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Abstract
Exploration of Low-Temperature Hydrothermal Processes in North Pond, Mid-

Atlantic

Adam N. Price

Ridge-flank hydrothermal circulation is a critical crustal process that affects
the Earth's global heat budget, geochemical signature of the Earth's oceans, and
supports a vast and diverse subsurface biosphere. These hydrothermal systems are
globally pervasive, found in ocean crust of varying ages, spreading rates, and depths.
In addition to the broad spatial and structural occurrence, ridge-flank hydrothermal
systems operate on a wide range of temperatures, some barely above the temperature
of bottom sea water and others near boiling. This dissertation focuses on North Pond,
an important end-member, ridge-flank, cool hydrothermal system located on slow-
spreading crust in the North Atlantic Ocean. Here I present three original studies that
elucidate hydrogeologic and thermal characteristics of North Pond. In chapter 1,1
present the first coupled three-dimensional simulations of fluid and heat below North
Pond revising many long-standing hypotheses in this system. In chapter 2, I extend
three-dimensional simulations to incorporate anisotropic permeability representing
important crustal processes and provide a more holistic approach to characterizing the
hydrogeologic and thermal regimes of North Pond. Finally, in chapter 3, I develop a

xi



workflow for constructing geologically realistic simulation domains and provide
insights and rationale about important considerations during this process. The
combination of these studies sheds light on the hydrogeological and thermal regime
of this non-discharge dominated, end-member system and provides insights into the
drivers of hydrological and thermal processes that are important across the spectrum

of ridge-flank hydrothermal systems.
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Numerical Simulation of Cool Hydrothermal Processes in
the Upper Volcanic Crust Beneath a Marine Sediment Pond:
North Pond, North Atlantic Ocean

A. N. Price! (2, A. T. Fisher' (2, P. H. Stauffer? \, and C. W. Gable?

'Earth and Planetary Sciences Department, University of California, Santa Cruz, CA, USA, 2Computational Earth Science,
Earth and Environmental Sciences Division, Los Alamos National Laboratory, Los Alamos, NM, USA

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 fluid-
heat 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~° m?), 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 "discharge-
dominated" 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), most-
ly 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 tempera-
tures, 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 out-
crop-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 perme-
ability, 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-seg-
ment 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 km?, 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, con-
sistent 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, immedi-
ately 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 (Fig-
ure 1b, Supporting Information S1). Within North Pond, 90% of seafloor heat-flux values are below lithospheric
(170-190 mW/m?, based on crustal age), with a majority (55%) of values ranging from 20 to 100 mW/m?, ~10-
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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” (AP < 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 relat-
ed 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
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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 AP ~ 11 kPa in the upper 100 m of basement in Hole U1382A, and AP ~ 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 differ-
ences 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 7 < 15°C (Law-
rence & 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 ap-
proaching the sediment-basement interface, with upper basement fluids that have major ion concentrations simi-
lar 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 limi-
tations 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 col-
umn, 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 down-
ward 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. Israpid 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 numeri-
cal 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 devel-
oped 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 carte-
sian 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
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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. (¢) Cross-section of a fraction of the simulation domain showing
variable node spacing (2 X 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/m?.

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-Di ional Simulation D

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 collo-
cated 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
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3:}:;10]’ Physical Formation Properties for Two- and Three-Dimensional Simulation Domains
Dimensions Layer Permeability (m?) Porosity (—) Thermal conductivity (W/m K)
Two Sediment 9.6 x 1071°-2.5 x 10-1¢ 0.59-0.67 0.99-1.1
Crustal aquifer 10-1-10~° 0.02-0.1 1.8-2.0
Conductive crust 107'® 0.01 2.0
Three Sediment * 4.0x 10716 0.62 1.06
Crustal aquifer 107'-10~ 0.02-0.1 1.8-2.0
Conductive crust 1077 0.01 2.0

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

of these to be assigned elevated permeability and function as a crustal aquifer. The final two-dimensional grid
comprises 3.6 X 10* 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, plac-
ing 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 X 10° 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-dimen-
sional domains, whereas constant sediment properties appropriate for North Pond were applied for three-dimen-
sional 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 (k) was linked to porosity for pelagic sediments (Spinelli et al., 2004), result-
ing in values of k_, ~ 107'°~10=!5 m? (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
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and was treated as a free parameter within a range defined by observations from North Pond boreholes and ba-
saltic ocean crust in general. Borehole tests in Hole 395A suggest bulk permeability at 300-500 m sub-basement
(msb) that is 107'7-107* m? (Becker, 1990) and a cross-hole tracer experiment run at Site U1383 indicates
permeability up to 10~ m? (Wheat et al., 2020). Global observations from packer experiments and borehole
thermal data indicate basalt permeability values in the upper 500 msb of 107'4~10~'° m? (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~"*~10~'? m? 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 sea-
floor 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* m?> may be required, and
hydrothermal discharge is >10° 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~'4~10~° m? 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 re-
fraction is facilitated by two main processes: (a) bathymetric relief at the seafloor (a constant temperature bound-
ary), 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 (1077 m?) 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 X 10° yr, long enough so that thermal conditions below the
crustal aquifer have equilibrated with advective heat extraction in overlying layers. For higher permeability val-
ues, dynamic steady state occurs when there is no long-term trend in temperatures or pressure values (generally
AT/At < 0.01 °C/kyr, AP/At < 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. Suppression 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 hydro-
thermal processes, including rates and patterns of fluid transport in the volcanic crust.
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even for subcritical Rayleigh numbers (Criss & Hofmeister, 1991).
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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/m? 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 k,, = 107"'-107° m? 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 ku,, = 10~ m? 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. (¢) 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
kﬂq = 10""" m?, and thickness of 300600 m, results in seafloor heat flux de-
pressed by 60%—70% (relative to lithospheric) on one side of the aquifer, and
heat-flux elevation on the opposite side (Figure 4). For k,, = 1071°-107 m?,
there is more consistent heat-flux suppression across North Pond, with a larg-
er 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 sed-
imented 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 con-
vection 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 k,, = 10~* m* and aquifer thickness of 300 and
600 m, respectively (Table S2).

The asymmetric pattern of seafloor heat flux across North Pond in simula-
tions with k, = 107"'~10~% m? is broadly consistent with the pattern associ-

ated 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 aq-
uifer base is more steeply sloped, and slower to the east. For k, = 10~ m?, for both 300 and 600 m aquifers, heat
flux is suppressed consistently across North Pond to values that are 10%—20% of lithospheric, matching observa-
tions 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, conduc-
tive simulations (Figure 4) because there is a proportionately larger region of bare and bathymetrically elevated
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© -+ 1000 Observations of greater overpressures with depth in these simulations are
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Heat flux fraction

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 k,, = 10-12-10° m? (b) aquifer thickness 600 m and
ky= 107'2-10° m? (c) maximum permeabilities (k= 107" m? for 1000m
thick, kaq = 10~° m? 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.

crustal aquifer, producing overpressures and underpressures in different lo-
cations, 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 Informa-
tion S1), too slow to influence heat flux, but with potential to advect solutes.

Convection in three-dimensional simulations is unstable at high permeabil-
ities (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 Informa-
tion 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
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Figure 6. Plots of differential pressures observed in simulation of kaq =10~
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.

the sediment-basement interface is steepest, patches of higher and lower heat
flux tend to be small and located immediately adjacent to sediment pinch-
outs. 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 temper-
ature 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 impor-
tance of the across-strike flow direction increases as the permeability of the
crustal aquifer increases from k, = 10" m>-10~ m? (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 sedi-
ment tends to be thickest (Figure 8, Figure S5 in Supporting Information S1).

Atk,, = 107" m>~107'" m’, 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~ m?, basement fluid temperatures become nearly homogenized and
the secondary convection pattern is suppressed due to the increased efficien-
cy 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 per-
meabilities simulated, kaq = 10~ m?% temperatures of small-scale rolls and
plumes in a 600 m aquifer vary on periods of ~10'-10? 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 k= 107" m? horizontal flow rates up to 2.5 m/yr tend to be random-

ly oriented by azimuth. At kaq = 107" m?, 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, kZlCl =10~ m, 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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Figure 7. Map view of sediment pond heat flux at permeability k, = 10~'"m’
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.

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 10'-10*> m (Figure 1). Rath-
er than being explained by unidirectional, single-pass flow along the short
axis of North Pond (across-strike), coupled simulations in two and three di-
mensions are best able to replicate the observed heat-flux pattern with flu-
id 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.

Small scale variability in basement relief was not simulated in the present
study but some variations in seafloor heat flux associated with shallow base-
ment 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 heat-
flux values (Figure 1) but are difficult to resolve in seismic profiles because
of rough and sloping basement surfaces (Figure S2 in Supporting Informa-
tion S1). While these local bathymetric highs might alter local heat and fluid
flux patterns, they are unlikely to alter the overall flow geometry and charac-
teristics 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 tempera-
ture observations. Simulations with relatively high basement permeability
(107"'-10~ m?) result in pressure differentials, relative to ambient hydro-
static, 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 aq-
uifer is consistent with an upward component of fluid flow, as occurs within and around a rising plume of warm

Temperature (°C)
6.0

Figure 8. Fence diagram of temperature and velocity observed in simulation of k_ 0= 10~° 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 surround-
ing 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 k,, = 107"'-10~" m?,
transient perturbations in temperature and pressure conditions at depth (Becker et al., 2018) require no external
forcing. The timescale for the thermal response (7) of the sedimentary boundary layer forming the thermal lid
of North Pond is likely to be on the order of 10'-10% yr, given 7 = L%x, sediment thickness of L = 10-200 m,
and thermal diffusivity of x = 3 X 1077 m?s. Therefore, variations in convection patterns on a timescale of
>10°-10* 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 loca-
tions 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 aq-
uifer permeability is k,, = 10~"'-107° m. For ko= 10-"'-10"'° m?, 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~ m?, seafloor heat flux is suppressed across the full two-dimensional profile by 60%-90%. For
three-dimensional simulations, k= 10~''-10'" m? does well matching variability in seafloor heat flux, includ-
ing 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 k, = 10~ m? in three-dimensional sim-
ulations 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 k, = 107> m? 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 k,, = 107 m? 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 present-
ed 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 permeabili-
ty, 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 permea-
bility 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 10710~ m? 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 re-
charge 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 observa-
tions, 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.

16



A~y
fa\“4%
ADVANCING EARTH
'AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2021JB023158

Acknowledgments

This research was supported by National
Science Foundation grants OIA-0939564
and OCE-1924384 and was motivated
and inspired by numerous observations
and experiments conducted by researchers
who are part of the Center for Dark
Energy Biosphere Investigations (C-DE-
BI) and the Integrated Ocean Drilling
Program and its predecessors. An early
version of this manuscript benefitted from
valuable comments by Keir Becker, and
Tess Weathers assisted with development
of the simulation scheme. The initial sub-
mission was greatly improved by reviews
from B. Tutolo and an anonymous review-
er. This is C-DEBI contribution 580.

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 perme-
ability is kqu = 10~ m”. Three-dimensional simulations are most consistent with spatial heat-flux variability in
North Pond for the same aquifer thicknesses and k, = 107! m?, and result in advective removal of lithospheric
heat that is closest to observations for k,, = 10~° m?. 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 impor-
tant 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 out-
crop-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 system-
atic, 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
etal., 2021).
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Abstract

The influence of permeability anisotropy related to crustal structure on the
hydrogeological regimes has been neglected in earlier simulations of ridge-flank
hydrothermal systems. North Pond, a marine sediment pond, is a low-temperature, end-
member ridge-flank hydrothermal system on ~8 Ma seafloor in the North Atlantic.
Previous simulations of North Pond elucidated important crustal processes and long-
standing hypotheses concerning hydrothermal fluid and heat transport in the upper
volcanic crust but failed to fully explain observed patterns of seafloor heat flux in this
area. Here we use variography, a geostatistical method, to quantify relations between
seafloor heat-flux measurements, and coupled numerical simulations of fluid and heat
flow to permeability anisotropy in the volcanic crust on hydrogeology and advective heat
transport in the crustal aquifer beneath North Pond. Directional variography shows that
heat flux observations are correlated along-strike of the regional crustal fabric. Three-
dimensional simulations that include permeability anisotropy are able to replicate
seafloor heat flux patterns across North Pond. However, the simulations that result in the
closest match to thermal data incorporate permeability anisotropy in the horizontal (x-y)
plane. The feedback between permeability anisotropy and the asymmetric geometry
North Pond geometry combine to produce a more efficient mode of advective removal of
heat and mass within the crustal aquifer. These findings motivate the exploration of how
permeability anisotropy in the volcanic upper crust may influence ridge-flank

hydrothermal circulation more broadly.
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2.1 Introduction
2.1.1 Ridge-flank hydrothermal circulation as a global hydrologic process

Low- and moderate-temperature seafloor hydrothermal circulation on the flanks
of mid-ocean ridges is responsible for the advective removal of ~20% of Earth’s heat
(Hasterok, 2013). Ridge-flank hydrothermal systems are globally pervasive and circulate
the volume of Earth’s ocean every ~105 to 10¢ years (Kadko et al., 1995), which has
profound effects on the thermal evolution of the lithosphere, the geochemistry of the
ocean, and maintains a vast crustal biosphere (Edwards et al., 2012).

Ridge-flank hydrothermal systems are easiest to investigate where fluid flow in
and out of the seafloor is restricted by the presence of seafloor sediment, with either slow
seepage through thin sediments (Giambalvo et al., 2002; Wheat and McDuff, 1995) or
near highly permeable volcanic outcrops that provide pathways to bypass lower-
permeability sediments (Davis et al., 1992; Fisher et al., 2003). Sediments above the
volcanic crust limit vertical exchange with the overlying ocean, form a conductive
boundary layer through which seafloor heat flux can be measured, and facilitate the
lateral transport of hydrothermal fluids across tens of kilometers (Hutnak et al., 2008;
Langseth et al., 1992).

Within ridge-flank hydrothermal systems, there is a trade-off between fluid
residence time and the temperature of water-rock reactions, controlled in part by the
permeability of the ocean crustal aquifer through which most fluid flow occurs. Rapid
lateral fluid flow can be very efficient in cooling the upper crust and removing
lithospheric heat, and this tends to occur at relatively low temperatures and in settings

where there is extensive exposure of basement rocks and/or high crustal permeability
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(Davis et al., 1992). In contrast, when lateral flow is slower, temperatures of water-rock
interaction and fluid discharge tend to be higher, but relatively less lithospheric heat is
advected from the crust as a result (Fisher et al., 2003).

Here we present simulations of hydrothermal circulation below and around North
Pond, a sediment pond on the western flank of the Mid-Atlantic Ridge (MAR). North
Pond hosts a low-temperature hydrothermal system with inferred rapid lateral fluid flow
in the volcanic upper crust below marine sediments and heat flux at the seafloor that
tends to be well below lithospheric values (Langseth et al., 1992, 1984; Schmidt-
Schierhorn et al., 2012). An earlier numerical study of this system explored system
geometry and bulk formation properties, including permeability in the upper crust, as
needed to explain patterns of seafloor heat flux (Price et al., 2022). In the present study,
we examine the potential influence of crustal anisotropy on fluid flow and associated heat

extraction.

2.1.2 Field setting for North Pond, western flank of the Mid-Atlantic Ridge

North Pond is located on ~8 M.y. old seafloor west of the MAR in a bathymetric
depression filled with pelagic sediments (seafloor depth ~4,400 m), surrounded by
exposed basaltic rocks of the volcanic upper crust (Figure 2-1). Multibeam mapping and
seismic reflection profiling across North Pond (Schmidt-Schierhorn et al., 2012) reveal
an asymmetric basin, with steeper slopes defined by the sediment-basement interface
along the western and southern margins and shallower slopes to the north and east. The
maximum sediment thickness in North Pond is ~250 m. North Pond is roughly oval in

shape, with dimensions of ~8 x 14 km to the edges of sediment, with the long axis of

24



North Pond rotated by ~20° east with respect to the general crustal fabric (~N10°E)
defined by fault-bounded abyssal hills and other features (Figure 2-1). Throughout this
study, we refer to both the long axis of North Pond and the general trend of crustal fabric

as being "along-strike," and the orthogonal direction as being "across-strike".

b.
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Figure 2-1: Maps showing field setting, bathymetry, and seafloor heat flux. A. Regional
bathymetry around North Pond on the western flank of the Mid-Atlantic Ridge. Regional
strike of crustal fabric is ~N10°E (white arrow) and the North Pond basin with the long
axis striking ~N30°E (black arrow). Red box is the area shown in greater detail in figure
b. Base map made with GeoMapApp (www.geomapapp.org) / CC BY. B. Bathymetric
map of North Pond and surrounding seafloor overlain with heat flux data (Langseth et al.,
1992; Schmidt-Schierhorn et al., 2012), and borehole locations (black stars).

North Pond has been the focus of numerous coring, drilling, geophysical,
geochemical, and microbiological studies, and is considered to be a type setting or end-

member for ridge-flank hydrothermal processes involving rapid flow of cool crustal
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fluids. Seafloor heat flux measurements in North Pond (Langseth et al., 1992, 1984;
Schmidt-Schierhorn et al., 2012) indicate a median of 37 mW/m? (majority of values ~10
to 60 mW/m?), considerably lower than the lithospheric input of ~180 mW/m? (Harris
and Chapman, 2004). An early interpretation of the seafloor heat flux distribution
suggested dominantly advective heat extraction from the volcanic crust below North
Pond, with a single-pass, east-to-west flow geometry aligned with the short axis (across-
strike) of the basin (Langseth et al., 1984).

