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and Space Exploration, Arizona State University, Tempe, AZ, USA, 3Department Earth and Environmental Sciences,
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Abstract Subseafloor hydrothermal circulation drives biogeochemical exchange between the solid Earth
and its ocean, and could play a similar role in other ocean worlds. We assess the scale of subseafloor temperature
(T ) variations during hydrothermal circulation in ∼3.5 Ma seafloor on the eastern flank of Juan de Fuca Ridge.
This well‐studied, moderate T system (∼65°C–70°C in the upper ocean crust) represents a warm end‐member
on Earth, with slow flow across 10s of kilometers. Modest lateral flow between recharge and discharge sites is
accompanied by small‐scale convection, resulting in variable local T and flow conditions, even for simple,
layered models. The flow and T fields are time‐varying, with the magnitudes of subseafloor variation oscillating
around quasi‐steady conditions. The fractions of the crustal aquifer that are in T ranges relevant to different
microbial habitats were calculated. In simulations with discharging fluids at∼70°C, temperatures of 40°C–80°C
were found within 65%–90% of the aquifer. The same simulation, run with low gravity appropriate for Europa,
has 50%–70% of the aquifer at temperatures of 40°C–80°C, and 30%–50% at T> 80°C. Tracking of fluid parcels
suggests that fluids can heat and cool at rates of 0.2°C∼10°C/1,000 yr due to secondary convection.
Geochemical modeling based on these simulations indicates that some nutrients and organic molecules in the
fluids for this end‐member case could vary in concentration up to an order of magnitude as a consequence of
such T variability. These findings highlight implications for variations in water–rock reactions and, hence, a
potentially transient nature of habitable subseafloor niches.

Plain Language Summary Subseafloor circulation below Earth's ocean, which heats seawater as it
flows through the porous oceanic crust, drives chemical and biological exchange between the rocky interior and
the ocean. Low‐moderate temperature fluids transport the products of chemical reactions between the rock and
fluid, and can deliver nutrients that support microbial life. These fluids can travel long distances in the crust
before eventually discharging back into the ocean, supporting microbial life at depth and near the seafloor. This
study investigates the magnitude of subseafloor temperature variations that characterize a slow‐flow
hydrothermal system, based on novel analyses of results from prior computer simulations. Calculations of
variations in geochemical and nutrient concentrations, both consequential for microbial growth and abundance,
show significant differences in habitability for different hydrothermal species. This particular type of
hydrothermal system, which can explain the warm end‐member case observed on the young, eastern flank of the
Juan de Fuca ridge on Earth, could also occur on small ocean moons such as Europa and Enceladus.

1. Introduction
Following the first direct observations of hydrothermal discharge on Earth's seafloor, many studies have
investigated, measured, sampled, and modeled these coupled flows of fluids, heat, and solutes (Baker et al., 1991;
German et al., 2025; Humphris et al., 1995). Subseafloor fluid flow is thought to extract 20%–25% of Earth's
global heat and to have a significant impact on the composition of seawater and global chemical cycles
(e.g., Coggon et al., 2025; Elderfield & Schultz, 1996; Hasterok, 2013). While high temperature “black smoker”
venting in the axial zones of oceanic spreading centers is visually spectacular and has strong local influence on
elemental budgets, low‐to‐moderate temperature flow on ridge flanks contributes to significantly greater heat and
mass exchange on a global scale and generates favorable conditions for microbiological activity (Elderfield &
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Schultz, 1996; Johnson & Pruis, 2003; Mottl, 2003; Veirs et al., 2006; Wheat et al., 2004). Ridge flanks generally
lack active volcanism and extensional faulting that characterize the axial zones; hydrothermal activity in this
setting is driven mainly by lithospheric heat loss as the oceanic plate spreads off axis and ages. Prior numerical
studies of ridge flank systems focused on fluid discharge temperatures, flow rates, and conductive seafloor heat
flow adjacent to outflow sites (e.g., Hutnak et al., 2006; Kremin et al., 2024; Langseth & Herman, 1981; Lauer
et al., 2018; Price et al., 2021), developing simulations that match seafloor measurements. However, the spatial
and temporal variability of fluid flow and thermal conditions in the subseafloor corridor between recharge and
discharge sites has not received much attention. Here we consider these dynamics in order to assess the possible
scales of such variability, which in turn, could impact water–rock exchange, reactions that control mineral sta-
bility and chemical kinetics, and microbiological processes along hydrothermal flow paths.

Ridge‐flank hydrothermal circulation has been identified based on lateral trends of pore fluid chemistry in
sediments overlying volcanic crust, and seafloor heat flux values that deviate from lithospheric cooling pre-
dictions (e.g., Baker et al., 1991; Davis et al., 1992; Elderfield et al., 1999). In some cases, a significant fraction of
predicted lithospheric heat is missing, suggesting advective extraction, and/or lateral redistribution by local
convection (Fisher & Harris, 2010). All of these indicators are consistent with transport mainly in the volcanic
upper crust, which is generally orders of magnitude more permeable than overlying marine sediments and un-
derlying intrusive rocks (e.g., Fisher et al., 2014; Norvell et al., 2023; Spinelli et al., 2004). Local variations in
both heat flux and pore fluid chemistry have helped to locate recharge sites on ridge flanks, with rapid fluid flow
into volcanic outcrops such as seamounts (Figure 1; e.g., Fisher et al., 2003; Hutnak et al., 2008; Wheat
et al., 2013). Volcanic outcrops allow recharging fluids to bypass low‐permeability sediments and then mix and
flow laterally in underlying volcanic rocks. Ridge‐flank hydrothermal systems operate across a range of thermal
and corresponding chemical conditions. Based on P and Mg concentrations of pore fluid samples recovered near
the sediment‐basement interface in seafloor boreholes, reaction temperatures in these systems are often in the
range ∼2°C–65°C (Fisher & Wheat, 2010). Factoring in constraints from O‐isotopes in carbonate alteration
minerals deposited during seawater circulation, Coogan and Gillis (2018a) infer that there are probably two
classes of flank systems—moderate temperature (25°C–70°C) systems that have been found only in crust <15
Myr old, and low temperature systems (5°C–20°C) that have been observed at many more sites and across the full
range of plate ages in the modern ocean (and older ophiolites, e.g., Coogan & Gillis, 2018b).

