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Abstract

Deep marine sediments host one of Earth’s largest microbial biospheres, yet
most cells in this environment persist in a non-growing state for thousands to
millions of years beneath kilometers of sediment. For natural selection to favor
such extraordinary long-term survival, a mechanism must exist that is capa-
ble of returning buried living populations to near-surface environments, where
higher-quality food sources allow reproduction and dispersal. Here we propose
and test whether subduction-zone earthquakes provide this missing mechanism.
Using poroelastic models constrained by diverse observational benchmarks, we
show that slip-driven water circulation in subduction-zone outer wedges generates
global fluxes exceeding 106 Gt/Myr, sufficient to transport 1026-1030 cells per
Myr. We further show that advective microbial transport is physically and biolog-
ically feasible, and find that cumulative seismic forcing correlates with microbial
diversity and the relative abundance of common subsurface-associated clades in
communities from surface-expressing seep systems across the Costa Rica forearc.
These results suggest that tectonic pumping can return microbial communities
buried kilometers deep to the seafloor, where they can resume cell proliferation
and disperse, forming a burial–reemergence cycle that closes a natural selection
loop favoring extreme longevity and deep-burial adaptation.

Keywords: Subduction zones, Tectonic-fluid coupling, Deep biosphere, Microbial
evolution
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1 Introduction

Microbial life is abundant in deep marine sediments several kilometers beneath the
seafloor, forming one of Earth’s largest ecosystems and containing an estimated
2.9× 1029 cells—roughly twice the total biomass of all animals on Earth [1–4]. These
subsurface microbial clades, sometimes referred to as intraterrestrials [5], represent lin-
eages distinct from those found in seawater [6, 7], so their presence in deep sediments
cannot be explained solely by passive burial from overlying ocean communities.

Reaction–transport models indicate that energy delivery to microbial communities
in marine sediments is often several orders of magnitude lower than that required to
sustain even non-growing laboratory cultures [8–10]. Accordingly, microbial popula-
tion density declines with depth in oligotrophic sediments [2], and empirical evidence
indicates that growth and reproduction of intraterrestrial clades are largely restricted
to an extremely narrow shallow zone, from the seafloor to ∼10 cm depth [11]. Below
this zone, cells persist in long-term dormancy with only low metabolic activity.

Although deep marine sediments largely preclude sustained growth, intraterres-
trials appear adapted for long-term survival in this environment. Enzymes become
increasingly specialized for degraded substrates with depth, consistent with dormancy
and minimal metabolic maintenance, and subsurface microbes display traits associ-
ated with ultra-slow metabolism [12, 13]. NanoSIMS imaging further reveals active
15N incorporation in cells recovered from deep crustal fluids pumped from 220–325
m below the seafloor, indicating sustained metabolism after nearly a million years of
burial [14]. Extended lifespans and energy-limited adaptations are documented across
archaea, bacteria, and eukarya, together defining a globally distributed subsurface
lifestyle of ultra-slow-growing “aeonophiles” [13, 15, 16]. Collectively, these observa-
tions demonstrate the persistence of such adaptive traits and extraordinary lifespans
across phylogenetically diverse lineages and globally distributed environments, even
though no known mechanism explains how they are repeatedly selected and dispersed.

Genomic evidence suggests that these adaptive traits are preserved rather than
generated in situ [17, 18]. Consistently low nonsynonymous-to-synonymous mutation
ratios (Pn/Ps < 1) in uncultured archaea below the shallow reproduction zone indi-
cate the dominance of purifying selection, the process of removing deleterious genetic
variants from a population, implying that adaptive features were established before
burial and preserved during long-term dormancy [18] (Fig. 1E).

Together, these observations indicate that adaptive traits in intraterrestrials are
acquired in shallow, energy-rich sediments where growth and reproduction occur, and
are later carried into energy-limited deep environments where cells enter long-term dor-
mancy. This creates a central evolutionary paradox: if reproduction effectively ceases
after burial and such traits are not generated in situ, how are they maintained across
phylogenetically diverse and globally distributed deep-biosphere lineages? One solution
would be a recurring geological process that periodically returns long-buried microbial
populations to energy-sufficient environments where growth, selection, and dispersal
can resume. However, the geological mechanisms capable of reconnecting deep dormant
populations to such environments at global scales remain poorly constrained.

Here, we test whether tectonic pumping in subduction-zone forearcs can provide
a physical return pathway for long-buried microbial populations. We combine global
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fluid-flux modeling, independent observational constraints, transport feasibility anal-
yses, and microbial community data from the Costa Rica forearc to evaluate whether
tectonically driven fluid circulation can reconnect deep dormant lineages to energy-
sufficient environments. Our results suggest that tectonic pumping enables repeated
burial–reemergence cycles through which long-buried lineages can return from deep
sediments to seafloor environments, where growth, reproduction, and dispersal can
resume. More broadly, over geologic timescales this mechanism may favor long-lived,
deep-adapted lineages, helping to explain why extreme longevity and deep-burial
adaptation are so widespread in the deep biosphere.

2 Global flux estimation

Subsurface microbial life resides within the pore water of ocean sediments, which are
eventually assimilated into the accretionary prism of subduction zones or recycled into
Earth’s mantle. Slip along megathrust faults perturbs pore pressures and drives fluid
migration through the accretionary wedge, consistent with observations of enhanced
pore pressure, permeability, and fluid discharge following seismic events [19–22]. These
processes operate over accretionary wedges spanning 106 km2 along global subduction
margins [23].

To quantify tectonically driven fluid transport, we model fluid flux in subduction-
zone outer wedges using a poroelastic framework that links megathrust slip to pore-
pressure perturbations (Supplementary Information). A representative coseismic slip
event (5 m) is used to generate transient fluid discharge, which is extrapolated over
seismic cycles based on plate convergence rates (Fig. 2B–D). Because pore-pressure
diffusion is linear, contributions from different slip modes—including earthquakes,
slow-slip events, tremor and aseismic creep—can be superimposed, enabling estimation
of time-integrated fluid flux across subduction zones and the associated microbial
transport.

We consider a set of well-studied subduction margins globally (Fig. 2A). Model
parameters are selected based on geophysical, laboratory, and field constraints on
wedge rheology, permeability, and porosity [24–26]. Sensitivity tests across plausible
parameter ranges, including order-of-magnitude variations in permeability and system-
atic variations in elastic properties and slip characteristics, show that the resulting fluid
fluxes remain within the same order of magnitude, indicating that our global estimates
are not strongly sensitive to parameter uncertainty (Supplementary Information).

