an 

active siphon. Simulations from ANITEST-F/T generally yield similar (but not 

identical) values for QS and FS compared to isotropic simulations having a 

comparable range of kA. Despite similar siphon flow, most ANITEST-T simulations 

(with anisotropy resulting from a regional crustal fabric) result in FH > 0.2, which 

significantly exceeds observational constraints. 

 

The most significant effect of anisotropy in terms of observational constraints is on 

seafloor heat-flow, which is significantly perturbed in all but one of the ANITEST-T 

simulations (Table 3-3). The requirement of minimal heat flow suppression outside 

the immediate influence of the outcrops is more likely to be violated in cases where 

hydrothermal flow is channeled into a smaller region. This effect would be 

exaggerated by secondary impacts on convection, which further concentrate heat-flow 

anomalies by creating larger and more persistent discrete convective structures. 

Several east-west seismic reflection and heat flux lines were run north of Grizzly 

Bare seamount to look for evidence of heat flux suppression associated with fluid 

flow towards the north [Hutnak et al., 2006]. Although observational data are limited, 

there is no evidence for suppression of seafloor heat flux as would be expected if 
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siphon flow were focused within a narrow (east-west) region, as occurs with 

simulations that include regional anisotropy. In general, simulations that include 

crustal anisotropy tend to result in outputs that are less consistent with observational 

constraints than do simulations without crustal anisotropy. 

 

Simulations based on a single planar fault to represent anisotropy (ANITEST-F) 

require higher permeability to sustain hydrothermal siphons than do either those with 

bulk anisotropy applied via the permeability tensor (ANITEST-T) or simulations with 

isotropic properties. This result is similar in some way to results from two-

dimensional representations of this system: when the bulk of hydrothermal flow is 

restricted to a plane between the two outcrops, either due to a fault or two-

dimensional geometry, systems preferentially form two single-outcrop flow systems 

rather than a connected hydrothermal siphon. Thus even if much of the fluid flow 

were to occur within a narrow band defined by a fault zone, it appears that 

interactions with the rest of the crustal aquifer may be important for accurate 

representation of the hydrothermal siphon.  

 

In addition to the two treatments we presented, there are many other ways to 

incorporate anisotropy into this system (e.g., vertical anisotropy, anisotropy within 

outcrops, additional permeability ratios), and each of which seems to have significant 

and varied affects on siphon behavior. Given the number of free parameters 

introduced by attempting to reproduce the geological complexity present in this 
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anisotropic and potentially heterogeneous system, it is likely that additional data will 

be required to constrain the true permeability structure of this site. Forthcoming 

experimental results, particularly the analysis of a tracer experiment performed in the 

crust north of Baby Bare [Fisher et al., 2011], may better inform proper treatment of 

azimuthal permeability anisotropy for this field site. 

 

3.5.2 Influence of additional crustal discharge north of Baby Bare 

Though this study focuses on the dipole system operating between the Grizzly Bare 

and Baby Bare outcrops, there are other outcrops nearby: Mama Bare seamount is 

located another 16 km to the north of Baby Bare, Papa Bare is located 20 km to the 

northeast, and Zona Bare outcrop is located another ~50 km to the north. Though 

there is no direct evidence for a hydraulic connection between the Grizzly Bare to 

Baby Bare system and other outcrops to the north, geochemical studies suggest that 

there is a systematic variation in basement fluid chemistry from Baby Bare to north of 

Mama Bare (Wheat et al., 2000). There is no estimate of the rate of fluid discharge at 

these additional outcrops, but it remains possible that some fluid associated with the 

Grizzly Bare to Baby Bare hydrothermal siphon discharges through one or more of 

the northern seamounts. We explore the potential impact of this possibility with the 