The permeability of volcanic ocean crust can be quite heterogeneous (e.g., Fisher et al., 2014) and there is no
direct way to characterize it over multi‐km extents of flank hydrothermal systems. Assessments of effective
permeability over multi‐km length scales come from analytical and numerical calculations (e.g., Davis
et al., 2000; Winslow et al., 2016), but these cannot resolve smaller scale spatial variability. In general, volcanic
upper crust tends to have high permeability as a result of extrusive construction, accumulation of rubble between
lava flows, thermal contraction, and faults (e.g., Clague et al., 2020; Fisher et al., 2014; Haymon et al., 1991;
Martin et al., 2007; Tontoni et al., 2016). Permeability in volcanic rocks of the ocean crust has been measured
directly in 16 boreholes, yielding a value range of 10− 17 to 10− 10 m2 (Fisher et al., 2014). On ∼6 Myr old Costa
Rica ridge flank, results from DSDP Hole 504B indicate a significant permeability decrease ∼600 m below the
sediment‐basement interface (Anderson et al., 1985). It is clear that fracturing along faults, the majority of which
develop within ∼15 km of Pacific spreading axes, creates high permeability zones that can channel seawater flow
(Coogan & Gillis, 2018a). Fisher and Becker (2000) invoke a connected network of channels within the shallow
crust to enable lateral flow and heat loss that is inferred to occur based on global seafloor heat flow data. However,
the occurrence of channelized flow does not preclude coexisting slower flow within intervening, somewhat lower
permeability portions of the formation and/or across scales that exceed the extent of the highest permeability
zones.

When hydrothermal recharge into one outcrop flows laterally and discharges through another outcrop, this can
form a self‐sustaining “hydrothermal siphon” (e.g., Fisher & Wheat, 2010; Fisher et al., 2003; Figure 1). This is
known to occur between volcanic outcrops separated by tens of km in the eastern Pacific Ocean (e.g., Anderson
et al., 2012; Fisher et al., 2003; Hutnak et al., 2008; Le Gal et al., 2018; Villinger et al., 2002). Numerical
simulations of ridge flank siphon flow have succeeded in matching inferred discharge rates and surrounding heat
flow observations for pairs of basement outcrops on the young (∼3.5 Ma) eastern Juan de Fuca Ridge (JFR) flank
(Winslow et al., 2016) and on older seafloor (∼23 Ma) on the eastern flank of the East Pacific Rise (Lauer
et al., 2018). Here, we use the hydrothermal system on the JFR flank as a case example. This system is an end‐
member for ridge‐flanks, with modest total fluid throughput (∼5–20 kg/s between two outcrops), localized
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seafloor thermal signatures, and discharging fluids that are highly altered compared to recharging bottom water
(Mottl et al., 1998; Wheat et al., 2004). Nevertheless, this system is probably the best characterized ridge‐flank
hydrothermal system on Earth, and existing three‐dimensional numerical simulations (Winslow and Fisher, 2015;
Winslow et al., 2016) allow exploration of variations in subseafloor thermal conditions during transport. In
addition, this same system has been used as the basis for the evaluation of subseafloor hydrothermal flow under
the low gravity of small ocean worlds elsewhere in the solar system (Fisher et al., 2024). These bodies lack active
plate tectonics and volcanism, but they could host hydrothermal systems having temperatures in the range
simulated here (Akiba & Fisher, 2025).

A key influence on the present circulation within∼3.5 Ma crust of the eastern Juan de Fuca ridge flank is the rapid
sedimentation associated with major riverine input and turbidite flows off the continental shelf (Davis
et al., 1992). Several hundred meters of sediment have been deposited on the volcanic basement of the flank,
much more rapidly than occurs throughout most of the ocean basins. This results in a conductive boundary layer
whose very low permeability precludes thermally significant fluid inflow or discharge, and shifts the persistent
seafloor temperature (∼2°C) away from the sediment‐basement interface. The flow rate from a known discharge
outcrop (Baby Bare) is low (5–20 kg/s) and the slow flow allows circulating fluid to heat up along the 50 km
corridor connecting it with the Grizzly Bare recharge site (Wheat et al., 2022; Winslow et al., 2016). Borehole‐to
borehole tracer tests conducted north of Baby Bare confirm that km‐scale lateral flow occurs in the shallow
basement of this ridge flank (Neira et al., 2016). Chemical signatures document significant rock–seawater ex-
change at temperatures ∼65°C (Wheat and Mottl, 2000), with Ca and Mg concentrations that depart notably from
bottom water. While the thick sediment layer is a key feature of the eastern JFR flank, affecting the current
thermal regime and the temporal evolution of fluids during circulation, it is not required for recharge and
discharge sites to be separated by multi‐km distances if ambient seafloor relief is modest away from seamounts
and major fault scarps. Indeed, sediment cover 10–20 m thick is sufficient to impede hydrothermal outflow in
many settings (e.g., Norvell et al., 2023; Spinelli et al., 2004).

Lateral fluid flow in 3.5 Ma ocean crust on the JFR flank, between the sites of recharge and discharge, is
characterized in numerical simulations by mixed circulation, where net lateral transport occurs simultaneously
with local convection. These secondary convection cells can be oriented either along the direction of net transport
or perpendicular to it (e.g., Kremin et al., 2024; Stein and Fisher, 2003; Winslow and Fisher, 2015). Convective
upwelling brings warm fluid to shallow levels within the crustal aquifer, advecting heat toward the seafloor;
downwelling transports cool fluid toward the base of the aquifer, reducing ambient temperatures. Simulations
indicate that these local convection cells are unstable during mixed circulation, rolling along the aquifer, or
breaking up and reforming over time.

In this study, we examine the temporal and spatial variability of simulated temperature fields and flow rates
between recharge and discharge sites of a subseafloor hydrothermal siphon. The 3.5 Ma JFR flank system

Figure 1. Sketch of a subseafloor hydrothermal siphon showing the main components of the system. At a recharge site, cool ocean‐bottom waters enter the permeable
crustal aquifer. Some fluids that have absorbed deep‐seated heat from the rock formation during flow through the aquifer eventually exit from the discharge site back
into the ocean. The flow pattern within the aquifer is often complex and the subseafloor temperature can vary. Local formation temperature affects mineral stability and
the rate of the rock reaction with seawater. Such alteration changes local rock composition. Fluid composition evolves too, depending on the formation properties, flow
rate, and chemical kinetics (zoom‐in box). Flow rates can vary within the aquifer, which also affects the extent of local water–rock exchange and fluid composition.
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provides the basis for the model geometry and other physical parameters. We subsequently explore how dif-
ferences in gravity could influence the thermal variability, as might be relevant for other ocean worlds. We
consider how fluid compositions might vary in response to the changing physical flow regimes identified. Local
temperature and water:rock ratio (the amount of water that circulates through a given amount of rock) affect the
nature and rates of chemical reactions (e.g., Coogan & Gillis, 2018a; Elderfield et al., 1999). By directly linking
the results of hydrothermal circulation simulations to geochemical modeling, it is possible to assess whether the
distributions of certain organic molecules approach metastable abundances and could therefore be diagnostic of
subseafloor temperature, pressure, and composition. If so, and as reacting fluids are subsequently discharged,
these molecular distributions might serve as tracers of subsurface geochemical processes.