Representative cases from the Japan Trench and Sumatra illustrate distinct struc-
tural settings (Fig. 2B,C; additional cases in Supplementary Information). Following
slip events, pore-pressure perturbations in accretionary wedges generate transient
upward fluid flux that decays over time. This temporal evolution is well described by a
stretched-exponential function (Fig. 2D), enabling robust extrapolation of cumulative
discharge beyond the simulation window (Supplementary Information).

Modeled flux densities across major subduction margins fall within the range
constrained by independent observational estimates (Fig. 2E). Predicted fluxes are
consistently on the order of 103–105 m3/m2/Myr, obtained by extrapolating transient
drainage and scaling with plate convergence rates (Supplementary Information). These
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values are consistent with constraints from mass-balance estimates [27], geochemi-
cal [28], biogeochemical [29] and thermal flux budgets [30–32], as well as in situ flow
measurements [19] across subduction systems. The modeled spatiotemporal evolution
of fluid discharge is also consistent with observed pore-pressure transients following slip
events [20–22]. The consistency between model predictions and observations supports
the robustness of our flux estimates and indicates that tectonic pumping represents a
first-order component of fluid circulation in subduction-zone outer wedges, providing
a physically viable mechanism for microbial transport.

At the global scale, we estimate fluid discharge from subduction-zone outer wedges
to be on the order of 106–108 Gt/Myr, equivalent to 1026–1030 microbial cells trans-
ported per million years, assuming representative subseafloor cell concentrations (∼
104–108 cells/cm3) based on global compilations [2]. Given a present-day subseafloor
microbial inventory of 2.9 × 1029 cells [2], these fluxes imply that tectonic pumping
can recycle a substantial fraction of the deep biosphere over geological timescales.

3 The role of cold seeps

Fluid discharge at the surface of accretionary wedges is commonly expressed as cold
seeps and mud volcanoes [33]. Permeability contrasts of 2–4 orders of magnitude
between low-permeability sediments and highly permeable fault zones localize fluid
flow along fault-controlled pathways [25, 34]. As a result, an estimated 80–95% of
fluid expulsion is focused through discrete conduits rather than diffuse flow through
the sediment matrix [35]. We incorporate this focusing behavior in a refined tectonic
pump model that includes high-permeability fault damage zones (Fig. S7B).

Accounting for high permeability along the basal décollement and splay faults,
we compute the cumulative fluid flux per unit slip within the outer wedge. The
model predicts that fluid discharge scales with the product of permeability and sed-
iment thickness (Fig. S7B), consistent with the spatial localization of seepage along
fault-controlled pathways observed at subduction margins [34]. Model results are not
strongly sensitive to fault-zone geometry (Supplementary Information).

To evaluate consistency with observations, we compare modeled discharge rates
with reported values from subduction-zone seep systems (Fig. S7C). The model pre-
dicts maximum fluid discharge rates of ∼ 103 m/yr for focused flow and ∼ 1 m/yr
for diffuse flow. Observed estimates of focused flow rates are primarily derived from
cold-seep and vent studies [29, 32, 36, 37], while diffuse flow rates are constrained by
chemical and thermal gradients or direct in situ measurements [19, 28–32]. Most obser-
vational values fall at or below the corresponding model-predicted maxima. Because
modeled discharge decays after slip events, lower values are expected outside periods
of peak transient flow; the observations are therefore consistent with the modeled flux
magnitudes for both focused and diffuse flow regimes.
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4 Biological feasibility of advective microbial
transport

A portion of the deep biosphere exists in a fluid-borne, planktonic state rather than
being exclusively attached to mineral surfaces. In Costa Rica forearc and arc envi-
ronments, microbial DNA was recovered directly from actively flowing seep fluids
using filtration targeting suspended cells [38]. Similarly, long-term CORK observatory
experiments recovered similar microbial taxa across crustal fluids, bottom waters, and
mineral substrates, and showed that community composition on mineral surfaces is
more strongly influenced by circulating fluids than by mineralogy [39].

Advective transport of metabolically active microbial cells has been directly
observed in oceanic crust, where meter-scale annual flow rates are sufficient to mobilize
substantial cell densities [14]. In tectonic pumping systems, slip-driven fluid advec-
tion is expected to generate higher transient velocities (Fig. S7C). Fracture apertures,
typically spanning micrometer- to millimeter-scales, exceed typical subseafloor micro-
bial cell dimensions , which are generally submicrometer to a few micrometers, and
thus provide physically viable pathways for transport [2, 40]. These observations
indicate that the physical requirements for microbial advection are readily met by
fracture-dominated environments.

Deep subsurface communities can remain viable during transport and respond
to transient fluid-driven changes. NanoSIMS analyses show active 15N incorpora-
tion in cells recovered from deep crustal fluids, indicating that mobilized populations
are viable and metabolically active during transport [14]. Incubation experiments
further show growth supported by dissolved organic carbon without reliance on min-
eral surfaces or abundant inorganic redox substrates [14], indicating that microbial
metabolism can be sustained during transport in fluid phases where substrates remain
available. Metagenomic and metatranscriptomic data indicate active utilization of
organic carbon [41], consistent with metabolic activity supported by fluid-borne sub-
strates. Single-cell carbon incorporation measurements reveal bimodal metabolic rates,
with a subpopulation capable of rapidly increasing activity when more labile substrates
become available [14].

Collectively, these physical, geochemical, and biological constraints demonstrate
that tectonically driven fluid circulation can transport viable microbial populations
while maintaining conditions compatible with metabolic activity.

5 Empirical coupling between seismic forcing and
microbial community structure in the Costa Rica
forearc

Direct sampling of microbial communities several kilometers beneath the seafloor
remains technically challenging. However, tectonically driven fluid circulation in
subduction-zone accretionary wedges commonly discharges through forearc seep sys-
tems, some portions of which become accessible near or above sea level as the forearc
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shoals landward. These exposed seep sites provide practical sampling windows for test-
ing whether tectonic forcing leaves detectable biological signatures in seep-associated
microbial communities.

We analyzed published 16S rRNA gene datasets from Costa Rica forearc seep sedi-
ments [42] together with a distance-weighted cumulative seismic-energy metric derived
from the USGS earthquake catalog (ComCat) [43] (Fig. 3A). For each site, this met-
ric sums magnitude-derived seismic-energy estimates scaled by squared hypocentral
distance and serves as a proxy for cumulative tectonic perturbation intensity.

