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Abstract Low temperature hydrothermal systems hosted in the volcanic oceanic crust are responsible for
∼20% of Earth's global heat loss. Marine sediment ponds comprise an important type setting on young ridge
flanks where hydrothermal circulation advectively extracts lithospheric heat, but the nature of coupled fluidheat transport in these settings remains poorly understood. Here we present coupled (fluid-heat) numerical
simulations of ocean crustal hydrogeology in and below North Pond, a sediment pond on ∼8 Ma seafloor
of the North Atlantic Ocean. Two- and three-dimensional simulations show that advective transport beneath
North Pond is complex and time varying, with multiple spatial and temporal scales, consistent with seafloor
and borehole observations. A unidirectional, single-pass flow system is neither favored nor needed to match
the spatial distribution of seafloor heat flux through North Pond sediments. When the permeability of the
crustal aquifer is relatively high (10−10–10−9 m2), simulations can replicate much of the observed variability
and suppression of seafloor heat flux and can explain basement overpressures and transient perturbations in
pressure and temperature in the upper volcanic crust. Simulation results can also help explain heterogeneity
in pore fluid chemistry and microbiology in the crust. Although driven by the same physical processes,
the dynamics of hydrothermal circulation below North Pond are different from those seen on "dischargedominated" ridge flanks, where the permeability and exposed area of isolated basement outcrops control the
extent of regional heat extraction.
Plain Language Summary Cool hydrothermal systems (<20°C) are responsible for a significant
portion of Earth's total heat loss. Marine sediment ponds that form in topographic lows surrounded by
bathymetric highs are common features, but associated flows of water and heat are not well understood.
Here we focus on North Pond, a marine sediment pond on young seafloor west of the Mid-Atlantic Ridge.
Measurements of heat flux through North Pond sediments tend to be below that expected for volcanic crust of
this age. These observations have been interpreted as unidirectional transport of hydrothermal fluid beneath
North Pond, from one side to the other. We created numerical models of fluid and heat in two and three
dimensions to test this hypothesis. Our simulations show that the physical properties needed to replicate key
observations are consistent with the upper end of values inferred from other studies. Simulated fluid flow paths
in the crust below North Pond are complex and vary with time, with no clear preference for flow from one side
to the other. Inflow and outflow of fluid around North Pond, and irregular flow patterns below sediments, help
to explain a variety of thermal, geochemical, and microbiological observations here and at other locales.
1. Introduction
1.1. Ridge-Flank Hydrothermal Circulation
A quarter of Earth's heat loss occurs by advective extraction of seafloor hydrothermal fluids (∼4–7 TW), mostly at moderate to low temperatures on the flanks of seafloor spreading centers (Hasterok, 2013b; Johnson &
Pruis, 2003; Parsons & Sclater, 1977; Stein & Stein, 1994). Low-temperature hydrothermal circulation cycles a
volume equivalent to Earth's ocean in and out of the seafloor every 100 k–500 kyr, equivalent to the global flow
of rivers and streams (Elderfield & Schultz, 1996; Kadko et al., 1995). This circulation results in a conductive
heat-flux deficit on ridge flanks younger than ∼65 Ma (Hasterok, 2013a; Stein & Stein, 1994). Ridge-flank
hydrothermal flows impact the physical and chemical state of the lithosphere, influence seismic and tectonic
processes at subduction zones, and help to sustain a vast, subseafloor biosphere (Alt, 2004; Orcutt et al., 2015;
Peacock & Wang, 1999).
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Ridge-flank hydrothermal systems operate across a range of flow rates, fluid reaction and discharge temperatures, and regional settings. In general, higher temperature ridge-flank systems occur as a result of lower fluid
flow rates, deeper circulation, and/or longer flow paths within the volcanic crust, but numerous factors influence
crustal hydrogeology (Edwards, Becker, & Colwell, 2012; Fisher & Wheat, 2010). For example, sluggish outcrop-to-outcrop hydrothermal circulation on 3.5–3.6 M.y. old seafloor on the eastern flank of the Juan de Fuca
Ridge (JFR) results in anoxic basement fluids and crustal reaction temperatures near 65°C (Davis et al., 1992;
Hutnak et al., 2006; Mottl et al., 1998; Wheat & Mottl, 2000). In this area, isolated basement outcrops separated
by tens of kilometers limit fluid inflow and outflow to and from the volcanic ocean crust, and unusually thick
sediments result in relatively high reaction temperatures (Davis et al., 1992; Elderfield et al., 1999; Fisher, 2003;
Underwood et al., 2005). In contrast, faster and cooler circulation (10°C–20°C) of more oxic and less reacted
basement fluids occurs on younger JFR flank seafloor to the west, where sediments are thinner and basement
outcrops are more common and closely spaced (Elderfield et al., 1999; Hutnak et al., 2006; Stein & Fisher, 2003;
Wheat et al., 2004).
Low temperatures associated with rapid ridge-flank hydrothermal circulation of oxic basement fluids also occur
around Dorado outcrop on ∼23 M.y. old seafloor on the eastern flank of the East Pacific Rise (EPR) (Hutnak
et al., 2008; Lauer et al., 2018; Wheat & Fisher, 2008; Wheat et al., 2017). The geometry of fluid circulation in
this region is similar to that on the warmer JFR flank site, with isolated basement outcrops separated by tens of
kilometers. Cooler circulation around Dorado outcrop may be facilitated by anomalously high basement permeability, resulting in rapid fluid transport and unusually efficient advective heat extraction (Hutnak et al., 2008;
Lauer et al., 2018).
We present the first coupled numerical simulations of hydrothermal circulation below and around North Pond,
a sediment-filled depression on ∼8 M.y. old seafloor on the western flank of the Mid-Atlantic Ridge (Figure 1,
Hussong et al., 1979; Schmidt-Schierhorn et al., 2012). North Pond is surrounded by large areas of exposed upper
volcanic crust basalt, in contrast to other ridge-flank sites for which earlier studies have developed simulations
of coupled flows. Numerous observations indicate that the upper crust below North Pond is hydrogeologically
active, but the nature of this fluid circulation is poorly understood. North Pond's setting is typical of many young
ridge flanks, where bathymetric relief and modest sedimentation rates result in patchy or absent sediment cover;
thus, simulations of this area have implications for large regions of the seafloor, where volcanic rock exposure is
the rule rather than the exception. New simulations elucidate patterns and rates of hydrothermal flows, and the
crustal characteristics needed for these flows to occur, where there is little restriction to fluid entering and leaving
the volcanic crust on ridge flanks. In the following sections, we summarize key observations that motivate these
simulations and, in several cases, provide valuable modeling constraints.
1.2. Setting and Thermal State of North Pond
Abyssal hills around North Pond have wavelengths of 5–15 km and heights of 200–1,500 m, with a crustal fabric
that strikes ∼N10–20E, subparallel to the Mid-Atlantic Ridge, and volcanic edifices associated with ridge-segment ends and offsets (Figures 1 and Figure S1 in Supporting Information S1, Hussong et al., 1979; Ryan
et al., 2009; Villinger et al., 2019). North Pond is located below a subtropical gyre, where pelagic sedimentation
is slow, resulting in thin or no sediment cover over the volcanic upper crust across a wide region (Figure 1). The
sediment-covered area of North Pond is ∼100 km2, with the long axis oriented subparallel to the crustal fabric,
and maximum sediment thickness ≤200 m (Langseth et al., 1992; Schmidt-Schierhorn et al., 2012).
Initial heat-flux measurements in North Pond sediments yielded values well below lithospheric predictions, consistent with advective extraction of a large fraction of crustal heat (Langseth et al., 1984). Subsequent and more
extensive heat-flux surveys organized along transects, confirmed and extended this observation and revealed
additional complexity in heat-flux patterns (Langseth et al., 1992; Schmidt-Schierhorn et al., 2012). Heat-flux
values are generally highest in small clusters along the northwestern and northeastern sides of the basin, immediately adjacent to areas of basement exposure, and are highly variable on scales of 10–100s of meters (Figure 1).
For this study, we filtered out heat-flux values immediately adjacent to mid-sediment pond outcrops in order to
focus on values that are more representative of the dominant heat transfer mechanisms below North Pond (Figure 1b, Supporting Information S1). Within North Pond, 90% of seafloor heat-flux values are below lithospheric
(170–190 mW/m2, based on crustal age), with a majority (55%) of values ranging from 20 to 100 mW/m2, ∼10–
PRICE ET AL.
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Figure 1. Setting and heat flux values at North Pond, on the western flank of the Mid-Atlantic Ridge. (a) Regional swath
map showing bathymetry of North Pond and surrounding area. Red box shows area of panel (c), and white arrows distinguish
regional strike direction versus North Pond long-axis strike direction. (b) Histogram of North Pond heat flux data (gray = all
data, black = filtered to remove values above buried basement highs, discussed in text). Red dashed lines indicate the range
of calculated lithospheric heat flux as function of crustal age. (c) Bathymetry on and around North Pond, with all seafloor
heat-flux values colored by magnitude, stars marking locations of boreholes, yellow dashed line corresponds to seismic
transect SCS-14 used for two-dimensional simulation domain, and white arrows distinguish regional strike direction versus
North Pond long-axis strike direction. Bathymetric data from Schmidt-Schierhorn et al. (2012), heat flux data from Langseth
et al. (1992) and Schmidt-Schierhorn et al. (2012).