2. Methods
2.1. Hydrothermal Circulation Simulations

We analyze simulations of coupled fluid‐heat transport between two outcrops, separated by 50 km, which were
developed to test the influence of variations in gravity, heat input, and other properties on flow and temperature
conditions (Fisher et al., 2024). Simulations were run using Finite Element Heat and Mass (FEHM), a hydrocode
for three‐dimensional, time‐varying hydrothermal fluid flow and temperature fields. The domain design is based
on earlier simulations that successfully replicated several aspects of outcrop‐to‐outcrop hydrothermal flow within
the eastern flank of the JFR (Winslow et al., 2016). The subset of simulations considered here have a 450 m
sediment layer overlying a 600 m thick permeable crustal aquifer, with permeability of ∼10− 13 to 10− 12 m2)
overlying a deeper basement that has much lower permeability (10− 17 m2). The recharge site is an outcrop with a
seafloor surface area of ∼1.4 km2, penetrating through the sediment and separated from a smaller, discharging
outcrop with a surface area of 0.14 km2 (Figure 2a). The aquifer is homogeneous and isotropic, whereas the
recharge/discharge features can have permeability that is higher than that in the aquifer, and in some simulations
vertical permeability (k) that is 10–100 times higher than horizontal permeability; this is intended to represent
higher, or directional, permeability associated with the deposition of rubbly flows, cracking, and subvertical
fracturing and old feeder channels within an inactive volcanic structure. Heat flow, specified at the base of the
conductive region (∼4–5 km below the seafloor), averages 196 mW/m2 (Winslow et al., 2016). These are
transient simulations, run until quasi‐steady flow develops (generally in a few 100 kyr of simulations time) and
allowed to continue for an additional 0.5–1.0 Myr; flow and temperature field results were output during this later
period. Outputs were triggered numerically based on the passage of a specified number of timesteps. The length of
the time step can be adjusted if model flow rates vary significantly (Table S1 in Supporting Information S1). See
Fisher et al. (2024) for further details of the numerical model methodology and the full suite of simulations run.

The simulations discussed here (Table 1) include those that (with Earth gravity) produced flow rates and heat
output consistent with field data (Fisher et al., 2024; Winslow et al., 2016). A subset of these simulations helps to
explore how a few parameter values influence subseafloor temperature variations for an Earth system (simula-
tions Ea‐1, Ea‐2, and Ea‐3). A single Earth case (Ea‐4) tests the effect of having an aquifer that is 600 m deeper
(and therefore warmer). Two scenarios (Eu‐1, Eu‐2) test how low gravity (1.3 m/s2), appropriate for Jupiter's
moon Europa, affects the results. Most simulations predict fluid discharge temperatures Tdis= 71–76°C. The deep
aquifer Earth case (Ea‐4) discharges fluids at 114°C (at a notably higher flow rate), and the Europa‐like gravity
case with k = 10− 13 has Tdis of 58°C. The relatively large outcrop at the recharge site, and limited lateral
transmissivity within the aquifer result, in a majority of the inflowing fluid circulating locally and returning to
discharge through the same site (Winslow and Fisher, 2015; Winslow et al., 2016). Only a fraction of the
inflowing seawater at the recharge site gets entrained as siphon flow and eventually exits at the discharge site.

The aquifer layer extends to the edges of the model domain (Figure 2a), but we are most interested in temperature
variations of the fluid that may eventually be released into the overlying ocean from the discharging end of the
siphon, where a discernible redox gradient and/or other biogeochemical signatures might be observable. The
recharge–discharge site geometry results in an overall dipolar circulation pattern. Analytic dipole solutions for
paired recharging and discharging groundwater wells predict that 50% of the flow occurs within a circle of
diameter equal to the distance between the two sites and centered at the midpoint between them (Haitjema, 1995).
Therefore, we choose a centered, cylindrical region, extending from the base to the top of the aquifer, to assess
temperature variations that occur within the subseafloor (Figure S1 in Supporting Information S1). We calculate
the fraction of this cylinder for which temperature is predicted to fall within four ranges that are relevant for
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microbial habitability: T = 0°C–40°C (psychrophile and mesophile compatible); 40°C–80°C (thermophiles);
80°–120° (hyperthermophiles); and >120°C (at or above the widely accepted upper limit for viability of life on
Earth; Takai et al., 2008). The fraction of the cylindrical region of interest that falls into each of the temperature
ranges differs by less than 1% between all the runtimes evaluated for each of the simulations (Table S1 in
Supporting Information S1).

Mapping the pathways of fluid parcels in the subseafloor was accomplished with post‐simulation particle
tracking, based on a synoptic assessment of the fluid flow field (e.g., Pollock, 2016; Schröder and Schanz, 2023).

Figure 2. Cross‐section of 3‐D seafloor hydrothermal siphon model and results for Ea‐2. (a) Full model geometry, with color showing temperatures (T) after dynamic
steady state is achieved. (b) T profile between recharge and discharge sites (VE= 3X). The zoomed‐in box depicts computed convective flow and how it corresponds to
local T. (c) Fluid flux (total magnitude) for the same profile. (d) Time variation of T within the aquifer portion of the profile for snapshots in time (VE = 4X). The time
elapsed between each panel and the one below is labeled in the upper right. Convective rolls visible in (b) migrate from recharge to discharge site over time, but the range
of T variation within the aquifer is consistent once the model reaches dynamic steady state.
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Flow‐paths were computed for models Ea‐1, Ea‐2, Ea‐4, and Eu‐1, by forward‐ and back‐tracking fluid parcels
within the velocity field after it reached a dynamic steady state. Results reported here emphasize fluid paths in the
corridor extending from recharge to discharge sites. FEHM results were imported into ParaView (https://www.pa
raview.org/) and the StreamTracer algorithm was employed using Runge‐Kutta integration and a 100‐point cloud
within a sphere of radius 2.5 km, centered just inboard (toward the opposite site) of either the recharge (forward
tracking) or discharge site (backtracking). Time along the fluid parcel path, temperature (Tf), and flow rate of the
fluid parcels were output for each position along their respective flowpaths (please see additional explanation in
Supporting Information S1).

2.2. Linked Calculations of Geochemical Variability

The temporal and spatial variations in the temperature of fluid parcels flowing along the aquifer can affect their
nutrient concentrations and organic molecule reactions. In hydrothermal systems, the concentrations of some
organic compounds vary in response to differences in system T, pressure, pH, and redox state (Cruse & See-
wald, 2006; Helgeson et al., 1993; McDermott et al., 2015; Seewald et al., 2024; Shock, 1988, 1989; Tassi
et al., 2007). Experiments show in greater detail how various sets of organic compounds react to approach
metastable equilibrium abundances that are controlled by these same parameters (Robinson et al., 2020, 2021a,
2023, 2024, 2026; Seewald, 1994, 2001). By linking the T evolution of individual fluid parcels directly to a
geochemical model, we can assess the nature of possible variations. Time, local temperature, and/or local flow
rate of the parcel are input to each geochemical model, with computed fluid chemistry evolving based on these
(and other) conditions, using the following approach for nutrients and organic compounds.