ADDQTEST simulations (Table 3-2), which we use to constrain the quantity of 

hydrothermal fluid that could recharge at Grizzly Bare seamount and then flow north 

of Baby Bare, without perturbing the discharge at Baby Bare beyond what is allowed 

by observational constraints. 
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To represent the influence of additional northern discharge (QN), we include a fluid 

sink within the upper aquifer at the northern boundary of the domain. We use this 

sink to remove water from the domain at a fixed rate, and assess the quantitative 

impact on the Grizzly Bare to Baby Bare hydrothermal siphon. The model domain 

used throughout this study extends 40 km south and north of the Grizzly Bare – Baby 

Bare dipole, with the goal of putting the domain boundaries far away from the main 

seamounts of interest. Explicitly modeling additional outcrops would require a 

significantly larger model domain (expanded in east-west width to accommodate the 

expansion in north-south geometry), and would require considerably more nodes/cells 

and a longer runtime. We avoid these complexities with a simple parameterization 

that helps to elucidate fundamental behavior, as described below. 

 

Typical flow patterns found in ADDQTEST simulations are presented in Fig. 3-9. 

Flow behavior is similar to those presented in Fig. 3-4 in terms of flow velocities 

(specific discharge), and the presence of local circulation patterns. Flow rates to the 

east and west of the outcrops in this case are somewhat higher, spreading the thermal 

influence of the hydrothermal siphon over a larger area. In addition, these indirect 

paths bifurcate near the Baby Bare outcrop, separating Baby Bare discharge fluids 

from those traveling to the site of crustal outflow and creating distinct flow paths 

around the outcrop. The specific pattern presented is dependent on simple 
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representation of northward flow, but similar behaviors (larger flows along long flow-

paths, bifurcation in flow) should persist in systems with additional sites of discharge. 

 

We present three sets of ADDQTEST simulations, each with distinct aquifer 

permeability values (Table 3-2, Fig. 3-10). Each case uses a 300 m aquifer and a 

moderate permeability assignment for both outcrops (kG = kB = 10-12 m2). 

Hydrothermal siphons appear to be supportable for any value of QN provided that QS 

stays above ~15 kg/s. Below this threshold, the siphon fails and Baby Bare becomes a 

site of recharge for fluids flowing to the north, which distinctly violates observational 

constraints. Most simulations resulting in hydrothermal siphons between Grizzly Bare 

and Baby Bare have QS above observed siphon discharge from Baby Bare, with two 

simulations near the upper end of this range (17 and 21 kg/s). Simulations with 

additional northern discharge of QN ≤ 70-100 kg/s (varies with kA) also have FH < 

0.05, consistent with regional heat flux observations. Increases in QN monotonically 

decrease siphon flow, but result in greater total flow through the system (QN + QS). 

Both responses follow a roughly linear trend with QN, the slope of which depends on 

kA. 

 

As an ensemble, ADDQTEST simulations demonstrate that a significant quantity of 

additional northern discharge (> 40 kg/s) can occur in tandem with siphon flow 

between Grizzly Bare and Baby Bare outcrops without halting the hydrothermal 

siphon, and a narrow range of conditions allows this to occur without perturbing the 
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system far outside of observational constraints. Two simulations fall on the cusp of 

constrained behavior, with QN = 40 and 130 kg/s over a small difference in kA. In each 

case, QN is larger than QS, suggesting that it is possible that more water recharged at 

Grizzly Bare is discharged north of Baby Bare than through Baby Bare itself. The 

nearly linear response for each set of simulations in Fig. 3-10 informs how QN 

impacts both QS and the rate of hydrothermal recharge at Grizzly Bare. For example, 

for simulations with kA = 10-12 m2, the slope (dQS/dQN) is ~ -0.5, meaning that half of 

the fluid flow to QN is drawn from the siphon (directly reducing siphon discharge 

from Baby Bare seamount, QS), whereas half comes from an increase in recharge at 

Grizzly Bare. 

