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Abstract Methane-rich water moves through conduits beneath the seafloor whose surfaces are
formed through precipitation reactions. To understand how such submarine fluid conduit and venting
systems form and grow, we develop a detailed mathematical model for this reaction-advection system
and we quantify the evolution of an ensemble of similar filaments. We show that this growth can be
described by a superposition of advection and dispersion. We analyze analog laboratory experiments of
chemical-garden type to study the growth of a single filament undergoing a precipitation reaction with
the surrounding environment. We apply these findings to geological fluid conduit and venting systems,
showing that their irregular trajectories can lead to very effective spreading within the surrounding
seabed, thus enhancing contact and exchanges of chemicals between the conduit and external fluids. We
discuss how this methane venting leads to the formation of marine authigenic carbonate rocks, and for
confirmation, we analyze two field samples from the Gulf of Cadiz for composition and mineralogy of
the precipitates. We note the implications of this work for hydrate melting and methane escape from the
seabed.

1. Introduction

It is important for climate research to understand how methane escapes from the seabed (Judd, 2003). Un-
der what circumstances might fluid-flow based hydrate melting contribute to climate warming (Cardoso &
Cartwright, 2016; Reynolds et al., 2017)? Currently there is no conclusive proof that methane from marine
hydrates directly reaches the atmosphere and contributes to global warming, however, further modeling
studies and measurements are necessary to provide reliable estimates on the impact of dissociating hydrates
on the climate (Kretschmer et al., 2015; Ruppel & Kessler, 2017). Furthermore, methane hydrates represent
a vast part of the global methane budget, yet it is still unknown exactly how much of it exists, or what frac-
tion of the hydrates is at risk of dissociation (Buffett & Archer, 2004; Milkov, 2004). Thus it is important to
better understand how these hydrates form and spread under the seabed. Any answer to this question must
include understanding the advective fluid-flow processes in a marine geological environment where meth-
ane hydrates are present (Bohrmann & Torres, 2006; Serov et al., 2017).

The existence of plumbing systems of fluid-filled conduits in the seabed is now widely observed. Methane
seeps (Ceramicola et al., 2018) and mud volcanoes are instances in which these processes are active. There is
extensive evidence of the existence of methane seeps, in such locations as the Cascadia margin (Baumberg-
er et al., 2018; Collier & Lilley, 2005; Linke et al., 1994; Riedel, Scherwath, et al., 2018; Wood et al., 2002), the
Hikurangi margin (Barnes et al., 2010; Riedel, Crutchley, et al., 2018), and the Vestnesa Ridge offshore west
Svalbard (Biinz et al., 2012; Hammer et al., 2011; Petersen et al., 2010), among others (Shakhova et al., 2010;
Skarke et al., 2014; Solomon et al., 2009). How do these seabed fluid-flow features form (Riss et al., 2018),
develop, and eventually terminate? In some cases, we find a central vertical conduit brings fluid, includ-
ing dissolved and gaseous methane, up from depth in the submarine sediment to the seafloor (Paganoni
et al., 2018), where it may disperse into the water column; this can be associated with a submarine mud vol-
cano, a seep, or a seabed pockmark (Cartwright & Santamarina, 2015; Maestrelli et al., 2017). In some cases,

ROCHA ET AL.

1 of 20


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-2105-9485
https://orcid.org/0000-0001-6031-8641
https://orcid.org/0000-0002-5400-9102
https://orcid.org/0000-0001-6927-9976
https://orcid.org/0000-0001-8612-3826
https://orcid.org/0000-0003-0417-035X
https://orcid.org/0000-0001-7392-0957
https://doi.org/10.1029/2021GC009724
https://doi.org/10.1029/2021GC009724
https://doi.org/10.1029/2021GC009724
https://doi.org/10.1029/2021GC009724
https://doi.org/10.1029/2021GC009724
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021GC009724&domain=pdf&date_stamp=2021-11-19