Variation in the concentration of nutrients within a fluid parcel is assessed following the method developed by
Randolph‐Flagg et al. (2023). To obtain some quantitative constraint on P concentrations that could occur in
hydrothermal fluids on Enceladus, these authors conducted millions of chemistry simulations for a wide range of
assumed T, chondrite composition, and water rock ratio. For the present study, the approach is extended to other
species—C, Ca, Mg, Fe, and S. The extent of reaction between hydrothermal fluid and wallrock at each position
and corresponding T is predicted with EQ3/6 modeling (Wolery, 2010), for the end‐member scenario where local
equilibrium is reached. To illustrate the possible scale of nutrient variation within a fluid parcel for this study, we
consider a single scenario assuming carbonaceous chondrite rock composition (CI) and specify a low water:rock
mass ratio of 0.1.

To assess the use of organic molecules as tracers of fluid parcel evolution, we consider the approach to equi-
librium of ammonia, amines, and alcohols. In experiments focused on methylamine or benzylamine, steady state
abundances are achieved and are strongly affected by both T and pH (Robinson et al., 2020, 2024, 2026). Notably,
there is evidence that suggests these “model” experimental compounds may be present in small ocean worlds
(Section 4.3). Here, we combine T and flow rate predictions from the hydrothermal simulations with previously
determined chemical kinetics (Robinson, Gould, et al., 2021) and thermodynamic property data (Robinson
et al., 2024) to predict whether benzylamine, benzyl alcohol, and ammonia would approach steady state abun-
dances reflective of temperature. T‐dependent rates generated from 200°C to 300°C experiments on benzylamine

Table 1
Model Parameters and Portion of Subseafloor Aquifer in Different Temperature Ranges

Simulation Aquifer k (m2) Outcrop k (m2) Discharge rate (kg/s) Tdis (°C) Taq < 40 (°C) 40 < Taq < 80 (°C) 80 ≤ Taq < 120 (°C) Taq > 120 (°C)

Ea‐1 10–12 10–10 150 71.6 9% 88% 3% 0%

Ea‐2 10–13 10–10 21 72.6 3 66 31 0

Ea‐3 10–13 10–12 19 72.2 3 65 32 0

Ea‐4a 10–12 10–10 600 114 27 33 38 2

Eu‐1 10–12 10–10 28 76.8 2 69 29 0

Eu‐2 10–13 10–10 1.5 58.1 1 50 43 6

Note. k is permeability, aquifer is 600 m thick, and basal heat flow is 196 mW/m2. All discharge temperatures (Tdis) and flow rates are from Fisher et al. (2024). Ea‐3 has
parameters favored by Winslow et al. (2016) for Juan de Fuca ridge flank. Gravity for Earth simulations (Ea‐1 through Ea‐4) is 9.81 m/s2; for Europa‐like models (Eu‐1
and Eu‐2) it is 1.3 m/s2. aEa‐4 has an aquifer 600 m deeper than other simulations, with the top at 1050 m subseafloor instead of 450 m.
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deamination (Robinson, Gould, et al., 2021) were combined with thermodynamic estimation strategies to
calculate reverse reaction rates (Robinson et al., 2024). More details can be found in Supporting Information S1,
but in brief, we used both temperature‐dependent reaction rate constants experimentally derived from Arrhenius
relationships, and temperature‐dependent equilibrium constants calculated using thermodynamic software
(Boyer, 2024; Dick, 2019) to model reversible chemical reaction kinetics. This has allowed us to predict whether
the selected compounds would approach relative abundances reflective of system temperature along a given fluid
parcel path.

3. Results
We report the results of temperature analyses for the rock formation within the aquifer and several representative
fluid parcels tracked through different model velocity fields (Section 3.1). We describe the results of selected
geochemical calculations to illustrate the scale of biologically relevant geochemical variations that correspond to
the determined temperature evolution (Section 3.2).

3.1. Physical Predictions for Aquifer Formation and Fluid Temperatures

For the simulations examined, the distribution of formation temperatures within the subseafloor aquifer can differ
considerably between the models tested, despite their having similar discharge temperatures (Tdis ∼72°C). At any
location in the aquifer, temperature increases and decreases repeatedly over time as convective cells roll by, with
warm fluid rising and cooler fluid sinking. Not all portions of fluid flow paths cycle across the full depth extent of
the crustal aquifer; some fluid parcels circulate across a more limited depth interval. Fluid tends to move faster in
larger convective rolls, attaining greater buoyancy due to higher temperature reached near the base of the aquifer.
Smaller convective cells do not reach the aquifer base/top, and fluid does not heat/cool as much, resulting in lower
upwelling/downwelling rates. Specifics of the results are provided below, in Figures 2 and 3, and in Supporting
Information S1.

The Earth models with a shallow aquifer (Ea‐1, Ea‐2, and Ea‐3) all show a majority (65%–90%) of the cylindrical
portion of the aquifer formation having temperature “Tx” = 40°C–80°C, a small fraction (3%–9%) having
Tx < 40°C, and the remainder (3%–31%) at Tx = 80–120°C (Table 1). Flow rates are greater for the higher
permeability case (Ea‐1, aquifer k = 10− 12 m2), and thus more heat is advected and a smaller fraction of the
subseafloor reaches Tx > 80°C. The Earth model with a deeper aquifer (Ea‐4), has a higher Tdis ∼ 114°C and the
discharge rate is considerably higher than the shallow aquifer simulations. This is due to the higher pressure
differential between the cold recharge site and the warm discharge site. The Tx field for Ea‐4 is also more evenly
distributed between the three main temperature bins, with∼2% rising above 120°C (Table 1). In this case, there is
a tradeoff between greater ambient temperatures at the increased depth and higher transport rate, which results in
27% of the cylindrical region having Tx < 40°C, and 33% and 38% in the 40°C–80°C and 80°C–120°C bins,
respectively (Table 1).

The scale of the temperature oscillations at a given model location between the model output runtimes is ±15°C
for the higher permeability, shallow aquifer Earth case (Ea‐1) and greater for lower permeability or deep aquifer
cases (±20°C–30°C, Ea‐2, Ea‐3, and Ea‐4) as well as the higher permeability Europa case (Eu‐1) (Figure S2,
Table S1 in Supporting Information S1). Although the Tx change depends on the timestep considered, the con-
sistency of values across all snapshots and timesteps considered indicates that they reliably represent the
magnitude of variations over time. Comparing rates of Tx change (dTx/dt) is also illuminating: Most simulations
dTx/dt rates range from 0.2°C to 0.8°C/1,000 yr (Table S1 in Supporting Information S1). The exception is the
lower permeability Europa gravity case (Eu‐2) for which dTx/dt is typically 0.05°C–0.07°C/1,000 yr.