A recent study of North Pond hydrogeology using two- and three-dimensional
numerical simulations found more complex, time-varying fluid-flow geometries (Price et
al., 2022). Relatively high permeabilities were needed for upper crustal aquifer layers (k,q
= 10" to 10 m?) to replicate key observations from North Pond. These simulations
replicated advective extraction of a large fraction of lithospheric heat, small-scale spatial
variations in seafloor heat flux (including elevated and suppressed values within 10s to
100s of meters of each other), little or no seepage of fluids through North Pond
sediments, transient changes in upper crustal temperatures, and small underpressures and
overpressures in different crustal locations and depths (Becker et al., 2022; Langseth et
al., 1992; McDuff, 1984; Price et al., 2022; Wheat et al., 2020). However, three-
dimensional simulations that best matched average and small-scale variations in seafloor
heat flux had different permeability values, and none of the simulations completed
previously were able to replicate the extent of advective heat extraction from the volcanic
crust below North Pond (Price et al., 2022). Although these earlier simulations included
crustal layering and property variations with depth, permeabilities were isotropic within

each unit.
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2.1.3 Evidence for anisotropy in the upper volcanic ocean crust on ridge flanks
Multiple studies have investigated azimuthal seismic anisotropy within the upper
ocean crust flanks (Detrick et al., 1998; Fryer et al., 1989; Stephen, 1981), thought to be
associated mainly with faults and cracks that develop in response to tectonic stresses
during and after crustal formation. Fast-spreading crust tends to be characterized by more
common magmatic centers and more frequent eruptions, whereas slow-spreading seafloor
may be more extensively influenced by tectonic processes (Delaney et al., 1998; Karson,
2002; Karson and Elthon, 1987), so one might anticipate greater anisotropy on moderate-
to slow-spreading ridge flanks. Anisotropy leading to azimuthal differences in
permeability is not well constrained in the ocean crust, in part because of limited access
to the upper crustal aquifer. Boreholes that penetrate beyond the upper 100-200 m sub-
basement (msb) are relatively rare in the history of scientific ocean drilling, there are few
direct measurements of upper crustal permeability, and the vast majority of
measurements are based on data from single boreholes (Fisher et al., 2014). A
hydrogeologic study using cross-hole data from boreholes separated by 2.2 km, in a
direction oblique to strike, found lower apparent permeability compared to that
determined from single hole tests in the same region (Fisher et al., 2008). One
explanation for this difference is higher permeability in the along-strike direction, but this

hypothesis remains to be tested directly.
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2.1.4 Study goals

In the present study, we examine the distribution of seafloor heat flux
measurements in North Pond to see if spatial correlations exist between nearby heat flux
values as a function of their orientation and separation distance. We use numerical
simulations to explore how differences in permeability anisotropy could influence the
geometry of hydrothermal circulation, the efficiency of advective heat extraction, and
patterns of seafloor heat flux. We test multiple forms of permeability anisotropy in the
upper ocean crust, as might be created by faulting, cracking, and/or layering of volcanic
units. We compare results of coupled flow simulations that include permeability
anisotropy having multiple forms (direction, magnitude) to see which best replicate
seafloor heat flux observations. Finally, we consider what observations and simulations
suggest about the importance of permeability anisotropy to hydrothermal signature of the

upper crust of ridge flanks more generally.

2.2 Spatial correlation and numerical simulation of hydrothermal processes
2.2.1 Quantifying spatial correlation of seafloor heat flux across North Pond
Bathymetric data from the region surrounding North Pond are spatially correlated,
with differences that depend on azimuth of analysis (Herzfeld, 1993; Figure 2-1) While
the directionality of bathymetric "grain" is readily apparent from visual inspection (with a
dominant regional trend oriented (~N10°E), it is less clear whether heat flux observations
in North Pond are similarly correlated. We use a geostatistical technique called
variography which is commonly used to quantify the magnitude and direction of spatial

correlation of underlying generating processes in geologic and hydrothermal systems
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(Anderson and Fairley, 2008; Matheron, 1963). We apply this approach to assess the
magnitude and directions of spatial correlation of heat flux data from North Pond.

The semivariance (y) for a given spatial distance (lag) is defined as:

1
V) = s Dt )
N(R)

where £ is the lag distance, N(h) the number of unique pairs at lag 4, z is the data value
(heat flux in this study) at points i and j. Plotting semivariance versus lag (i.e., a
variogram) allows determination of the range, or the maximum spatial distance at which
points are correlated. We constructed both omnidirectional and directional variograms.
An omnidirectional variogram calculates the semivariance between all sets of points
while a directional variogram calculates semivariance between points that lie along a
specified azimuth, usually a tolerance is applied to capture more data pairs along the
azimuth.

To generate variograms of North Pond heat flux data, irregularly spaced
observations are declustered to avoid bias towards areas of oversampling (Olea, 2007)
and normal score transformed to satisfy assumptions of the geostatistical methodologies
used in this analysis (Pyrcz and Deutsch, 2018). To account for this potential sampling
bias, we employ a cell-based declustering technique that groups data into cells that
minimizes the mean of declustered values (Lindsey et al., 2022). Omni-directional and
directional variograms of seafloor heat flux values from North Pond were calculated
using normal-score transformed and declustered data, with directional variograms

calculated for 15° increments from 0° (north) to 165°. We used a lag distance of 300m
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and 10 lags for all variograms, as longer total lag distances can't be supported by the heat-

flux dataset from North Pond, given the limited spatial distribution of heat flux data.

2.2.2 Simulation of ridge-flank hydrothermal circulation below and around North
Pond
2.2.2.1 Numerical simulation code (FEHM)

We simulate 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 bottom water systems (Stauffer
et al., 2014). All simulations are run to a “dynamic steady-state” where the stability is
achieved when changes in the mass and energy balance between simulated timesteps

(=25 days) are <0.01%.

2.2.2.2 Geometry of North Pond simulation domain

Geometry of the simulation domain in this study is the same as used in earlier
simulations of North Pond (Price et al., 2022). The simulation domain was constructed
with Delaunay meshes of tetrahedral (three-dimensional) cells using the Los Alamos Grid
Toolbox (“Los Alamos Grid Toolbox, LaGriT,” 2019). The domain was created based on
bathymetric and seismic reflection data that define the geometry of North Pond (e.g.,
relief of the exposed volcanic crust, sediment thickness, location of sediment pinchouts)
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(Schmidt-Schierhorn et al., 2012; Figure 2-2). The domain is 95 km along-strike, 45 km
across-strike, and 6-7 km thick, with an asymmetric, sediment-filled depression
(sediment thickness <250 m) near the center. The simulation domain is significantly
larger than North Pond so that domain boundaries are placed far from the region of
primary interest. The simulation domain consists of sediment, upper volcanic crust
(aquifer), and conductive layers that allow for assignment of distinct physical properties
to each. Previous studies have treated the thickness of the crustal aquifer layer as a free
parameter, but for the current study we use aquifer thickness of 600 m, consistent with
earlier simulations and observations from the upper volcanic crust in this area (Becker,

1990; Fisher et al., 2014; Lindsey et al., 2022).
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Figure 2-2: Geometry of three-dimensional simulation domain. A. Map view of
simulation domain. Filled purple polygon is the sedimented surface of North Pond.
Arrows show cartesian directions used to represent system geometry and permeability
anisotropy. B. Perspective view of North Pond simulation domain with dashed box being
the area representing North Pond surrounded by buffer regions, crustal layering
represented by sediment (purple), crustal aquifer layers (blue, light blue, light orange,
orange) and conductive crust (dark orange). Black axis labels denote the nomenclature
used in defining permeability for the simulation domain.
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Permeability simulations

Permeability
Layer orientation Log-Permeability (kx, ky, kz) (m2
-0a
Isotropic
-102
-9,-10,-10
Azimuthal (x-axis) -9,-10,-10
-10,-11,-11
-10,-9,-10
Azimuthal (y-axis)
Crustal aquifer -11,-9-11
-9,-9.-10
Planar
(x- and y-axes) -9,3,93,-10
9,911
Vertical and -10,-9,-9
azimuthal
(y- and z-axes) 11-10-10
Sediment Isotropic -15.4
Conductive crust Isotropic -17
Bulk properties
Layer Porosity (-) Thermal conductivity (W/m K
Crustal aquifer 0.02-0.1 1.8-20
Sediment 0.62 1.06
Conductive crust 0.01 2.0

aSimulations from Price et al. (2022)

Table 2-1: Values of physical properties for permeability anisotropy simulations
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2.2.2.3 Domain properties: boundary and initial conditions, bulk properties

Lateral domain boundaries are no-flow for fluid and heat, whereas the bottom boundary
is no-flow for fluid and spatially varying heat flux, based on crustal age (Harris and
Chapman, 2004). The upper boundary (seafloor) held at a constant temperature (2°C) and
pressure corresponding to water depth (~4400 mbsl across North Pond), while remaining
free flow for heat and fluid. Pressure and temperature initial conditions for this study
were final conditions from earlier simulations that used isotropic permeability (Price et
al., 2022). Bulk properties are the same for all simulations in this study (Table 1),
including sediment porosity of 62% and thermal conductivity of 1.06 W/m K-! based on
core data from North Pond sites U1382-84 (Edwards et al., 2012). Basement rocks
porosity and thermal conductivity are set based on core data from North Pond and other
crustal sites (Becker et al., 2001; Fisher et al., 2014); rock porosities are 1 to 10%, and

thermal conductivities are 1.8 to 2.0 W/m-K (Table 2-1).

2.2.2.4 Permeability anisotropy in the upper crustal aquifer

We assign anisotropic permeability to crustal aquifer layers beneath North Pond
in the x (across-strike), y (along-strike), and z (vertical) axis. We test for different
orientations of permeability anisotropy: (1) aligned with x-axis, (2) aligned with y-axis,
(3) aligned with the x-y-plane, and (4) aligned with the y-z-plane. Each of these
orientations corresponds to a representation of one or more geological processes that
could result in permeability anisotropy. For example, elevated permeability in the x-y
plane (horizontal) could result from crustal construction in well-defined layers, whereas

elevated permeability in a y-z (vertical) plane could result from faulting and/or a
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pervasive crustal fabric that runs parallel to MAR orientation (Figure 2-1). Preferential
crustal fabric could also contribute to elevated permeability mainly in x-axis or y-axis
directions, as could the intersection of planar fabrics (e.g., layering/faulting along x-y and
y-z planes could result in elevated permeability particularly along the y-axis).Values of
crustal permeability are assigned on the basis of packer tests and borehole logs and tests
from North Pond and elsewhere (Becker, 1990; Fisher et al., 2014; Langseth et al., 1984;
Wheat et al., 2020), and earlier simulations of North Pond (Price et al., 2022). For each of
these permeability anisotropy orientations, we vary the directional contrast in

permeability by 0.5, 1, and 2 orders of magnitude (Table 2-1).

2.3 Evidence for anisotropy from variograms of heat flux and simulations of coupled
fluid-heat transport
2.3.1 Variography of seafloor heat flux measurements in North Pond
Omnidirectional variograms suggest that heat flux observations taken from North
Pond are correlated to a distance of ~1700 m strictly based on where the variance crosses
the sill (Figure 2-3b). Directional variograms show a clear azimuthal correlation between
heat flux observations. The azimuth of maximum correlation is along N15°E, consistent
with the general trend of bathymetric relief around North Pond (Figure 2-1a). The
directional variogram for the maximum correlation azimuth never reaches the sill along
N15°E. The directional variogram for the minimum correlation azimuth (N75°W) reaches
the sill at a range ~250 m. The azimuth of maximum correlation aligns with the regional
strike of bathymetric data determined from a regional study of data from the western

flank of the MAR (Herzfeld, 1993). The spatial analysis of heat flux data shows that there
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is a preferred orientation of correlation that runs parallel to the fabric volcanic crust,

suggesting that anisotropy in crustal permeability could be influencing patterns of

seafloor hydrothermal circulation in the upper volcanic crust below North Pond.
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Figure 2-3: Spatial distribution of heat flux and variogram from heat flux data. A.
Seafloor heat flux observations from North Pond (Langseth et al., 1992; Schmidt-

Schierhorn et al., 2012) plotted in UTM coordinates (meters). Orientation of azimuths of

maximum correlation (N15°E) in black and minimum correlation (S75°E) in red, as
determined from variography. B. Variography of heat flux illustrating isotropic
variogram (dotted gray line, filled squares), directional variogram at maximum
correlation azimuth of N15°E (solid black line, filled circles), and directional variogram
at minimum correlation azimuth of S75°E (red dashed line, filled circles). Horizontal

gray line at semi-variance (A) = 1 indicates the sill.

36



Proportion
Proportion

15 20 0.0 05 15 20

0 - T
0.0 05 1.0
Heat Flux Fraction

¢ - Permeability
Observations _— nla
e 9 9 9 R
Isotropic
— -10 -10 -10 ——
w . Planar
9 9 10 Horizontal
i o 40 40 e vmutai
—— -10 -9 -10 . Azimuthal y
A \“; Planar
-10 9 9 - Vertical
Planar
- 9 -1 Horizontal
-9 -1 -11 ey Azimuthal x
-1 -9 -1 —— Azimuthal y
Planar
1 -9 9 Vertical
A Planar
93 83 A0 e Horizontal
— 93 40 40— Avmuthalx
0.0 0.2 04 06 0.8 1.0 12 14
. log log log ECDF N "
Heat Flux Fraction Tk, ()] [k m3)] [k(m?)] Line type Orientation

Figure 2-4: Empirical cumulative distribution functions (ECDF) and ridge plots of
observed and simulated heat flux fraction through North Pond sediments (hfout / hfin). A.
ECDF of observed (solid black line) and simulated heat flux fraction for isotropic (solid
blue lines) and anisotropic with 1-order of magnitude of contrast in permeability (green
lines). B. ECDF of observed (solid black line) and simulated heat flux fractions for
isotropic (solid blue lines) and anisotropic with 0.5-order of magnitude of contrast in
permeability (red lines), and anisotropic with 2-order of magnitude of contrast in
permeability (orange lines). Each line type in the ECDF represents separate orientations
of increased permeability in the x-y plane (dotted), x-axis (dash-dot-dash), y-axis
(dashed), and x-z plane (dash-dot-dot). C. Ridge plots of observed (black) and simulated
[isotropic (blue) and anisotropic 1-order of magnitude of permeability contrast (green), 2-
order of magnitude of permeability contrast (orange), and 0.5-order of magnitude
permeability contrast (red) simulations of heat flux fraction.
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Figure 2-5: Heat maps of simulated heat fluxes through North Pond sediments. Heat
maps are faceted by permeability orientation and colored by warmer colors representing
higher heat fluxes and cooler colors representing lower heat flux values. Heat fluxes are
reported in mW/m?. X and Y values correspond to simulation domain coordinates.
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Figure 2-6: Rose diagrams of specific discharge for selected anisotropic simulations of
North Pond (corresponding to the four plots shown in Fig. 5), using data from the crustal
aquifer that is beneath the sediment. Rose diagrams are faceted by permeability
orientation and binned by azimuth 6° bins. Y-axis (or radial scales) differ to better
visualize the directional distribution of specific discharge.
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Figure 2-7: Vector plots of fluid flow patterns in the volcanic crustal aquifer below
North Pond sediments. Vector plots are faceted by permeability orientation. Specific
discharge vectors are colored by the x-component of specific discharge vectors for the
top row of vector plots and the y-component of specific discharge vectors for the bottom
row of vector plots. Vectors are log-scaled by the highest specific discharge value for
each simulation. X and Y values correspond to simulation domain coordinates.
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log(along-transect velocity)

Figure 2-8: Vector plots of cross-sections of North Pond for simulated specific
discharges of aquifer permeability loq[k,] = -9, -9, -10. A. Locations of specific
discharge transects overlain on North Pond simulation domain b. Vector fence diagram
of along-strike and across-strike fluid fluxes. C. Vector cross-section of D-D’ (parallel to
x-axis or across-strike). D. Vector cross-section of F-F' (parallel to y-axis or along-
strike). All vectors are colored and log-scaled by along-transect fluid specific discharge.
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2.3.2 Coupled simulations using isotropic and anisotropic permeability

Previous studies of coupled fluid and heat fluxes beneath North Pond utilized
isotropic permeability distributions within the crustal aquifer (Price et al., 2022).
Simulations with isotropic permeability of k,, = 10 m? resulted in mean conductive heat
flux through the sedimented pond that was ~50% of lithospheric input. Observations
indicate that heat-flux values are ~20% of lithospheric, so an additional ~30% of
lithospheric heat must be removed advectively. Isotropic simulations with somewhat
lower permeability in the upper volcanic crust (k,, = 1071 m?) more closely matched
observed heat flux variability with higher and lower heat flux values in close proximity,
particularly around the western and northern margins of North Pond. Flow geometries
associated with isotropic simulations showed a preference for across-strike transport,
although this net transport below North Pond was slowed somewhat by local (secondary)
small-scale convection and mining of heat from the deeper crust across a larger region,
limiting the efficiency of heat extraction (Price et al., 2022).