Across forearc sites, microbial alpha diversity (Shannon index) exhibits a statis-
tically significant positive correlation with the distance-weighted cumulative seismic-
energy metric (Pearson R = 0.64, p = 0.0136, n = 14; Fig. 3B), indicating that sites
exposed to stronger cumulative tectonic forcing host more diverse microbial communi-
ties. At the phylum level, the strongest positive associations with seismic forcing occur
among groups recurrently reported from subsurface or energy-limited sedimentary
environments (Fig. 3C–F), including Dependentiae (R = 0.62, p = 0.018), Verrucomi-
crobia (R = 0.59, p = 0.026), GAL15 (R = 0.57, p = 0.035), and Kiritimatiellaeota
(R = 0.52, p = 0.055) [44–47]. By contrast, phyla exhibiting negative or weak asso-
ciations with seismic forcing, including Bacteroidetes, Cyanobacteria, Deinococcus,
and Proteobacteria, are commonly abundant in surface or broadly distributed set-
tings (Table S1). This paired pattern of increased alpha diversity, positive associations
among phyla recurrently reported from subsurface or energy-limited sedimentary envi-
ronments, and weak or negative associations among surface-associated or broadly
distributed groups is consistent with tectonically driven admixture of subsurface-
derived microbial populations into seep microbial communities, with relative dilution
of surface-associated taxa. Spearman rank analyses generally recover the same posi-
tive trends for the taxa highlighted in the main text (Table S1), indicating that these
associations are not driven solely by linearity assumptions or individual outliers. In
contrast, most measured geochemical parameters show weak or negative relationships
with the seismic-energy metric (Fig. S9), suggesting that the diversity signal is unlikely
to be explained by a simple geochemical stimulation mechanism alone.

Together, these results indicate that seismic forcing is associated with taxonomi-
cally structured microbial responses consistent with a contribution from tectonically
driven fluid transport in addition to metabolic stimulation.

6 Discussion

Tectonic pumping provides a globally relevant mechanism by which deeply buried
microbial populations can be returned from subduction-zone accretionary wedges to
near-surface environments (Fig. 4). After reproducing in nutrient-rich shallow sed-
iments, microbial cells are buried into energy-limited deep environments and enter
long-term dormancy. Over millions of years, plate motion transports these popula-
tions toward subduction zones, where some are carried into high-temperature regions
and perish, whereas others are accreted into the wedge. Megathrust earthquakes, slow
slip, tremor, creep, and compaction can then drive upward fluid flow that returns a
subset of these cells toward the seafloor [48]. Geochemical tracers indicate that forearc
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fluids may originate from kilometre-scale depths [38, 49], spanning much of the hab-
itable subseafloor biosphere defined by the thermal limit of life (∼130 ◦C) [4]. Many
transported cells are funneled through permeable fault damage zones and discharged
at cold seeps, where they may be reactivated, reproduce, and re-enter oceanic disper-
sal pathways. In this way, tectonic pumping establishes a burial–reemergence cycle
linking the deep biosphere to near-surface environments. Because accretionary-wedge
sediments and their microbial populations are progressively advected landward with
plate convergence, this subseafloor burial–reemergence cycle may also provide a path-
way by which longevity-associated traits selected in marine sediments are transferred
into broader continental-subsurface environments. This extension is significant because
Earth’s subsurface biosphere accounts for approximately 15% of Earth’s total biomass
and hosts vast populations of long-lived, energy-limited microbial populations [16].

Independent support for this type of burial–reemergence cycle comes from other
fluid-discharge systems. Along passive margins, hydrocarbon seepage can transport
thermophilic endospores from deep petroleum-bearing sediments to the seafloor, with
genomic, geochemical, and geophysical evidence linking seep populations to deep oil-
reservoir microbiomes and upward fluid migration. Together, these observations are
consistent with repeated cycles of transport, reburial, and reselection [50]. These
passive-margin systems provide a smaller-scale proof of principle, whereas active-
margin cold seeps are organized along trench systems tied to plate motion and therefore
offer a far more pervasive pathway for subsurface microbial return and selection. More
support comes from the Eger Rift, where microbial diversity shows weak coupling to
measured geochemical gradients and the patchy occurrence of photic taxa at depth is
difficult to explain by in situ activation alone, suggesting that vertical transport can
contribute to structuring subsurface microbial communities [51].

The persistence of long-lived lineages within this system might superficially appear
to reflect a simple survival bias, in which only pre-adapted microbes endure while
others perish. However, the global occurrence and phylogenetic diversity of longevity
traits, together with evidence for lineage continuity over million-year timescales indi-
cate that passive preservation alone cannot explain their persistence. Instead, tectonic
pumping imposes a geological selection filter: microbes capable of surviving longer have
a wider window of opportunity to complete the burial–reemergence cycle. Over geologic
time, this recurrent filtering favors the evolution of increasingly long-lived organisms.
A similar principle has been observed in laboratory systems, where prolonged survival
can itself confer an evolutionary advantage [52, 53]. Within this framework, time itself
becomes a biological resource, shaping the architecture of deep microbial life.

Supplementary information. Supplementary Information is available for this
paper.
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Fig. 1 Surface-origin adaptations in deep subseafloor microbes require a return
pathway. (A) Conceptual model of the evolutionary cycle for intra-terrestrial life encompassing
reproduction in the nutrient-rich shallow layers (pink cells), burial and dormancy (indicated by
“zzz”), and a return pathway required to complete the natural selection loop. (B) Power-law decline
of microbial cell concentrations with depth in oligotrophic marine sediments (North Pacific Gyre).
Adapted from [2]. (C) Depth-dependent changes in enzyme activity ratios (D-PheAP and L-OrnAP
relative to L-PheAP), showing increasing values below the shallow reproduction zone (gray). Adapted
from [12]. (D) NanoSIMS imaging of 15N incorporation at 220–325 m depth, indicating active
metabolism under long-term burial. Adapted from [14]. (E) Nonsynonymous-to-synonymous muta-
tion ratios (Pn/Ps < 1) in subsurface archaea at 0.25 m and 1.75 m depth, indicating purifying
selection. Adapted from [18].
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Fig. 4 Natural selection loop for intraterrestrial life. Microbial cells reproduce in
nutrient-rich shallow sediments and are subsequently buried into deeper, energy-limited envi-
ronments, where they enter dormancy (”zzz”). Plate convergence transports some of these
cells into subduction zones, where a fraction is subducted whereas others are accreted into
the wedge. Tectonically driven fluid flow returns a subset of buried cells toward the seafloor
through diffuse transport and focused flow along fault zones, leading to discharge at cold
seeps. Near the surface, reactivated cells can resume growth and reproduction, and their
descendants can disperse through overlying waters and later be reburied. In this way, tec-
tonic pumping establishes a burial–reemergence cycle that closes a natural selection loop by
preferentially favoring long-lived, deep-adapted lineages.
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1 Supplementary method