55% of lithospheric (Figure 1). A recent remotely operated vehicle survey found evidence for distributed upward
seepage of cool hydrothermal fluids from the crust adjacent to northern pond margins (Villinger et al., 2019).
1.3. Scientific Drilling and Borehole Measurements in North Pond
North Pond was first investigated during Deep Sea Drilling Project (DSDP) Leg 45, as typical young seafloor
formed at a slow spreading rate (Melson et al., 1979). DSDP Hole 395A was drilled near the southeastern margin
of North Pond (Figure 1), penetrating ∼90 m of sediment and nearly 600 m of basaltic basement. Hole 395A
was revisited multiple times for geophysical logging, which revealed cool and nearly isothermal conditions in
the upper ∼300 m of basement, indicative of rapid downflow of fluid, and crustal layering at scales of 10–100 m
(Bartetzko et al., 2001; Becker et al., 1984; Gable et al., 1992; Mathews et al., 1984; Moos, 1990). Fluid flow
down crustal boreholes does not require a natural “under-pressure” (∆P < 0), as the imposition of a cold, dense
column of seawater in a borehole in warmer crust can create runaway downflow (Becker et al., 1983; Fisher
et al., 1997; Winslow et al., 2013). Hole 395A was eventually sealed, more than 20 years after drilling, with a
long-term borehole observatory (CORK), intended to prohibit rapid downflow of fluid and allow thermal and
pressure recovery of the crustal aquifer (Becker et al., 1984, 2001; Morin et al., 1992).
Recent expeditions focusing on geochemical and microbiological investigations of North Pond drilled additional
holes and installed CORK observatories. Integrated Ocean Drilling Program (IODP) Expedition 336 and related expeditions included CORK operations in Holes 395A, nearby Hole U1382A, and two holes at Site U1383
located ∼6 km to the north, where the sediment thickness is 40–50 m (Figure 1, Becker et al., 2018; Expedition
PRICE ET AL.
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336 Scientists, 2012; Wheat et al., 2012). Long-term pressure records from the CORK in Hole 395A indicate
a few kPa of overpressure (Becker et al., 2018). Pressure data from newer CORKs show modest overpressures
of ∆P ∼ 11 kPa in the upper 100 m of basement in Hole U1382A, and ∆P ∼ 2–13 kPa in the upper 170 m of
basement in Hole U1383C. In U1383C, measurements in distinct crustal intervals indicate higher overpressures
with greater depth. Measurements in the upper ∼50 m of basement in Hole U1383B (∼25 m from Hole U1383C)
suggest a small under-pressure (Wheat et al., 2020), consistent with in-situ pore pressure measurements in North
Pond sediments indicating modest underpressures in shallow basement (Langseth et al., 1992). Pressure differences in CORKs were noted to vary irregularly on multi-annual timescales, as do long-term temperature records.
A cross-hole tracer experiment at Site U1383 is consistent with rapid transport and distinct flow paths in the
shallow volcanic crust (Wheat et al., 2020).
1.4. Chemistry and Microbiology of North Pond
Alteration products in the upper volcanic crust below North Pond indicate water/rock reactions at T ≤ 15°C (Lawrence & Drever, 1981; Lawrence & Gieskes, 1981; Lawrence et al., 1978). Conditions in North Pond sediments
are dominantly diffusive and reactive (McDuff, 1984; Orcutt et al., 2013; Ziebis et al., 2012). There is evidence
for slow downward seepage through North Pond sediments (≤0.5 cm/yr; McDuff, 1984) consistent with later
pore-pressure measurements and laboratory permeability tests of North Pond sediments (Langseth et al., 1992).
Sedimentary pore fluids show oxygen concentrations that decrease with depth initially, then increase when approaching the sediment-basement interface, with upper basement fluids that have major ion concentrations similar to bottom seawater, but are depleted in oxygen and Sr (Orcutt et al., 2013). Similar patterns have been noted on
multiple ridge-flanks where cool, relatively unaltered bottom water recharges the volcanic crust and flows rapidly
below marine sediments (e.g., Baker et al., 1991; Elderfield et al., 1999; Versteegh et al., 2021). Diffusive limitations in the penetration of oxygen into North Pond sediments, despite having oxygen-rich water at both upper
and lower boundaries, helps to explain the presence of an active nitrogen cycling microbial community (Reese
et al., 2018; Wankel et al., 2015).
Microbes in the volcanic crust below North Pond are distinct compared to those in the overlying water column, with some taxa adapted to the cycling of nitrogen and iron (Meyer et al., 2016; Tully et al., 2018; Zhang
et al., 2016). The colonization of crustal microbes in sealed boreholes in North Pond depends more on variations
in crustal fluid composition (a function of fluid flow paths and histories) than it does on the nature of mineral
substrate (Orcutt et al., 2021). Metagenomic analyses of time-series samples from sealed boreholes at North Pond
suggest that microbial populations are dynamic on multi-annual timescales (Seyler et al., 2021; Tully et al., 2018).
Carbon availability below North Pond sediments appears to help regulate microbial populations, adapted for both
autotrophic and heterotrophic metabolisms, consistent with the presence and utilization of distinct carbon pools
in the crust (Seyler et al., 2021; Shah Walter et al., 2018; Trembath-Reichert et al., 2021).
1.5. A Conceptual Model for Rapid Lateral Flow in the Crust Below North Pond
Geological, geophysical, geochemical and microbiological observations from North Pond have been organized
and interpreted using an idealized conceptual model in which cold and unaltered ocean bottom water flows downward into the volcanic crust surrounding the sediments, moves laterally under the pond, then rises upwards on
the opposite side of pond and discharges at the seafloor (Langseth et al., 1984). This idealized model provides a
useful conceptual framework, but it neglects key observations that indicate significant complexity and dynamics
in flow patterns and processes. In the present study, we apply numerical simulations of coupled fluid flow and
heat transport below North Pond to answer these questions:
1. I s rapid fluid flow in the volcanic crust below North Pond dominated by a stable, single-pass, lateral-transport
geometry?
2. What crustal properties are most consistent with the partitioning of advective and conductive heat transport
through and around North Pond?
3. How does crustal hydrogeology below North Pond compare to that within other ridge flanks where similar
processes are thought to occur?
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Figure 2. Two-dimensional simulation domain showing geological layers, boundary conditions, and associated physical
properties. (a) Simulation domain of interest representing North Pond with associated physical properties and characteristics.
(b) Simulation domain of interest with two (2) mirrored “buffer regions" rotated and appended to main area of interest. (c)
Complete North Pond domain with scale and associated boundary conditions.