 

That such large flows are possible with relatively low values of FH relates to the fact 

that flow in the crust north of Baby Bare seamount occurs over a broad area (Fig 9A), 

which distributes its influence over a large fraction of the model domain. This effect 

might be more pronounced if QN were divided among multiple distributed sources 

(e.g., outcrops, exposed faults) or could be greatly diminished if flow were instead 

concentrated into a relatively small number of discrete fractures, as may be the case 

in the upper ocean crust [Fisher et al., 1994; Fisher and Becker, 2000; Spinelli and 

Fisher, 2004]. While significant QN appears possible in the context of ADDQTEST 

simulations, additional hydrologic and geochemical observations will be needed to 

establish the existence and nature of flow outside the Grizzly Bare – Baby Bare 

siphon. 
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3.6 Summary and conclusions 

The range of properties that yield simulations consistent with observational 

constraints varies somewhat between each parametric set, depending on 

dimensionality (2DTEST) and on the inclusion of additional complexity 

(ADDQTEST, ANITEST). In general, simulations with kA > 10-13 m2 generate 

outcrop-to-outcrop hydrothermal siphons, with systems with kA from 3×10-13 to 2×10-

12 m2 being most consistent with observational constraints. A similar range is 

reasonable for permeability in both outcrops, and simulations with higher values for 

kA and either kG or kB (10-12 to 10-11 m2) tend to result in FH and QS well beyond 

associated constraints. If discharge from Baby Bare were, in fact, somewhat higher 

than previously estimated, the reasonable range for permeability would be somewhat 

wider (3×10-13 to 10-11 m2 for QS ≤ 75 kg/s). Simulations with 600 m aquifers yield 

active siphons with somewhat lower values of kA, but typically have excessive values 

of FH. This is not the case for simulations with moderate to thin aquifers (b ≤ 300 m), 

which therefore provide the best match to observed behaviors. Azimuthal anisotropy 

in kA, as tested in ANITEST, modifies flow behavior significantly and tends to result 

in more substantial heat-flow suppression. The two cases where heat-flow 

suppression was acceptable (FH < 0.05) resulted in higher siphon flow rates (QS > 40 

kg/s), suggesting that anisotropic properties are less suitable for meeting the 

observational constraints for this system, unless the siphon discharge rate has been 

underestimated. 
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Estimates of geometry and permeability are based on simulations designed to study a 

specific system, and thus only strictly apply to the hydrothermal siphon system 

operating between the Grizzly Bare and Baby Bare outcrops. However, the most 

important features of this problem are fairly general: no heat-flow suppression, thick 

sedimentation, and significant distance between outcrops. We expect that other 

locations on the seafloor that share these properties should operate in a similar 

fashion, and that many of our findings regarding property dependencies, fluid flow 

patterns, and characteristics of convection should be generalizable to such cases. 

Though the characteristics of this site are fairly specific (including burial by thick 

sediments at a relatively young age), the geologic history of the crust itself (relatively 

young, intermediate spread-rate crust) is not excptional. As such, estimates of crustal 

properties and geometry may be more broadly applicable outside locations 

characterized by similar physics to this system. Given that FH is highest in this study 

in simulations with thick (> 300 m) aquifers and high (> 10-12 m2) aquifer 

permeability, it is likely that outcrop-to-outcrop hydrothermal siphons that do mine 

significant heat have one or both of these characteristics. This is also possible by 

simply increasing the amount of fluid circulating through the crust, which suggests 

that such systems may involve multiple outcrops or operate over shorter distances 

than in this system, as seems to be the case on average globally [Anderson et al., 

2012]. 
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Future modeling work could improve on these efforts by incorporating more realistic 

geology into the construction of three-dimensional model domains. More realistic 

treatment of bathymetry and basement relief should be a priority, as both are variable 

but well-constrained on the eastern flank of the Juan de Fuca Ridge [Davis et al., 

1992; Hutnak et al., 2006] and topography has been shown to significantly impact the 

character of hydrothermal circulation [Hartline and Lister, 1981; Fisher et al., 1990; 