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2021GC009724

[ ] Morphotype A
[ Morphotype B
[ | Morphotype C

however, the exit to the ocean of such a central conduit may become

'Spider structure’ 1 (SS1): blocked (Ho et al., 2012), owing to what has been termed self-sealing pro-
length: 2.7 km cesses (Hovland, 2002). In sea-floor plumbing systems with a blockage of
width: 2 km the exit of the central conduit, there may be a layer of methane hydrate

blocking the exit and evidence of pressure-induced doming of the seabed
(Barry et al., 2012; Koch et al., 2015). Indeed, the overpressure can be
6 ~250m such that there have been noted instances of natural hydraulic fractur-

ing—fracking—induced by the geological fluid flow (Blouet et al., 2017).
‘Spider structure’ 2 (552): One often finds authigenic carbonate minerals are formed associated
length: 1.2 km with these features; this secondary biomineralization process is of global

width: 0.7 km importance as a carbon sink (Alperin & Hoehler, 2010; Chen et al., 2014;

Luff et al., 2004).

0 1 km Submarine “spider structures” have been observed and described in

Figure 1. Schematic of geological so-called spider-leg structures found

the literature as pockmark-like seabed venting structures (Casenave
et al., 2017); see also Ho et al. (2012) and Maia et al. (2016). These are

on the Congo continental slope. Morphotype A corresponds to regional composed of large quasi-circular depressions, the “body” of the spider,
background, Morphotypes B and C correspond to the “body” and “legs” of ~ surrounded by more elongated depressions, (the “legs” of the spider, as
a spider structure, respectively. Original image from Casenave (2017). shown in Figure 1. These “spider legs” measure about 50 m wide and can

be several 100 m in length, and are present just below seafloor (Casenave

et al., 2017). The entire structure has been found to leak methane into
the ocean, with the legs having a greater activity than the body due to the migration of the fluids within the
depressions. This pattern suggests that methane is venting to the sea floor and becoming blocked from get-
ting released, so is forced to spread horizontally, concentrating its flow in tubes (Loher et al., 2018). Indeed,
a saturated source of methane from depth may form methane hydrates as it cools down upon contact with
cooler sediments near the surface. These hydrates will thus form a solid membrane at the interface between
the injected warm water with dissolved methane and the cooler host fluids near the surface. As a result, the
flow of methane in the cracks of the sediment will be blocked by this membrane; the progress of the inject-
ed fluids will involve the successive breaking and formation of methane hydrate along the cracks. This is a
possibility already supported by experimental and modeling work (Fu et al., 2020; Meyer et al., 2018, 2020).

While seismic techniques to image sub seafloor stratigraphy show us the existence of large conduit struc-
tures, they do not have the resolution necessary to demonstrate the existence of smaller tubes in currently
active systems. On the other hand, such smaller tubes are well known from the geological record (Gay
et al., 2019; Liang et al., 2016) and are recovered in sampling missions. In the geological literature, we find
many observations consistent with such a blocked vertical conduit leading to horizontal spread of fluids.
For example, Mazzini et al. (2008) comment, “The data described indicates that fluids seep vigorously not
only vertically but also migrate horizontally,” “tubular features ... branch off ... forming a network that extends
horizontally in the subsurface.” And Gay and Migeon (2017) describe, “Most of the pipes are sub-vertical with
their length-axis perpendicular or sub-perpendicular to the bedding plane. They are 10 to 40 cm in diameter
and 50 cm to 10 m in length. In some cases, they are inter-connected, forming a real plumbing system. A di-
rect comparison with seismic-scale features is still not realistic to manage because their dimensions are far
below the seismic resolution ... this suggests that a fluid pipe few hundred-meters wide identified on the seismic
record is most probably a set of several small-scale pipes together propagating in a large area of sediment im-
pregnated with fluids.” However, neither imaging nor geology can tell us about fluid flow rates. Geologists
have performed laboratory experiments in porous media to attempt to understand these observations (Gay
et al., 2019; Mazzini et al., 2008), and a numerical model has investigated the clogging of gas hydrate depos-
its in porous marine sediments (Nimblett & Ruppel, 2003).