2. Simulation Methods
2.1. Numerical Model
We simulated coupled fluid and heat transport in the volcanic ocean crust below North Pond with the numerical code, Finite Element Heat and Mass (FEHM), which uses a node-centered, finite-volume representation of
storage and transport in porous media (Zyvoloski et al., 2015). FEHM uses a fully implicit solver with variable
upstream-downstream weighting to solve conservation of mass and enthalpy including gravitational potential
energy which is necessary for deep subseafloor systems (Stauffer et al., 2014). Simulation domains were developed as Delaunay meshes of triangular (two-dimensional) and tetrahedral (three-dimensional) cells using the Los
Alamos Grid Toolbox (Los Alamos Grid Toolbox, LaGriT, 2019).
2.1.1. Simulation Domains
Simulations were completed in two and three dimensions, with geometry guided by bathymetric and seismic
reflection data (Schmidt-Schierhorn et al., 2012; Villinger et al., 2018). Simulation grids were defined in a cartesian coordinate system; for purposes of simulation and to ease the discussion that follows, we conceptualize and
describe North Pond as having a long axis oriented “north to south,” and a short axis oriented “west to east.” In
reality, the regional structural trend and directions of North Pond's long and short axes are rotated 10–20° east and
are slightly offset relative to each other (Figure 1, Figure S1 in Supporting Information S1).
Domains were built as stacked sequences of sediment and volcanic rock layers. North Pond sediments were made
thickest in the southwest section of the pond and pinch out as sediments drape over the sloping contacts on the
sides of North Pond, whereas volcanic crustal layers were assigned consistent vertical thicknesses below the
top of basement, tied to geophysical observations (Figures 2 and 3). We tested aquifer layers in the uppermost
volcanic crust with thicknesses of 100, 300, 600, and 1,000 m, based on stratigraphy inferred from scientific
drilling boreholes, cores, and geophysical logs (Bartetzko et al., 2001; Mathews et al., 1984; Moos, 1990). We
incorporated a 3–4-km-thick conductive boundary layer below the crustal aquifer to allow warping of isotherms
in the deeper crust that can form because of advective heat transport in the shallower crust. We applied spatially
PRICE ET AL.
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Figure 3. Three-dimensional simulation grid (a) Map view of simulation grid with geometry of sedimented pond displaying asymmetry along and across strike. Buffer
regions containing additional ponds were added to minimize the influence of domain side boundaries on processes in and below North Pond. (b) Entire simulation
grid with geometry and sediment pond representing North Pond and surrounding topographic highs. (c) Cross-section of a fraction of the simulation domain showing
variable node spacing (2 × vertical exaggeration).

varying heat flux at the base of the domain as a function of crustal age (Supporting Information S1), with a mean
heat input of ∼180 mW/m2.
In all simulations, we placed North Pond in the center of a larger domain surrounded by “buffer regions” to
minimize the influence of lateral boundaries on fluid and heat flow patterns through and near North Pond. Side
and bottom domain boundaries allowed no fluid flow, no heat transport was allowed through the side boundaries,
and the top boundary was assigned constant temperature, pressure as a function of water depth, and free flow for
fluid and heat. Grid resolution varied spatially, with the smallest node spacing below and around North Pond,
particularly near sedimentary pinchouts at the pond edges. Larger grid spacing was used with greater depth and
greater lateral distance from North Pond.
2.1.2. Two-Dimensional Simulation Domains
Two-dimensional simulation domains were designed using geometric constraints from seismic reflection line 14
(SCS14) (Figure S2 in Supporting Information S1, Schmidt-Schierhorn et al., 2012). SCS14 is oriented along the
short axis of North Pond, clearly defines the geometry of basement relief and sedimentary layering and is collocated with a transect of heat-flux measurements. With North Pond sediments and the surrounding basement highs
defined to the limit of seismic data, we buffered the simulation domain by inserting “mirror-images” of North
Pond geometry on either side of the selected profile (Figure 2), to reduce the influence of no-flow boundaries on
patterns of circulation below and near North Pond.
The upper volcanic crust below and adjacent to North Pond was assigned to one of five layers. The upper 1,000 m
was divided into four layers having thicknesses of 100, 200, 300, and 400 m (Figure 2), allowing one or more
PRICE ET AL.
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Table 1
Values of Physical Formation Properties for Two- and Three-Dimensional Simulation Domains
Dimensions

Layer

Two

Sediment

Permeability (m2)
a

9.6 × 10

Crustal aquifer
Conductive crust

–2.5 × 10

−16

10−16–10−9

Porosity (−)

Thermal conductivity (W/m K)