New simulations with azimuthal permeability anisotropy, either in the x- or y-axis
only, result in significant differences in simulated heat fluxes through North Pond
sediments (Figure 2-4). Simulated heat flux values based on this orientation of
permeability anisotropy are closer to observations (i.e., ~20% of lithospheric heat input)
but there are important differences depending on the magnitude of the permeability
contrast. Simulations with azimuthal permeability anisotropy that produce the closest
match to observations have elevated permeability in the x-axis direction, with a contrast
of 1 order of magnitude (k,qx = 10 m?; kyqy = kag» = 10719 m?) or a contrast of 0.5 order of

magnitude (kg = 1092 m?; kyqy = kag. = 101 m?) (Figure 4). The former results in a
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particularly good match to the empirical cumulative distribution function of observations
at the upper end of the distribution, where heat flux is elevated above the lithospheric
value (Figure 2-4). When the same direction of permeability anisotropy is simulated but
with a 0.5 order of magnitude directional contrast, simulated heat extraction is less
efficient. Increasing the permeability contrast to 2 orders of magnitude contrast (kuq.x =
10 m?; kaqy = kag. = 10! m?) removed too much heat around the margin of North Pond,
making the simulation inconsistent with observations. Elevating permeability along only
the y-axis (kiqy = 10° m?; kyqy = kug. = 101 m?) results in less efficient advective
extraction of heat and a poorer match to the distribution of observations. When this form
of anisotropy is increased to a contrast of 2 orders of magnitude contrast (k. = 10 m?
and kg = kuq. = 101 m?), too much heat is extracted around the pond margins, as
occurred with azimuthal permeability anisotropy along the x-axis (Figures 2-4b and 2-
4c).

For simulations with a single direction of azimuthal anisotropy, a permeability
contrast of 1 order of magnitude generates a better match to heat flux data than do similar
simulations with a permeability contrast of 0.5 to 2 orders of magnitude. Simulations
with a permeability contrast of 2 orders of magnitude result in greater continuity (or
streaks) of higher and lower heat flux values oriented in the higher-permeability direction
(Figure 2-5), which is consistent with geostatistical analysis (Figure 2-3b) and the
general trend of the crustal fabric (Figure 2-1). However, this results in large areas along
the margin of North Pond having heat flux <10% of lithospheric. Rose diagrams (Figure
2-6) and vector plots (Figure 2-7) of specific discharge from simulations with a single

direction of azimuthal anisotropy illustrate the extent to which fluid flows are impacted
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by the imposition of permeability anisotropy. Unsurprisingly, fluid fluxes in simulations
with azimuthal permeability anisotropy tend to align parallel to the direction of highest
permeability, with very little flow in the orthogonal direction (Figure 2-7).

To our surprise, simulations with permeability anisotropy in a vertical plane
oriented along the long axis of North Pond result in advective removal of very little
lithospheric heat in comparison to all other anisotropic permeability simulations (Figure
2-4). The efficiently of heat extraction in these simulations, incorporating a range of
permeability contrasts (1-2), is little different from that seen in earlier simulations with
isotropic permeability (Price et al., 2022). These simulations also result in large patches
of elevated heat flux along the northern and southern edges of North Pond, and areas of
suppressed heat flux along the eastern and western margins of the basin. In addition,
simulations with planar vertical anisotropy result in preferential flow along the y-z plane,
including secondary convection cells, and this tends to suppress local variability in
seafloor heat flux. Observational data are not consistent with this pattern exhibiting more
local variability than these simulations predict indicating more efficient heat extraction
overall.

Simulations with elevated permeability in the horizontal plane (higher k.o« and k..
, compared to k,q,) result in the best match to seafloor heat flux observations (Figures 2-
4 and 2-5). In these simulations with planar permeability elevated by 0.5 or 1 order of
magnitude relative to vertical permeability, the magnitude and distribution of seafloor
heat flux values comprise a better match to observations than those from earlier
simulations using isotropic permeability (Price et al., 2022), with a mode near 10-30% of

lithospheric and considerable small-scale variability. In addition, simulations with
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horizontal anisotropy do not result in excessive areas of very low heat flux that were
apparent for simulations having a single direction of elevated permeability. However,
when k,q« and k,q., are elevated compared to k,q, by 2 orders of magnitude, heat
extraction becomes too efficient, and large areas of very low heat flux develop around the
margins of the simulated sediment pond (Figure 2-4). Fluid flow patterns in simulations
with higher planar permeability indicate more variability and complexity both along and
across strike compared to other forms of permeability anisotropy. Across- and along-
strike flows are more evenly distributed and contribute more equally to the overall flow
geometry (Figures 2-6 and 2-7). Even though lateral heat extraction is enhanced in these
simulations compared to equivalent simulations with isotropic permeability, anisotropic
simulations still include small-scale convection that forms in along-strike and across-
strike orientations (Figure 2-8) with a strong central plume below the deepest part of
North Pond, and smaller convection cells and rolls that form around the edges of the
basin. In summary, of the anisotropic permeability simulations, those with moderate
elevation in horizontal permeability seems to promote the best balance in extracting the
correct amount of lithospheric heat and fostering local variations in seafloor heat flux
through North Pond sediments. Simulations with other forms of permeability anisotropy,
and with larger or no directional contrast in permeability, tend to generate a poorer match

to observations.
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2.4. Evidence of Anisotropy in Crustal Permeability
2.4.1 Heat transport and extraction from the crust below North Pond

Earlier hydrogeologic simulations of North Pond using isotropic permeability in
the volcanic crust helped explain some of the observed heat flux deficit and replicated
small-scale heat-flux variability measured at the seafloor (Price et al., 2022). These
simulations also showed that fluid flow patterns in the upper crust are more complex than
the single-pass, unidirectional system hypothesized in earlier studies, with mixed
convection superimposed on rapid lateral flow and time-varying deviations in fluid
temperature and pressure in the upper crust. However, no single isotropic simulation was
able to match both the magnitude and spatial distribution of heat flux observations.
Instead, lower aquifer permeabilities k,,= 10-1° m? more closely matched the spatial
distribution of high and low heat flux values, while the highest permeabilities simulated
k.= 10 m? more closely matched the overall distribution of heat flux observations
(Figure 2-4). Elevating isotropic permeability did not sufficiently reduce seafloor heat
flux at North Pond because increasingly vigorous, secondary convection in the upper
crust extracted more heat from a larger areal region of the deeper crust and throttled and
decreased the efficiency of the lateral transport of fluids from beneath the sedimented
pond.

Including permeability anisotropy in hydrothermal simulations of North Pond in
the present study helps to address these limitations, but in unexpected ways. Given the
strong ridge-parallel structural fabric apparent in regional bathymetry around North Pond
(Figure 2-1), including large-offset normal faults bounding abyssal hills and variograms

of seafloor heat flux that indicate the strongest continuity in the along-strike direction
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(Figure 2-3), we expected that simulations using anisotropic permeability, with higher
values associated with along-strike faults and cracks oriented in the y-z plane (k,q., and
kag» > kaqx), might yield a better match between simulated and observed heat flux
patterns. Instead, we found that simulations with elevated horizontal permeability (k,q.«
and k.., > k,q,) provide a better combination of efficient regional heat extraction and
local heat-flux variability. In addition, the magnitude of permeability anisotropy that best
matches heat flux observations is moderate, with k,,« and &, , elevated by 0.5 to 1 order
of magnitude relative to k,g.,.

Horizontal layering in volcanic construction of the upper crust (Bartetzko et al.,
2001; Chadwick et al., 2001; Karson, 2002) could favor lateral continuity in permeable
deposits of pillows, rubble, and breccia, with more massive and extensive basalt flows
helping to isolate relatively thin crustal intervals (Figure 2-9a). In contrast, high-angle
faulting like that associated with abyssal hill topography and smaller scale fractures and
cracks (Harris et al., 2017; Macdonald et al., 1996) could enhance fluid flow and
advective heat transport subparallel to the seafloor spreading center that produced the
crust, including subvertical convection cells oriented along strike (Figure 2-9b).
However, neither of these explanations appears to be solely responsible for patterns of
hydrothermal circulation and heat transfer in the volcanic crust below North Pond.

Instead, patterns of fluid flow, heat redistribution and extraction below and
around North Pond seem to be emergent phenomena, resulting from interactions between
the anisotropic character of the volcanic upper crust and the geometry and scale of the
bathymetric depression of North Pond (Figure 2-9¢). The disparity in the dimensions of

North Pond in the along-strike and across-strike directions seems to favor a component of
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Figure 2-9: Conceptual diagrams of crustal factors that could result in permeability
anisotropy and/or preferential fluid flow directions. A. Crustal layering with limited
horizontal continuity of the most permeable regions. B. High-angle faults and cracks
associated with crustal subparallel to orientation of the spreading ridge at which crust was
formed. C. Layering and geometry of a sediment pond resulting in a preferential flow
direction.
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across-strike flow, but not as strong as seen when &, alone is elevated (Figure 2-6).
Given the formation of a central convection cell below North Pond, with a rising plume
below the thickest sediment (Figure 2-8), there is a shorter path between inflow and
outflow, and a steeper sloping contact at the sediment-basement interface, in the across-
strike direction compared to the along-strike direction. These geometric characteristics
and the contrast in properties between the volcanic upper crust and overlying sediments,
coupled with the permeability anisotropy intrinsic to layering of the upper crustal aquifer,
combine to produce the complex hydrogeologic character observed at North Pond. In the
surrounding region where there is no conductive boundary layer at the top of volcanic
basement (sediment), we expect that permeability anisotropy of the upper crustal aquifer

may play a stronger role in determining hydrothermal flow patterns.

2.4.2 Broader implications of permeability anisotropy in the ocean crust for ridge-
flank hydrothermal circulation.

While direct measurements are scarce, there is abundant, often indirect, evidence
for permeability anisotropy on ridge flanks in the upper ocean crust. The most
fundamental evidence is layering, as seen in crustal boreholes, the walls of fracture zones
and tectonic windows, and ophiolites. Seafloor spreading is discontinuous in both space
and time, leading to heterogeneous layering of rock units as different magmatic, tectonic,
and alteration processes occur at spreading centers and as the crust subsequently evolves,
leading to widely varying physical properties with depth at scales of centimeters to
hundreds of meters (Bartetzko et al., 2001; Gillis and Robinson, 1988; Karson, 2002).

There are relatively few studies of the permeability and lithostratigraphy within nearby
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upper crustal holes in the ocean crust, and these mainly show consistent permeability
values, with lateral continuity of layers and alteration demonstrated mainly in the along-
strike direction (Alt et al., 1996; Becker et al., 2013).

Two-dimensional numerical simulations of the southern flank of the Costa Rica
Rift that incorporated layering were better able to replicate the extent of lateral heat
transport associated with ridge-flank circulation compared with simulations that lacked
layering (Fisher et al., 1994), and higher resolution simulations resulted in the formation
of small-scale convection cells that were less efficient in moving heat laterally (Fisher
and Becker, 1995). Similar results were obtained for simulations of the eastern flank of
the Juan de Fuca Ridge (Stein and Fisher, 2001), with rapid lateral flow efficiently
mining heat from depth, provided small-scale local mixing was suppressed. Given that
seafloor heat flux is a powerful tracer of underlying advection in the volcanic crust, the
occurrence of large regions within which heat flux is well below lithospheric values
(Davis et al., 1992; Hutnak et al., 2008; Langseth et al., 1992) is powerful evidence for
rapid lateral flow, which is both faster and more efficient at mining heat when horizontal
permeability is elevated and secondary mixing is limited.

Evidence for azimuthal anisotropy in the upper ocean crust based on seismic
velocities (Detrick et al., 1998; Fryer et al., 1989; Stephen, 1981) could be associated
with permeability anisotropy if the same crustal fabric were responsible, but a global
consideration of crustal evolution suggests that elevated permeability is retained long
after alteration processes leading to increased seismic velocities are essentially complete
(Anderson et al., 2012; Fisher and Becker, 2000). A comparison of permeability values

calculated from cross-hole pressure response and single-hole permeability measurements
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may be explained by elevated along-strike permeability (Fisher et al., 2008). In general,
crustal faults that carry fluids are expected to enhance flow in the along-strike direction,
both within faults and in the surrounding damaged zones, but may also lead to lower
permeability in the cross-strike direction (Caine et al., 1996; Lopez and Smith, 1996).
We infer from earlier work and new results from the present study that anisotropy
in the advective extraction of lithospheric heat may not be determined by a single set of
crustal parameters. Ultimately, anisotropy in ridge-flank hydrogeology appears to be an
emergent property, one that develops as a consequence of multiple processes and
conditions, including layering, faulting, and interactions with components like seafloor
relief and a patchy conductive boundary layer at the seafloor. There may be no single
explanation for the pattern of subseafloor fluid and heat transport below and around
North Pond, and for the associated pattern of seafloor heat flux. If we think about ridge-
flank circulation more broadly, including areas like North Pond (where basement
exposure at the seafloor is common) and the eastern flank of the Juan de Fuca Ridge
(where basement exposure is limited to a few outcrops across a large area), crustal
anisotropy may have developed across multiple phases of construction and tectonism, and
may therefore be a common feature, but for different reasons in different settings. The
form of permeability anisotropy that appears to be most critical in determining the nature
of ridge-flank hydrogeology at multiple sites appears to be associated with fundamental
(constructional) crustal layering. This layering simultaneously favors rapid lateral flow in
the crust and suppresses the formation of small convection cells that would serve to
reduce the efficiency of heat extraction. How hydrothermal flows are influenced by

permeability anisotropy may vary greatly depending on local conditions, including the
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causes and nature of basement relief and the extent of sediment cover (Figure 2-9). It
appears in the case of North Pond that along-strike flow may be modestly favored (based
on spatial analysis of seafloor heat flux values, Figure 2-3), but it can't be too strongly
favored without causing a mismatch between the measured and simulated extent of
advective heat extraction (Figure 2-4). Azimuthal anisotropy may be more strongly
favored in settings where the direct connection between volcanic crustal rocks and the
overlying ocean is more limited, like the eastern flank of the Juan de Fuca Ridge.

Given that permeability anisotropy may be best considered to be a consequence of
crustal conditions, next steps in the simulation of ridge-flank hydrothermal systems
should consider explicit representation of crustal heterogeneity (Frippiat and Holeyman,
2008; Schulze-Makuch et al., 1999). Seafloor heat flux data may provide limited
constraints on more complex representations of permeability in the crust, because thermal
conductivity is relatively high but results of recent solute tracer tests in the ocean crust
may prove more sensitive (Neira et al., 2016; Wheat et al., 2020). The detailed scales of
spatial variability in bulk properties are not well defined for most of the ocean crust,
except vertically in isolated boreholes, but the few studies that have examined kilometer-
scale variability (Alt et al., 1996; Becker et al., 2013) could help for setting upper limits
on the lateral extent of continuity of key units. More detailed simulations would allow
inclusion and comparison of structures that could be combined to result in anisotropic
behavior, including primary crustal layering, differential alteration, and faulting.
Importantly, the next generation of models can provide testable hypotheses that are ready
to be assessed through carefully placed boreholes used to recover crustal rocks and make

direct in-situ measurements of formation properties.
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2.5. Summary and conclusions

Seafloor heat flux observations from North Pond sediments are azimuthally
correlated in the along-strike direction, consistent with regional bathymetry. This
suggests that there could be a preference for fluid flow in the along-strike direction as
well. Numerical simulations that incorporate permeability anisotropy in the volcanic crust
below North Pond improve the match between observed and simulated heat flux
compared to simulations using isotropic permeability in the upper crust. Interestingly, the
correlation between simulated and observed heat flux is improved most with simulations
having planar anisotropic permeability, representative of crustal layering, instead of
permeability anisotropy along a single azimuth or along a vertical plane running parallel
to the crustal fabric.

Within the volcanic crust below North Pond, the efficient extraction of
lithospheric heat is facilitated not simply by increasing permeability overall, but rather by
having: (a) a contrast between horizontal and vertical permeability, and (b) an
asymmetric sediment pond with a long-axis oriented sub-parallel to the trend of the
crustal fabric. The permeability contrast associated with crustal layering helps to enhance
the advective extraction of lithospheric heat by limiting the extent of secondary mixing,
and lateral gradients associated with the shape of North Pond and the contrast between
rock and sediment properties help to drive a mixture of along-strike and across-strike
flow. Therefore, permeability anisotropy and geometry of the sediment-basement
interface below North Pond combine to produce the emergent characteristics of fluid and

heat transport in the crustal aquifer
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There is no reason to expect that the upper crust below and around North Pond is
anomalous compared to other ridge-flank sites. Site-specific conditions like spreading
rate, sediment thickness and continuity, and off-axis volcanism are important, but global
mechanisms of ocean crustal construction and tectonic modification should apply more
broadly. Permeability anisotropy associated with crustal layering seems to be important
in multiple ridge-flank settings for helping to explain patterns of advective heat transport.
The mediating factor that permeability anisotropy imposes on the connectivity of the
crustal aquifer with the overlying ocean is important for determining the overall
hydrogeologic characteristics of a ridge-flank hydrothermal system. However, ridge-flank
systems where connection of the overlying ocean to the volcanic aquifer is limited, the
degree to which and how much layered permeability anisotropy affects the hydrothermal
character in these systems is unclear.