Fourier-domain Green’s function for 2D in-plane strain in a
half-space

The governing equations for a 2D in-plane strain problem in an elastic media are
expressed as

(λ+ µ)(u2,22 + u3,23) + µ(u2,22 + u2,33) + f2 = 0, (S1a)

(λ+ µ)(u2,32 + u3,33) + µ(u3,22 + u3,33) + f3 = 0, (S1b)

where λ and µ represent the Lamé constants, and u2, u3, f2, and f3 denote the x2

and x3 components of the displacement field and body force, respectively. A Cartesian
coordinate system is employed, with x2 denoting the horizontal axis and x3 repre-
senting the vertical axis. For arbitrary loading on a half-space surface, the boundary
conditions are expressed by

σ23|x3=0 = −p2(x2), (S2a)

σ33|x3=0 = −p3(x2), (S2b)

1



where σ represents the stress field, while p2 and p3 denote the horizontal and vertical
loading forces on the surface, respectively.

The boundary value problem can be solved by using a semi-analytical and semi-
numerical method. Firstly, the governing equations of eq. (S1) are transformed into
the Fourier-domain:(

1

α− 1
ω2
2 − ω2

3

)
ũ2 +

α

α− 1
ω2ω3ũ3 +

f̃2
µ

= 0, (S3a)
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2
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ũ3 +

f̃3
µ

= 0, (S3b)

where ω2 and ω3 are angular wavenumbers, and α = λ+µ
λ+2µ . The full-space homogeneous

solution of displacement field of the governing equations of eq. (S3) are expressed by

[
ũ2h
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µ
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, (S4)

where the subscript h denotes the full-space homogeneous solution and
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The full-space homogeneous solution for stress field σ̃22h, σ̃23h and σ̃33h can be obtained
by using elastic constitutive relation equations:

σ̃22h = i[λω3ũ3h + (λ+ 2µ)ω2ũ2h], (S6a)

σ̃23h = iµ(ω3ũ2h + ω2ũ3h), (S6b)

σ̃33h = i[λω2ũ2h + (λ+ 2µ)ω3ũ3h]. (S6c)

The displacement field and stress field are then transformed into ω2-x3 domain by
using FFT (Fast Fourier Transform).

The solutions for Boussinesq’s problem and Cerruti’s problem can be used to satisfy
the boundary conditions of eq. (S2). Finally, the solution for the boundary value
problem is given by

û2(ω2, x3) = û2h +

[
i(p̂3 + σ̂33h)

1− α− α|ω2|x3

ω2

−(p̂2 + σ̂23h)

(
− 1

|ω2|
+ αx3
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e−|ω2|x3

2µα
, (S7a)

û3(ω2, x3) = û3h +
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)
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, (S7b)

2



σ̂22(ω2, x3) = σ̂22h + {(3α− 1)C23 − α(C13 + C23|ω2|x3)

+ i[α(C12sign(ω2) + C22ω2x3)− C22ω2x3)

− C22(2α+ 1)sign(ω2)]}e−|ω2|x3 , (S7c)

σ̂23(ω2, x3) = σ̂23h + {C22(1 + α− α|ω2|x3)− C12α

− i[α(−2C23 + C13 + C23|ω2|x3) + C23]sign(ω2)}e−|ω2|x3 , (S7d)

σ̂33(ω2, x3) = σ̂33h + {−α(C23 − C13 − C23|ω2|x3) + C23

+ i[C22 − α(C12 + C22|ω2|x3)]sign(ω2)}e−|ω2|x3 , (S7e)

σ̂11(ω2, x3) = ν(σ̂22 + σ̂33), (S7f)

where ν is Poisson’s ratio, and

C12 = − p̂2 + σ̂23h

α2|ω2|
, C13 =

(1− 2α)(p̂3 + σ̂33h)

α2|ω2|
, C22 = − p̂2 + σ̂23h

α
, C23 = − p̂3 + σ̂33h

α
.

(S8)
The solution of eq. (S7) satisfy both the governing equations and boundary conditions
of the boundary value problem. According to the Uniqueness Theorem for Boundary
Value Problems, the solution of eq. (S7) is the unique solution for the boundary value
problem of eqs (S1) and (S2).

We benchmark the 2D Fourier-domain Green’s function with in-plane strain
analytical solution from [1] (Fig. S1).

Two-dimensional poroelastic solver

The stress field in an isotropic media containing inelastic strain can be expressed by

σ̇ij = Cijklϵ̇
e
kl, ϵ̇ekl = ϵ̇kl − ϵ̇ikl, (S9)

where σij is stress field, Cijkl is elastic moduli, ϵ̇kl is total strain rate, ϵ̇ikl is inelastic
strain rate, and ϵ̇ekl is elastic strain rate. In the absence of external body force, σij,j = 0,
so the equilibrium equation can be expressed by

(Cijklϵ̇kl),j − (Cijklϵ̇
i
kl),j = 0. (S10)

The equilibrium equation in an elastic media can be written as

(Cijklϵ̇kl),j + ḟi = 0, (S11)

where ḟi is external body force. Comparing eqs S10 and S11, we can find that the
total strain rate caused by inelastic strain rate in an inelastic media can be equivalent
by a body force rate distribution in an elastic media, where the equivalent body force
can be written as

ḟi = −(Cijklϵ̇
i
kl),j . (S12)
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For fault slip, the equivalent body force can be expressed by [1]

ḟi = −(Cijklṡknl),j . (S13)

For fluid flow in a saturated poroelastic medium, the equivalent body force can be
written as [2]

ḟi = −κu γ̇,i, (S14)

where κu is the undrained bulk modulus, and γ is the isotropic inelastic strain, defined
as [2]

γ = B
mf −mf0

ρ0
, (S15)

with mf−mf0 denoting the increment of fluid mass per unit rock volume, ρ0 the refer-
ence pore-fluid density, and B Skempton’s coefficient (see eq. S24). From conservation
of fluid mass,

ṁf + ρ0qk,k = 0, (S16)

combined with Darcy’s law,

qi = − k

µf
p,i, (S17)

where qi is the fluid flux, k the permeability, µf the fluid viscosity, and p the pore
pressure, we obtain

γ̇ =
B

µf
(kp,jj + k,jp,j) . (S18)

In the case of isotropic elastic properties, the pore pressure can be expressed by
(derived from eqs A13 and A19 in [2])

p =
κu

α

(
(1− β)γ − β

σ

κu

)
, (S19)

where κu is undrianed bulk moduli, α is Biot’s poroelastic coefficient of effective stress,
β is a poroelastic coupling coefficient (see eq. S25), and σ is isotropic stress.