0.59–0.67

0.99–1.1

0.02–0.1

1.8–2.0

0.01

2.0

Sediment a

4.0 × 10−16

0.62

1.06

Crustal aquifer

10−16–10−9

0.02–0.1

1.8–2.0

Conductive crust

10–17

0.01

2.0

Three

10

−16

–18

Sediment properties varied with depth below seafloor for two-dimensional simulations, and were set to intermediate,
constant values for three-dimensional simulations.
a

of these to be assigned elevated permeability and function as a crustal aquifer. The final two-dimensional grid
comprises 3.6 × 104 vertices with vertex spacing ranging from 4 to 200 m.
2.1.3. Three-Dimensional Simulation Domains
Three-dimensional simulation domains represent regional patterns of bathymetric relief and sediment cover,
without attempting to replicate details that are poorly resolved in available data. We used bathymetric and seismic
data to develop an analytic function that represents the top of the volcanic crust below and around North Pond
(Supporting Information S1). This function was extended in both along-strike and across-strike directions, placing the North Pond basin in the center of the domain (Figure 3). We created a buffer region around North Pond
that separates this feature from no-flow boundary conditions. A horizontal plain representing the top of sediment
was intersected with the basement surface within the North Pond basin, whereas no sediment was placed over
basement lows in the surrounding buffer region. The long-axis and short-axis lengths of the sediment pond are 18
and 7 km, respectively, maximum sediment thickness is 200 m, and the deepest part of the sediment pond occurs
in the southwestern quadrant. The top of volcanic basement dips asymmetrically below North Pond, most steeply
along western and southern margins (∼15% slope), and more gradually along the eastern and northern margins
(∼5% slope).
Once again, volcanic rock layers were defined to allow permeability to be varied by depth, and vertex spacing
differed with location (finer near and below North Pond) (Figure 3). The final three-dimensional domain has
dimensions of 95 km along-strike, 40 km across-strike, 6–7 km vertically, and contains 1.4 × 106 vertices with
spacing of 11–1,000 m (Figure 3).
2.2. Domain Properties
2.2.1. Porosity and Thermal Conductivity
Simulated sediment porosity and thermal conductivity were assigned based on core data from North Pond Sites
U1382-84 (Edwards, Bach, & Klaus et al., 2012). Depth varying sediment properties were assigned to two-dimensional domains, whereas constant sediment properties appropriate for North Pond were applied for three-dimensional domains (Table 1). Basement rocks were assigned bulk properties (porosity, thermal conductivity) based
on data from North Pond and other drilled locations (e.g., Bartetzko & Fisher, 2008; Becker et al., 2001, 1983;
Shipboard Scientific Party, 1997). Properties varied with depth depending on whether or not individual layers
were intended to be part of a crustal aquifer. We assigned porosity of 10% to the most permeable, upper crustal
(aquifer) layers, lower porosity to deeper (but still permeable) layers, and 1% to the conductive boundary region
at depth. Associated thermal conductivity values were determined as a geometric mean of massive basalt and
seawater, ranging from 2.0 W/m-K for the lowest porosity to 1.8 W/m-K in the crustal aquifer (Table 1).
2.2.2. Permeability
Simulated sediment permeability (ksed) was linked to porosity for pelagic sediments (Spinelli et al., 2004), resulting in values of ksed ∼ 10−16–10−15 m2 (Table 1), consistent with laboratory measurements of North Pond core
samples (Langseth et al., 1992). Basement permeability in the ocean crust is less well constrained by observations
PRICE ET AL.

7 of 19

Journal of Geophysical Research: Solid Earth

10.1029/2021JB023158

and was treated as a free parameter within a range defined by observations from North Pond boreholes and basaltic ocean crust in general. Borehole tests in Hole 395A suggest bulk permeability at 300–500 m sub-basement
(msb) that is 10−17–10−14 m2 (Becker, 1990) and a cross-hole tracer experiment run at Site U1383 indicates
permeability up to 10−9 m2 (Wheat et al., 2020). Global observations from packer experiments and borehole
thermal data indicate basalt permeability values in the upper 500 msb of 10−14–10−10 m2 (Becker, 1990; Becker
& Fisher, 2008; Becker et al., 1994; Fisher et al., 2014; Winslow et al., 2013).
Coupled simulations from two ridge-flank studies provide additional information on physical properties.
Three-dimensional simulations of outcrop-to-outcrop flow on the eastern flank of the Juan de Fuca Ridge found
that permeabilities of 10−13–10−12 m2 in the upper 300 m of volcanic crust were most consistent in sustaining a
hydrothermal siphon with modest throughput (∼10 kg/s) and limited thermal influence on conductive heat flux
through the surrounding seafloor (Winslow et al., 2016). Simulations of outcrop-to-outcrop flow on older seafloor of the eastern flank of the EPR, where 60%–90% of lithospheric heat is extracted on a regional basis (Fisher
et al., 2003; Hutnak et al., 2008), suggest that crustal aquifer permeability of 10−10–10−9 m2 may be required, and
hydrothermal discharge is ≥103 kg/s (Lauer et al., 2018). Given all of this information, the permeability of the
upper ocean crust below North Pond seems likely to be within a range of 10−14–10−9 m2 in the upper 100–600 m
of basement.
2.3. Simulation Initial Conditions and Dynamic Steady State
Initial conditions for two- and three-dimensional, coupled simulations were established by running conductive
simulations, which allowed assessment of conductive refraction in distributing seafloor heat flux. Conductive refraction is facilitated by two main processes: (a) bathymetric relief at the seafloor (a constant temperature boundary), and (b) spatial (lateral, depth) variations in thermal conductivity. Conductive refraction results in warping
of subsurface isotherms, causing heat-flux variations, even in the absence of fluid flow (Blackwell et al., 1980;
Lachenbruch, 1968; Lee, 1991).
Beginning with a conductive thermal structure, initial coupled simulations were run with low permeability in
crustal aquifer layers (10−17 m2) to calculate ambient hydrostatic pressure values consistent with dominantly
conductive conditions. Simulations with high aquifer permeability were initiated with results of low permeability
simulations, once the latter achieved dynamic steady state. Dynamic steady state was achieved in fully coupled
simulations after typical simulation times of 3–5 × 105 yr, long enough so that thermal conditions below the
crustal aquifer have equilibrated with advective heat extraction in overlying layers. For higher permeability values, dynamic steady state occurs when there is no long-term trend in temperatures or pressure values (generally
∆T/∆t < 0.01 °C/kyr, ∆P/∆t < 0.1 kPa/kyr), independent of oscillations within the crustal aquifer.

3. Simulation Results
3.1. Simulation Constraints and Metrics
Successful fluid-heat flow simulations of North Pond should replicate key observations, including:
1. S
 uppression of average values and local variability in seafloor heat flux (Figure 1), including measurements
of elevated and suppressed heat flux through sediment adjacent to pond margins (Langseth et al., 1992;
Schmidt-Schierhorn et al., 2012).
2. Conductive and diffusive/reactive conditions in North Pond sediments, indicating slow or no significant
fluid flow, and rapid fluid circulation in volcanic crust leading to cool conditions (McDuff, 1984; Orcutt
et al., 2013; Ziebis et al., 2012).
3. Modest underpressures and overpressures (≤10s of kPa) in the upper volcanic crust below North Pond
sediments, including higher overpressures with depth (Becker et al., 2018; Langseth et al., 1992; Wheat
et al., 2020).
4. Time-varying fluid pressures and formation temperatures in the volcanic crust, with changes occurring on
multiannual timescales (Becker et al., 2018).
In addition to these qualitative and quantitative constraints, we used several metrics to assess the nature of hydrothermal processes, including rates and patterns of fluid transport in the volcanic crust.
PRICE ET AL.
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3.2. Conductive and Coupled North Pond Simulations in Two
Dimensions
A simulated, conductive heat flux profile across North Pond has small
positive anomalies (5–10 mW/m2) near sediment pinchouts at pond edges
and slightly suppressed values near the pond center (Figure 4). This pattern is a consequence of thermal refraction, with some heat flow bypassing
the low-conductivity sediment pond, and locally elevated values near the
break in slope near the pond margins. Coupled simulations with low aquifer permeability result in conductive conditions; once aquifer permeability
kaq ≥ 10−12 m2, small-scale convection begins to redistribute heat locally, and
a heat flow deficit develops for kaq ≥ 10−11 m2 (Figure 4). The onset of thermally significant convection in the crustal aquifer is broadly consistent with
Rayleigh number calculations (Figure S4 in Supporting Information S1), but
importantly, sloping and irregular aquifer boundaries help drive convection
even for subcritical Rayleigh numbers (Criss & Hofmeister, 1991).