Understanding the nature, causes, and implications of permeability anisotropy for
ridge-flank hydrogeology with greater confidence will require exploration and simulation
of these systems at higher resolution. Direct testing is needed using borehole networks to
resolve directly the nature of connections at different levels in the upper crust and
laterally in different directions. Future investigations of ridge-flank systems should
incorporate permeability anisotropy of multiple forms, in addition to crustal
characteristics such as heterogeneity, faults, and the extent of lateral continuity of crustal
layers. Simulating water-rock reactions and microbial processes within these systems will
require even more detailed representations of permeable channel networks, including
their geometries, surface areas, and other factors controlling the evolution of ridge-flank

fluids and crustal rocks.
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Abstract

Constructing numerical computational meshes that accurately reproduce geologic
features of interest is a key step in the investigation of environmental processes.
However, there exists a substantial gap between software tools to perform the meshing
and the application of meshes in numerical simulation. Here we present a framework for
constructing geologically realistic meshes that uses North Pond, a ridge-flank
hydrothermal system as an applied use case. We find that by making a suite of decisions
prior to construction as well as using a nested grid structure, we are able to construct
meshes that reproduce geological features and are numerically efficient. Additionally, we
construct and distribute a suite of user-friendly, open-source tools that ensures

reproducibility and the ability to adapt this workflow across mesh cases.

3.1. Study motivation, setting, and goals
3.1.1 Bridging the gap between development and application

Many types of software exist to construct, design specific portions (e.g. Sweeney
et al., 2020), or size and type of specific elements of numerical simulation domains,
henceforth referred to as “meshes or computational meshes” (Miller et al., 2007).
However, there are relatively few studies that bridge the gap between theory and
application that focus on the development of a mesh and the suite of decisions that are
made in that process. Accurate representation of geometry and structure of geologic
domains is paramount in numerical simulations focused on coupled fluxes of fluid and
heat in hydrothermal systems. Here we develop an applied workflow that focuses on how

to use data and knowledge about the geologic structure of the ocean crust, to construct a
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computational mesh while discussing the rationale behind the decisions made in mesh
construction process.

Numerical modeling has been used in multiple studies of marine hydrothermal
systems, but historically, little emphasis has been placed on the geometry, resolution, and
geological realism or complexity of the system simulated. For example, many early
models of mid-ocean ridge (MOR) systems used very coarse resolution, two-dimensional
meshes with little to no geological complexity that resulted in large hydrothermal
convection cells (Fehn & Cathles; 1979, Ribando et al., 1976, Patterson, 1976). As
computational power and data quality improved, two-dimensional meshes with multiple
resolutions, geologically realistic layering, and curvilinear elements to accurately
represent seafloor topography were successfully used to elucidate marine hydrothermal
processes (Fisher & Narasimhan, 1991; Fisher 1994). More recently, three-dimensional
meshes were used in numerical simulation, but are very similar to early two-dimensional
meshes in that they are highly idealized geometries (some with constant, coarse
resolution), do not incorporate geological complexity, and lack key crustal features
(Travis et al., 1991; Rabinowicz et al., 1998; 1999; Coumou et al., 2008; 2009; Fabrice et
al., 2014; Hasenclever et al., 2014). At the bleeding edge of marine hydrothermal
research, meshes used in studies of ridge-flank hydrothermal systems have been
constructed to represent basement outcrops, reproduce important geological features,
represent seafloor topography, and address multiple scales of physics by using a nested
fine resolution area surrounded by a coarse resolution area (Lauer et al., 2018; Winslow
& Fisher, 2015; Winslow et al., 2016). While each of these meshes has their inherent

short-falls, the mesh constructed in this study incorporates realistic geological complexity
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with subsurface layering, seafloor topography, and targeted and varied mesh resolution in
three-dimensions.

It is important when investigating marine hydrothermal systems, to not make
assumptions our data is unable to support. For example, for many current tools one needs
to know size, depth, orientation, and lateral continuity of fractures in the subsurface or
complete many realizations and simulations. However, for marine hydrothermal systems
and especially ocean worlds, we do not currently have that data and therefore cannot
justify assumptions to achieve that level of detail. This study brings models/grids up to

date as far as we can push the data, without going into the unknown and untestable.

3.1.2 North Pond, a marine sediment pond

For this study, we explore a ridge-flank hydrothermal system, North Pond, as a
case study to explore the suite of decisions and workflow used in constructing a mesh.
North Pond is a marine sediment pond that is surrounded by large areas of exposed
volcanic crust, that sits on ~8 M.y. old seafloor at a depth of 4400 meters below sea-level
(Hussong, 1979). The local and regional setting of North Pond is characterized by
alternating horsts and grabens with abyssal hill topography that trends subparallel to the
Mid-Atlantic Ridge (MAR) some 120 km to the east of the study site. North Pond is an
especially useful study site because of the anomalously high amount of data collected in
the area (for a submarine system) that have been used to constrain studies of the
geochemical and microbiological signature produced by the transport of fluid and heat in
the crustal aquifer beneath the sediment pond (Langseth et al., 1992; Orcutt et al., 2013;

Price et al., 2022; Wheat et al., 2020).
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3.1.3 Study goals and structure

This study provides a workflow and supplementary suite of tutorials and scripts
for numerical modelers to incorporate bathymetric or topographic relief into meshes,
representing first order and fundamental geometric characteristics needed to simulate
ridge-flank hydrothermal systems with potential for application in other settings. The
workflow presented takes a stepwise approach that combines constructing surfaces,
defining simulation domain and subdomain volumes, mesh refinement, and material
assignment. We discuss creation of numerical domains used for simulation of coupled
fluid-heat transport in volcanic rocks and sediment in and around the North Pond field
area, as a means to demonstrate conceptualization of key system features and properties,

and how these may be implemented as part of mesh creation.

3.2. Steps for constructing geologically realistic, three-dimensional meshes
3.2.1 General workflow, nomenclature, and tools

A workflow for construction of geologically realistic mesh for simulation
includes:

1. Defining surfaces

2. Creating a mesh with points and connections

3. Refining the mesh within volumes and along surfaces

4. Combining surfaces with simple geometric elements to define subseafloor

regions and material zones

5. "Cleaning up" of the mesh to remove unnecessary components (Figure 3-1).
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In this study, points are defined in cartesian space and denote vertices of
elements, which finite element solvers use to discretize and solve governing equations for
fluid, heat, solutes, etc. A set of points is created within space to define the extent of the
mesh and are classified as falling within subregions that can be distinct or overlapping to
define complex geological shapes and structures. Surfaces are defined by connections of
sets of points, volumes are extruded surfaces but have no internal connections, domains

are sets of points that have interior and exterior connections (Figure 3-1a).
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Surface Volume Domain

b.

Figure 3-1: a. Visualizations for mesh objects used in workflow. b. Workflow for
constructing meshes. Black arrows represent general flow while dashed red arrows
represent steps that could be iterative.
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We construct meshes with the Los Alamos Grid Toolbox (LaGriT). LaGriT is an
open-source library of gridding tools that utilizes a Delaunay tetrahedralization algorithm
for unstructured meshes generation in two- and three-dimensions (“Los Alamos Grid
Toolbox, LaGriT,” 2019). LaGriT has the capability to represent multiple element types
including hexahedral and tetrahedral elements which are the primary elements used in
this study.

A tutorial with all input files and scripts needed to recapitulate mesh construction

for both use cases is included in the supplementary information (Appendix B).

3.2.2 Conceptual considerations for mesh geometry

During the construction of any mesh, a suite of decisions must be made about
what geologic and physical processes we are interested in representing within the
domain. Studies within North Pond have focused on scales of 10’s to 1000’s of meters
due to spacing of borehole observatories and resolution of geophysical measurements
within the sediment pond (Langseth et al., 1984, 1992; Wheat et al., 2020). This need to
represent multiple scales of observation requires identification and reproduction of
features that are important not only for accurately describing the hydrogeological flow
regime of North Pond but are simultaneously valuable for other investigations and
provide constraints for simulation outputs. The following mesh characteristics are
important features we have identified that need to be represented in the North Pond mesh:

* A layered system with a seafloor above separate regions representing marine

sediments, upper-volcanic crustal aquifer of varying thicknesses, and a lower

volcanic unit of conductive crust. On ocean ridge flanks, such as North Pond, the
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uppermost 500 - 1000 m of the upper-volcanic ocean crust is permeable enough to
allow fluid flux and facilitate advective removal of lithospheric heat (Fisher et al.,
2014). At depths below the base of the crustal aquifer, conduction is the dominant
mode of transport of lithospheric heat. The domain can be created to have
uniquely specified layers, so that aquifer thickness can be treated as a “free
parameter” in numerical simulations by modifying layer properties.

* Realistic geometry of the sediment pond with varying sediment thicknesses,
asymmetric slopes along the sediment / basement contacts, and sediment
“pinchouts” or thinning sediments along the margins of the sediment pond as
observed in geophysical data (Schmidt-Schierhorn et al., 2012; Villinger et al.,
2018)

* Geologic geometry that accurately represents the regional and local bathymetry

relief.

3.2.3.1 Constructing representative surface for North Pond

The first step in the construction of a mesh is to construct surfaces that represent

geologically realistic layers. These surfaces will define boundaries that allow assignment

of specific material properties, boundaries between materials, and act as surfaces to refine

the mesh. Defining coordinates for surfaces can be done with LaGriT or using separate

calculations (e.g., with R, Python, or Matlab) and imported into LaGriT; the latter

approach was used in development of North Pond grid surfaces. This approach allows a

user to construct the fundamental properties of a surface and then use algorithms within

LaGriT to ensure the best connections are made between points.
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In the case of the North Pond mesh, mapping and seismic reflection data are used
to define the geometries of specific surfaces, particularly the seafloor and the contact
between sediment and the upper volcanic crust (Price et al., 2022; Price et al., in review).
The seafloor surface (bathymetric relief) is determined with swath map data having
regional resolution of 10 m (Villinger et al., 2018) and the subseafloor sediment-
basement interface between is picked from seismic reflection data (Schmidt-Schierhorn et
al., 2012) (Figure 3-2). In order to apply these observations to mesh construction,
coordinates need to be shifted and rotated to align our mesh axis with the hypothesized
primary direction of flow as well as to be consistent with the chosen cartesian reference
frame (Anderson et al., 2015). Additionally, seafloor bathymetry is filtered to isolate low-
order (large-scale) geometric features, and seismic two-way travel times converted to
depths below seafloor.

To isolate first-order characteristics of the bathymetry of North Pond and the
surrounding region, swaths of 70 - 90 km transects across and along the regional strike
are down-sampled from 10 m to 60 m lateral resolution (Figure 3-3). High-frequency
variations are suppressed with a low-pass filter, applied using a discrete Fourier
transform, and the six dominant frequencies are used with an inverse Fourier transform to
create smoothed bathymetry in the spatial domain. The key concept here is that the
numerical study should focus on longer-wavelength features, so that the results will be
general in nature and broadly applicable. Short-period features could be important for
small-scale processes, but as discussed below, there are greater limitations in the

resolution of subseafloor features, and the focus of numerical work is on coupled fluid
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and heat transport at the scale of North Pond (~kilometers) rather than processes that

operate at the spacing of adjacent heat flux measurements (~10s to 100s of meters).
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Figure 3-2: Regional and local bathymetric setting of North Pond. a. Regional
bathymetric swath map with local North Pond area in red box. b. North Pond bathymetric
sounding data with seismic lines from Schmidt-Scheirhorn et al., 2012. White stars
represent borehole locations.
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Figure 3-3: Figure adapted from Price et al., 2022 for bathymetric sampling and DFT
results. a. Transect sample locations of bathymetric sound data from Villinger et al., 2018
for across- and along-strike transects. b. Across-strike bathymetric sounding samples c.
Along-strike bathymetric sounding samples. Results of inverse Fourier transform in
black for each sample transect.
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Seismic reflection data are used to identify key horizons, especially to define the
geometry of the sediment pond: the seafloor in North Pond (Figure 3-4, light blue),
exposed volcanic crust around North Pond (Figure 3-4, green), and sediment-basement
interface below North Pond (Figure 3-4, brown). The seafloor above North Pond
sediments is easiest to pick as there are clear, subhorizontal double reflectors (positive-
negative-positive) marking the seafloor impedance contrast. The lateral extent of this
reflector defines the edges of North Pond, where sediments pinch out. Side echoes are
absent at shallower depths, far above North Pond, allowing definition of the volcanic
rock slopes extending upward from the edges of North Pond sediments. The sediment-
basement transition is often well defined where this feature is relatively flat and
horizontal but is less distinct along buried slopes where the boundary rises to meet the
seafloor (Figure 3-4). Once these features are picked, shot point locations are converted
to lateral distances using ship navigation data, and two-way travel time within North
Pond sediment is converted to equivalent depth using seismic velocities from North Pond

core data (Edwards et al., 2012).
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Figure 3-4: Seismic reflection profile of two-way travel time versus shot point from
seismic line SCS-14 (Schmidt-Scheirhorn et al., 2012). Important features are noted on
the plot such as: side-echoes (black boxes), seafloor (blue), sediment-basement contact
(brown), exposed volcanic crust (green).
3.2.4 Define elements, extent, and resolution of mesh

There are many considerations in defining the overall shape and dimensions of the
mesh (full simulation domain). It is generally wise to place the primary region of interest
far from mesh boundaries, so we add buffer regions around the North Pond basin,
resulting in a geometry that extends ~3x the size of North Pond in map view. Placing the
domain boundaries in the far field area minimizes the influence of “hard” boundary
conditions on the near field (e.g., Anderson et al., 2015; Haitjema, 1995). A similar
approach is common in hydrologic modeling of catchments (e.g., Modica et al., 1997). It
is also wise in coupled fluid-heat transport to define a domain base that is far from the
bottom of the most hydrogeologically active region, by a factor of 3-4x, allowing
conductive isotherms in the deeper crust to be warped by rapid flows in the shallow crust

resulting in coupled feedback between fluid and heat transport. In contrast, if the lower

domain boundary is placed immediately below the crustal aquifer, this will limit the
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extent of lateral heat flow that could occur as a result of shallow convection (Johnson et
al, 2022).

Finite element shape is important for determining the nature of geologic features
that can be represented. Careful consideration should be placed on resolution of the
resulting elements as defined by the shape and dimensions of a mesh. In general, the
aspect ratio for element sides should be close to 1 and ratios >5 should be avoided (e.g.,
Anderson et al., 2015). As described in the rest of this sections, a mesh is defined first
with a relatively coarse resolution, then refined sequentially to achieve the desired
geometry. The initial mesh is based on a rectangular grid with elements all having the

same dimensions.

3.2.5 Refine mesh along surfaces and within volumes

Refinement along certain boundaries or within volumes increases the resolution of
the mesh only in those areas and allows more accurate representation of the areas of
interest. Nested refinement reduces the computational cost and memory footprint of
numerical simulation, by increasing the resolution in specific areas of interest while
maintaining a coarser grid outside of those areas (e.g., Sweeney et al, 2020). We use a
technique called “octree-refinement” to refine the mesh along specified boundaries or
surfaces, based on an octree data structure, where each "parent" element has eight smaller
"child" elements, therefore converting any element intersected by the surface into eight
elements, or octants (Meagher, 1982).

Within LaGriT this approach can be used to refine meshes using a single point

(e.g., an injection point), line (e.g., well), surface (e.g., stratigraphic boundary), or a
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volume (e.g., tabular stratigraphic section). For this study, we refine only using surfaces.
The order of which refinement is performed needs to be considered if multiple
intersecting features are refinement targets, as over-refinement can occur, producing
excess elements with very small dimensions. To avoid over-refinement of elements,
LaGriT stores arrays that contain information about the number of refinements an
element has experienced, which allows a user to filter out elements that have been refined

beyond the desired correct resolution or refinement level.

3.2.6 Define material zones corresponding to stratigraphic units

The next step in the mesh generation process is to define material zones that
correspond to stratigraphic units of interest. Similar to refining the mesh above, definition
of material zones can be done with conditional statements that use points, lines, surfaces,
and volumes. Defining material zones can be accomplished by selecting elements or
points that intersected by a surface or are intersected or lie within a volume. Surfaces are
used mainly to define the topographic surfaces or transitions between material zones,
while volumes are used to define tabular sections of material zones such as a subregion of
a stratigraphic section. Importantly, points can be assigned concurrently to multiple
zones; this is helpful, for example, for assigning some seafloor points to be the top of the
sediment section (part of a surface) or assigning a group of points in a section of aquifer

(a volume).
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3.2.7 Cleanup mesh, material zones, and removing elements

The final steps in construction of geologically realistic meshes are to clean up or
address any issues that may have arisen in previous steps. Issues that commonly arise are
elements with aspect ratios <<1 or >>1, removal of any unnecessary elements or material
zones, and defining material zones for the seafloor and domain base to aid in setting

numerical boundary conditions when running simulations.