Here, we ask how these blocked fluid venting systems develop. We can make much use of a laboratory
analog for such a fluid-flow system. Vertical fluid flow in these blocked systems is forced to be planar: when
the fluid rising up the central conduit arrives at the blockage it is forced sideways, and so spreads radially.
This type of two-dimensional fluid flow is modeled in the laboratory with a Hele-Shaw cell. The spreading
of fluid-filled conduits is replicated through the means of precipitation reactions, often referred to as chem-
ical gardens (Barge et al., 2015). Among the flow patterns found in these laboratory flow and precipitation
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Figure 2. (a) Schematic of the Hele-Shaw cell set-up. A metal salt solution is pumped into a Hele-Shaw cell filled with
a host solution of sodium silicate. This leads to the formation of a chemical garden filament with a tip advancing over

a tortuous trajectory at a certain speed. Photos of the reaction are taken from above every 2°s. Image analysis allows
the determination of the properties of the filament, such as speed, width, and typical distance between turns. (b)
Generic shape of a precipitate filament, with the different variables that characterize it: arc length s, Euclidean distance
d, typical distance between turns 6, width 2R, and speed of the tip u,. The active filament tip thus changes direction
periodically; a frequency of oscillation can then be estimated from the speed and typical distance between turns, as

f = u, /5. Figure reproduced from Rocha et al. (2021) with permission from the PCCP Owner Societies.

reactions, filaments (Brau et al., 2018; Rocha et al., 2021) are the most similar to sea-floor conduits, and are
studied more closely in this work. We focus on both the growth of a single filament and on the dispersive
nature of the motion of an ensemble of similar filaments in a two-dimensional geometry. We show how
their structure with erratic turns ensures widespread contact with the surrounding environment, thus facil-
itating chemical exchanges through their surface. We analyze two field samples of tubular precipitates from
the Gulf of Cadiz, their composition and mineralogy. As well as understanding natural seabed fluid-flow
features, an accompanying question of great interest at present is whether one might induce the formation
of such blockages through geoengineering, in this way arresting the escape of methane from dissociating
hydrates into the hydrosphere and instead locking it up in carbonate rock.

2. Laboratory Analog: Planar Chemical Garden Filament Structures

Chemical gardens are precipitation structures that form when a metal salt comes into contact with an aque-
ous solution containing anions such as silicate, carbonate or sulphate, among others (Barge et al., 2015).
Several methods of growth of these structures exist, with the common characteristic among them being the
formation of a semipermeable precipitation membrane at the interface of the two reactants, across which
steep concentration gradients are established. These then lead to osmotic and buoyancy forces which affect
the development of the structure. Chemical gardens are thus formed out of a self-organizing non equilib-
rium process, and are found in a variety of settings, such as filiform corrosion, cement hydration and hy-
drothermal vents (Barge et al., 2015). These structures can be grown in Hele-Shaw cells, which consist of a
reactor made up of two parallel plates separated by a small gap, creating a quasi-two-dimensional space, as
shown in Figure 2. By varying the concentration of the reactants and the flow rates of injection into the cell,
awealth of different patterns can be observed. One of the most prominent patterns are filaments, thin tubes
that grow with an erratic, zig-zag trajectory. The motion of the tip of these filaments has been successfully
modeled by considering the diffusive supply of metal salt ions to the outer surface of the membrane, where
they react to form more product; and the spreading of precipitate along the perimeter of the membrane. A
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detailed experimental and modeling analysis of these filaments was the basis of a previous published study
(Rocha et al., 2021).