Figure 4. Two-dimensional simulation output of heat flux data and
corresponding temperature and velocity fields. (a) Plot of two-dimensional
simulation results showing heat flux values in mW/m2 as a function of
distance in km across-strike in the sedimented pond for different simulated
aquifer permeabilities and thickness. Solid triangles are along-transect heat
flux measurements seen in Figure 1c. Error bars for these measurements are
smaller than the size of the symbol. Permeabilities of kaq = 10−11–10−9 m2 are
represented by different colors and aquifer thickness of 300 and 600 m are
delineated by open circles and squares, respectively. (b) Simulation output
for kaq = 10−9 m2 with temperature field in °C, red box denotes position of
heat flux values in Figure 2a. Isotherms show “pooling” of heat beneath the
sediments of North Pond and convection occurring near the aquifer/conductive
basement contact. (c) Vector representation of fluid flow in the volcanic
aquifer overlain on the aquifer and sediment units beneath North Pond.

For two-dimensional simulations of North Pond, aquifer permeability of
kaq = 10−11 m2, and thickness of 300–600 m, results in seafloor heat flux depressed by 60%–70% (relative to lithospheric) on one side of the aquifer, and
heat-flux elevation on the opposite side (Figure 4). For kaq = 10−10–10−9 m2,
there is more consistent heat-flux suppression across North Pond, with a larger fraction of advective transport. In these simulations, cool fluids enter the
crustal aquifer from both sides of the pond, recharging to the aquifer base as
they flow laterally. Fluids are warmed by lithospheric heating, forming an
unstable, buoyant plume below and around the pond center, where sediment
is thickest. Fluids rise in this plume to the base of the sediment, then spread
laterally toward the pond edges and exit at the seafloor surrounding the sedimented pond. Sediments in North Pond limit vertical heat transport through
this insulating lid, so the efficiency of advective heat extraction is controlled
by mixing and lateral flow in the underlying aquifer. Simulated fluid convection in basement becomes increasingly unstable at high permeability
values, with larger and smaller cells forming near the center of North Pond
and migrating toward both sides before collapsing and reforming (Figure 4,
Movie S1). Median values of fluid specific discharge in the crustal aquifer
are 7.5 m/yr and 6.7 m/yr for kaq = 10−9 m2 and aquifer thickness of 300 and
600 m, respectively (Table S2).

The asymmetric pattern of seafloor heat flux across North Pond in simulations with kaq = 10−11–10−9 m2 is broadly consistent with the pattern associated with the idealized conceptual model (Langseth et al., 1984), except that the eastern side of the transect has
higher heat flux than the western side. But, rather than resulting from a single-pass, unidirectional fluid flow
pattern, this asymmetry in simulated heat flux is caused by differences in fluid flow rates in the crustal aquifer on
either side of the pond. Simulated convection is more vigorous on the western side of North Pond, where the aquifer base is more steeply sloped, and slower to the east. For kaq = 10−9 m2, for both 300 and 600 m aquifers, heat
flux is suppressed consistently across North Pond to values that are 10%–20% of lithospheric, matching observations along seismic profile SCS-14 (Figure 4). Lithospheric heat-flux input into the base of the domain is slightly
higher on the eastern side of North Pond simulations, based on crustal age, but this difference is too small (<1%)
to have a measurable influence on fluid flow and seafloor heat-flux patterns, given sediment pond geometry.
3.3. Conductive and Coupled North Pond Simulations in Three Dimensions
Conductive simulations of the three-dimensional domain result in heat-flux output through North Pond that is
reduced by up to 50% relative to lithospheric input, as a consequence of thermal refraction (Figure 5, Figure S3
in Supporting Information S1). This is a greater impact from refraction than seen for two-dimensional, conductive simulations (Figure 4) because there is a proportionately larger region of bare and bathymetrically elevated
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crustal rocks in three dimensions compared to two. This allows a greater opportunity for warping of isotherms at depth below North Pond to increase the
fraction of lateral conductive heat transport that bypasses sediments.
As with two-dimensional domains, three-dimensional coupled simulations
with moderate aquifer permeabilities (kaq ≤ 10−13 m2) result in slow convection in basement rocks below and around North Pond, at rates too slow
to measurably influence conductive heat transport. In contrast, when permeability is kaq = 10−12–10−11 m2, for aquifer thickness b = 300–600 m, the
median heat flux through North Pond is about the same as input at the base
of the domain, and considerably higher than seen for the conductive case
(Figure 5). This behavior results from an increase in the local efficiency of
lateral heat transport once convection in the aquifer becomes sufficiently rapid due to higher aquifer permeability. Under these conditions convection in
the aquifer homogenizes fluid temperature below North Pond, moving heat
laterally so that it can bypass the insulating lid formed by sediments. As a
consequence, there is more heat drawn toward the crust below North Pond
and, at moderate kaq, North Pond sediments shift from being a barrier to heat
extraction to functioning like a heat sink on a regional basis.
At kaq = 10−10–10−9 m2, convection in the crustal aquifer becomes increasingly vigorous and median heat output falls below both lithospheric input and
conductive output (Figure 5). A thicker crustal aquifer (b = 300–1,000 m) extracts more heat than a thinner aquifer (b = 100 m) (Figure 5) because the size
of convection cells and the vigor of lateral heat transport scales with aquifer
thickness. Furthermore, a smaller number of large cells that extend deeper is
more efficient for drawing heat from depth, moving heat laterally to the pond
edges, and entraining cold recharge. At the highest permeabilities tested for
this study (kaq = 10−10–10−9 m2) advective extraction comprises 30%–35% of
lithospheric heat removed from below North Pond.
For kaq = 10−9 m2, pressures in the basement aquifer below North Pond are
generally consistent with CORK observations (Becker et al., 2018; Wheat
et al., 2020), deviating from hydrostatic by 10s of kPa in the upper 0–200 m
below the sediment-basement interface (Figure 6).

Figure 5. Empirical cumulative distribution function of heat flux fraction
(heat flux into domain/heat flux out through sediments) for (a) aquifer
thickness 300 m and kaq = 10−12–109 m2 (b) aquifer thickness 600 m and
kaq = 10−12–109 m2 (c) maximum permeabilities (kaq = 10−10 m2 for 1000m
thick, kaq = 10−9 m2 for all others) simulated across the range of aquifer
thickness: 100–1,000 m. All plots have filtered heat flux observations from
North Pond shown with a solid black line, range of observations in dashed
gray lines, and initial conductive simulation in solid gray line.