3.3. Geometric and simulation characteristics of geologically realistic meshes
3.3.1.2 North Pond mesh

The North Pond mesh consists of 1.4 x 10° volume elements that comprise a mesh
with dimensions of Xmin, Ymin, Zmin = 24000, -40000, -6000 m tO Xumax> Yimaxs Zmax = 16000,
55000, 937 m. Using the nested structure described above, the finest resolution is in the
immediate area of North Pond, where the minimum length of the elements is ~10 m and
the resolution far from North Pond is 750 m (Figure 3-5). Additionally, since the purpose
of this mesh is for numerical simulation of heat and fluid flux beneath the sediment of
North Pond, the contact between the sediment and the shallowest crustal layer is defined
at high resolution. Elements near the center of the sediment pond (e.g., farther from the
sediment-aquifer contact) have coarser resolution than do those near the interface with

basement rocks (Figure 3-6).
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Figure 3-5: Detail view of nested material zones of high and low resolution in the area
adjacent to and representing North Pond.
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Figure 3-6: Sediment zone from final North Pond mesh with a. nested high- and low-
resolution elements, b. along-strike profile of sediment thickness with steeper slopes to
the south and shallower slopes to the north, ¢. across-strike profile of sediment thickness
with steeper slopes to the west and shallower slopes to the east.
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Having defined the general pattern of seafloor relief and the shape of the basin in
which North Pond is located, we defined a continuous function that matches the first

order characteristics of associated surfaces:

t x sin (x) ) 1 ( t * sin (y) >

1
2(x,y) = ?arctan <1 —t * cos (x) B ?arctan 1—t=*cos (y)
where ¢ determines the “tilt” of the function (generating asymmetry in the sediment-
basement interface below North Pond), y is the distance along-strike of North Pond, and x
is distance across-strike of North Pond. This function is then extended three wavelengths
in both the along- and across-strike directions.

Additional surfaces that represent transitions between aquifer layers are
constructed from the entire domain surface by duplicating this surface and incrementally
shifting it downward by forming boundaries between crustal layers. Use of each of these
boundaries with the top-of-basement surface defines crustal intervals having thicknesses
of 100 m, 300 m, 600 m, and 1000 m, respectively. The mesh contains material zones
defined to allow targeted classification of material properties. Truncated surfaces that
comprise a fraction of the simulated region, define material zones and represent the
highest resolution area of interest directly adjacent to North Pond (Figure 3-6 and 7).
Surfaces that extend beyond the immediate area of interest define material zones
corresponding to volcanic rocks comprising the crustal aquifer and conductive boundary
layers at a coarser resolution to aid in numerical efficiency.

In order to reproduce the geologic structures of interest and place boundaries far

from the area of greatest interest, the North Pond mesh comprises approximately three

wavelengths of seafloor relief, with North Pond represented by an asymmetric, sediment-
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filled depression (~250 m maximum sediment thickness), four topographic highs, and
eight partial “buffer ponds” (Figure 3-7). The mesh was partly truncated (buffer ponds
are incomplete) to decrease the total number of elements, decreasing computational time.
The asymmetric sediment pond has steeper (15%) sloping sediment-basement contacts on
the western and southern margins and shallower (5%) sloping contacts on the northern
and eastern margins (Figure 3-6a and b). This asymmetry results in the deepest part of
North Pond being in the southwestern quadrant of the pond. The topographic highs
surrounding the pond reach the 1000 m maximum height relative to the top of North

Pond sediment.

— Sediment
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_Conductive
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Topographic
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Figure 3-7: Entire North Pond domain with important features adapted from Price et al.,
2022. a. Map view of final North Pond tetrahedral mesh showing buffer regions and eight
buffer ponds. b. Perspective view of final North Pond tetrahedral mesh with geometric
features and dimensions.
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3.3.2 Simulation characteristics of North Pond mesh

Here we demonstrate some characteristics of conductive and coupled simulations
of fluid-heat transport in and around North Pond, which helps to explain why decisions
were made concerning issues such as grid resolution and material definitions. We begin
with evaluation of heat flux refraction in a conductive simulation. Conductive refraction
is the warping of subsurface isotherms as a consequence of contrasts in thermal
properties and/or topography (Lachenbruch, 1968; Lees, 1910). The consequence of
refraction in a conductive simulation of North Pond, with lower conductivity sediments
filling a depression and surrounded by higher conductivity, volcanic rocks, is that ~38%
of lithospheric heat entering the crust below North Pond exits beyond the limits of the
sediment pinchout (Price et al., 2022; Figure 3-8). Even in the absence of coupled fluid-
heat transport in the crust below North Pond, the expected seafloor heat flux through
North Pond sediments is less than input below the basin.

Previous coupled simulations of fluid and heat show that the asymmetric shape of
the sediment pond, due to the differing slopes of the sediment-basement contact of North
Pond, greatly influences the geometry of advective removal of heat from beneath the
pond (Price et al., 2022; Price et al., in review). The convective pattern of fluid flux
beneath the sediment pond is characterized by two large convective cells that recharge
cold fluids from the margins of the pond, rise at the point of maximum sediment
thickness, and discharge warm fluids around the margins of the pond. The bulk of this
fluid flow is along the short axis of North Pond, coinciding with the steeper asymmetric
slopes, which is a fundamental characteristic of North Pond that we were able to

reproduce. Additionally, sediment pinchouts observed and reproduced in the mesh are
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important hydrogeologic features that conduct high heat fluxes efficiently with no fluid
flux through the sediment, which is an important observational constraint (McDuff, 1984;
Price, et al., 2022). The takeaway from these simulations is that the low-order geometric
characteristics of North Pond have a profound effect on the hydrogeologic and thermal
regime in the volcanic aquifer beneath the pond. The ability for the North Pond mesh to
capture this process places it at a clear advantage over other meshes that neglect

geometry and geological complexity.
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Figure 3-8: Multiple probability density plot of heat flux fraction (heat flux in / heat flux
out) for heat flux observations from North Pond, conductive simulation using North Pond
grid, and expected lithospheric input of North Pond. Dashed lines correspond to median
(gso) of distribution.
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As discussed in previous sections, this mesh focuses on representing longer-
wavelength features, general in nature of a geologic feature, and broadly applicable
across the seafloor, disregarding small-scale variably. Many studies exist that address the
appropriate grid resolution needed to capture coupled fluxes across complex geologic
domains (Zyvoloski et al., 2006; Bower et al., 2006, Haitjema et al., 2001, LaForce et al.,
2022). In our case, the mesh resolution for North Pond was guided by a combination of
prior studies, geophysical data, and physical processes. The resolution of the geophysical
data, that is the spacing of the heat flux measurements, bathymetric sounding data, and
seismic reflection profiles are all on the order of 10’s — 100’s of meters while the
hypothesized large-scale processes operate on the scale of 100’s -1000’s of meters. The
resulting North Pond mesh has the coarsest resolution of 1 km on the largest volumes,
far-field from the area of interest, and finest resolution of ~15 m on the smallest volumes
near-field to the area of interest along the sediment-basement contact. Coupled
simulations of the North Pond mesh, show that this resolution is sufficient to capture the
convective flow patterns in the subsurface aquifer. Using a power-spectral density
analysis to analyze the dominant periods of convection within the simulations, we found
that convective cells on the order of ~175 m were the most dominant, although there were
a broad range of pronounced periods from ~900m to ~45 m (Figure 3-9d). All of these
dominant periods are larger than the smallest grid spacing and provide positive

confirmation that our resolution is able to capture processes within the crustal aquifer.
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Figure 3-9: Temperature changes observed in aquifer beneath North Pond and resulting
power spectral density analysis. a. Plot of simulated temperatures in the 100 m aquifer
layer along mesh transect y = 12000 m from x = -15000 to x= 4000 in black and resulting
interpolation at regular 10 m intervals in green. b. Detail plot of data shown in Figure 3-
9a. c. Power spectral density analysis of data shown in Figure 3-9a, highlighting periods
with relatively high power, with minimum grid spacing of 15 m marked in red dashed
line. Frequencies are calculated relative to intervals of 10 days

Mesh resolution is not only important to correctly represent the geological
complexity and physical processes of a system, but it also directly affects computational
time. For example, the Courant number (C) is defined as:

_ ulAt
Ax

where u is the magnitude of velocity, At is timestep, and Ax is interval length (element

size in our case), where C = ~1 to achieve numerical accuracy. Depending on the velocity
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of the system of interest, timesteps might have to be very small to bring the Courant
number close to one. Therefore, maintaining a balance between number and more
importantly size of elements needed to accurately represent a system is an important
consideration. For example, simulations of the North Pond system that have very low
mass and energy flux, total computational time was on the order of days with individual
time steps of ~5 seconds for each year of simulated time. However, for simulations with
higher mass and energy fluxes, total simulation time is on the order of months with
individual steps of ~2.5 minutes for each year of simulated time. A caveat to this
computation time is that FEHM is not currently parallelized, which could dramatically

decrease simulation time.

3.3.3 Reproducibility

A key aspect of this study is the applied and open-source nature of the mesh
construction workflow. As part of the study, we compiled an accompanying static tutorial
document (Appendix B) that walks through each workflow step with background,
syntax, and figures for the respective processes. Additionally, we include pseudo-code for
the generalized and North Pond mesh cases that allow the user to adapt this workflow in a
targeted approach by altering a few lines of code and include the input files as a data
release (Price et al., 2022b). While we understand each of these tools has a learning
curve, we provide as many resources as possible to construct meshes as well as for

adaptation for other geologically realistic mesh use cases.
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3.3.4 Limitations and future work

Generating computational meshes that accurately represent geologic complexity is
important for accurate simulation, requiring integration of many kinds of data and tools,
and often trial-and-error to assess impacts of many design choices as part of a complex
workflow. The steps described and demonstrated in this study are useful, but the details
will vary depending on the particular site conditions, available observations, and the
numerical tools to be applied. In the case of North Pond, it is important to represent
fundamental features like seafloor relief (including asymmetry), sediment thickness
variations (including pinchouts), and contrasts in materials properties. However, there are
small scale features that we chose to not represent, including local bathymetric highs
within the sediment pond (Figure 3-1b). While these small-scale features are unlikely to
affect the larger fluid and heat flow regime of North Pond, they certainly could influence
local contrasts in heat flux and patterns of crustal recharge and discharge. Additionally,
we assign aquifers to distinct, clearly defined units, but the upper ocean crust is complex
and unlikely to be uniformly layered (e.g., Bartetzko et al., 2001; Fisher et al., 2014).
This is less a result of the workflow shown, and more a consequence of limited
understanding of three-dimensional layering and limits to key units. Boreholes are
individual lines that sample basement rocks incompletely, and seismic reflection data has
limited resolution. More accurate simulations can be generated on the basis of better
understanding of subseafloor properties and conditions.

Future studies of constructing geologically realistic grids would ideally
incorporate the use of a variety of gridding software, user-friendly open-source tools, and

incorporate newer and wider varieties of geophysical data. We have made this tutorial
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open-source but these tools have a notable learning curve that could be slackened by
using more user-friendly open-source computing languages. Stated in the limitations of
the current mesh above, we suggest that future studies address irregular boundaries
between stratigraphic sections, as well as provide a more user-friendly approach to
quantifying the effects of grid resolution and boundary geometry on the results of

numerical simulations.

3.4. Conclusions

This study presents a framework for constructing geologically realistic
computational meshes for use in numerical simulations. This framework uses North
Pond, a ridge-flank hydrothermal system for an applied mesh building case. We found
that by using a nested grid structure and refinement along stratigraphic contacts of
interest produce geologic meshes that are computationally efficient and stable (Price, et
al., 2022; Price et al., in review). Furthermore, by providing a suite of user-friendly,
open-source tools we ensure that users can reproduce and adapt the workflow to meet a
broad suite of geologically realistic meshing use cases. Our ability to accurately represent
these systems will improve with the adaptation of well-documented workflows,

development of new tools, and new and continued sampling of geologic systems.
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Captions for Movies S1 to S2

Introduction

This supplement contains Text S1 - S3, which provides additional methodological details
for domain construction, calculation of spatially varying basal heat flux, and calculation
of Rayleigh numbers. It also contains figure S1 that describes the sampling and results
from regional bathymetry and fast-Fourier transform, respectively. Figure S2 is an
example seismic line taken from North Pond. Figures S3 and S8 are empirical
distribution functions or the effects of conductive refraction and additional high-
permeability simulations. Figure S4 is the resulting plot for calculations using the

Rayleigh number equation in Text S3 for the range of physical conditions in North Pond.

Figures S5 and S6 are both figures illustrating the organizational structure of convection
beneath North Pond. Figure S7 is a frequency analysis performed on simulation outputs.
Table S1 lists the geometric constraints used in grid construction described in Text S1.
Table S2 lists flow rates (specific discharge) statistics for figure S6. Movies S1 and S2
are two- and three-dimensional simulation output respectively that show the timescale

and geometry of convection in the aquifer beneath North Pond.
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Text S1. Bathymetric Sampling, Fourier transform specifics, and continuous

function for grid construction

We analyzed the bathymetry of seafloor around North Pond in order to develop an
analytical equation that could approximate the shape of the upper basement surface. We
used 10 m bathymetric data from the field area (Villinger et al., 2014) and extracted
profiles in each of the strike-normal (N20E) and strike-parallel (N70W) directions
(Figure S1a), with sampling every 20 m. Each of the two sets of profiles were combined
and subjected to a discrete Fourier transform to determine dominant frequencies of
variation, then the strongest six frequencies were retained using an discrete Fourier
transform (DFT) to determine the dominant characteristics in each direction (Figure S1b
and Slc).

This function was found to approximate the shape of the basement surface around and
below North Pond sediments:

1
z(x,y) = ?arctan< .

tsin (x) ) 1 ( tsin(y) )

————— | ——arct
1 —tcos(x) aretani 1= tcos(y)

where ¢ determines the “tilt” of the function, x is the strike-normal distance, and y is the
strike-parallel distance. This function was mapped onto x,y,z coordinates that correspond
to characteristic normal- and parallel-strike wavelengths and amplitudes around North

Pond (Table S1; Figure S1).

Text S2. Spatially Varying Heat Flux

We calculated lithospheric heat flux at the base of the simulation domain as:
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C
Vage

qny =
where C is an empirically derived constant, 7 is the age of the crust in My, and gy is the
heat flux in mW/m?. The value of C has been estimated from numerous studies of global
heat flux and bathymetric data to be ~475 to 510 (Parsons and Sclater, 1977; Stein and
Stein, 1994; Hasterok, 2013). For simulations in the present study, we used an
intermediate value of C = 500 mW m2My? | such that heat input varies modestly across

two- and three-dimensional domains with lithospheric age (younger to the east, older to

the west).

Established cooling models for young oceanic lithosphere are based mainly on a
combination on bathymetric and heat flux data. However, heat flux provides a useful
constraint in these models only for seafloor older that ~50-65 M.y ., because the thermal
state of younger ocean lithosphere is known to be impacted by hydrothermal circulation,
both on and near seafloor spreading centers and on ridge flanks (Hasterok, 2013; Parsons
and Sclater, 1977; Stein and Stein, 1994). As a result, the lithospheric heat flux through
young ridge flanks likely has uncertainties on the order of 10% on a global basis, and
perhaps up to 20% regionally (because not every ridge flank cools like the global
average). Additional uncertainty comes from the possibility that ridge-flank crust may be
cooled by earlier phases of deep circulation, followed by a period of conductive rebound
years after deep circulation ends (Fisher, 2003; Hobart et al., 1985; Hutnak and Fisher,

2007; Spinelli and Harris, 2011) But even if ridge-crest circulation were to cool the crust
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to a depth of 5-6 km, rebound to 80-90% of lithospheric should occur by 8 M.y. (the

approximate age of the crust below North Pond).

Heat flux data were filtered with a similar approach to other ridge-flank studies where
values associated with measurements directly above or adjacent to buried basement highs
or outcrops in the sedimented pond (Hutnak et al., 2008). Heat flux values associated
with local bathymetric features are likely controlled more by conductive refraction or
local advective processes rather than the sediment pond-scale heat transfer processes of

this study.

Bathymetric highs were identified from the seismic and sounding data collected from
North Pond and points within 750m radius of the local high were removed. 19 heat flux
measurements were removed through this process reducing the mean from 56.4 mW/m?
for the complete dataset to 45.9 mW/m? for the filtered dataset. The removal of these data

points did not change the overall distribution of the heat flux data (Figure 1b).

Text S3. Rayleigh Number Calculation
To get an indication as to the expected occurrence and relatively intensity of convection,
we calculated Rayleigh numbers across a range of aquifer thicknesses and permeability
values (Figure S4). The Rayleigh is defined for a flat porous medium heated from below
as (Ingebritsen and Sanford, 1999):

aypZc, gkL(T, — Tp)

Uy Ko
99

Ra =




where a,, = thermal expansivity (1/°C), o = density of the fluid (kg/m?), c,, = heat
capacity of the fluid (J/kg °C), g = gravitational acceleration (m/s?), k = permeability (m?),
L = aquifer thickness (m), 7}, = temperature at aquifer base (°C), T, = temperature aquifer
top (°C), u, = fluid viscosity (Pa-s), and K,, = thermal conductivity of the saturated

medium (W/m °C).