We also analyzed a low heat‐input case that employs all the same parameters as Ea‐4 except that basal heat flow is
49 mW/m2, corresponding to a plate age of ∼100 Myr. Secondary convection again develops, resulting in lateral
temperature variability of ±7°C (vs. up to ±30°C with basal heat of 196 mW/m2, Table S1, Figure S2 in Sup-
porting Information S1). As expected, the aquifer is cooler overall than for Ea‐4, with∼90% of the circular region
between recharge and discharge below 40°C and ∼10% in the range 40°C–80°C. The discharge fluid temperature
is 35°C and flow rate is 150 kg/s. The main point here is that subseafloor temperature variability can persist in
subseafloor hydrothermal systems for which there is low heat input (equivalent to some of Earth's oldest seafloor).
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The rate of temperature change for fluid parcels (Tf) as they convect along the recharge–discharge corridor can be
considerably greater than the rate of temperature change at specific locations in the rock formation (Figure 3). Tf
continuously varies at different rates along different portions of each parcel flow path (Figures 3b and 3c; Figures
S3a, S3b, and S4a in Supporting Information S1). While mean dTf/dt rates can be low (fraction of a °C/1,000 yr,
Figure S3b in Supporting Information S1) when considered over a full flowpath, it is common for rates to range up
to 5–10°C/1,000 yr for periods of a few thousands of years (Figure S3 in Supporting Information S1).

Along‐path fluid flow rates (Figure 3b) range from 0.5 to 6 m/yr for models with higher permeability (k = 10− 12),
and the lower permeability cases have flow rates commensurately lower. For flowpaths that stay within a ∼20 km
wide corridor connecting the recharge and discharge sites, flow rates can reach 2–4 times the rates seen elsewhere
in the aquifer. Fluid parcels mainly travel within the aquifer , but since both the underlying basement and the
overlying sediments have finite (albeit low) permeability, flow paths can result in fluid parcels being transported

Figure 3. Evolution of temperature and velocity along the paths that fluid parcels travel in model Ea‐2. Paths calculated for the flow field at the final time step.
(a) Temperature (Tf) evolution for several fluid parcel paths. Color scale differs from Figure 2 to highlight the temperature increase of parcels that travel a very short
portion of the path in the basement below the aquifer. (b, c) each show fluid evolution along a portion of a single parcel path, with Tf plotted in upper panels and fluid
velocity in lower panels. Note that T scales differ between (b) and (c). Panels (d) and (e) show the full streamline in 3‐D and mapview, respectively, portions of which are
shown in panels (b) and (c). The fluid velocity slows significantly when the parcel enters the low permeability basement underlying the aquifer, near the midpoint of the
streamline. Thus, there is a large time offset between the end of the portion shown in (b) and the start time of the portion shown in (c). Fluid flow rate increases when the
parcel heats up near/within the basement and rises back into the permeable aquifer, as highlighted by dashed vertical lines in panels (b) and (c).
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above or below the main aquifer (Figure 3d; Figure S3 in Supporting Information S1). Flow rates outside the
aquifer, where permeabilities are set to ∼10− 17 m2, are very slow, so fluid may spend tens of thousands of years
there before possibly returning to the aquifer. This behavior was determined for some of the flowpaths calculated.
Here, we focus on characteristics only within the aquifer portion of a parcel's evolution since it captures the
behavior within the dominating siphon flow.

3.2. Examples for Scale of Corresponding Geochemical Predictions

Essential nutrients for life such as phosphate, sulfur, and carbon and the micronutrient Fe may become available
(or sequestered) as they transition through the subseafloor under temperature and water:rock ratio ranges
calculated in these hydrothermal simulations. For a case where the water:rock ratio is 0.1 and the rock compo-
sition is that of CI chondrites, the ±2–12°C temperature variations within the aquifer of simulation Ea‐1
correspond to [Ca] variations of a factor of 2, whereas [S] varies by nearly an order of magnitude. [P] and [C]
are nearly constant, whereas [Mg] and [Fe] vary by a factor of 4 (Figure 4). The relatively modest predicted
changes in these solute concentrations have implications for aquatic cell abundance and growth rate. Much larger
changes in chemistry would be predicted across the full range of temperature experienced during passage through
this hydrothermal system, including deviations from bottom water of 50°C–60°C within much of the aquifer and
up to 100°C below the site of seafloor discharge.

To assess potential changes in organic chemistry as fluids flow along the subseafloor corridor, we consider a
single flow path through model Ea‐4 (Figure S5 in Supporting Information S1) and reactions between a suite of
compounds—ammonia, amines, and alcohols. Initially, after fluids infiltrate the seafloor and begin to move along

Figure 4. Nutrient concentration variations that correspond (solely) to evolving Tf as a fluid parcel flows along a path in
simulation Ea‐1. (a) Concentrations obtained using the method of Randolph‐Flagg et al. (2023). Note that S and C vary with
opposite phases from Fe, Mg, and Ca, in part due to carbonate precipitation. (b) Path of this fluid parcel from recharge to
discharge site; color shows temperature. Buoyantly rising fluid is warmer than downwelling fluid.
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the recharge–discharge corridor, reaction rates are slow due to low temper-
atures (∼35°C), but reactions are rapid once temperatures exceed 125°C and
the tracers quickly lock on to simulated local conditions. Our kinetic model
(detailed in Text S1 of Supporting Information S1) reveals a suite of possible
thermal histories that would allow this set of potential tracers to respond to
different reactive conditions—for example, 0.5 Myr at 95°C or ∼1,000 yr at
145°C (Figure S7 in Supporting Information S1). Fluid parcel tracking from
simulation Ea‐4 (Figure 5) linked to reaction calculations (Figure 5) also
predicts that if the tracers are quickly cooled to bottom seawater temperatures
(as would occur during rapid ascent from below the discharge site), they
would preserve the hydrothermal signal indefinitely because their reaction
chemistry becomes too sluggish at near‐freezing temperatures to alter the
molecular abundance ratios established at higher temperatures.

The application of this method for the Ea‐4 simulation, for which reaction
temperatures are higher than other models considered here, allows us to
illustrate the principle of using organic molecule tracers to assess subseafloor
conditions, since the benzylamine system is well characterized and it re-
sponds strongly in this T range. Section 4.2 briefly discusses other systems
that the initial work suggests would also respond at lower T.

4. Discussion
In this section, we discuss findings based mainly on the nature of temper-
ature variability, alone. We are aware that both geochemical and microbi-
ological processes could lead to temperature feedbacks, thereby influencing
fluid/rock evolution, for example, by causing changes in hydrogeologic
properties. However, by isolating the influence of the temperature and flow
rate variations first, we aim to provide an indication of the magnitude of
associated geochemical (Section 4.1) and biological (Section 4.2) responses
that are expected. The potential relevance to ocean worlds beyond Earth is
the topic covered in Section 4.3. Section 4.4 catalogs the limitations of this
approach and suggests some next steps for building toward fully reactive
simulations.