An understanding of the processes taking place in metal-salt chemical gardens has given the new field of
chemobrionics (Barge et al., 2015; Cardoso et al., 2020). In chemobrionic systems, the components can be a
wide variety of reactants. In this work, this chemical garden system is shown to be analogous to the subma-
rine venting systems, and the mathematical model developed for the precipitate filaments, described in the
following section, is then applied to the specific case of the spider structures.

3. Mathematical Modeling

The model (Rocha et al., 2021) considers the dynamics at the tip of a moving filament, by establishing a
balance between the concentration of solids produced by precipitation, ¢, and the pressure difference p
across the membrane.

Tons diffuse with coefficient D,, across a length scale L, to the outer surface of the membrane, where they
react to produce more solid. As ions are consumed by reaction, a concentration gradient is established over
that length scale. At the same time, spreading due to outflow leads to a dilution of the concentration of
these solids across the perimeter of the membrane, with curvature K. The Heaviside step function is present
since product is only formed when there is outflow of metal salt ions. The variation in p is dependent on the
change of volume of fluid at the tip of the filament and the deformation of the membrane y. This parameter
is a function of the physical properties of the membrane material, the Young's modulus and Poisson ratio
(Rocha et al., 2021; Turcotte & Schubert, 2002). This is expressed mathematically as follows:

d Dm

d_j - (L_,Zc“ - Ku,C) Hlu], (1a)
dp

L = 10—t (A + 20D (16)

where c,, is the concentration of the metal salt ion. Q; is the flow rate of metal salt solution flowing inside
the filament, A, is the cross sectional area of the filament, and « is the pressure drop across its length. The
speed of the filament is u,; since a pressure difference p is established across a porous membrane of thick-
ness L,,, advection over this medium is given by Darcy's law:

et (1= )= ]

where y is the dynamic viscosity of the fluids without product, k,,, is the permeability of the membrane (Cardo-
so & Cartwright, 2014; Kedem & Katchalsky, 1958; Turcotte & Schubert, 2002) and L, its thickness. The param-
eter ¢* indicates the dependence of outflow on the concentration of solids at the interface of the two fluids: as
c grows, u, decreases and ceases when it reaches the critical product concentration ¢* (Wagatsuma et al., 2017).

Substituting the speed relations (2) into the governing Equation 1 and non-dimensionalizing using the
scales for time 7, = uL,,/(y Aourkou ), Pressure p; = y A, /x and concentration ¢, = c¢*, leads to the following
simplified coupled equations,

"—jf = (M — (1 - pOH[1 - ¢l, (3a)

dp

7 =N -+ W)1-E)pH[1 - ¢]. (3b)

The evolution of the system depends on three non-dimensional groups:
M = Dy pt Lincms [ (Kou Aoy L c*)
is a non-dimensional rate of accumulation of solid;
N = pLnkQi/(kouy Aou’)
is a non-dimensional volumetric injection rate of metal ion;

W = aQi/(Aouy)

measures the pressure drop along the filament.
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Linear stability analysis of the governing equations shows that the system can be stable, unstable, and oscil-
latory. The filament regime observed experimentally has been identified as corresponding to the oscillatory
behavior of the model, as the constant variation of ¢ and p leads to the erratic trajectories of the filaments.
The frequency of oscillation f can be derived as

(—F /4"
=/ 4
! 27t @
where
F=4M —4N +4MW + MN

M - N + MW

2 (5)
MW + 1) Nz(M(WN+ 1)_1>
_< N _1>(W+1)+(W + DM — N + MW)

The three dimensionless numbers will determine the behavior of the system: in the unstable regime no
filaments are formed and the precipitate spreads radially, in the oscillatory regime a filament advances
with periodic changes in its direction (the stable regime predicts a filament that moves straight, however,
the conditions for the formation of such a filament are not available with this experimental setup [Rocha
et al., 2021]). The frequency of oscillation f can also be determined experimentally, as demonstrated in
Figure 2, allowing the comparison of theory with data.