Observations of greater overpressures with depth in these simulations are
consistent with measurements made where there is a rising plume of buoyant fluid. Simulations include multiple scales of transient convection in the
crustal aquifer, producing overpressures and underpressures in different locations, varying with time as plumes form, rise, shift position, and collapse.
These modest deviations from hydrostatic conditions in shallow basement
below North Pond result in very slow seepage through overlying sediments,
on the order of 0.1–1 mm/yr (Figure 6, Figure S4 in Supporting Information S1), too slow to influence heat flux, but with potential to advect solutes.

Convection in three-dimensional simulations is unstable at high permeabilities (for all aquifer thicknesses), leading to complex, time-varying patterns
of fluid circulation and seafloor heat flux (Figure 7, Movie S2). Convection
comprises a mixture of transient plumes and rolls having a range of shapes
and dimensions. Plumes form in multiple locations along the base of the aquifer, including a large central plume
that forms where the sediment is thickest and the aquifer is deepest (Figure 8, Figure S5 in Supporting Information S1, Movie S2). Water is pulled into the basement aquifer at multiple locations around the edges of North
Pond, chilling basement rocks and returning warmer fluid to the seafloor in other locations. As a consequence,
there are patches of lower and higher seafloor heat flux through North Pond sediments, some of which remain
stable and others that migrate over time, leading to spatial variability at length scales of 10–100s of meters

PRICE ET AL.

10 of 19

Journal of Geophysical Research: Solid Earth

10.1029/2021JB023158

(Figure 7, Movie S2), consistent with the distribution of seafloor heat flux
(Figure 1).
Small-scale convective rolls in the aquifer result in bands of lower and higher
heat flux through North Pond sediments that extend laterally across-strike
(Figure 7). In general, the lowest simulated heat-flux values are found close
to sediment margins where focused recharge occurs (Figures 7 and 8). Along
the western and southern margins of the sediment pond, where the slope of
the sediment-basement interface is steepest, patches of higher and lower heat
flux tend to be small and located immediately adjacent to sediment pinchouts. In contrast along the eastern and northern margins, where there is a
shallower slope at the aquifer base, patches of simulated higher and lower
heat-flux values tend to be wider and extend farther toward the center of the
pond.
Mixed convection in the crustal aquifer below North Pond results in temperature oscillations that have multiple amplitudes and periods. The geometries
and timescales of associated flow patterns vary with the permeability and
thickness of the crustal aquifer. The dominant convective mode, with the
largest temperature variations and the longest timescale, is associated with a
central plume that entrains recharge at the pond margins and rises below the
thickest sediment (Figure 8, Movie S2). Although this is a three-dimensional
flow pattern, it is dominated by across-strike transport (along the short axis
of the pond), similar to the pattern simulated in two dimensions (compare
the plume patterns in Figures 4 and 8) but is not unidirectional. The importance of the across-strike flow direction increases as the permeability of the
crustal aquifer increases from kaq = 10−11 m2–10−9 m2 (Figure S5 and S6 in
Supporting Information S1). At the high end of this permeability range, the
dominant circulation pattern creates a band of rising, buoyant fluid that runs
in the along-strike direction down the long axis of North Pond, where sediment tends to be thickest (Figure 8, Figure S5 in Supporting Information S1).

Figure 6. Plots of differential pressures observed in simulation of kaq = 10−9
with thickness 600 m. (a) Map view of differential pressures observed in the
aquifer nodes directly below sedimented pond. (b) Map view of sediment
thickness (m) between seafloor and aquifer nodes directly below sedimented
pond. (c) Stacked histogram of differential pressures calculated in the entire
aquifer directly below the sedimented pond described as a range of aquifer
thickness 0–100 msb (meters sub-basement) (purple), 100–300 msb (gray),
and 300–600 msb (tan). Red box shows the area of detail plotted in panel (d).
(d) Histogram of negative differential pressures, simulated only in part of the
shallowest 100 msb below North Pond.

At kaq = 10−11 m2–10−10 m2, there is a clear pattern of secondary convective
rolls superimposed on the larger-scale flow system, with roll axes aligned
along the across-strike direction, and a linear plume oriented along-strike. At
kaq = 10−9 m2, basement fluid temperatures become nearly homogenized and
the secondary convection pattern is suppressed due to the increased efficiency in advective transport within the crustal aquifer (Figure 8, Movie S2). All
simulated convective modes are transient, with plumes and rolls that form,
shift back and forth, migrate, breakup, and reform. At the upper limit of permeabilities simulated, kaq = 10−9 m2, temperatures of small-scale rolls and
plumes in a 600 m aquifer vary on periods of ∼101–102 years (Figure S7 in
Supporting Information S1).

A comparison of the rates and directions of horizontal flow in the aquifer
below North Pond helps to illustrate the shift in dominant flow patterns as a
function of aquifer permeability (Figure S6 in Supporting Information S1).
When kaq = 10−11 m2, horizontal flow rates up to 2.5 m/yr tend to be randomly oriented by azimuth. At kaq = 10−10 m2, the highest horizontal flow rates are 7.5 m/yr and, for a thicker aquifer,
across-strike flow becomes more organized. At the highest aquifer permeability tested, kaq = 10−9 m2, horizontal
flow reaches 15 m/yr and is dominantly across-strike, along the short axis of North Pond (Figures S5 and S6 in
Supporting Information S1). Thus, simulations indicate a preference for across-strike rather than along-strike
fluid transport, but not as part of a single-pass, unidirectional flow system. Instead, the simulations indicate
complex, three-dimensional and transient fluid flow, from which the dominance of across-strike transport is an
emergent behavior.
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4. Discussion: A Revised Understanding of North Pond
Hydrogeology
4.1. Patterns of Fluid and Heat Flow Below North Pond
Heat flux through North Pond is (a) generally suppressed below lithospheric
values, (b) higher in clusters of measurements near the western and northern
margins, and (c) variable on a spatial scale of 101–102 m (Figure 1). Rather than being explained by unidirectional, single-pass flow along the short
axis of North Pond (across-strike), coupled simulations in two and three dimensions are best able to replicate the observed heat-flux pattern with fluid circulation that is complex and time-varying (Figure 9). Unidirectional,
single-pass flow is neither favored or required to explain the broad pattern
of heat-flux suppression nor clusters of elevated values near pond margins.

Figure 7. Map view of sediment pond heat flux at permeability kaq = 10−10 m2
and thickness 600 m. Time steps between views are 10,000 years where boxes
outline areas where high heat flux values are located directly adjacent to low
heat flux values, ovals outline an area of heat flux that exhibits a transient
response with high and low heat flux values as a function of time, and stars
denote the location of the nodes used in the frequency analysis shown in
Figure S7 in Supporting Information S1.

Small scale variability in basement relief was not simulated in the present
study but some variations in seafloor heat flux associated with shallow basement relief are likely caused by thin sediments overlying buried basement
highs (Davis et al., 1992; Fisher & Harris, 2010; Hutnak et al., 2008). Local
basement highs appear to be more common along the western and northern
margins of North Pond, where there are clusters of the most extreme heatflux values (Figure 1) but are difficult to resolve in seismic profiles because
of rough and sloping basement surfaces (Figure S2 in Supporting Information S1). While these local bathymetric highs might alter local heat and fluid
flux patterns, they are unlikely to alter the overall flow geometry and characteristics of the North Pond system.