Wang et al., 1997; Bani-Hassan et al., 2012]. Beyond this, the inclusion of more 

geologically realistic (i.e., heterogeneously distributed) properties, by either 

significantly refining the current representative elemental volume approach or 

implementing a discrete fracture network, seems to be an obvious next step. In 

addition to computational difficulties with either proposal, the primary challenge at 

this time is lack of field data to sufficiently characterize the detailed permeability 

structure of the ocean crust. Without additional observations, heterogeneous property 

casting through geostatistical methods would introduce a number of free parameters 

that may not accurately reflect the physical system. 
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Fig. 3-1: Map of field site and observational data. 
Regional map modified from [Wheat et al., 2010]. 
A: Regional orientation to field site on the Juan de Fuca ridge flank. Blue and red 
dots depict locations of the Grizzly Bare and Baby Bare outcrops, respectively. 
B: Locations of outcrops and collected data. Approximate locations of heat-flow 
measurements are shown as yellow dashed lines [Hutnak et al., 2006]. 
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Fig. 3-2: Model domain and grid geometry 
A: Full extent of model domain and dimensions. Layering shown is for 300 m 
aquifer; thicker and thinner aquifers extend more or less, respectively, into underlying 
conductive basement. Thick yellow lines and boxes around outcrops depict cut-planes 
and magnified regions (B and C). 
B: Magnified grid near Grizzly Bare, with cut-plane through outcrop center. Yellow 
lines depict grid resolution, with nodes at intersections. Same scale as in C. 
C: Magnified grid near Baby Bare, with cut-plane through outcrop center. Yellow 
lines depict grid resolution, with nodes at intersections. Same scale as in B. 
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Fig. 3-3: Temperature and flow in crustal aquifer and outcrops 
Simulation has isotropic properties (part of AQTEST), with b = 300 m and kA = 3×10-

12 m2. Colors show domain temperature (2 to 70 °C). 
A: Temperature map of the top of the crustal aquifer (450 m below seafloor), viewed 
from the south. Basal heat input is applied based on crustal age according to a 
lithospheric cooling curve [Stein and Stein, 1992], resulting in west-to-east decrease 
in temperature across the model domain. Coolest and warmest temperatures are 
associated with hydrothermal recharge and discharge, respectively, through outcrops. 
Thick yellow lines and boxes around outcrops depict cut-planes and magnified 
regions (B and C). 
B: Side-perspective view (from the west) of flow pattern in Grizzly Bare outcrop with 
cut-plane through outcrop center. Recharge occurs near outcrop corners, with 
discharge near center. Lengths of flow vectors are on a natural-log scale, with largest 
flow (7 m/y) near the outcrop center. 
C: Side-perspective view (from the east) of flow pattern in Baby Bare outcrop with 
cut-plane through outcrop center. Flow pattern is primarily that of discharge. Lengths 
of flow vectors are on a natural-log scale, with largest flow (10 m/y) near the outcrop 
center.   
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Fig. 3-4: Hydrothermal siphon dipole flow 
Simulation has isotropic properties (part of AQTEST), with b = 300 m and kA = 3×10-