The behavior of these chemical garden structures can also be analyzed in terms of the statistical mechanics
of an ensemble of filaments. Indeed, the random motion of each active filament tip leads to a variation in
the distance between a given filament tip and the position of an ensemble of tips. This can be shown to
produce a dispersion in the motion of an ensemble of filaments that scales as follows:

D. ~ cpu;§ (6)

where ¢p is a constant. The dynamics of a chemical garden filament system can thus be assigned a dispersion
coefficient D,, analogous, for instance, to the dispersion of a solute in a porous medium (Phillips, 1991).

We now consider the same mechanism occurring in submarine methane venting conduits: instead of a
metal salt filament advancing in a silicate solution and separated by a precipitate membrane, we analyze
a hydrate membrane at the interface between an advancing stream of warm methane saturated fluid and
colder water near the surface. The assumptions behind this application and the estimate of the relevant
parameters are explained in the following section.

4. Application to Methane Venting Spider Structures
4.1. Assumptions of the Model

In the chemical garden experiments, the time scale for the formation of precipitate is considered negligi-
ble. It is important to analyze if the same assumption can be made in the spider structures. The process
of methane hydrate formation first involves nucleation, where stable hydrate nuclei are formed from a
supersaturated solution, and then growth, where these nuclei grow and agglomerate. The period between
the establishment of supersaturation and the formation of the first nucleus of critical size, which may spon-
taneously grow to a macroscopic size, is referred to as the induction time.

For heterogeneous nucleation, the following empirical equation has been proposed based on measurements
made in a stirred reactor (Natarajan et al., 1994):

=K — -1 7
' <feq ) @

where for methane, K = 311.64 s and m = 1.21 (Natarajan et al., 1994). Methane hydrates are found in the
spider legs (Casenave et al., 2017) at a depth of 600-700 m on the Congo continental slope, so that con-
sidering the geotherm (Sultan et al., 2004), the temperature is approximately 280 K and the hydrostatic
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Table 1
Properties of the Spider Legs

Properties of the carbonate rocks in which the methane hydrates flow

D, Mass diffusivity 10~°m? s™*
E Young's modulus 10° Pa
W Poisson ratio 0.5
Porosity 0.2

" Viscosity (water) 1073 Pa.s
Properties of the precipitate membrane
L Thickness 48x107° m
Kout Permeability 2.0x% 10-'2 m?
L7 Length scale of reaction 72%x107° m
Size of the cracks
R, Radius of a crack 1.0x 1072 m
H Width of a crack 20x 1072 m
Apore Cross section area of a crack 3.1 x 107 m?
Dimensions of the spider legs
R, Radius of spider leg 25m

.\ Width of spider leg 50 m
A, Cross section area of spider leg 2.0 x 10° m?
5 Typical distance between turns in a spider leg 250 m

Flow rate in a spider leg

4s

O;
ne

QL‘

Flux in a spider leg

Flow rate in a spider leg
Number of cracks

Flow rate in a crack

1,000 m year—!
3x10° ms™!
6.2x 1072 m3s7!

1.3 x 10°
5.0x 10" m3s~!

Concentration of dissolved methane and critical product concentration

Methane concentration

110 mol m—3

C

C* Critical product concentration 3,000 mol m—3
Values obtained from the properties presented above

v Fluid velocity in a spider leg 32x10° ms™!

& Pressure drop along spider leg 2.6x10°kgm—>s7!
K Curvature of membrane in a pore 100 m~!

y Deformation of membrane 1.1 x10% kg m= s7!