These results provided an approximate Rayleigh number for comparison with numerical
results presented in this study because the latter includes irregular geometries, incomplete
sealing by sediments, and fluid properties that vary with pressure and temperature. For a
closed, flat box with fixed upper and lower temperatures, the critical Rayleigh number
that results in the onset of convection is Ra-c = 4m2 (~39.5), whereas for an open upper

boundary and fixed heat flux at lower boundary, Ra-c = 17.65 (Nield, 1968).
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Figure S1. Regional North Pond bathymetric sounding data from Villinger et al., 2018
and results of (DFT) analysis. a. Regional North Pond bathymetry overlain with transects
used to sample bathymetric data in strike-normal and strike-parallel directions (shaded in
green and brown, respectively). b. Strike-normal bathymetric transect data in green DFT
results in black. e. Strike-parallel bathymetric transect data in brown with DFT results in
black.
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Figure S2. Seismic profile SCS-14 (Schmidt-Schierhorn et al., 2012) was used as the
basis for two-dimensional simulations. The horizons are seafloor above North Pond
sediments (orange), sediment-basement and seawater-basement (purple). Side echoes
were inferred because sub-horizontal sediment (seafloor) reflectors defining the top of
North Pond extend into the sloping side reflections.
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Figure S4. Calculated Rayleigh number as a function of aquifer permeability for aquifer
thicknesses: 100 m (brown), 300 m (orange), 600 m (yellow) and 1000 m (green) for a
flat domain. Dashed line marks critical Rayleigh number for a flat box sealed at top and
bottom and heated from below, Ra-c = 472, This is an approximation for the present
study, with irregular geometry, incomplete sealing of the upper boundary, and fluid
properties that vary with pressure and temperature.
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Figure S5. Representations of fluid flow vectors in the upper basement aquifer below
North Pond sediment for simulations having a crustal aquifer thickness of (a) 300m — left
and (b) 600m - right. Aquifer permeability values as noted (kag = 10! to 10" m?).
Vectors are colored to highlight differences in flow direction, with red being in the
positive vector component direction (E or N for strike normal and strike parallel,
respectively) and blue being for flow in the negative vector component direction (W and
S for strike normal and strike parallel, respectively).
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Figure S6. Rose diagrams of specific discharge for all flow vectors in aquifer layer
below North Pond in three-dimensional simulations having an aquifer thickness of 300 m
and 600 m, and aquifer permeability of kaq = 107! to 10 m?. Note different color scales
for different permeability values.
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Figure S7. Temperature changes observed in aquifer beneath North Pond and resulting
power spectral density analysis. a. Plot of change in temperature per change in time
(AT/At) versus time for 12,000 yrs. for aquifer thickness of 600 m and nodes located near

O Lk 5
3 E ;
z OF ‘ 5
} E - —1-10
£ cs L) ]
C = > 1
-3: lllllll oyl vdnth s, ARLIIILY ] Oy gy l||l||||||||||||||||||||
13500 14000 14500 0.01 0.02 0.03 0.04 0.05 0.06

Frequency (per 375 d)

(gp) Jeamod annejoy

the west side of North Pond (location shown with star in Figure 7 in main paper).
Selected nodes are located in 100-300 meters below seafloor (mbsf) in blue, 300-600

mbsf in red, and 300-600 mbsf in green. Time indicated by dashed box shown in detail in
Figure S7b. b. Detail plot of 1,500 yr. of data shown in Figure S7a. ¢. Power spectral
density analysis of data shown in Figure S7a, highlighting periods with relatively high

power. Simulations were run with 25 d timesteps, to aid in numerical stability, and
frequencies are calculated relative to intervals of 375 d, approximately 1 year.
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Figure S8. Empirical cumulative distribution plot (ECDF) of relative heat flux fraction
(qour/lithospheric input) for observations and simulation results for aquifer thickness 300
m and 600 m with aquifer permeability kaq = 10 m?, and normal heat input at base of
domain (green curve and dots). Results are compared for the same simulation with heat
input that is 55% lower (red line and squares) and for low heat input with a 300 m aquifer
(yellow line and triangles). Finally, results are shown for the output of 600 m simulation
with full heat input, with results scaled by 55% (orange no marker), and observations of
heat flux from North Pond sediments. Observations from North Pond are solid black line
and observational ranges are in dashed grey lines.
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Table S1. Geometric constraints from text S1.

Property Value Source
Strike parallel (SP) pond length 14 km Bathymetric data
Strike normal (SN) pond length 8 km Bathymetric data
Shallow slope in pond 5% Seismic profile SCS-14
Steep slope in pond 15% Seismic profile SCS-14
Sediment thickness <200 m Seismic profile SCS-14
Strike-parallel topographic wavelength 50 km Bathymetric data
Strike-normal topographic wavelength 20 km Bathymetric data
Topographic relief 1000 m Bathymetric data
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Table S2. Flow rates (specific discharge) for aquifer thickness b= 100 m -1000m and
aquifer permeability kaq = 10-!! to 10 m?,

Aquifer Aquifer Median specific
thickness | permeability discharge (m/yr)
(m) (m?) Median (Min — Max)
Kag= 1011 1.9e-1
[7.5e-4 to 1.1el]
Kag= 10710 1.9e-1
100 [4.7e-4 t0 9.2]
Kag= 107 53
[2.2e-2 to 2.6e2]
Kag= 10711 7.6e-1
[2.8e-3 to 1.2¢1]
Kag= 10710 2.2
300 [4.3e-2 to 6.3el]
kaq: 107 7.5
[7.7e-2 to 3.1e2]
Kag= 10711 8.2e-1
[8.2e-7 to 1.7el]
Kag= 10710 2.3
600 [8.1e-7 to 5.8el]
Kag= 10" 6.7
[6.9¢-7 to 2.5¢2]
Kag= 1011 9.4e-1
[2.1e-2 to 1.3¢el]
1000 Kag= 10710 23
[5.1e-2 to 6.1¢el]
kaq: 10_9 -
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Movie S1.

Animation of two-dimensional quasi-steady state North Pond simulation for kaq = 10
and 600 m crustal aquifer thickness. Steps between frames are 1e5 years for a total time
of 1.2e6 years. Velocity vectors are colored by magnitude and direction. The background
contour plot is of temperature within the aquifer layers.

Movie S2.

Animation of three-dimensional quasi-steady state North Pond simulation for kaq = 10~
and 600 m crustal aquifer thickness. Steps between frames are 10 years for a total time of
2000 years. The locations of the across-strike transects are 6000 m, 7000 m, 8000 m and
10000 m and the along-strike transect is at -7000 m. All of these locations are based on
the entire domain coordinates and can be referenced to the sediment pond via the red
lines on the generalized pond in the upper left. Velocity transects at 6000 m and 8000 m
show vectors oriented in the X-Z (across-strike and vertical) velocity components and are
colored and scaled by magnitude and direction. The remaining transects (7000 m, 10000
m, and -7000 m) are all contour plots of temperature within the aquifer layers beneath the
sedimented pond.
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Introduction
This tutorial is a resource that accompanies a robust set of resources including a

publication, psuedo-code, GitHub repository, and data repository for constructing a three-

dimensional grid of geologically realistic representations of seafloor crustal relief. The
three-dimensional simulation domain described here has been used in multiple
publications focusing on the thermal and hydrogeologic regime of coupled fluxes beneath
a marine sediment pond (Price et al., 2022; Price et al., in review).

The tutorial can be broken down into a workflow consisting of 5 main sections:
constructing surfaces, constructing a domain, refining the domain, defining and assigning
material types to regions, and a general clean-up of the domain. There will be two
examples included for each step. One example will use a general case that will introduce
the concepts in a simple manner and the other example will be for construction of the
North Pond domain.

This tutorial will not be an exhaustive tutorial on the functionality of LaGriT as
there are many examples that can be found online

(https://lanl.github.io/LaGriT/pages/tutorial/index .html). Instead, this tutorial will serve

as walkthrough; that allows the user to understand the steps used in construction of this

simulation domain using the lessons and approaches explained below.

Happy gridding!
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Data and software requirements

To complete this tutorial, you will need a stable version of LaGriT (version) and
optionally Paraview.

LaGriT

LaGriT is available at https://github.com/lanl/LaGriT/releases and can be

downloaded as a compiled version (preferred) or the source code for compiling. After
downloading LaGriT, add the file to a location within your path, and modify the file
permissions to executable.
Paraview (optional)

Paraview is a powerful visualization platform used for the primary grid viewer in
this tutorial. Graphics here will be provided inline so there is no need to download for the
purpose of this tutorial, but it is recommended to explore the full functionality of this

workflow. Paraview can be downloaded athttps://www.paraview.ore/download/

Data files

This tutorial utilizes scripts and data files from a GitHub repository that can be

found at https://github.com/adamnicholasprice/GeologicGriddingData. This repository

can be cloned via the command line or downloaded directly from the GitHub website.

There are four directories:

* GeneralLaGriT - LaGriT scripts and csv surfaces for building the general grid

case

* GeneralScene - Paraview scene files for general grid case used in this tutorial
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* NorthPondLaGriT - LaGriT scripts and csv surfaces for building the North Pond

grid case

* NorthPondScene - Paraview scene files for North Pond grid case used in this

tutorial

Document styling, commands, and files
Document style

Throughout the document italicized words will denote either a file name or a
variable within LaGriT.

Code blocks will be denoted by the following style:

> Code here

Commands

In lieu of repeating this code chunk in each of the following steps in the tutorial,
any LaGriT input files (.lgi) that are run in the tutorial are done so by executing the
following command in the command line:

> lagrit < filename

This will be denoted with the phrase execute filename.lgi in LaGriT.
Steps within the tutorial will be broken down by LaGriT file and have necessary

inputs and outputs specified as such:

Filename | Input Output

filename. lgi | inputFilename | outputFilename
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File types

Extension Filetype Purpose

_*lgi LaGriT control file  LaGriT input control file, specifies mesh
generation.

_ *.mlgi LaGriT control file  LaGriT input control file used to specify a

subroutine within *.1gi file.

_*inp AVS UCD Created by LaGriT and contains information

(Unstructured Cell about mesh objects. Can be opened in

Data) file Paraview to visualize data.
_ zone, .area,  FEHM files LaGriT output files that are of general use but
stor, fehmn _ are specifically designed for FEHM porous

flow and transport code

_ outx3dgen LaGriT output file Output file containing commands and output
from commands executed in LaGriT
(overwritten every time LaGriT command is

called)

_legx3dgen LaGriT log file Log file containing commands executed in
LaGriT (overwritten every time LaGriT

command is called)
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Extension Filetype Purpose

_*.csv Text file (comma In this tutorial, these are text files containing
separated values) coordinates in meters for surfaces. Columns
are X, y, z coordinates respectively.
Getting started
Before starting this tutorial make sure that LaGriT is executable within the
working directory of this tutorial and ensure all needed materials have been synced from

GitHub.

Surfaces
The first step in the construction of a simulation domain is to construct surfaces
that represent geologically realistic layers. These surfaces will define boundaries that
allow assignment of specific material properties and act as surfaces to refine the
simulation domain. Surfaces can be constructed in LaGriT or in an outside programming
language such as R, Python, or MATLAB and brought into LaGriT. In both cases in this
tutorial, surfaces were constructed outside of LaGriT and brought in to define mesh

objects. The general steps to construct surfaces are:

1. Save mesh coordinates (x,y,z) into a .csv file

2. Create mesh object that has coordinate system (x and y) of desired mesh
resolution (have to define if different from .csv file coordinates)

3. Connect mesh objects with new coordinates in x and y.

4. Read in the .csv as a mesh object into LaGriT

5. Copy over z-coordinates from mesh in step 4 to connected mesh in step 2
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This process forces LaGriT to make the “best” connections within an x-y plane to
begin with and then the coordinates along the z-axis with relief to be defined, thereby
preventing any connections outside the plane.

Generalized Mesh

For the general case, there is one control file (.lgi), one input file (surface.lgi), and

four output surfaces.

Filename Input Output

1_create_surface.lgi surface.csv 1_surface_aq200.inp
1_surface_aq800.inp
1_surface_zero.inp
1_surface.inp

Overview

For the general case, surface.csv is the continuous function;

z(x,y) = —cos(x) — cos(y)

that replicates, but generalizes topography associated with topographic relief and a
topographic low. The maxima of the function would be representative of seamounts or
hills, whereas the minima would represent sediment ponds or a sedimented valley
bottom, both common features on the earths surface.

Syntax

First, navigate to the directory for the general case

(i.e., GeologicGriddingData/GeneralLaGriT)
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Next, execute the .1gi file

>_ lagrit < 1_create_surface.lgi

Figure B-1: Surface 1_surface.inp representing the initial surface used for topographic
relief. The surface is outlined by the eventual domain and shows the extent and relief of

our initial surface.
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Figure B-2: All the surfaces output from /_surface.inp. Surfaces represent the upper
most topography, layers at 200 and 800m below surface, and a surface at Om. These
surfaces will surface as boundaries for refinement as well as assigning materials to the

simulation domain.

North Pond
For the North Pond case, the first seven .1gi files define surfaces. The initial
surface that represents the regional bathymetry of North Pond, was constructed outside of

LaGriT in R. The details of sampling data for surface construction can be found in

section 3 of this publication or in the supplemental information here Price et al., 2022.
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From samples of bathymetric data surrounding North Pond, a continuous function that
best describes the region is:

t * sin(x) ) 1 ( t * sin(y) >

1
= —arctan [ —————— | — ~arct
2(x,y) tarcan<1—t*cos(x) g arean 1—t *cos(y)

where t determines the “tilt” of the function, x is the strike-normal distance, and y is the
strike-parallel distance. The inital surface is defined from -10 to 10 in the x and y

directions.

Filename Input Output

1_surf_domain.lgi function6.csv 1_surf_domain.inp

Overview

Create mesh object surface representing North Pond bathymetry using
function6.csv. The surface created above is brought into LaGriT and assigned a new
coordinate system that assigns the correct slopes to the areas of interest. This new
coordinate system is from -75 km to 75 km along-strike, -30 km to 30 km in the across-
strike direction, with an amplitude of 600 m.
Syntax
Navigate to the directory for the North Pond mesh case

>_ lagrit < 1_surf_domain.lgi

122



Figure B-3: Initial North Pond surface with 4x vertical exaggeration

Filename Input Output

2_surf mid_grid.lgi 2_middle_grid.csv 2_surf _mid_grid.inp
Overview
Create mesh object surface from trimmed area of interest created from truncated
bathymetric surface (2_middle_grid.csv) representing North Pond and immediately
adjacent region.

Syntax

>_ lagrit < 2_surf_mid_grid.lgi
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Figure B-4: Surface 2_surf_mid_grid.inp, representing a subset of the initial surface
above just in the area and immediately adjacent to North Pond with 4x vertical

exaggeration.

Filename Input Output

3_surf _mid_sb.lgi 3_middle_sb.csv 3_surf_mid_sb.inp

Overview
Create mesh object surface from trimmed area of interest created from truncated
bathymetric surface (3_middle_sb.csv) representing sediment / basement interface

beneath North Pond.
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Syntax

>_ lagrit < 3_surf_mid_sb.lgi

74
i

Figure B-5: Surface 3_surf_mid_sb.inp, representing the sediment-basement contact

directly below the sedimented pond in North Pond with 4x vertical exaggeration

Filename Input Output

4_surf flat_zero.lgi None 4_surf flat_zero.inp

Overview

Construct a flat surface at z = 0 at the same spatial extent as 2_middle_grid.csv

just in the area of and immediately adjacent to North Pond.
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Syntax

>_ lagrit < 4_surf_flat_zero.lgi

Figure B-6: Surface 4_surf flat_zero.inp, in the area of and immediately adjacent to

North Pond.

Filename Input Output

S5_surf_aql00.gi 3_surf _mid_sb.inp 5_surf_aql00.inp

Overview

Construct a volume that represents a 100m thick aquifer section directly beneath

the sediment-basement contact of North Pond with the same extent as 3_surf mid_sb.inp
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Syntax

>_ lagrit < 5_surf_aq100.1gi

Figure B-7: Volume 5_surf_aq100.inp, representing a 100m thick aquifer section below

North Pond 10x vertical exaggeration.

Filename Input Output

6_surf_aq300_1k.lgi 2_surf mid_grid.inp 6_surf_aq300_Ilk.inp
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Overview

Construct a volume that represents a 900 m thick aquifer section from the base of
the 100m thick aquifer to the base of the 1000m thick aquifer directly beneath and
adjacent to the region representing North Pond.

Syntax

>_ lagrit < 6_surf_aq300_1k.Igi

Figure B-8: Volume 6_surf_aq300_1k.inp, representing a 900m thick aquifer section 4x

vertical exaggeration.
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Filename Input Output

7_surf filtlgi 1_surf domain.inp 7_surf_filt_aql00.inp
7_surf_filt_aq300.inp
7_surf_filt_aq600.inp
7_surf filt_aqlk.inp
Overview
Construct surfaces that represent the transitions from: - aquifer 100 m thickness to
200 m thickness (7_surf_filt_aq100.inp) - aquifer 200 m thickness to 300 m thickness
(7_surf_filt_aq300.inp) - aquifer 300 m thickness to 400 m thickness
(7_surf_filt_ag600.inp) - aquifer 400 m thickness to 500 m thickness
(7_surf_filt_aqlk.inp)

>_ lagrit < 7_surf_filt.lgi
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Figure B-9: Surfaces 7_surf filt_aql00.inp (brown), 7_surf filt_aq300.inp (tan),
7_surf_filt_aq600.inp (light purple), and 7_surf filt_aqlk.inp (dark purple) with 4x

vertical exaggeration.

Conclusion

Making surfaces to define material zones corresponding to stratigraphic sections
and provide refinement boundaries is the most important and time-consuming step in this
process. The final figure shows the 10 surfaces and volumes constructed to define and

refined the North Pond mesh.
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Figure B-10: All surfaces and volumes constructed for North Pond mesh.
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Constructing and refining domain

The next step in constructing a mesh is to determine the size, shape, and type of
elements that will make up the mesh. In both of the general case, we start with a
rectangular mesh composed of hexahedral elements with a coarse geometry. Next, we use
the surfaces constructed in the last section to refine the mesh along boundaries of interest.
This allows the mesh to have a nested structure that has a high-resolution area in the near-
field representing the geologic structure we are interested in simulating and lower-
resolution in the far-field. This nested feature also increases computational efficiency of
numerical models used to simulate processes using the mesh.