Because the elastic moduli of the accretionary wedge and the underlying base-
ment differ by nearly an order of magnitude, we first compute the initial stress state
induced by décollement slip in a heterogeneous medium [3]. The resulting stress and
pore-pressure fields serve as the initial condition for our 2D poroelastic solver, which
assumes a homogeneous, isotropic medium for subsequent temporal evolution (eqs S4-
S7). This approach preserves the first-order effects of elastic contrasts in the initial
state, while the homogeneous evolution highlights the dominant poroelastic response
to slip-induced pressure gradients.

We set γ = 0 as the initial condition and prescribe a uniform 5 m fault slip. The
isotropic stress induced by slip is used to calculate the initial pore pressure (eq. S19).
Equations S18 and S14 provide the equivalent body-force rate, which is then inserted
into eqs S4-S7 to yield the initial displacement and stress rates. Fluid flux is obtained
by substituting the pore-pressure field into eq. S17. Time integration is performed
with a 4th–5th order Runge–Kutta scheme, iteratively advancing displacement, stress,
pore-pressure, fluid-flux, and body-force fields, with the updated body-force rate used
at each step to compute the subsequent fields.
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Material parameters and robustness tests for modeled flux
estimation

In the main text, we summarized the reference case parameters adopted for wedge
and surrounding rocks. Here we provide the detailed derivation of the effective elastic
properties and the parameter ranges explored in the robustness tests.

Solid grain bulk moduli (Ks) are set to 36 GPa for the wedge and 45.4 GPa for
the surrounding rock, and the pore-fluid bulk modulus (Kf ) is taken as 2.25 GPa [4].
Shear moduli are set to 2 GPa for the wedge and 15 GPa for the surrounding rock,
consistent with laboratory and seismological estimates [5, 6]. Reference porosities are
0.1 and 0.01 for the wedge and surrounding rock, respectively [4], and permeabilities
are 10−13 m2 and 10−20 m2.

The effective elastic properties of the porous medium are derived using stan-
dard poroelastic relations [4], with the poroelastic coupling coefficient β following [2].
Specifically, the drained bulk modulus is

K = λ+ 2
3µ, (S20)

the Biot coefficient of effective stress is

α = 1− K
Ks

, (S21)

and the Biot modulus M (fluid storage capacity at constant strain) is

M =
KfK

2
s

Kf (Ks −K) + ϕKs(Ks −Kf )
. (S22)

The undrained bulk modulus is then

Ku = K + α2M, (S23)

the Skempton coefficient is

B =
αM

Ku
, (S24)

and the poroelastic coupling coefficient is

β = αB. (S25)

We conducted two complementary robustness tests to (i) verify the linear behavior
implied by the governing equations and (ii) quantify how material-property uncer-
tainty propagates into global flux estimates. In all cases, the surrounding rock shear
modulus was fixed at 15 GPa, porosity at 0.01, and permeability at 10−20 m2, with
the pore-fluid bulk modulus kept at 2.25 GPa.

For the Japan Trench and Sumatra subduction zones, we performed linearity tests
by varying wedge permeability over 10−18–10−12 m2 and systematically perturbing
slip-event location and size. Because the governing equations (eqs S1, S2, S14, S18
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and S19) are linear, these experiments verify superposition and timescale invariance:
changes in permeability modify only the diffusion timescale without altering the cumu-
lative flux, and the cumulative flux from separate slip events equals that from their
combined loading (Fig. S2).

Separately, we varied the wedge shear modulus from 1–4 GPa for all modeled
subduction margins (Japan Trench, Sumatra, Cascadia, Aleutian, Costa Rica, Lesser
Antilles, Nankai, Colombian, and Peru–Chile) to evaluate sensitivity to elastic con-
trasts and to quantify associated uncertainties (Fig. S3A). Cumulative fluid flux
decreases moderately with increasing shear modulus, indicating that the predicted
discharge is only weakly sensitive to the elastic strength of the outer wedge. We fur-
ther tested numerical robustness by varying the grid scale between 200 and 400 m
(Fig. S3B,C). The early transients (< 10 days) show dependence on grid resolution,
but the subsequent decay and integrated fluxes remain nearly identical, confirming
that the modeled results are robust to both mechanical and numerical parameters.

Estimation of global flux and maximum flow rate

To estimate the global flux associated with the tectonic pump, we modeled a set of
well-studied subduction margins worldwide, including the Japan Trench, Sumatra,
Cascadia, Aleutian, Costa Rica, Lesser Antilles, Nankai, the Colombian Trench, and
the Peru–Chile Trench. The temporal evolution of fluid flux and pore pressure is shown
in Fig. 2 and Fig. S4. To quantify the temporal decay of transient fluid flux, we fitted
the simulated time series with a stretched-exponential (Kohlrausch–Williams–Watts,
KWW) function,

F (t) = A exp

[
−
(
t

τ

)β
]
, (S26)

where A is the initial amplitude, τ is the characteristic relaxation timescale, and β
(0 < β < 1) is the stretching exponent. The fitting was performed in the logarithmic
domain using nonlinear least-squares optimization over the interval of 50–100 days,
excluding early transients (t < 10 days) that reflect numerical adjustments. This
approach minimizes residuals in logarithmic space, ensuring balanced weighting across
several orders of magnitude. The fitted curves reproduce both the first 100 days of
transient decay and the subsequent evolution across all modeled margins (Fig. 2D
and Fig. S5), yielding consistent β values of ∼0.4. Extrapolation of the KWW func-
tion provides stable estimates of cumulative discharge beyond the simulation window,
confirming the robustness of the method for long-term flux prediction. To assess the
uncertainty associated with the KWW extrapolation, we systematically varied the
fitting interval by adjusting both the starting and ending times of the window. The
resulting variation in total cumulative flux is within approximately ±30%, which was
incorporated into the uncertainty bounds of the final flux density estimates.