4.1. Implications for Geochemistry

Geochemical exchange associated with marine hydrothermal circulation is a key means for materials to cycle
between the solid and fluid spheres of the Earth system (Coggon et al., 2025; Elderfield & Schultz, 1996;
Humphris et al., 1995). Temperature can act as a major control on both the rate and the extent of chemical reaction
between seawater and rock of the ocean crust, as well as the mineral alteration and dissolution products that result.
Water:rock ratios and the compositions of both the reacting fluid (evolved from seawater) and the host rock also
play important roles. All of these factors influence the type and amount of chemical species released during
reaction at any given location along the hydrothermal flow trajectory, with important implications for the
chemical energy potentially available for microbial metabolism. Hydrogen offers a well‐studied example. H2 is a
potent energy source for chemolithoautotrophic microbes, and its production during water:rock reaction is a
function of both temperature and rock composition (Amend et al., 2011). Temperature variation alone, within the
range emphasized here (10°C–120°C), can result in 1‐2 orders of magnitude difference in H2 production
(Bach, 2016; Ely et al., 2023), including differences that influence hydrothermal systems in which microbes are
known to utilize H2 metabolically (Reveillaud et al., 2015).

It is notable that modest temperature variations (±<15°C for case Ea‐1, discussed in Section 3.2) could also
impact relative nutrient concentrations within hydrothermal fluids, with implications for microbial habitability.
Any variation in the mix of “reactant” species could impact the amount of chemical energy released and hence
local cell abundances and growth rates, whether at fixed locations within the crustal aquifer or in mobile parcels of
fluid moving through the aquifer (Figure 1, inset). Previous work on subseafloor microbial communities in

Figure 5. Tracer response to T variability in simulation Ea‐4. (a) Evolution of
fluid parcel Tf along a flowpath from recharge to discharge site (black line);
corresponding organic tracer evolution (gray line). Despite rapid cooling
when the fluid discharges (∼1.1 Myr along flowpath), the organic tracer
exhibits a signature diagnostic of high subseafloor Tf. (b) Changes in
concentration of the individual molecules whose ratio‐dependent T
prediction is shown in (a), based on T‐dependent reaction rates and the Tf
evolution determined for this flowpath. Red curve shows benzyl alcohol
(Bn‐OH); blue shows benzylaminum (Bn‐NH3

+), the protonated form of
benzyl‐amine, which is dominant across most environmental pH values.
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venting fluids from the Mid‐Cayman Rise, for example, has already indicated that low phosphate conditions exert
an important selective pressure on one genus of vent bacteria, with nutrient limitation driving microbial adap-
tation in the subseafloor (Moulana et al., 2020). While the illustrative calculations shown here (Figure 4) are based
on full chemical equilibration, an extreme case in which there would be no energy available for organism use,
disequilibrium may be more common in natural systems, at least partly as a consequence of changes in parcel Tf
(thus local reaction T ) and/or flow rate during transport. Notably in Earth systems, heterogeneity in pore structure
and anisotropic permeability produce pore scale fluid mixing that is not resolvable at the simulation scales applied
in the present study (e.g., Lee et al., 2025).

The simulations of coupled flow and T in the subseafloor presented here illustrate that fluid temperature and the
associated duration of conditions could be sufficient for classes of organic compounds to reach abundances that
could be measured to deduce reaction conditions. We find that this approach could be feasible for amines, al-
cohols, and ammonia. If a similar approach works for other reactions, such as the ethanol‐ethene system as
suggested in a recent study (Robinson et al., 2023), there may be a suite of viable organic molecular tracers that,
together, could provide useful constraints from exiting fluid compositions on the physical regime within the
underlying aquifer in low‐moderate T hydrothermal systems.

4.2. Implications for Microbial Metabolisms

The temperature ranges and variability characterized in the shallow, subseafloor aquifer reported in this study
correspond generally to the type of microbial life that could live in each respective temperature range:
mesophiles15°C–45°C; thermophiles 41°C–79°C, and hyperthermophiles >80°C. Our finding that the majority
of the model aquifer falls in the 40°–80° range suggests that thermophiles might be the best adapted to life in a
moderate temperature subseafloor aquifer, from a purely physical perspective, under the simulated thermal and
hydrogeologic conditions. However, at lower effective aquifer permeability (10− 13 vs. 10− 12 m2), a significant
portion (∼35%) of the aquifer would overlap with the growth optimum range for hyperthermophiles. A very small
portion of the deep aquifer Earth model (Ea4) would be expected to reach temperatures at and beyond the known
limits to life on Earth (T > 120°C). This occurs only on the periphery of the cylindrical region on one side of the
discharge site; most fluid flowing from the recharge site would not transit through this basal edge of the cylin-
drical region prior to exiting at the seafloor. Since the discovery of deep‐sea hydrothermal vents and over the
subsequent decades, it has been noted that microbial communities investigated in samples of fluids venting from
the seafloor along oceanic spreading centers span a wide temperature range of growth, resulting from the highly
variable mixing regimes between cold, oxidized seawater and hot, highly reduced hydrothermal fluids that occur
in the subsurface (Fortunato et al., 2018; Huber & Holden, 2008; Jannasch & Mottl, 1985). Much less is known
about microbial communities in the aquifer of ridge flanks such as those modeled here, with the exception of the
Juan de Fuca ridge flank subseafloor microbial community, which has been relatively well characterized. Recent
studies indicate that these flank fluids are dominated by a low‐biomass, low diversity community of anaerobic
thermophiles carrying out sulfate reduction and methane cycling (e.g., Junbluth et al., 2016; Lever et al., 2013;
Robador et al., 2015). Variability in temperature plays an essential role in microbial activity, including an or-
ganism's ability to synthesize Adenosine TriPhosphate, for example (Hoehler, 2004).

Robador et al. (2015) incubated fluids from the Juan de Fuca Ridge flank over a range of temperatures to measure
sulfate reduction rates and found co‐existing mesophilic and thermophilic groups of sulfate reducers, consistent
with model results that have different portions of the same subseafloor aquifer experience different temperatures
at the same time, whether at different depths within that aquifer or due to advective fluid flow. Those authors also
found that sulfate reduction was limited by the decreasing availability of organic electron donors at higher
temperatures, meaning that as temperature increased, energetic constraints made the metabolism studied more
challenging (Robador et al., 2015). Applying results from the present study, we might infer that mesophilic and
thermophilic variants would be better adapted to conditions at different places/times in the subseafloor domain,
with the ∼10 km wide region around the recharge site favoring the lower temperature forms, if physical factors
dominate their selection.

4.3. Implications for Other Ocean Worlds

The discovery of oceans on several solar systemmoons suggests the likelihood of geochemical exchange between
their seawater and rocky interiors (Nimmo& Pappalardo, 2016), with the potential to establish redox disequilibria
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that could be exploited by microbial metabolism (Hand & German, 2018). Initial studies modeled hydrothermal
circulation in the interior of Enceladus and Europa at a global scale (e.g., Choblet et al., 2017; Travis et al., 2012)
and/or assumed radially symmetric, homogeneous layers making up the rocky interior (e.g., Vance et al., 2007).
Those contributions provide a plausible basis for advective and reactive processes, but not the only sets of relevant
conditions. Experience exploring Earth's seafloor systems shows that local to regional variations in properties and
morphology control hydrothermal flows and related processes. Recent modeling has explored more local flow
scenarios to assess how lower gravity and/or internal heating (compared to Earth) could result in sustainable
(long‐term) subseafloor hydrothermal circulation below the seafloor of other ocean worlds (Akiba &
Fisher, 2025; Dickerson et al., 2025; Fisher et al., 2024).

