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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 2 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 4 is the
resulting plot for calculations using the Rayleigh number equation in Text S3 for the range of
physical conditions in North Pond.
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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
1 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 threedimensional simulation output respectively that show the timescale and geometry of
convection in the aquifer beneath North Pond.
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 fast-Fourier transform
to determine dominant frequencies of variation, then the strongest six frequencies were
retained using an inverse fast-Fourier transform (IFFT) to determine the dominant
characteristics in each direction (Figure S1b and S1c).
This function was found to approximate the shape of the basement surface around and below
North Pond sediments:
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where t determines the “tilt” of the function, x is the strike-normal distance, and y is the strikeparallel 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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where C is an empirically derived constant, t is the age of the crust in My, and qhf is the heat
flux in mW/m2. The value of C has been estimated from numerous studies of global heat flux

2

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/m2, 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 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/m2 for
the complete dataset to 45.9 mW/m2 for the filtered dataset. The removal of these data points
did not change the overall distribution of the heat flux data (Figure 1b).
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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):
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where αw = thermal expansivity (1/ºC), ρ = density of the fluid (kg/m3), cw = heat capacity of
the fluid (J/kg ºC), g = gravitational acceleration (m/s2), k = permeability (m2), L = aquifer
thickness (m), Tb = temperature at aqufier base (ºC), Tt = temperature aquifer top (ºC), μw = fluid
viscosity (Pa-s), and Km = thermal conductivity of the saturated media (W/m ºC).
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 = 4π2 (~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 Inverse Fast Fourier Transform (IFFT) 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 IFFT results in black. c. Strike-parallel bathymetric transect data in brown with
IFFT 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 subhorizontal sediment (seafloor) reflectors defining the top of North Pond extend into the sloping side reflections.
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Figure S3. Empirical cumulative distribution plot of heat flux fraction for observations (solid
thick line) and results from two- and three-dimensional conductive simulations (filled circles
and filled squares respectively).
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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 = 4π2. 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 temperarture.
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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 (kaq = 10-11 to 10-9 m2). 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 = 10-11 to 10-9 m2. 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 (∆T/∆t)
versus time for 12,000 yrs for aquifer thickness of 600 m and nodes located near 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. c. 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
(qout/lithospheric input) for observations and simulation results for aquifer thickness 300 m
and 600 m with aquifer permeability kaq = 10-9 m2, 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 S3. Flow rates (specific discharge) with aquifer thickness b = 100 m - 1000 m and aquifer
permeability kaq = 10-11 to10-9 m2.

Aquifer
thickness
(m)

100

Aquifer
permeability
(m2)
kaq= 10-11
kaq= 10-10
kaq= 10-9
kaq= 10-11

300

kaq= 10-10
kaq= 10-9
kaq= 10-11

600

kaq= 10-10
kaq= 10-9
kaq= 10-11

1000

kaq= 10-10
kaq= 10-9

Median specific
discharge (m/yr)
Median (Min – Max)
1.9e-1
[7.5e-4 to 1.1e1]
1.9e-1
[4.7e-4 to 9.2]
5.3
[2.2e-2 to 2.6e2]
7.6e-1
[2.8e-3 to 1.2e1]
2.2
[4.3e-2 to 6.3e1]
7.5
[7.7e-2 to 3.1e2]
8.2e-1
[8.2e-7 to 1.7e1]
2.3
[8.1e-7 to 5.8e1]
6.7
[6.9e-7 to 2.5e2]
9.4e-1
[2.1e-2 to 1.3e1]
2.3
[5.1e-2 to 6.1e1]
--
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Movie S1.
Animation of two-dimensional quasi-steady state North Pond simulation for kaq = 10-9 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 = 10-9 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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