Generalized Mesh

Filename Input Output

2_refine_domain.lgi 1_surface_aq200.inp 2_initial_domain.inp
1_surface_aq800.inp 2_hexRefine_octree.inp
1_surface.inp 2_surface_octree.inp
2_surfaceAQ200_octree.inp
2_surfaceAQ800_octree.inp

Overview

For the general case, a rectangular mesh with dimensions 10km x 10km x Skm
comprised of hexahedral elements resolution of 1km x 1km x 1km is defined as the initial
mesh. Next, the mesh is refined along the surfaces of interest using the following

conditionals: 1. One refinement step along the surface, /_surface.inp (initial surface, top
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of domain) 2. Two refinement steps are performed along the surface
1_surface_aq200.inp (transition of the 200 m thick aquifer layer to the 800 m thick
aquifer layer) 3. One refinement step along the surface /_surface_aq800.inp (transition
from the 800 m thick aquifer layer and the conductive boundary layer at the base of the
domain)

Syntax

>_ lagrit < 2_refine_domain.lgi

Figure B-11: Initial general case hexahedral mesh
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Figure B-12: General domain slice at x=0, showing levels of refinement in areas of

interest.
North Pond

Filename Input Output
8_price_driver_high_resolution_ 1_surf_domain.inp 8_inital_hex_domain.inp
clipped.lgi

3_surf_mid_sb.inp 8_1_octree_NP.inp
4_surf_flat_zero.inp  8_2_octree_aql00.inp
S_surf_aql00.inp 8_3_octree_aq300.inp

6_surf_aq300_lk.inp 8_4_octree_dom.inp
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Filename Input Output

7_surf filt_aql00.inp 8_4_octree_domaql00.inp
7_surf filt_aq300.inp 8_5_octree_domagqlk.inp
7_surf_filt_aq600.inp 8_6_octree_domaqg300.inp
7_surf filt_aqlk.inp  8_7_octree_domaqg600.inp
8_hex_refine_octree.inp

Overview

For North Pond, a rectangular mesh with 40km x 90km x 7.5km comprised of
hexahedral elements with an initial resolution of 1km x 1km x 750m is defined.
Refinement using the same subroutine as in the general case is used here with a much
more sophisticated set of refinement conditionals. The following steps are taken in the

refinement step:

1. One refinement of elements intersecting surface 3_surf_mid_sb.inp (sediment-
basement interface just in North Pond, the area of interest)

2. One refinement of elements intersecting volume 5_surf_aql100.inp (100 m thick
aquifer from seafloor to 100m below surface just below North Pond)

3. Two refinements of elements intersecting volume 6_surf_aq300_1k.inp (900m
thick aquifer layer from 100m below surface to 1000m below surface just below
North Pond)

4. Two refinements of elements intersecting surface /_surf _domain.inp (bathymetric

relief and sediment basement contact the across the entire domain)
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5. One refinement of elements with less than two refinements intersecting the
volume 7_surf_filt_aql00.inp (transition from 100 m thick aquifer and 200 m
thick aquifer just in North Pond)

6. One refinement of elements with less than two refinements intersecting the
surface 7_surf_filt_aqlk.inp (transition from 1000 m thick aquifer and the
conductive basement layer just in North Pond)

7. One refinement of elements with less than two refinements intersecting the
surface 7_surf_filt_aq300.inp (transition from 200 m thick aquifer and 300 m
thick aquifer layer just in North Pond)

8. One refinement of elements with less than two refinements intersecting the
surface 7_surf_filt_aq600.inp (transition from 300 m thick aquifer and 400 m
thick aquifer layer just in North Pond)

9. One refinement of elements with less than four refinements intersecting the
surface 2_surf_mid_grid.inp (bathymetric relief and sediment basement contact

just in and adjacent to North Pond)

Syntax

>_ lagrit < 8_driver_high_resolution_clipped.lgi
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Figure B-14: Refined North Pond mesh subset at x = -6000m, colored by cell refinement

level.

Conclusion
Now that we have a mesh that has the correct resolutions in the near- and far-

field, we will move on to defining material zones.

e Zone 1: Sedimented pond of North Pond

e Zone 2: 100m thick aquifer layer adjacent but not including North Pond
e Zone 3: 200 m thick aquifer layer adjacent but not including North Pond
e Zone 4: 300 m thick aquifer layer adjacent but not including North Pond

e Zone 5: 400 m thick aquifer layer adjacent but not including North Pond
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e Zone 6: Conductive basement layer adjacent but not including North Pond

e Zone 7: 100 m thick aquifer layer immediately adjacent to and including North
Pond

e Zone 8: 200 m thick aquifer layer immediately adjacent to and including North
Pond

e Zone 9: 300 m thick aquifer layer immediately adjacent to and including North
Pond

e Zone 10: 400 m thick aquifer layer immediately adjacent to and including North
Pond

e Zone 11: Represents elements and points outside the mesh, defined as not

belonging to zones 1-10

However, these zones must be set in the correct order because any subsequent
assignment of zones overwrites previous assignments. Therefore, the material zones are
assigned in the following order:

1.Zone 11

2.Zone 1

3.Zone 2

4.Zone 3

5.Zone 4

6.Zone 5

7.Zone 6

8.Zone 7
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9. Zone 8

10. Zone 9

11. Zone 10

Figure B-15: North Pond hexahedral mesh with material zones defined. 4x vertical

exaggeration.

Filename Input Output

12_remove_top.lgi 11_hex_refine_octree.inp 12_tmp_hex_mesh.inp

12_tmp_tet_interp.inp
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Convert to tetrahedral mesh and remove excess simulation domain

As stated above, the first step is to convert the elements in the mesh from
hexahedral to a tetrahedral for use with legacy tools.

Since we started with a rectangular mesh but have refined our mesh to represent a
topographic surface, we will remove any elements we do not want to simulation. In the
above step, we set Zone 11 to represent this area of the mesh outside the area of interest.
Syntax

>_ lagrit < 12_remove_top.lgi

Figure B-16: North Pond hexahedral mesh with top zone being removed. 4x vertical

exaggeration.
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Filename Input Output

13_top_region_set.lgi 12_tmp_tet_interp.inp 13_tet_reset_final.inp

{fehm files}

Reset top zone of domain

The final step is to correctly assign zones that represent the top, bottom, and side
of the mesh. Since we removed what was the top of the mesh in the previous step to
reveal the refined topographic surface below, all the elements that were assigned as the
top boundary no longer exist. We redefine the top zone of the mesh as elements
belonging to the top zone and any material zone greater than one. Additionally, we export

files used in Finite Element Heat and Mass Transfer Code (FEHM).

Syntax

>_ lagrit < 13_top_region_set.Igi
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Figure B-17: North Pond tetrahedral mesh with top region set. 4x vertical exaggeration.

Conclusion

This concludes the walkthrough portion of the tutorial. The next pages will cover
the final geologic meshes, pseudo code for both cases and an executable roadmap for
each case.

Final mesh

Final Generalized Mesh

The general case mesh reproduces common topographic features with targeted
refinement along areas of possible simulation intertest. This is a general case and

therefore represents a proof of concept.
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Figure B-19: Final tetrahedral general case mesh with cutaway showing topographic low

and material zones.

North Pond

The final North Pond mesh reproduces important characteristics that we sought to
reproduce in the mesh.

First, a layered system with separate regions representing seafloor sediments,
upper-volcanic crustal aquifer of varying thicknesses, and a lower volcanic unit of
conductive crust. Using the aquifer thickness as a “free parameter” in numerical
simulations, allows assignment of a thicker or thinner unit in order to better represent

heat and fluid flux processes. Price et al.. 2022.
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Figure B-20: North Pond mesh with layers representing sediment, conductive basement,

and aquifer layers with varying thickness.

Second, geologic geometry that accurately represents the regional and local
bathymetry relief. Which we see in the figure below, matches the wavelength and

amplitude described in the accompanying publication and Price et al., 2022.
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Figure B-21: Final North Pond tetrahedral mesh. 4x vertical exaggeration.

Finally, realistic geometry of the sedimented pond with varying sediment

thicknesses, asymmetric slopes along the sediment / basement contacts, and sediment

“pinchouts” or thinning sediments along the margins of the sedimented pond.
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Figure B-22: Final North Pond tetrahedral mesh with sediment pond offset from aquifer

layer to show asymmetric slopes and sediment thickness. 4x vertical exaggeration.
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Pseudo code: General Case

General files description

Filename File purpose
1_create_surface.lgi Constructing reference surfaces
2_refine_domain.lgi Mesh building and refinement

3_set_region_truncate.lgi Setting material regions based on surfaces, hex-to-tet
mesh, removing top of mesh, setting top most zone,

cleaning up mesh
1_create_surface.lgi

Input Output

2_middle_grid.csv 2_surf_mid_grid.inp
Overview
Create all surfaces needed in construction, refinement, and material assignment of
general case mesh.
Lines 1 -6
Assign coordinate system in meters from xmin, ymin, zmin = -5000,-5000 to xmax, ymax
= 5000,5000 and number of points in x,y = 201,201.
Lines 9 - 13
Create mesh object mo_surface that has the above x and y dimensions with z =0 and

connect the points in the surface
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Lines 16 - 21

Create mesh object surface_plane from surface surface.csv. Then copy over z coordinates
from surface_plane to connected surface mo_surface

Lines 24 - 30

Set properties assocaited with surface (mostly used for visualization in this case) and
dump mesh object surface mo_surface to 1_surface.inp

Lines 34 - 54

Create copies of mo_surface named mo_ag800 and mo_aq200. Subtract 200m and 800m
from the z coordinate of surfaces mo_aq200 and mo_aq800; respectively. Set properties
associated with surface, and dump mesh objects to files - mo_aq200 to
1_surface_aq200.inp - mo_aq800 to 1_surface_aq800.inp

Lines 58 - 74

Create mesh object mo_zero at z = 0 with two points in x and y with the same extent as
specified above. Set properties associated with surface and dump mo_zero to file

1_surface_zero.inp.

2_refine_domain.lgi

Input Output

2_middle_grid.csv 2_surf_mid_grid.inp
Overview
First, we create an initial hexahedral mesh. Next, we read in all the surfaces created in the

previous files. Finally, the subroutine refine_object.mlgi is called to perform octree
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refinement along the elements intersected with the surfaces called and files are created
for each of those refinement iterations.

Lines 2 - 14

Define xmin, ymin, zmin = -5000,-5000, -4000 to xmax, ymax, zmax = 5000,5000,1000
and number of points in x,y,z = 11,11,6. This sets the initial resolution at 1000m elements
in x,y,z. Create the mesh object domain_hex and dump to file 2_initial_domain.inp.
Lines 16 - 18

Read in surfaces

- 1_surface.inp = mo_surface

- 1_surface_aq200.inp = mo_aq200

- 1_surface_aq800.inp = mo_aq800

Line 23

Define the initial hexahedral mesh domain_hex as the object to refine.

Lines 24 - 27

This series of lines performs the octree refinement and will be performed many times in

this file. The flow of these lines is:
e Line 24: Define the mesh object to refine with. Here is mo_sb
e Line 25: Perform octree refinement via the subroutine refine_object.mlgi
e Line 26: Dump the refined object to a file. Here 2_surface_octree.inp
e Line 27: Check the quality of the refinement.

Henceforth, this series of steps will be denoted by: Refine {name of mesh object} - File:

{Output file}
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Lines 29 - 34

Refine x2 mo_aq200 - File: 2_surfaceAQ200_octree.inp

Lines 36 - 40

Refine mo_aq800 - File: 2_surface AQ800_octree.inp

Lines 45 - 46

Reset the itetclr variable. Dump the refined mesh domain_hex to file
2_hexRefine_octree.inp

Refine_object.mlgi

Input Output

{Element to be refined} {Refining element}

Overview

Subroutine used to perform octree refinement of a mesh object along a specified
surface or volume
Lines 1 - 2 Clear any variables from previous use of subroutine
Line 4 Create a mesh object attribute named if_infer that contains the intersection of the
mesh object being refined and the mesh object being used to refine in this step. These are
defined outside the subroutine
Line 5 Create an element set named erefine based on where if _inter is greater than O
(i.e., where the meshes intersect)

Line 6 The selected set, erefine, is refined.
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3_set_region_truncate.lgi

Input Output

2_hexRefine_octree.inp 3_hexDomain_defineZones.inp
1_surface.inp {outside zone files}
1_surface_aq200.inp 3_tetDomain_regionSet.inp
1_surface_aq800.inp
1_surface_zero.inp
Overview
Line 1
Read in refined mesh 2_hexRefine_octree.inp as mesh object domain_hex
Lines 3 - 11
Read in surfaces as sheet surfaces as follows:
- 1_surface.inp as sheet surface surf
- 1_surface_aq200.inp as sheet surface s_ag200
- 1 _surface_aq800.inp as sheet surface s_ag800
- I_surface_zero.inp as sheet surface zero
Lines 13 - 14
Set attribute itetclr = 5 for mesh domain_hex
Lines 17 - 37
This section details the intersecting of sheets above with the refined mesh object in order
to define individual zones that correspond to geologic units within the grid. The general
workflow of this section takes example from Lines 33 - 35:
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e Line 33 - Define the region of interest and name it 7/ which is less than or equal
to the sheet zero and greater than the surface surf. (surf < rl < zero)
e Line 34 - Define an eltset (element set), e_r/, from the region r/.

e Line 35 - Set the itetclr attribut of domain_hex = 1

This process repeats for different conditions until line 37. The layers that correspond to
the itetclr set in these lines are:

e |- Sediment

e 2 - Aquifer layer O - 200m

e 3 - Aquifer layer 200 - 800m

e 4 - Conductive basement < 800 m

e 5 - Everything else (i.e., the area above the refined topographic surface)

Lines 39 - 43

Check the quality of domain_hex and dump to file 3_hexDomain_defineZones.inp

Line 45 - 49

Convert hexahedral mesh domain_hex to tetrehedral mesh domain_tet for ease of use for
legacy tools from UCSC hydrogeology lab GitHub

Line 52 - 60

Reset imt and itp attributes for mesh domain_tet. Interpolate material regions from
domain_hex to domain_tet. Dump mesh domain_tet to file
3_tetDomain_topConnected.inp

Line 63 - 64

Remove material zone 5 corresponding to elements above refined topography.
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Line 67 - 70

Reset attributes cell_color and itp. Check status of mesh

Line 73 - 78
Dump outside zone files to read back in later steps. Select points with material zone (imt)

greater than 1 and in the top zone for mesh domain_tet and set attribute imt to zone 2.

Line 81

Dump completed mesh domain_tet to file 3_tetDomain_regionSet.inp
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Pseudo code: North Pond

General files description

Filename

File purpose

1_surf_domain.lgi

2_surf _mid_grid.lgi
3_surf_mid_sb.lgi

4_surf flat_zero.lgi
5_surf_aql00.1gi
6_surf_aq300_1k.lgi

7_surf filt.lgi
8_driver_high_resolution_clipped.lgi
9 _surf_north_pond_seafloor.lgi
10_surf_aq_volumes.lgi

11_region_set.lgi

12_remove_top.lgi

13_top_region_set.lgi

Files:

Construct reference surfaces
Construct reference surfaces
Construct reference surfaces
Construct reference surfaces
Construct reference surfaces
Construct reference surfaces
Construct reference surfaces
Mesh building and refinement
Construct reference surfaces
Constructing reference volumes

Setting material regions based on

surfaces/volumes
Hex-to-tet mesh and removing top of mesh

Setting topmost zone, cleaning up mesh,

exporting FEHM files

Function6.csv: CSV file with x,y,z of function representing bathymetry and sediment-

basement contact
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2_mid_grid.csv: Clipped bathymetry file representing North Pond and surrounding area.
Used for high resolution filtering

3_middle_sb.csv: Clipped bathymetry file representing just the sediment = basement
interface.