12 m2. Colors show domain temperature (80 to 100 °C). 
A: Top-down perspective view (from the south) of dipole flow pattern within the 
crustal aquifer. Flow vectors include only lateral components, with lengths on a 
natural-log scale. Only 3% of the flow vectors are shown, for clarity. Vector density 
is higher near the center of the model domain due to higher grid-resolution near the 
outcrops. Shaded boxes depict magnified regions in B and C. 
B: Top-down perspective view (from the south) of flow pattern in Grizzly Bare 
outcrop and surrounding aquifer, including recharge near outcrop corners and 
discharge near center. Flow vectors include vertical and lateral components, with 
lengths on a natural-log scale.  
C: Top-down perspective view (from the south) of flow pattern in Baby Bare outcrop 
and surrounding aquifer, which is dominantly discharging. Flow vectors include 
vertical and lateral components, with lengths on a natural-log scale.  
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Fig. 3-5: Results from AQTEST simulations 
A: Siphon flow (QS) by aquifer permeability, with symbol type differentiating aquifer 
thickness. Each symbol represents a single simulation. The shaded area is the 
acceptable range of siphon flow established by observations [Thomson et al., 1995; 
Mottl et al., 1998; Wheat et al., 2004]. Grey symbols show the highest values of kA 
for which the hydrothermal siphon fails. 
B: Heat-suppression fraction (FH) by aquifer thickness and permeability. The shaded 
area highlights simulations with FH < 0.05. 
C: Siphon fraction (FS) by aquifer thickness and permeability. 
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Fig. 3-6: Results from OCTEST simulations for Grizzly Bare and Baby Bare 
A: Siphon flow (QS) by outcrop permeability for each outcrop, with symbol type 
differentiating aquifer permeability. Each symbol represents a single simulation. The 
shaded area is the acceptable range of siphon flow established by observations 
[Thomson et al., 1995; Mottl et al., 1998; Wheat et al., 2004]. 
B: Heat-suppression fraction (FH) by outcrop and aquifer permeability. The shaded 
area highlights simulations with FH < 0.05. 
C: Siphon fraction (FS) by outcrop and aquifer permeability. 
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Fig. 3-7: Results from 2DTEST simulations, contrasting dimensionality 
A: Mean specific discharge at Baby Bare ( ) by aquifer permeability, with symbol 
type differentiating aquifer thickness. Open and closed symbols show results from 
two- and three-dimensional simulations, respectively. 
B: Heat-suppression fraction (FH) by aquifer thickness and permeability. The shaded 
area highlights simulations with FH < 0.05. 
C: Siphon fraction (FS) by aquifer thickness and permeability. 
  

q
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Fig. 3-8: Flow pattern with azimuthal aquifer permeability anisotropy 
Simulation T11x12 (part of ANITEST; properties detailed in Table 3-3). Colors show 
domain temperature (70 to 90 °C). Top-down perspective view (from the south) of 
dipole flow pattern within the crustal aquifer. Flow vectors include only lateral 
components, with lengths on a natural-log scale. Only 3% of the flow vectors are 
shown, for clarity. Vector density is higher near the center of the model domain due 
to higher grid-resolution near the outcrops. 
  



105	  
	  

 
Fig. 3-9: Flow behavior with additional northern discharge 
Simulation has isotropic properties and additional northern outflow (part of 
ADDQTEST), with QN = 40 kg/s, b = 300 m and kA = 10-12 m2. Colors show domain 
temperature (75 to 95 °C). Top-down perspective view (from the south) of dipole 
flow pattern within the crustal aquifer. Flow vectors include only lateral components, 
with lengths on a natural-log scale. Only 3% of the flow vectors are shown, for 
clarity. Vector density is higher near the center of the model domain due to higher 
grid-resolution near the outcrops. 
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Fig. 3-10: Results from ADDQTEST simulations: additional northern discharge 
A: Siphon flow (QS) by additional northern outflow (QN), with symbol type 
differentiating aquifer permeability. Closed symbols show QS only, and open symbols 
show the total flow through the system (QS + QN). Grey symbols show the minimum 
QN for which the hydrothermal siphon fails. The shaded area is the acceptable range 
of siphon flow established by observations [Thomson et al., 1995; Mottl et al., 1998; 
Wheat et al., 2004]. 
B: Heat-suppression fraction (FH) by outcrop and aquifer permeability. The shaded 
area highlights simulations with FH < 0.05.  
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Table 3-1. Formation properties used in coupled-flow simulations 
 Porosity, 

n (unitless) 
Thermal 

conductivity, 
λ (W/m·K) 

Permeability, 
k (m2) 

Sediment a 

 
0.39 to 0.52 1.36 to 1.51 1.1×10-17 to 2.2×10-17 

Outcrop b,c 

 
0.1 1.82 10-12 to 10-11 

Aquifer b 

 
0.1 1.82 10-14 to 10-9 

Deep crust b 

 
0.05 1.93 10-18 

a Values vary with depth, are consistent through all simulations. The relatively narrow 
range of sediment permeability applies to the full sediment column, representing a 
range at a smaller scale of several orders of magnitude. 
b Values assigned homogeneously throughout each region. 
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Table 3-2. Geometry and parameter ranges used in parametric tests 
 Aquifer 

thickness, 
b (m) 