The cumulative discharge corresponds to a total slip of 5 m along the décollement.
Because discharge scales linearly with slip, the modeled cumulative flux was normalized
by 5 m and multiplied by the representative subduction rate to obtain a steady-state
flux. To estimate long-term fluxes over million- to hundred-million-year timescales,
we adopted a broad range of subduction rates between 1 and 10 cm yr−1 for all
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modeled margins. The resulting fluxes were divided by the outer-wedge width of each
margin to derive flux densities, which were then compared with field and geochemical
observations (Fig. 2E). These results provide an order-of-magnitude estimate of the
global fluid flux driven by the tectonic pump.

The model-predicted maximum flow rates shown in Fig. S7C were obtained by
fitting the stable portion of each simulated total discharge curve with a stretched-
exponential (KWW) function and extrapolating the fit to t = 0 (Eq. S26; Fig. S5).
Because the quasi-static model is not designed to resolve the very early transient
phase, the extrapolated total flux provides a physically consistent upper bound on the
transient maximum. To estimate the corresponding maximum seafloor flow rate, we
computed the ratio between the extrapolated total flux and the modeled total flux at
the earliest resolved timestep, and applied this ratio as a scaling factor to the model-
derived peak flow rate at the seafloor. This approach yields a consistent estimate of the
transient maximum while avoiding numerical artifacts from grid-resolution sensitivity.

Supplementary results

Robustness of the seismic-energy metric, taxonomic
correlations, and geochemical alternatives

The distance-weighted cumulative seismic-energy metric is intended as a first-order
empirical proxy for relative site-level exposure to cumulative tectonic perturbations.
For each seep site, we summed magnitude-derived seismic-energy estimates from
earthquakes within a Costa Rica regional catalog window spanning 9.00–11.00◦N,
86.00–83.00◦W, depths of 0–50 km, and magnitudes M ≥ 2.5 between 1990 and
2026. Earthquake energy was estimated from catalog magnitude using the standard
magnitude–energy scaling Ei = 101.5Mi+4.8, and the site-level metric was calculated as∑

i Ei/r
2
i , where ri is the hypocentral distance from earthquake i to the seep site. This

inverse-squared distance weighting yields an energy-per-area-like measure of seismic
exposure at each site.

The poroelastic flux model shown in Fig. S7B indicates that slip-driven discharge
depends not only on tectonic perturbation amplitude, but also on sediment thickness
and permeability structure. In the Costa Rica analysis, however, the sampled sites are
exposed forearc seep systems located landward of the trench-proximal outer wedge,
rather than a trench-to-outer-wedge transect spanning the full sediment-thickness
variations represented in the model. Seismic profiles across the Costa Rica margin
show that sediment-thickness gradients become more gradual landward of the trench-
proximal wedge [7], so relative thickness differences among the sampled exposed forearc
seep sites are less likely to dominate the site-to-site comparison in the same way as
in the full wedge-scale model. The sampled sites are also active seep systems that
likely represent relatively permeable discharge pathways, but seep-specific permeabil-
ity architectures are not sufficiently constrained for comparative flux prediction. We
therefore use the catalog-derived seismic-energy metric as a simplified first-order com-
parison of relative cumulative tectonic perturbation among sampled seep sites, rather
than as a site-specific prediction of tectonic-pump flux.
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To assess whether the Pearson-based associations were robust to nonlinearity or
influential observations, we additionally performed Spearman rank correlation analyses
(Table S1). The rank-based results generally recovered the main directional patterns
reported in the main text, including a significant positive association between the
seismic-energy metric and Shannon diversity. Notably, most of the phyla showing the
strongest positive associations in Table S1 have previously been detected in subsurface,
sedimentary, groundwater, anoxic, or other low-energy environments. Several of these
lineages are especially consistent with such settings, including GAL15, which has been
described as a representative deep-soil lineage [8]; Kiritimatiellaeota, which has also
been recovered from deep subsurface [9]; and Elusimicrobia, which include free-living
lineages recovered from sediments, soils, and groundwater [10]. By contrast, surface-
associated or broadly distributed lineages such as Cyanobacteria, Bacteroidetes, and
Proteobacteria do not show comparably strong positive associations in our dataset;
this interpretation is consistent with global comparisons showing these phyla to be
widespread in surface-associated or broadly distributed settings rather than uniquely
enriched in the subsurface [11]. Together, this directional contrast provides support-
ive evidence that the observed taxonomic shifts are consistent with a contribution
from tectonically driven transport of subsurface-associated lineages, although broader
community restructuring driven by co-varying environmental factors cannot be fully
excluded.

We also evaluated inverse-cubed hypocentral-distance weighting as an alternative
formulation motivated by the approximate r−3 scaling of far-field static elastic stress
perturbations in a moment-source approximation. The Spearman correlations were
effectively unchanged relative to the primary inverse-squared formulation, and the
Pearson correlations retained the same main directional patterns, indicating that the
observed microbial associations are not strongly dependent on the precise distance-
decay exponent (Table S2). Because the magnitude–energy scaling gives greater weight
to larger earthquakes and the distance weighting emphasizes nearby events, both for-
mulations are relatively insensitive to the numerous smaller or more distant events in
the catalog, which may contribute to the stability of the rank-based correlations.