Seafloor features that channel off‐axis hydrothermal circulation on Earth include seamounts and other volcanic
structures or fault scarps having relief amplitudes from tens of meters to several kilometers, and wavelengths of a
few to several kilometers (Figure 6). On other ocean worlds, there is almost no constraint on what the character of
the seafloor might be, beyond it having a silicate composition (Schubert et al., 2004), that is possibly hydrously
altered (Malamud & Prialnik, 2013; Vance et al., 2007; Zandenel et al., 2021), and possibly covered with some
overlying sediment (e.g., Blackman et al., 2022; Daswani et al., 2021). The resolution of geophysical data that are
available for Saturn's and Jupiter's moons (spherical harmonic degree/order 2–3) are much too coarse to resolve
km‐scale seafloor features (e.g., Koh et al., 2022). On that basis, their potential presence cannot be dismissed.

Figure 6. Spatial scales of seafloor features and fluid circulation in hydrothermal systems. The main diagram depicts the scale of seafloor features on Earth (black
outlined boxes), and current data resolution for Earth and other ocean worlds, for various measurement tools (shaded boxes, white labels). Dashed fault scarp scale
region on the main diagram is a rough indication. T: temperature, low: <80°C; AUV: autonomous underwater vehicle. (1) Sandwell et al., 2014; (2) McKinnon, 2013;
(3) Hemingway and Mittal, 2019; (4) Cadek et al., 2021. Color images along the top show Pacific seafloor relief at 3 different spherical harmonic representations
(labeled in upper right corner; modified from Salaree & Okal, 2020). Boxed diagrams outside the main plot illustrate the scale of lateral offset between recharge and
discharge sites (above) and the depth of hydrothermal circulation (at right). In these boxes, lateral/vertical length scale estimates are: From global ocean world thermal/
flow models (blue lettering, (5) Choblet et al., 2017; (6) Travis et al., 2012); inferred from Earth observations (black lettering) of micro‐seismicity patterns (Tolstoy
et al., 2008), vent fluid temperature, chemistry and chimney distributions (Delaney et al., 1997; Haymon et al., 1991), seismic imaging/anisotropy (Carbotte et al., 2012;
Dunn & Forsyth, 2003; Miller et al., 2020), and numerical modeling (Fisher et al., 2024; Lauer et al., 2018; Winslow et al., 2016; Winslow and Fisher, 2015).
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Inferences about the density of the rocky interior of Europa and Enceladus and models of their thermal evolution
indicate that their shallow subseafloors may be porous (e.g., Roberts, 2015; Travis et al., 2012). The silicate
interiors of these moons may not experience present day volcanism or plate tectonics, but past episodes of
magmatic activity may have occurred on Europa during periods of strong tidal forcing (Běhounková et al., 2021).
Tidal stresses on the rocky interior of these ocean moons are not only a source of dissipative heating (e.g., Tobie
et al., 2025), they could generate seafloor displacements of meter scale (e.g., Rambaux et al., 2010), potentially
resulting in seafloor fracturing if strain becomes localized. Estimates show that the amount of sediment to have
accumulated on the seafloor over their few Gyr history could be up to 100's of m, if sourced from meteorite
deposits that are cycled through the ice shell (Blackman et al., 2022), or a kilometer or more, if precipitation from
the ocean is the source (Daswani et al., 2021). Furthermore, the action of ocean currents (Soderlund et al., 2024)
could lead to uneven sediment deposition or re‐distribution on the seafloor. Therefore, it is reasonable to consider
the possibility that heterogeneity across the seafloors of other ocean worlds could exist that might focus seawater
recharge into, and discharge from, their rocky interiors. Simulations considered in the present study employ
km‐scale topography, but really the key variability is in seafloor and subseafloor properties (especially
permeability).

The scale of the subseafloor temperature variation in the higher permeability Europa simulation (Eu‐1, Table 1) is
similar to that for the Ea‐2 case (±20°C–30°C, Figure S2, Table S1 in Supporting Information S1). This simu-
lation with aquifer permeability 10− 12 m2 has 69% of the temperature field within the cylindrical region in the
40°C–80°C range, 29% in the 80°C–120°C range, and 2% less than 40°C. Fluid parcel tracking shows that
flow rates in Eu‐1 are generally a factor of 3–5 times slower than those in Ea‐2. Tf oscillations are commonly
±5°C–10°C but can reach ±20°C. In contrast, when aquifer permeability is an order of magnitude lower (Eu‐2),
convective cells do not develop and the temperature monotonically increases with depth throughout the aquifer
(Figure S2 in Supporting Information S1). Because buoyancy forces scale with gravity, only Europa simulations
with higher permeability can overcome resistive intergranular forces to allow local convection to occur (Dick-
erson et al., 2025; Fisher et al., 2024). While the Europa simulations analyzed here have high basal heat flow
(e.g., Běhounková et al., 2021), Dickerson et al. (2025) find that convective cells can develop within a thicker
subseafloor aquifer of permeability of 10− 13 m2 (or greater), even with very low basal heat flow (10 mW/m2) and
low gravity. Thus, the potential for subseafloor variation in thermal regimes exists if interconnected aquifers
occur on other ocean worlds.

The geochemical results from the present study have implications for characterization of potentially habitable
environments on other ocean worlds. The organic compounds considered in our examples possess structures
consistent with mass fragments detected in icy plume materials expelled from the ocean of Enceladus–amines,
alcohols, and benzyl structures (Khawaja et al., 2019; Peter et al., 2024; Postberg et al., 2018a, 2018b). The
calculated changes in concentrations of organic compounds in the benzylamine‐benzyl alcohol‐ammonia system
(Section 3.2) provide initial indication that a detectable hydrothermal signature could indeed accrue in fluids that
experience the range of subseafloor temperature variability and flow rates that the high end of moderate‐T hy-
drothermal circulation simulations predict (Fisher et al., 2024). Application of this tracer model to a partial
flowpath from simulation Eu‐1confirms that a signature of hydrothermal activity (>25°C) would be produced
relative to a near‐freezing ocean, but the average T along the fluid path (75°C–80°C) is too low for the tracers to
record it if transit times are less than ∼2 Myr. This general framework, and the likelihood that it may allow
application of additional tracer systems such as ethanol‐ethene (Robinson et al., 2023) and perhaps others that
operate at lower temperatures, point to the importance of measuring suites of organic tracers that could, together,
aid in constraining subseafloor conditions that are difficult to measure directly, whether on Earth or other ocean
worlds. These findings move beyond previous work that inferred geochemical conditions of Enceladus' ocean
based on chemical species that were assumed to instantly equilibrate even at low temperatures (Glein &
Waite, 2020). The chemical species discussed here may serve as more informative tracers, even at the icy ex-
teriors of other ocean worlds, when subseafloor hydrothermal systems surpass moderate temperatures (∼80°C), as
inferred by Hsu et al. (2015).