pressure is 7.1 MPa (Casenave et al., 2017). For these conditions, using the Peng-Robinson equation of state
(Peng & Robinson, 1976) to calculate the fugacities, Equation 7 yields an induction time of approximately
1,100 s. Such a time is negligible compared with the time of lifetime of a spider leg, which we estimate from
the advection time in the spider legs as Lyiq.r/v = 1.6 X 107s (185 days) for a leg with a typical length of
500 m and fluid velocity of 3.2 x 10~ m s~! (see Table 1). However, after the first nucleation, the induction
time is expected to reduce drastically owing to the presence of small secondary hydrate nuclei (Giavarini
et al., 2003; Lee et al., 2005; Linga et al., 2007; Monfort & Nzihou, 1993; Parent & Bishnoi, 1996; Ribeiro &
Lage, 2008; Sloan & Koh, 2007; Vysniauskas & Bishnoi, 1983). This memory effect has been used to explain
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the seemingly very fast nucleation of hydrates coating methane bubbles released from the seafloor (Rehder
et al., 2002). A higher rate constant is relevant to explain the very fast formation of hydrates around meth-
ane bubbles at the bottom of the ocean; bubbles are reported to become fully covered in hydrate in times
of at most 23 s (Gumerov & Chahine, 1998; Lee et al., 2005; Rehder et al., 2002). We expect that this is also
the case for the spider structures, suggesting that after a rapid nucleation, it is growth of the hydrate that
determines the dynamics at the tip of the spider legs.

Numerous experimental studies in semi-batch reactors have focused on the hydrate growth rate at the in-
terface between liquid saturated with methane and the gas phase. Early results by Englezos et al. (1987)
predicted the intrinsic kinetic rate for a range of temperatures and pressures. Later work (Skovborg & Ras-
mussen, 1994), however, suggested that the growth of hydrate is limited by the transport of methane in the
liquid film at the interface with the gas. Thus, gas is transported with diffusivity D,, across the film with
thickness L,. It was shown that a mass transfer coefficient of 5 x 10~ ms~! reflects the experimental meas-
urements accurately. Herri et al. (1999) presented another model for hydrate growth in agreement with
these findings.

Methane hydrate grows at the tip of a spider leg by cooling of the saturated solution as it contacts the colder
outside environment together with diffusion of methane from the interior of the leg to the tip. We estimate
the mass transfer coefficient for the transport of methane tobe k, = D,,/L, ~ 1.4 x 107> m s7L. Along with
other properties of these submarine venting structures, L, was estimated in Section 4; all properties are
summarized in Table 1. Since this coefficient is smaller than in the experiments of Englezos et al. (1987),
which were shown to be mass-transfer limited, we conclude that the growth of hydrate is limited by dif-
fusion of methane across the film where reaction takes place. The diffusive or growth timescale is then
te=L*/D, ~5s.

We thus establish that the formation of methane hydrate at the tip of a spider leg is limited by the diffusion
of methane within the leg to its tip, and this is analogous to the growth of precipitate filaments in chemical
gardens.

One of the assumptions of the model is that the hydrates form a precipitate membrane at the tip of the leg,
at the interface between different fluids. Given that the leg is narrow, compared to length, one could expect
it to cool from the sides to the center relatively fast, over a timescale similar to the estimate for the timescale
for advection of methane along a leg. This would suggest that the entire structure should become saturated
with hydrates, thus blocking the flow. However, the spider structures are explicitly described to grow over
time, with the elongated legs being more recent than the sub circular body of the structure. Furthermore,
the more active methane venting sites are found on the newer sections of the structure, near the extremities
of the spider legs. Observations clearly suggest that methane flows from the center of the structure to the
tips of the legs, where it then migrates to the seafloor where it is released. Thus, blocking of flow only ever
occurs at the tip of the spider legs.