Aquifer 
permeability, 

kA (m2) 

Outcrop 
permeability a, 

kR, kD (m2) 

Additional 
northern 

discharge b, 
QN (kg/s) 

AQTEST 

 
100 
200 
300 
600 

 

10-14 to 10-10 10-12 0 

OCTEST 

 
300 10-13 to 10-11 10-12 to 10-11 0 

2DTEST 

 
300 
600 

 

10-13 to 10-9 10-12 0 

ANITEST 

 
300 

 
 
 

10-14 to 10-11 10-12 0 

ADDQTEST 300 
 

10-12 to 10-11 10-12 0 to 160 

a Outcrop permeability is assigned homogenously within the outcrop and underlying 
crustal rocks, to the same depth as the crustal aquifer for each simulation. 
b For crustal flow >0, the specified flow leaves the model at the northern boundary of 
the aquifer. This process is represents discharge through outcrops outside the model 
domain. 
  



109	  
	  

Table 3-3. Summary of simulations with azimuthally anisotropic permeability a 
 High-k 

 (m2) 
Low-k 
(m2) 

Siphon 
flow, QS 

(kg/s) 

Heat-suppression 
fraction, FH 
(unitless) 

Siphon 
fraction, FS 
(unitless) 

Isotropic b 

AQ300-14 
AQ300-13 
AQ300-12 
AQ300-11 

 

 
10-14 
10-13 

10-12 

10-11 

 
10-14 
10-13 

10-12 

10-11 

 
0 
0 

40.4 
91.7 

 
- 
- 

0.02 
0.03 

 
0 
0 

0.65 
0.90 

Tensor 
anisotropy c 

T-12x14 
T-12x13 
T-11x13 
T-11x12 

 

 
 

10-12 

10-12 

10-11 

10-11 

 
 

10-14 

10-13 

10-13 

10-12 

 
 

5.5 
22.7 
57.1 
75.2 

 
 

0.34 
0.30 
0.24 
0.04 

 
 

0.14 
0.46 
0.77 
0.86 

Single-fault d 

F-12x14 
F-12x13 
F-11x13 
F-11x12 

 

 
10-12 

10-12 

10-11 

10-11 

 
10-14 

10-13 

10-13 

10-12 

 
0 
0 
0 

42.5 
 

 
- 
- 
- 

0.04 

 
0 
0 
0 

0.69 

a Aquifer thickness is 300 m for all cases, with anisotropic kA assigned only within the 
aquifer. Outcrop permeability is assigned isotropically (10-12 m2) in all cases. 
b Isotropic aquifer permeability tensor. Subset of simulations presented in Fig. 3-5. 
c Anisotropic kA tensor: high-k in the ridge-parallel direction, low-k in the ridge-
perpendicular and vertical directions.  

d Anisotropy represented by a single high-k fault between and continuing on the far-
sides of the outcrops. Low-k is used elsewhere throughout the aquifer. 
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CONCLUSIONS 

 

Ridge-flank hydrothermal circulation has far-reaching consequences, including 

influences on ocean chemistry, the deep biosphere, lithospheric heat flux, and the 

evolution of the oceanic crust, all of which are ultimately dependent on the physical 

nature of hydrothermal flow. This thesis characterizes heat and fluid flow in ridge-

flank systems by synthesizing multiple datasets to construct geologically accurate 

models. Chapter 1 presents the application of analytic models to estimate crustal 

permeability based on thermal records in flowing boreholes. This work improves on 

previous methods by linking a series of calculations so provide a single set of self-

consistent results, and by incorporating a Markov chain Monte Carlo analysis to 

provide rigorous estimates on uncertainty. The first three-dimensional heat and fluid 

flow patterns in systems of this kind are presented explicitly in Chapters 2 and 3, 

describing the magnitude, vigor, and connectivity of hydrothermal flow. All chapters 

provide estimates for the value and structure of permeability in the upper ocean crust, 

quantifying a primary control on ridge-flank hydrothermal circulation globally. 