4.4. Limitations and Aspects for Further Investigation

The scenarios explored in this study are based on numerous simplifying assumptions, and therefore should be
considered to provide a comparative analysis of contrasting conditions rather than specific predictions. For
example, aquifer properties were simulated as homogeneous distributions within distinct units, omitting lateral
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variations, barriers to flow, and faults and fractures that are likely to be encountered within ridge flanks below
Earth's seafloor (Alt, 2004; Carlson, 2014). Strong tidal forcing could generate/sustain fractures in the outermost
rocky interior of the ocean moons of Saturn and Jupiter (e.g., Travis et al., 2012) and this could result in het-
erogeneously distributed permeability at the seafloor. Regardless of the mechanism, if the scale/magnitude of
permeability variation is sufficient to alter the flow pattern, then the occurrence and nature of convective cells will
be impacted. There is a reasonable likelihood for scenarios to exist where the aquifer layer is thin relative to the
distance between recharge and discharge sites, particularly at permeabilities that are common for crystalline rocks
subjected to modest effective stresses. Patterns of fluid convection are likely to be influenced by variability in
formation properties, including circulation depth and the lateral extent of connectivity. This study focused on
rolling convection within a subseafloor hydrothermal aquifer having relatively uniform properties‐more het-
erogeneous systems should experience even more variability in thermal and chemical conditions.

Basal heat flow in most of the simulations presented was 196 mW/m2, which is appropriate for relatively young
ocean crust on Earth, but is higher than both Earth's global mean and that predicted to reach the seafloor of many
other ocean worlds (Choblet et al., 2017; Davies &Davis, 2010; Hussman et al., 2002). A study of Earth's seafloor
has shown that having a hydrogeologic restriction at the discharge end of a hydrothermal circulation path
(“discharge domination” as defined by Cann & Strens, 1989) can help to retain elevated temperatures below the
seafloor. In general, lower heat input at depth tends to reduce temperatures and flow rates, but relatively higher
subseafloor temperatures can be attained if discharge restrictions occur at the seafloor. In addition, elevated
temperatures, including the ranges explored in this study, can be achieved even if basal heat flow is much lower,
provided fluids are permitted to circulate to somewhat greater depths within the rocky interior. In all of these
cases, except for the lowest values of gravity and heat input, associated buoyancy forces can drive small‐scale
convection and corresponding subseafloor temperature variability.

Additional studies are underway to extend this work and examine the potential influence of heterogeneous
properties in the rocky interior of an ocean world, using porous and discrete‐fractured media physics to define
aquifer properties (Dickerson et al., 2025). Those studies include low basal heat flow (10 mW/m2), Europa's low
gravity, and a rocky aquifer up to 10 km thick. Preliminary results show that local convection cells develop in
some of those simulations, with persistent T variability predicted to be greatest for a homogeneous permeable
matrix aquifer. Scenarios including a discrete fracture network assumed a power‐law distribution of fault lengths
ranging 1–10 km, randomly distributed and oriented, throughout the aquifer. For cases with fracture permeability
throughout the network set at 1‐2 orders of magnitude greater than the surrounding matrix, km‐scale lateral
variation in aquifer temperatures was reduced compared to the matrix‐only case, but not eliminated (Dickerson
et al., 2025). This suggests that our simulations with homogeneous effective permeability can provide a useful
bound on subseafloor temperature variability.

We did not address the effects of reactive transport in this study. We acknowledge that dissolution and remi-
neralization often occur at different locations along fluid pathways in oceanic basements (e.g., Alt, 2004). Here,
we focus on a baseline scenario to illuminate the scale of variability that could occur in the physical system alone.
This is an important starting point that illustrates conceptually the potential importance of corresponding sub-
seafloor geochemical and microbial variability. Reactive transport models require many more assumptions than
our basic, linked physical and geochemical calculations. Many of the necessary prescribed parameters for reactive
transport are poorly known for Earth's subseafloor hydrothermal systems and are almost unknown for other ocean
worlds. In this situation, the ability to fairly quickly estimate the scale of influence that certain parameters have on
envisioned scenarios can be key to gaining fundamental insights. Such new understanding can serve as a guide for
designing more computationally intensive future simulations that incorporate chemical exchange as well as
complex fluid flow.

Finally, our findings on the scale of subseafloor temperature variability and its rates of change, both in the
formation water that is discharged back to the ocean and for fluid parcels circulating beneath the seafloor, provide
strong motivation for future coupled flow/T modeling efforts to include explicit particle tracking. Our current
‘snapshot' results cannot capture the actual temporal evolution of fluids along an aquifer, which could form a basis
for testing specific predictions for well‐studied (Earth) seafloor systems. For much of the time, convection cells in
the models roll steadily along the aquifer, as approximated with synoptic output. However, for some models, there
are times when the system becomes unstable and rapid flow reconfiguration occurs (Fisher et al., 2024; Winslow
et al., 2016). Only by explicitly tracking particles throughout a simulation will it be possible to assess the
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temperature changes, and associated geochemical/biological implications, of such events. This study underscores
how the extra computational effort needed to track particles, and associated thermal and chemical conditions, can
be justified.

5. Summary and Conclusions
This study obtained an initial assessment of the scale of subseafloor temperature variability that could arise within
the shallow aquifer of a thermally‐driven hydrothermal system where discharged fluids exhibit modest tem-
peratures (70°C–110°C). The results provide a new understanding of the temporal and spatial scales of variability
that could occur when recharge and discharge sites are separated by 10s of kilometers. The models explored here
are underpinned by numerical simulations that predict discharge flow rates and surrounding heat flow that match
observations for a seamount‐to‐seamount siphon on the 3.5 Ma eastern flank of the Juan de Fuca ridge. Rather
than making specific predictions for this system, our findings shed light on subseafloor variability that might
generally characterize low‐flow systems where the aquifer is very thin, relative to the distance between recharge
and discharge sites, and has permeability in the 10− 12–10− 13 range; it is plausible that this same approach could
apply for ocean worlds beyond Earth. For a scenario where the effective permeability of the aquifer is homo-
geneous, we find that: (a) the temperature of the rock could vary by ±10°C–30°C over lateral distances of the
order of a kilometer; (b) the rates of temperature change in basement rock could be of the order 0.2–3.0°C/
1,000 yr, and (c) the rates of temperature change for fluid parcels circulating through the aquifer could reach
10°C/1000 yr. These scales of subseafloor variability and rates of change have implications for the diversity of
geochemical reaction rates and alteration mineralogy that may result, as well as the possible distribution/viability
of microbial ecosystems that could be sustained within such subseafloor environments.
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