Several geochemical variables potentially linked to microbial stimulation show dif-
ferent relationships with the seismic-energy metric (Fig. S9). Putative stimulatory
compounds such as H2, CH4, and dissolved organic carbon (DOC) exhibit positive but
weak trends, suggesting that geochemical stimulation may partly contribute to the
observed microbial responses. However, these relationships are modest and therefore
provide only limited explanatory power for the observed relative-abundance trends of
subsurface-associated phyla. Other measured variables show little or no relationship
with the seismic-energy metric, whereas some exhibit negative associations. Taken
together, these mixed patterns indicate that no single geochemical factor, nor a sim-
ple geochemical stimulation framework, can fully account for the observed diversity
and taxonomic trends. Instead, geochemical stimulation is more plausibly viewed as a
possible contributing factor that may operate alongside tectonically driven transport.
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Fig. S7 High-permeability fault zones act as conduits for fluid flow within accretionary
wedges. (A) Block diagram of fluid pathways: focused flow (blue arrows) rises along splay faults to
cold seeps, whereas diffuse flow broadly percolates through wedge sediments. Inset shows a fault dam-
age zone with fracture networks linking hanging wall and footwall, facilitating upward fluid transport.
(B) Permeability-refined model incorporating a basal décollement and multiple splay faults. Panels
illustrate the prescribed permeability structure with fault architecture (top), the correlation between
modeled flux density and the product of sediment thickness and surface permeability (middle), and
the spatiotemporal evolution of transient flux after a slip event (bottom). (C) Observed focused (red)
and diffuse (blue) flow rates from global subduction margins are compared with model-predicted
maxima (dashed lines). Focused flow rates are primarily derived from cold seep and vent studies [12–
15], whereas diffuse flow rates are constrained by biogeochemical flux [14], chemical flux [16], thermal
flux [13, 17, 18], and flow meters [19]. Most estimates fall below the predicted maxima, indicating
consistency between model and observations.
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Fig. S9 Relationships between geochemical parameters and the seismic-energy metric
in the Costa Rica forearc. Selected geochemical and fluid parameters are plotted against the log10
of the distance-weighted cumulative seismic-energy metric, calculated in J m−2, for forearc seep sites.
Panels show Pearson correlation coefficients (R) and associated P values for hydrogen (H2), methane
(CH4), hydrogen sulfide, dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), helium
(He), temperature, pH, and chloride (Cl). Dashed lines indicate linear regression fits. Several putative
stimulatory variables, including H2, CH4, and DOC, show weak positive trends with the seismic-
energy metric, whereas other parameters show weak, absent, or negative associations.
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Table S1: Pearson and Spearman correlation analyses between the seismic-energy
metric and microbial community metrics across Costa Rica forearc seep sites.

Pearson Spearman
Active sites OTU count

Metric / Phylum R P ρ P

Shannon index 0.640 0.014 0.590 0.026 14 –

Phylum-level taxa

Kiritimatiellaeota 0.513 0.061 0.808 4.72 × 10−4 11 74
Actinobacteria 0.485 0.079 0.747 0.002 14 4100
WOR-1 0.184 0.530 0.729 0.003 8 54
RsaHf231 0.322 0.262 0.710 0.004 3 12
WS2 0.406 0.149 0.707 0.005 10 94
WS1 0.393 0.164 0.649 0.012 7 44
CK-2C2-2 0.453 0.104 0.637 0.014 7 9
Fibrobacteres 0.461 0.097 0.628 0.016 12 227
Omnitrophicaeota 0.374 0.187 0.587 0.027 12 798
Cloacimonetes 0.391 0.167 0.586 0.028 6 692
Verrucomicrobia 0.599 0.024 0.579 0.030 14 1644
BRC1 0.346 0.226 0.575 0.031 12 144
Fusobacteria 0.359 0.208 0.570 0.033 4 41
GAL15 0.563 0.036 0.570 0.033 14 267
WPS-2 0.495 0.072 0.552 0.041 8 185
Latescibacteria 0.202 0.489 0.548 0.042 11 422
Elusimicrobia 0.228 0.434 0.548 0.042 14 485
TA06 0.184 0.529 0.542 0.045 9 772
Firestonebacteria 0.420 0.135 0.538 0.047 2 13
Dependentiae 0.606 0.022 0.529 0.052 9 148
Spirochaetes 0.171 0.560 0.484 0.080 14 990
Gemmatimonadetes 0.215 0.460 0.477 0.084 11 547
WS4 0.260 0.369 0.473 0.087 2 3
Rokubacteria 0.231 0.427 0.453 0.104 13 1601
Acetothermia 0.211 0.469 0.440 0.115 12 39
Armatimonadetes -0.276 0.340 -0.435 0.120 14 2729
LCP-89 0.283 0.327 0.399 0.157 5 10
Tenericutes 0.425 0.130 0.397 0.160 4 51
Hydrogenedentes 0.143 0.625 0.393 0.164 14 127
FCPU426 0.106 0.718 0.393 0.164 10 59
Nitrospirae 0.263 0.364 0.385 0.175 14 10318
PAUC34f 0.198 0.496 0.377 0.184 8 25
Modulibacteria 0.273 0.344 0.372 0.190 4 5
Nitrospinae 0.446 0.110 0.361 0.205 5 27
Chlamydiae 0.475 0.086 0.360 0.206 10 297
Edwardsbacteria 0.315 0.272 0.343 0.231 5 14
Entotheonellaeota 0.114 0.697 0.335 0.241 6 25
Cyanobacteria -0.322 0.262 -0.327 0.254 14 2739
Firmicutes 0.333 0.245 0.325 0.257 14 6021
Planctomycetes 0.388 0.170 0.309 0.282 14 4785
Epsilonbacteraeota 0.288 0.319 0.283 0.327 3 70
Bacteria unclassified 0.243 0.403 0.243 0.402 14 12729
Acidobacteria 0.185 0.527 0.230 0.429 14 8549
Caldiserica 0.154 0.600 0.224 0.440 3 12
Zixibacteria 0.077 0.793 0.220 0.449 6 259
Lentisphaerae 0.299 0.298 0.218 0.453 3 41
Deinococcus-Thermus -0.230 0.430 -0.203 0.486 14 3091
Thermotogae 0.062 0.832 -0.177 0.545 4 85
Atribacteria 0.091 0.758 -0.167 0.567 5 26
Proteobacteria -0.148 0.613 0.141 0.630 14 64732
Schekmanbacteria 0.120 0.684 0.122 0.678 4 32
Synergistetes 0.113 0.701 -0.118 0.687 5 6
Hydrothermae 0.068 0.817 -0.109 0.711 2 8
Calditrichaeota 0.155 0.597 -0.099 0.736 7 712
AncK6 0.109 0.710 0.094 0.749 4 15

Continued on next page
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Table S1: Pearson and Spearman correlation analyses between the seismic-energy
metric and microbial community metrics across Costa Rica forearc seep sites
(continued).