1_surf_domain.lgi

Input Output

function6 1_surf_domain.inp

Overview

Create mesh object for bathymetric surface.
Lines 1 - 11
Assign coordinate system in meters from xmin, ymin, zmin = -30000,-75000, -5000 to
xmax, ymax, zmax = 30000,75000,0 and number of points in x,y,z = 301, 301,6 to
determine spacing.
Lines 14 - 18
Create a mesh object surface, mo_tri, that is the above X,y dimensions with singular z
value (2D plane). Setting z coordinates to zero before connecting allows defining an
explicit x,y coordinate system and connecting that surface without producing oddly
shaped elements.
Lines 23-24
Creates mesh object (sedbase) from the topography function from R (function6)
Line 28

Assign z coordinates from sedbase to connected triplane mesh object mo_tri
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Lines 32 - 37

Reset property values of mesh object to insure all the same value

Lines 39 - 41
Dump surface to file /_surf_domain.inp
2_surf_mid_grid.lgi

Input Output

2_middle_grid.csv 2_surf_mid_grid.inp
Overview
Create mesh object from trimmed area of interest created from truncated bathymetric
surface representing North Pond and immediately adjacent region created outside of
LaGriT
Lines 4 - 8
Read in 2_middle_grid.csv, create a mesh object (sedbase), set z coordinates to zero, then
connect. Setting z coordinates to zero before connecting allows defining an explicit x,y
coordinate system and connecting that surface without producing oddly shaped elements.
Lines 10 - 14
Read in 2_middle_grid.csv, create a separate mesh object temp, then copy z coordinates
from temp to connected surface sedbase.
Lines 17 - 22
Reset property values of mesh object to insure all the same value
Lines 26 - 28

Dump surface to file 2_surf_mid_grid.inp
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3_surf_mid_sb.lgi

Input Output

3_middle_sb.csv 3_surf_mid_sb.inp
Overview
Create mesh object from trimmed area of interest created from truncated bathymetric
surface representing sediment = basement interface beneath North Pond created outside
of LaGriT
Lines 4 - 8
Read in 3_middle_sb.csv, create a mesh object (sedbase), set z coordinates to zero, then
connect. Setting z coordinates to zero before connecting allows defining an explicit x,y
coordinate system and connecting that surface without producing oddly shaped elements.
Lines 10 - 13
Read in 3_middle_sb.csv, create a separate mesh object (temp), then copy z coordinates
from temp to connected surface sedbase
Lines 17 - 22
Reset property values of mesh object to insure all the same value
Lines 26 - 28
Dump surface to file 3_surf_mid_sb.inp
4_surf_flat_zero.lgi

Input Output

None  4_surf flat_zero.inp
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Overview

Construct a flat surface at z = 0 at the same spatial extent as 2_middle_grid.csv.
Lines 2 - 5§

Specify extent of surface xmin, ymin = -15000, -6000 to xmax, ymax = 4600, 28500
Lines 7 - 9

Specify number of x,y points (resolution) at 2 each

Lines 11 - 15

Create mesh object mo_tri, create points on that mesh object, and connect
Lines 17 - 18

Check quality of connections for oddly shaped elements

Lines 20 - 22

Dump mesh object mo_tri to file 4_surf flat_zero.inp

5_surf_aq100.1gi

Input Output

3_surf_mid_sb.inp 5_surf_aql00.inp
Overview
Construct a volume that represents a 100m thick aquifer section directly beneath North
Pond.
Line 1
Read in 3_surf_mid_sb.inp to mesh object mid_sb
Line 4
Extrude a volume that goes from sediment = basement interface to 100m below that

interface.
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Line 6

Check the quality of the extrude

Lines 9 - 11

Convert the volume from hexagonal elements to tetrahedral elements and check the
quality of that conversion

Lines 13 - 15

Dump mo_tet to file 5_surf_aql100.inp

6_surf_aq300_1Kk.lgi

Input Output

2_surf_mid_grid.inp 6_surf_aq300_Ik.inp
Overview
Construct a volume that represents a 900 m thick aquifer section directly beneath the
region representing North Pond.
Lines 2 - 4
Read in 2_surf_mid_grid.inp to mesh object mo and subtract 100m from all z
coordinates.
Lines 6 - 8
Extrude mo surface to a volume mo_long that goes from 100 - 1000m below
2_surf_mid_grid.inp surface representing local North Pond bathymetry.
Lines 10 - 13
Convert the volume from hexagonal elements, mo_long, to tetrahedral elements, mo_tet,
and check the quality of that conversion.

### Lines 15 - 17
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Dump mo_tet to file 6_surf_aq300_1k.inp

7_surf_filt.lgi

Input Output

1_surf_domain.inp 7_surf_filt_aql00.inp
7_surf_filt_aq300.inp
7_surf_filt_aq600.inp
7_surf filt_aqlk.inp
Overview

Construct four surfaces at -100, -300, -600, and -1000m at the extent of the entire
domain.

Line 1

Read in 7_surf filt.Igi to mesh object mo

Lines 4 - 7

Create copies of mo to:

mo_aq100

mo_aq300

mo_aq600

mo_aqlk

Lines 12 - 15

Subtract 100, 300, 600, and 1000m from the z coordinates of the copied mesh objects
respectively and check the quality of those objects

Lines 20 - 25
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Dump mesh objects to files:

mo_aq100 to 7_surf_filt_aq100.inp

mo_aq300 to 7_surf_filt_aq300.inp

mo_aq600 to 7_surf_filt_aq600.inp

mo_aqlk to 7_surf_filt_aqlk.inp

8_driver_high_resolution_clipped.lgi

Input Output

1_surf_domain.inp 8_1_octree_NP.inp
3_surf_mid_sb.inp 8_2_octree_aql00.inp
4_surf flat zero.inp  8_3_octree_aq300.inp
S5_surf_aql00.inp 8_4_octree_dom.inp
6_surf_aq300_lk.inp 8_4_octree_domaql00.inp
7_surf filt_aql00.inp 8_5_octree_domaqlk.inp
7_surf filt_aq300.inp 8_6_octree_domaq300.inp
7_surf_filt_aq600.inp 8_7_octree_domaqg600.inp
7_surf filt_aqlk.inp  8_hex_refine_octree.inp

Overview
This file is the key file in building the domain. First, we read in all the surfaces created in
the previous files. Next, the subroutine refine_object.mlgi is called to perform octree

refinement along the elements intersected with the surfaces called and files are created
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for each of those refinement iterations. The final file with refinements along all desired
surfaces is dumped to 8_hex_refine_octree.inp

Lines 1 - 14

Define xmin, ymin, zmin = -24000,-40000, -6000 to xmax, ymax, zmax =
16000,55000,1500 and number of points in x,y,z =41,96,11. This sets the initial
resolution at 1000m elements in X,y and 750m in z. Create the mesh object mo_hex for
refinement.

Lines 17 - 25

Read in surfaces:

¢ 1_surf_domain.inp = domain
*4_surf_flat_zero.inp = sf_zero
*5_surf_aq100.inp = aq100
*6_surf_aq300_1k.inp =aq300_1k
*3_surf_mid_sb.inp = mo_sb

o7 _surf_filt_aq100.inp = domain_aq100
o7 _surf_filt_aqlk.inp = domain_aqlk

o7 _surf_filt_aq600.inp = domain_aq600

o 7_surf_filt_aq300.inp = domain_aq300

Line 28
Define the mesh object mo_hex as the object to perform octree refinement on

Lines 32 - 36
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This series of lines performs the octree refinement and will be performed many times in

this file. The flow of these lines are:

* Line 32: Define the mesh object to refine with. Here is mo_sb
* Line 33: Perform octree refinement via the subroutine refine_object.mlgi
* Line 34: Dump the refined object to a file. Here 8_I_octree_NP.inp

* Line 36: Check the quality of the refinement.

Henceforth, this series of steps will be denoted by: Refine {name of mesh object} - File:

{Output file}

Lines 40 - 43

Refine agl00 - File: 8_2_octree_aql100.inp

Lines 47 - 52

Refine x2 aq300_1k - File: 8_3_octree_aq300.inp

Lines 57 - 60

Refine x2 domain - File: 8_4_octree_dom.inp

Lines 64 - 75

Refine domain_aq100 - File: 8_4_octree_domaq100.inp

This refinement has a few additional steps outside the subroutine but before dumping the

mesh object.
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*  Line 68: Create a mesh object attribute named in_inter that contains the
intersection of the mesh object being refined and mesh object being used to refine
in this step

e Line 69: Create an element set named erefinel based on where in_inter is greater
than O (i.e., where the meshes intersect)

e Line 70: Create an element set named num_refl based on elements that have been
refined less than 2 times.

e Line 71: Create an element set named combined] that is the union of elements

from erefinel and num_refl

Line 72: Refine the element set combinedl

These lines are very similar to the subroutine refine_object.mlgi with the caveat that we
are also imposing an additional condition that we only want to refine elements that have 1
level of refinement. This ensures that we are not over-refining elements creating a
computationally intensive simulation grid. Henceforth, we will refer to this process as
itet-refine

Lines 79 - 91

Refine domain_aqlk - File: 8_5_octree_domagqlk.inp plus itet-refine

Lines 96 - 108

Refine domain_aq300 - File: 8_6_octree_domaq300.inp plus itet-refine

Lines 112 - 126

Refine domain_aq600 - File: 8_7_octree_domaq600.inp plus itet-refine

Lines 128 - 142
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Read in surface 2_surf_mid_grid.inp to mesh object mid_grid. Perform a itet-refine on
elements with less than 4 refinements (itetlev < 4).

Line 144

Reset all elements to color 7

Lines 146 - 151

Dump mo_hex to 8_hex_refine_octree.inp

Input Output

refine_object.mlgi {Element to be refined}

Overview

Subroutine used to perform octree refinement of a mesh object along a specified surface
or volume

Lines 1 - 2

Clear any variables from previous use of subroutine

Line 4

Create a mesh object attribute named if_infer that contains the intersection of the mesh
object being refined and the mesh object being used to refine in this step. These are
defined outside the subroutine

Line 5

Create an element set named erefine based on where if_inter is greater than O (i.e., where
the meshes intersect)

Line 6

The selected set, erefine, is refined. ### File link:
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9_surf_north_pond_seafloor.lgi

Input Output

3_middle_sb.csv 9_surf_north_pond_seafloor.inp

Overview

Make a surface corresponding to x,y coordinates of North Pond sediment with z
coordinates =0

Lines 4 - 8

Create triplane mesh object sedbase. Read in 3_middle_sb.csv as the x,y,z coordinates of
sedbase. Set z-coordinates = 0 and connect points

Lines 11 - 15

Reset all material and color properties associated with sedbase

Lines 19 - 21

Dump mesh object sedbase to 9_surf_north_pond_seafloor.inp

10_surf_aq_volumes.lgi

Input Output

2_surf_mid_grid.inp 10_surf_filt_mid_grid_aql00.inp
Overview
Construct volumes corresponding to the aquifer units beneath North Pond and the
adjacent region.
Line 2

Read in 2_surf _mid_grid.inp as mesh object mo
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Lines 5 - 11
Create copies of mesh object mo. Check quality and status.
Lines 13 - 28

Create volumes corresponding to aquifer layers beneath North Pond. Example syntax is:
o Line 13 - Subtract 100m from z-coordinate of mesh object mo_aq100

o Line 14 - Extrude mo_aq100 in the positive z-coordinate direction 100m and

name mo_aql00long

Repeat these steps for layers mo_aq300long (100m - 300m below mo), mo_aq600long
(300m - 600m below mo), and mo_aqlklong (600m - 1000m below mo). Check status
and quality of volumes.

Lines 30 - 33

Set attribute icr for volumes

Lines 35 - 38

Dump mesh objects to files:

o mo_aql00long to 13_surf_filt_mid_grid_aq100.inp
o mo_aq300long to 13_surf_filt_mid_grid_aq300.inp
o mo_aq600long to 13_surf_filt_mid_grid_aq600.inp

o mo_aqlklong to 13_surf_filt_mid_grid_aqlk.inp
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11_region_set.lgi

Input Output

8_hex_refine_octree.inp 11_hex_refine_octree.inp

1_surf_domain.inp

4_surf_flat_zero.inp

7_surf_filt_aql00.inp

7_surf_filt_aq300.inp

7_surf_filt_aq600.inp

7_surf filt_aqlk.inp

3_surf_mid_sb.inp

9 _surf_north_pond_seafloor.inp

10_surf_filt_mid_grid_aql00.inp

10_surf_filt_mid_grid_aq300.inp

10_surf_filt_mid_grid_aq600.inp

10_surf_filt_mid_grid_aqlk.inp

Overview

Read in previously made surfaces and set regions corresponding to layered seafloor units
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Lines 1 - 30

Read in hexahedral mesh 8_hex_refine_octree.inp as mo_hex. Read in surfaces and

convert to sheets surfaces in order to intersect with elements and filter material zones:

Lines 33 - 34

Select the refined simulation domain as the mesh object and attribute itetclr = 11. This

1_surf_domain.inp = domain
4_surf_flat_zero.inp = sf_zero
7_surf_filt_aq100.inp = mo_aq100
7_surf_filt_aq300.inp = mo_aq300
7_surf_filt_aq600.inp = mo_aq600
7_surf_filt_aqlk.inp = mo_aqlk
3_surf_mid_sb.inp = mo_sb
9_surf_north_pond_seafloor.inp = np_sea
10_surf_filt_mid_grid_aq100.inp = mo_aq100b
10_surf_filt_mid_grid_aq300.inp = mo_aq300b
10_surf_filt_mid_grid_aq600.inp = mo_aq600b

10_surf_filt_mid_grid_aqlk.inp = mo_aqlkb

attribute is what we will use to define material zones

Lines 37 - 84

This section details the intersecting of sheets above with the refined mesh object in order

to define individual zones that correspond to geologic units within the grid. The general

workflow of this section takes example from Lines 33 - 35:
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e Line 37 - Define the region of interest and name it 7/ which is less than or equal
to the sheet zero and greater than the surface s_sb. (s_sb < rl < zero)
e Line 38 - Define an element set, e_r/, from the region r/.

e Line 39 - See the itetclr of mo_hex =1

This process repeats for different conditions until line 81. The layers that correspond to

the itetclr set in these lines are:
e 1 - Sediment
e 2 - Aquifer layer O - 100m
e 3 - Aquifer layer 100 - 300m
e 4 - Aquifer layer 300 - 600m
e 5 - Aquifer layer 600 - 1000m
e 6 - Conductive basement
e 7 - Aquifer volume 100m (mo_aq100b)
e 8- Aquifer volume 300m (mo_agq300b)
e 9 - Aquifer volume 600m (mo_aq600b)
e 10 - Aquifer volume 1km (mo_aq1kb)

Lines 89 - 97
Specify conditionals to set itetclr = 1 for all elements above zero and sf sheets. This is
done very similarly to lines 27 - 58 and quality of elements is checked. This step makes

sure no elements are taken out of the seafloor of North Pond.
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Line 99

Dump mesh object mo_hex to file 11_hex_refine_octree.inp
12_remove_top.lgi

Input Output

11_hex_refine_octree.inp 12_tmp_hex_mesh.inp
12_tmp_tet_interp.inp

Overview

Translate mesh with hexahedral elements to mesh with tetrahedral elements. Filter and
remove domain area above North Pond and bathymetric surface. Translate regions set in
11_region_set.lgi to tetrahedral mesh.

Line 1

Read in hexagonal mesh file //_hex_refine_octree.inp to mesh object mo_octree

Line 2

Convert hexagonal mesh mo_octree to “clean” hexagonal mesh mo_hex, and check
quality. From LaGriT manual:

“Parent elements in octree_mesh will be removed, so only the leaf elements remain. The
result will be stored in new_mesh. This is often used to ensure a single valid mesh for
other commands or for use outside of LaGriT. The octree attributes itetpar, itetkid, and
itetlev will be updated in the new_mesh.”

Line 6

Dump mo_hex to file 12_tmp_hex_mesh.inp

Line 8 - 14
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Create new tetrahedral mesh object mo_tet and copy points from mo_hex. Set imt and itp
attributes as constant for mo_tet and connect points

Lines 18 - 19

Interpolate the cell colors from mo_hex to mo_tet.(i.e., material zones)

Lines 21 - 22

Remove all of itetclr = 11 (i.e. region above North Pond and refined bathymetry) and
remove any points without connections resulting from the removal.

Lines 26 - 27

Replace the node material (imt) with the corresponding cell color (itetclr) as well as set
node type (itp) based on itetclr.

Lines 29 - 34

Check the quality of the mesh. Dump mo_tet to file 12_tmp_tet_interp.inp.

13_top_region_set.lgi

Input Output

12_tmp_tet_interp.inp 13_tet_reset_final.inp
{zone files}
{fehm files}
Overview
Set top region of North Pond to correct for removal of top of domain in

11_price_remove_top.lgi. Reorder and sort nodes within simulation grid

Lines 1-4
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Read in 12_tmp_tet_interp.inp as mesh object mo and check status

Line 6

Dump outside zone numbers to zone files tmp_test_outside_vor.area and
tmp_test_outside.zone

Lines 8 - 9

Define attribute node_num from node numbers from mesh object mo and check status
Lines 11 - 15

Filter points that lie on the top of the simulation domain given conditionals:
e Line 11 - Find points with “imt” attribute greater than 1 (i.e., points not in
conductive basement) name them rodos
e Line 12 - Find points with “top” attribute greater than 1 (i.e., points belonging
to top zone) name them ffop
e Line 13 - Find the points that below to both of these point sets, name them filter
e Line 14 - Set imt = 2 to filter points in mo
Check the status and quality of steps above
Lines 19 - 21
Sort nodes based on the rank of the node number, then x-, y-, and z-coordinate
respectively. Then reorder the nodes based on the sorting.
Lines 23 - 24

Dump the mesh object mo to file 13_tet_reset_final.inp
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Execute Scripts
Generalized Mesh

Syntax
> lagrit< 1 create_surface.lgi &&
lagrit < 2 _refine_domain.lgi &&

lagrit < 3_set region_truncate.lgi

North Pond
Syntax
> lagrit < 1 surf _domain.lgi &&
lagrit < 2 _surf mid grid.lgi &&
lagrit < 3 _surf mid sb.lgi &&
lagrit < 4 surf flat zero.lgi &&
lagrit < 5 surf _aqleo.lgi &&
lagrit < 6 _surf _aq300 1k.lgi &&
lagrit < 7 _surf filt.lgi &&
lagrit < 8 driver_high resolution clipped.lgi &&
lagrit < 9 surf north_pond seafloor.lgi &&
lagrit < 10 _surf _aqgq volumes.lgi &&
lagrit < 11 region_set.lgi &&
lagrit < 12 _remove_top.lgi &&

lagrit < 13 _top region_set.lgi
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