In addition, the model assumes that the liquid phase is saturated with methane, with no gas phase present.
This is supported by the fact that no bubbles were found escaping from the seafloor in the area of the spi-
der structures; these leak dissolved methane into the water column (Casenave et al., 2017). In spite of this,
methane bubble releases from seeps are often observed; varying amounts of bubbles can emerge from the
seafloor and into the water column, with diameters typically in the range of 3-5 mm (Di et al., 2019; Todd &
MacDonald, 2017). The size and number of bubbles present in the conduits may influence the dynamics of
the system. If small bubbles form and move to the top of the conduit and get trapped there, and slowly get
released upward, then it is just saturated liquid that moves horizontally. If the bubbles coalesce and form a
slug, it moves at a slower speed than the liquid and preferentially at the top of the conduit (Brennen, 2005;
Talimi et al., 2012). Under these cases, the model described here may still be valid, with the gas phase
merely reducing the effective cross sectional area of the tubes. On the other hand, if very large numbers of
bubbles are present, these may form a liquid foam (Weaire & Hutzler, 2001) or block the pores and fractures,
forcing the liquid to change trajectory. Investigating the nature of the gas phase in methane conduits may be
a relevant avenue for future work, which may allow for more accurate models.

Recently published models for the migration of methane gas across the hydrate stability zone have
introduced the concept of crustal fingering (Fu et al., 2020; Meyer et al., 2020), which has several points
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in common with the model proposed here. Both consider the formation of a rigid thin hydrate crust at an
interface, which serves as barrier to flow. Under the crustal fingering model, methane spreads in fingers
as the hydrate crust is ruptured, allowing for gas to flow, which then forms more hydrate at the gas-liquid
interface. The rupturing is caused by the pressure difference that is established across the hydrate crust. The
mechanism then repeats periodically, with the gas moving in a filament/finger shape until it stops due to
reduced driving pressure and thickening of the crust. The main difference in the model used in this work is
that it does not actually consider any ruptures of hydrates crusts, but rather a variation in the concentration
of hydrate in a membrane at the interface, which affects the resistance to the passage of methane gas. Ad-
ditionally, crustal methane fingers are reported to measure about a millimeter wide or less, while here we
assume flow in fractures in the sediment a few centimeters in width.

5. Estimate of the Model Parameters

While initially derived for the chemical garden experiment depicted in Figure 2 (Rocha et al., 2021), these
equations can be adapted to the submarine spider structures. In order to apply the model to the spider legs,
it is necessary to estimate some of the physical and chemical properties, presented in Table 1. The values of
mechanical properties of methane-hydrate-bearing sediments (Zhang et al., 2012) and the porosity and per-
meability of carbonate rocks (Rashid et al., 2015; Shah et al., 2013) may be obtained from the literature. The
Young's modulus of methane hydrate has been reported to be of the order of 10° Pa (Gabitto & Tsouris, 2010;
Shimizu et al., 2002). The methane flow rates within the spider structures may be estimated considering the
typical scales of methane fluxes in marine seeps (Cardoso & Cartwright, 2016; Reeburgh, 2007). The concen-
tration of methane, c, in the saturated warm water feeding the spider structures was taken to be 110 mol m—3
using correlations for the solubility of methane in water (Lu et al., 2008; Tishchenko et al., 2005). Assuming
the hydrates are present at a depth of 775 m (Casenave et al., 2017), the water is expected to be at 283 K
and a pressure of 7.8 MPa, with the typical seawater salinity of 35 parts per thousand. This value of ¢ is in
agreement with estimates of methane concentrations in sediments under methane hydrates (Davie & Buf-
fett, 2003; Davie et al., 2004). The variable c¢* represents the concentration of product that blocks the flow in
the model. No obvious equivalent of this variable is available for the spider leg. The permeability of porous
media with methane hydrate has been reported to drop steadily with increasing methane hydrate content,
until a value of 40% hydrate saturation of pore space, above which permeability seems to stabilize (Liang
et al., 2011). Assuming 40% of methane hydrate saturation to correspond to c*, and taking into account the
molar volume of methane hydrate (Anderson, 2004), we estimate c¢* ~ 3000 mol m~3. While this is an esti-
mate, the actual value of ¢* is certainly within the same order of magnitude and different ratios of hydrate
saturation do not significantly alter the results, that is, the values of M and f.ts remain in the same order of
magnitude and with comparable values to those of the chemical garden filaments.