The vigorous and dynamic nature of simulated fluid and heat flux in the
crustal aquifer below North Pond helps to explain pressure and temperature observations. Simulations with relatively high basement permeability
(10−11–10−9 m2) result in pressure differentials, relative to ambient hydrostatic, of 10s of kPa, similar to those observed in sealed crustal boreholes
(Figure 6, Becker et al., 2018). An increase in the magnitude of the crustal overpressure with depth into the aquifer is consistent with an upward component of fluid flow, as occurs within and around a rising plume of warm

Figure 8. Fence diagram of temperature and velocity observed in simulation of kaq = 10−9 with thickness 600 m. Transects
are at 6,000, 8,000, 10,000, and 12,000 m (in domain coordinates) with locations noted in red lines on generalized map view
of North Pond. Transects at 6,000 m, 10,000 m, and 12,000 m are contour plots of temperature and transect at 8,000 m is a
sample of ∼5,000 velocity vector X-Z components colored by temperature at the vector location.
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Figure 9. Conceptual diagrams showing key features of fluid-heat transport below North Pond based on observations
and coupled simulations. (a) Two-dimensional circulation features. (b) Three-dimensional circulation patterns. Updated
conceptual model for three-dimensional flux beneath North Pond. Localized convection and subsequent upwelling and
downwelling control the manifestation of surface heat flux. Fluid recharges and discharges diffusely in the outcropping
basement surrounding North Pond with very little unidirectional flow.

hydrothermal fluid. Cool and essentially isothermal conditions in the upper few hundred meters of the crustal
aquifer are readily explained by vigorous convection that draws in cold bottom water from the seafloor surrounding North Pond, then warms and mixes that fluid before it flows laterally and discharges (Figure 8 and Movie S2).
To the extent that flow in the crustal aquifer never becomes fully stable, as simulated with kaq = 10−11–10−9 m2,
transient perturbations in temperature and pressure conditions at depth (Becker et al., 2018) require no external
forcing. The timescale for the thermal response (τ) of the sedimentary boundary layer forming the thermal lid
of North Pond is likely to be on the order of 101–103 yr, given τ = L2/κ, sediment thickness of L = 10–200 m,
and thermal diffusivity of κ = 3 × 10−7 m2/s. Therefore, variations in convection patterns on a timescale of
≥103–104 yr should result in time-varying seafloor heat flux.
The complexity of simulated fluid flow and thermal patterns also help to explain chemical and microbiological
observations in North Pond sedimentary and basement fluids. Rapid recharge and lateral circulation close to the
sediment-basement contact helps to maintain an oxic and nutrient-rich boundary condition at the base of North
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Pond sediments (Orcutt et al., 2013). Closely spaced regions of hydrothermal upflow and downflow, and locations that are more proximal or distal to areas of recharge from around North Pond, will result in differences in
fluid residence time and thus oxygen and carbon content. These results help to explain distinct communities of
subseafloor microbes that are optimized for processing different oxidants and forms of organic carbon, where the
nature of transported fluids varies heterogeneously along distinct flow pathways (Orcutt et al., 2021; Shah Walter
et al., 2018; Trembath-Reichert et al., 2021). Hydrodynamic stagnation points between plumes could result in
patches of the basement aquifer and adjacent crust that act as reservoirs for older carbon. Transient variations
in fluid flow paths and properties are also consistent with temporal variability in microbial ecology (Seyler
et al., 2021; Tully et al., 2018).
4.2. Crustal Permeability Below North Pond
Coupled North Pond simulations replicate key aspects of the seafloor heat-flux distribution when crustal aquifer permeability is kaq = 10−11–10−9 m2. For kaq = 10−11–10−10 m2, two dimensional simulations suppress the
seafloor heat flux across much of the pond and elevate heat flux through the remaining sediment (Figure 4).
At kaq = 10−9 m2, seafloor heat flux is suppressed across the full two-dimensional profile by 60%–90%. For
three-dimensional simulations, kaq = 10−11–10−10 m2 does well matching variability in seafloor heat flux, including closely spaced regions of lower and higher heat flux along pond margins, where crustal fluids recharge and
discharge, respectively. But none of the three-dimensional simulations completed to date result in the overall
fraction of heat-flux suppression observed at North Pond (Figure 5). At kaq = 10−9 m2 in three-dimensional simulations for 600 and 1,000 m aquifers, the median conductive heat flux through North Pond sediments is ∼50%
of lithospheric, whereas observations suggest that advective extraction plus refraction results in median heat flux
∼20% of lithospheric, equivalent to ∼55% of the simulated heat output through North Pond sediments. Therefore,
an additional ∼55% of simulated heat output must be removed advectively to match observations (Figure S8 in
Supporting Information S1).
Interestingly, for kaq = 10−9 m2 and 600 m aquifer, when the heat input at the base of the full simulation domain
is lowered by an additional 55%, the heat flux through North Pond sediments is reduced by only ∼10% relative
to the full lithospheric input simulations (Figure S8 in Supporting Information S1). Even with lower heat input,
vigorous convection in the basement aquifer below North Pond mines and focuses heat from the surrounding
crust, reducing the impact of advective heat extraction. This suggests that an anomalously low heat flux from
the lithosphere in this area is not likely to explain the low heat flux through North Pond. It is also unlikely that
incomplete hydrothermal rebound (Hutnak & Fisher, 2007; Spinelli & Harris, 2011) can explain the remaining
difference between simulated and observed heat flux (Supporting Information S1).
The fundamental challenge is that the increase in advective extraction of lithospheric heat results in bending of
isotherms deeper in the crust, bringing in more heat from a larger area toward North Pond. As a consequence,
the crustal region cooled by convection below North Pond extends laterally well beyond the pond margins, and
the size of this region expands with the efficiency of advective heat extraction. This emergent behavior leads to a
negative feedback where higher permeability leads to more vigorous local convection, making it easier for crustal
heat to escape, but also draws in more heat from a larger region deep in the simulation domain. This suggests that
continuing to increase the bulk permeability of the crustal aquifer beyond kaq = 10−9 m2 will not help to match
heat-flux observations at the seafloor.
On the southern flank of the Costa Rica Rift, simulations incorporating anisotropy in crustal permeability were
found to enhance the lateral redistribution of heat by ridge-flank hydrothermal circulation (Fisher & Becker, 1995;
Fisher et al., 1994); this was accomplished numerically by creating thin layers of higher and lower permeability in
the upper crust, which encouraged rapid lateral flow and suppressed small-scale convection. Applying a similar
approach to the crustal aquifer below North Pond could help to achieve a similar result, better matching thermal
observations.
Simulations completed to date have explored processes within isotropic and homogeneous aquifer layers 100–
1,000 m thick. Borehole geophysical logs indicate that volcanic basement beneath North Pond is layered at a scale
of meters to tens of meters, with alternating massive and porous/brecciated units (Bartetzko et al., 2001; Becker
et al., 2001). Rapid transport through thin zones could facilitate more efficient lateral heat extraction while also
limiting small-scale convection. It may also be that azimuthal anisotropy helps to partition the removal of crustal
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heat, with elevated permeability in the along-strike direction in association with abyssal hill topography and the
regional crustal fabric (Figures 1 and S1 in Supporting Information S1). Three-dimensional simulations presented in this study show that, for simulations with isotropic crustal permeability, across-strike transport is favored for
higher permeability cases (Figures S5 and S6 in Supporting Information S1). Enhancing along-strike permeability, either across the full domain or in swaths representative of fault zones, could shift both large-scale patterns of
fluid circulation and enhance the efficiency of heat extraction more generally. Other configurations are possible,
including larger-scale and deeper circulation paths that mine crustal heat via lateral circulation, perhaps including
flow between adjacent or distant sets of crustal ridges and troughs (Figure 1). At present, it remains challenging
to resolve complex patterns of fluid circulation and crustal properties at a setting in which sediment cover is the
exception rather than the rule. That said, additional exploration of options for the distribution of crustal permeability should provide useful insights and testable hypotheses.
4.3. North Pond Crustal Hydrogeology Compared to Other Ridge Flanks
Thermal conditions and flow rates around North Pond are similar to those surrounding Dorado outcrop on
∼23 M.y. old seafloor formed on the EPR (Hutnak et al., 2008; Lauer et al., 2018; Wheat et al., 2019), where
simulated aquifer permeability of 10−10–10−9 m2 is most consistent with cool hydrothermal conditions in the
upper crust (≤20°C), lateral fluid flow occurs at ≤10 m/yr, and heat flux is suppressed regionally by 60%–90%.
In contrast, 3–4 M.y. old seafloor on the eastern flank of the JFR hosts slower ridge-flank circulation, with
warmer crustal temperatures (60–70°C), lateral fluid flow in the aquifer <1 m/y, lower crustal permeability, and
no measurable regional heat-flux suppression (Hutnak et al., 2006; Winslow et al., 2016). Importantly, both of
these systems involve a significant component of outcrop-to-outcrop fluid flow that both drives and dominates
the pattern of hydrothermal circulation, where volcanic rock exposure is the exception, and the rest of the seafloor
is covered by thick layers of less permeable sediment.
Outcrop-to-outcrop circulation systems are clearly “discharge dominated” (Cann & Strens, 1989; Lauer
et al., 2018; Winslow & Fisher, 2015), as the ease of fluid flow at sites of recharge is much higher than that
at sites of discharge. Rates of fluid flow and heat extraction through these discharge-dominated hydrothermal
siphons are throttled by the limited connectivity between the crust and overlying ocean, caused by the contrast
in properties between marine sediments (covering most of the volcanic crust) and spatially rare outcrops. In
simulations of outcrop-to-outcrop flow, increasing the permeability and/or surface area of outcrops at discharge
sites results in relatively large increases in advective heat extraction, but at lower fluid temperatures. Reducing
permeability and/or outcrop size results in lower overall advective heat loss from the crust, but advection occurs
at higher fluid temperatures.
The hydrogeologic character of hydrothermal circulation around and below North Pond is defined by both recharge and discharge, meaning water can enter and leave the crust essentially anywhere not covered by sediments.
Simulated rates of fluid flow and the efficiency of heat extraction around North Pond are much less limited by
discharge dynamics. As a result, some of the lessons learned about relations between crustal permeability and
heat extraction at other ridge-flank sites are not applicable to North Pond. Approximations of these distinct
systems in two dimensions are different: for outcrop-to-outcrop flow, the two-dimensional simulations tend to
require higher crustal permeability to achieve equivalent crustal heat extraction compared to three-dimensional
simulations. In contrast, for fluid-heat transport below a sediment pond, two-dimensional simulations appear to
be more efficient at extracting heat.