 

Each of these studies makes significant improvements over previous work, and 

contributes to our understanding of ridge-flank hydrogeology. In the first chapter, we 

use an analytic approach to infer formation permeability from borehole thermal logs, 

ultimately finding that the application of a consistent approach yields a narrow range 

of crustal permeability across a breadth of locations. The second chapter establishes a 
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mechanism for how outcrop-to-outcrop hydrothermal siphons self-sustain, and uses 

numerical methods to identify the hydrologic properties that determine whether this 

behavior is possible. This knowledge helps to constrain the range of properties at sites 

where hydrothermal siphons are active, and informs future fieldwork aimed at 

locating or characterizing similar systems. The third chapter focuses on a well-studied 

outcrop-to-outcrop hydrothermal siphon on the eastern flank of the Juan de Fuca 

Ridge, using three-dimensional numerical models to characterize heat and fluid flow 

at the site in context of field observations. 

 

Results from the first two chapters broadly characterize the properties of ridge-flank 

hydrothermal systems in general. In the first case, our analytic model suggests a 

striking similarity in permeability estimates for the upper crust surrounding four 

boreholes, with all shallow crustal estimates ranging from 4 to 7 × 10-12 m2 despite 

differences in location, setting, and seafloor age. The model is constructed by linking 

three separate analytic equations describing the thermal response in flowing subsea 

boreholes with an iterative model, and applying Bayesian statistical techniques to 

estimate the value and uncertainty in flow rates and formation permeability for each 

borehole. The application of rigorous statistical methods is novel in this type of 

analysis, and is ultimately necessary to assess the significance of the similarity 

between these estimates. Results from the second chapter identify the properties and 

conditions under which outcrop-to-outcrop hydrothermal siphons can operate. This 

process is not well understood and has previously only been treated with highly 
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idealized one- and two-dimensional models, despite likely being the dominant mode 

of hydrothermal circulation in ridge-flank environments. The results from Chapter 2 

reduce this gap by demonstrating the conditions and behaviors present in three-

dimensional simulations of outcrop-to-outcrop flow. 

 

Chapters 2 and 3 present the first results from three-dimensional coupled-flow (heat 

and fluid) simulations of outcrop-to-outcrop hydrothermal systems, which set a new 

standard by significantly improving the geological accuracy and general applicability 

of modeling results. Two- and three-dimensional representations are compared 

directly in Chapter 3, and are shown to generate widely different results in terms of 

fluid flow behavior and magnitude, and impact on seafloor heat flow. Given these 

differences, and the difficulty of relating two-dimensional modeling results to field 

observations that are inherently three-dimensional in nature (outlined in Chapter 3), 

future use of simpler representations will be difficult to justify. 

 

As additional fieldwork continues to probe finer geologic structure and generate a 

more complex understanding of hydrologic processes, our models must also become 

more sophisticated. Our three-dimensional simulations with largely homogenous 

properties are a first step, and should eventually be improved with geologically 

realistic heterogeneous properties or through representation as a discrete fracture 

network, when field observations to characterize such treatment become technically 

feasible. Next steps for studies of outcrop-to-outcrop hydrothermal siphons include 



113	  
	  

realistic (non-flat) treatment of bathymetry and basement relief, and generalizing the 

work done in Chapter 2 to systems influenced by multiple outcrops. Each of these 

should have a significant impact on outcrop-to-outcrop hydrothermal circulation, and 

are relevant to future work building on results from both Chapters 2 and 3. This is 

particularly true for the latter, which focuses on a site with substantial basement relief 

and a number of additional nearby outcrops. Future work for the use of flowing 

subsea boreholes to study crustal hydrogeology should see the model applied to 

additional thermal records from boreholes in other locations, which could lead to 

permeability estimates across a broad range of crustal settings. These projects provide 

insight into ridge-flank hydrogeology by elucidating the permeability structure in the 

ocean crust and constraining the behavior of outcrop-to-outcrop hydrothermal 

siphons, and have the potential to impact related work on crustal evolution, marine 

geochemistry, and the deep crustal biosphere. 
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