Pearson Spearman
Active sites OTU count

Metric / Phylum R P ρ P

Deferribacteres 0.101 0.731 -0.083 0.778 4 37
Bacteroidetes -0.520 0.056 -0.075 0.798 14 21950
Dictyoglomi 0.087 0.766 -0.074 0.802 3 6
Dadabacteria 0.229 0.431 0.064 0.827 8 56
Aquificae 0.124 0.672 0.041 0.888 10 10618
Chloroflexi 0.112 0.703 0.015 0.958 14 17904
Patescibacteria 0.106 0.717 0.000 1.000 14 1530

Note: Pearson correlation coefficients (R) and Spearman rank correlation coefficients (ρ) were calculated
between the distance-weighted cumulative seismic-energy metric and either microbial alpha diversity (Shan-
non index) or the relative abundance of individual phyla using published 16S rRNA gene datasets from
Costa Rica forearc seep sediments [20]. Phylum-level entries are ordered by ascending Spearman P value,
with Shannon index listed first. For phylum-level entries, Active sites indicates the number of sampling
sites where the phylum was detected, and OTU count indicates the total number of OTUs belonging to
that phylum.

Table S2: Sensitivity analysis of Pearson and Spearman correlations using an
alternative inverse-cubed distance-weighted seismic-energy metric across Costa Rica
forearc seep sites.

Pearson Spearman
Active sites OTU count

Metric / Phylum R P ρ P

Shannon index 0.552 0.0405 0.590 0.0263 14 –

Phylum-level taxa

Kiritimatiellaeota 0.655 0.011 0.808 4.72 × 10−4 11 74
Actinobacteria 0.580 0.030 0.747 0.002 14 4100
WOR-1 0.106 0.717 0.729 0.003 8 54
RsaHf231 0.439 0.116 0.710 0.004 3 12
WS2 0.419 0.136 0.707 0.005 10 94
WS1 0.497 0.070 0.649 0.012 7 44
CK-2C2-2 0.525 0.054 0.637 0.014 7 9
Fibrobacteres 0.503 0.067 0.628 0.016 12 227
Omnitrophicaeota 0.275 0.341 0.587 0.027 12 798
Cloacimonetes 0.490 0.075 0.586 0.028 6 692
Verrucomicrobia 0.501 0.068 0.579 0.030 14 1644
BRC1 0.301 0.296 0.575 0.031 12 144
Fusobacteria 0.488 0.077 0.570 0.033 4 41
GAL15 0.660 0.010 0.570 0.033 14 267
WPS-2 0.548 0.042 0.552 0.041 8 185
Latescibacteria 0.054 0.855 0.548 0.042 11 422
Elusimicrobia 0.128 0.663 0.548 0.042 14 485
TA06 0.059 0.841 0.542 0.045 9 772
Firestonebacteria 0.573 0.032 0.538 0.047 2 13
Dependentiae 0.742 0.002 0.529 0.052 9 148
Spirochaetes 0.324 0.258 0.484 0.080 14 990
Gemmatimonadetes 0.054 0.856 0.477 0.084 11 547
WS4 0.327 0.253 0.473 0.087 2 3
Rokubacteria 0.064 0.828 0.453 0.104 13 1601
Acetothermia 0.076 0.795 0.440 0.115 12 39
Armatimonadetes -0.336 0.241 -0.435 0.120 14 2729
LCP-89 0.263 0.364 0.399 0.157 5 10
Tenericutes 0.575 0.032 0.397 0.160 4 51
Hydrogenedentes 0.083 0.779 0.393 0.164 14 127

Continued on next page
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Table S2: Sensitivity analysis of Pearson and Spearman correlations using an
alternative inverse-cubed distance-weighted seismic-energy metric across Costa Rica
forearc seep sites (continued).

Pearson Spearman
Active sites OTU count

Metric / Phylum R P ρ P

FCPU426 0.165 0.572 0.393 0.164 10 59
Nitrospirae 0.197 0.499 0.385 0.175 14 10318
PAUC34f 0.089 0.761 0.377 0.184 8 25
Modulibacteria 0.304 0.291 0.372 0.190 4 5
Nitrospinae 0.498 0.070 0.361 0.205 5 27
Chlamydiae 0.549 0.042 0.360 0.206 10 297
Edwardsbacteria 0.380 0.181 0.343 0.231 5 14
Entotheonellaeota 0.004 0.990 0.335 0.241 6 25
Cyanobacteria -0.274 0.342 -0.327 0.254 14 2739
Firmicutes 0.180 0.538 0.325 0.257 14 6021
Planctomycetes 0.308 0.283 0.309 0.282 14 4785
Epsilonbacteraeota 0.319 0.266 0.283 0.327 3 70
Bacteria unclassified 0.025 0.934 0.243 0.402 14 12729
Acidobacteria 0.030 0.918 0.230 0.429 14 8549
Caldiserica 0.085 0.773 0.224 0.440 3 12
Zixibacteria -0.020 0.945 0.220 0.449 6 259
Lentisphaerae 0.397 0.160 0.218 0.453 3 41
Deinococcus-Thermus -0.365 0.200 -0.203 0.486 14 3091
Thermotogae -0.035 0.906 -0.177 0.545 4 85
Atribacteria -0.042 0.886 -0.167 0.567 5 26
Proteobacteria 0.084 0.776 0.141 0.630 14 64732
Schekmanbacteria -0.007 0.981 0.122 0.678 4 32
Synergistetes -0.048 0.870 -0.118 0.687 5 6
Hydrothermae -0.035 0.905 -0.109 0.711 2 8
Calditrichaeota -0.025 0.933 -0.099 0.736 7 712
AncK6 0.024 0.935 0.094 0.749 4 15
Deferribacteres -0.023 0.937 -0.083 0.778 4 37
Bacteroidetes -0.389 0.169 -0.075 0.798 14 21950
Dictyoglomi -0.018 0.950 -0.074 0.802 3 6
Dadabacteria 0.002 0.994 0.064 0.827 8 56
Aquificae -0.036 0.903 0.041 0.888 10 10618
Chloroflexi -0.055 0.851 0.015 0.958 14 17904
Patescibacteria 0.015 0.961 0.000 1.000 14 1530

Note: Pearson correlation coefficients (R) and Spearman rank correlation coefficients (ρ) were calculated
between an alternative inverse-cubed distance-weighted seismic-energy metric and the relative abundance of
individual phyla using published 16S rRNA gene datasets from Costa Rica forearc seep sediments [20]. This
analysis is provided as a sensitivity test for the distance-decay exponent used in the main text. Phylum-
level entries are ordered by ascending Spearman P value. Active sites indicates the number of sampling
sites where the phylum was detected, and OTU count indicates the total number of OTUs belonging to
that phylum.
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