5. Summary and Conclusions
Cool hydrothermal fluids flowing in the volcanic crust below North Pond help to explain a variety of observations, including patterns of heat extraction, deviations and variability in crustal pressures and temperatures, and
the presence of cool and oxygen-rich water underlying seafloor sediments. A long-standing conceptual model
of North Pond hydrogeology included single-pass flow moving laterally under the sediment pond, but two- and
three-dimensional coupled simulations developed for the present study suggest that fluid flow patterns are more
complex.
Two-dimensional simulations have fluids entering and exiting the crustal aquifer on both sides of North Pond,
and three-dimensional simulations have numerous sites of recharge and discharge surrounding the sediment pond.
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Both sets of simulations include shallow circulation pathways, with fluids that recharge and discharge after
a short time and with slightly elevated temperatures, and deeper circulation supports development of warmer
plumes and longer fluid residence times. Two-dimensional simulations can suppress heat flux across North Pond
by ∼80% of lithospheric, consistent with observations, when the crustal aquifer is 300–600 m thick and permeability is kaq = 10−9 m2. Three-dimensional simulations are most consistent with spatial heat-flux variability in
North Pond for the same aquifer thicknesses and kaq = 10−10 m2, and result in advective removal of lithospheric
heat that is closest to observations for kaq = 10−9 m2. Three-dimensional simulations also result in differential
pressures, and time varying pressures and temperatures in the crustal aquifer, consistent with observations. These
simulations suggest that there are multiple modes of convection active in the crust below North Pond, operating
across a range of spatial and temporal scales.
However, three-dimensional North Pond simulations are less efficient at removing lithospheric heat than are
two-dimensional simulations with equivalent properties. In numerical studies of other ridge flanks for which
volcanic outcrops are limited and surrounded by thick and continuous sediment, the opposite trend emerged,
with three-dimensional simulations being more efficient in extracting heat from the crust. We draw two important conclusions from this finding. First, ridge-flank hydrothermal circulation systems below and surrounding
sediment ponds are governed by different rules than systems driven by outcrop-to-outcrop flow, even though the
fundamental physics is the same. Patterns of fluid circulation for the former are complex and difficult to resolve,
whereas flow through the latter systems is geometrically constrained and tends to be discharge dominated, with
outflow properties regulating the magnitude of regional heat extraction. Second, while heat extraction by outcrop-to-outcrop hydrothermal systems can match observations using simulations having crustal properties that
are isotropic and homogeneous, additional complexity in properties may be required for ridge-flank systems
that are characterized by abundant bare rock at the seafloor. This could include more detailed layering of crustal
units, anisotropy associated with faulting and broader crustal fabric, and/or heterogeneous property distributions
associated with eruptive and intrusive events, layering, and tectonism. We also wonder if there may be a systematic, long-term evolution between the styles of ridge-flank circulation that occur below sediment ponds to more
isolated outcrops of exposed basement rocks. These and other issues remain to be explored in future studies.
Simulations are useful for narrowing the range of possible system properties and ranges of flow rates and for
developing testable hypotheses, but hard observational constraints are essential for advancing understanding.
North Pond is one of the best studied ridge-flank hydrothermal systems on Earth, an important end-member
setting for low-temperature hydrogeologic, chemical, and microbiological conditions and processes, yet we are
just learning how to map patterns and rates of coupled flow in the crust in this setting. Our understanding of these
global systems will continue to improve along with simulation, measurement, and sampling tools and techniques,
particularly when integrated through interdisciplinary studies.

Data Availability Statement
Data sets for this research are available in the DRYAD data repository at https://doi.org/10.7291/D1G67P (Price
et al., 2021).
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