Observed cracks in the sediment have been reported to be in the size range of 5-20 mm (McMa-
hon et al., 2016). We shall consider flow in a crack with centimeter scale radius in the predictions be-
low (see Table 1). Assuming that these cracks have a circular cross section, the parameter y will include
the deformation w of a thin circular plate with supported edges under uniform pressure (Timoshenko &
Woinowsky-Krieger, 1959),

2_ 2
wzp(R r)(5+VR2—r2>, (8)
64D l+v

where p is the pressure, R is the radius of the plate, r is the radial distance from the center of the plate, D,
is the flexural rigidity and v is Poisson's ratio. All these values are summarized in Table 1.

This set of properties for the spider legs leads to values of M, N, and W of 0.51, 1.13, and 3.79 x 107> respec-
tively, as well as a value of ts of 71.3 s. The dimensionless numbers are of the same order as the ones for
the laboratory experiments, as illustrated in Figure 3a. This means that if the model can indeed be applied
to submarine conduits as described in this work, these structures should be expected to behave in a sim-
ilar manner to the filaments observed experimentally; it is then possible that oscillations in pressure and
position occur at the tip of a spider leg as it advances. The frequency of oscillation of the chemical garden
filaments is also compared in non-dimensional form with the hypothetical value of f for the spider legs, as
shown in Figure 3b. This property is also similar in both cases.
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Figure 3. Non-dimensional comparison of the model predictions for the laboratory precipitate filaments and the geological spider structures. (a) Comparison
of the values of the dimensionless groups M and N. The lines represent the boundaries of the oscillatory regime. The lines presented correspond to the

lowest (solid) and highest (dashed) W in the experimental range. (b) Comparison of the non-dimensionalized frequency of oscillation as a function of N for
the spider legs and precipitate filaments grown experimentally with similar values of M. The lines correspond to the model predictions. Both plots show an
overlap between the experimental data and the prediction for the spider legs, suggesting that these two systems may behave in a similar manner if the model

assumptions are valid.

It is possible to estimate the value of the dispersion coefficient of the spider legs, as described in Section 3
and the literature (Rocha et al., 2021). From the published images of the structures (Casenave et al., 2017),
such as the one in Figure 1, spider legs appear to have a typical distance between turns of around 250 m.
Considering the average value of ¢ and the estimated fluid velocity of 3.2 x 10=> m s™!, we come to a value
for the dispersion coefficient of 6.3 x 10~*m? s~*. This point is shown together with the experimental values

in Figure 4.

We should also comment on the grouping of cracks to form a spider leg. Why do all these flows synchronize
left/right? Key here is the coalescence of jets/plumes that are sufficiently closely spaced. Plume coalescence
in porous media is discussed in the literature (Cooper et al., 2014; Le Borgne et al., 2013; Ye et al., 2015). For
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Figure 4. Dispersion coefficient as a function of flow rate for laboratory
precipitate filaments (De) and geological spider legs (De;). Given the
different magnitude of the values for the precipitate filaments and the
spider legs, the axes have a different scale for these two variables. While
the model parameters are very similar in the two cases, the values of the
dispersion coefficient are quite different, due to the much larger scale of
the spider structures compared to the laboratory filaments.

breaks in the membrane that are close enough the ejected fluid coalesces
into a single jet. The opposite case is then a mechanism for the bifurcation
of filaments. In the lab experiments, bifurcation is rare, but it is observed
(Brau et al., 2018; Rocha et al., 2021). In the geological setting, with great
dimensions, bifurcations can be more common. Eventually one should
get a bifurcating series of filaments that end at small branches, like a tree.

In Section 7 we investigate samples from the Gulf of Cadiz. They are of
tubes with internal diameter of a few centimeters; much less than the
tens of meters of the main tubes imaged in geophysical surveys (Casenave
et al., 2017). In understanding how one gets from the very large tubes to
these smaller tubes, this bifurcation mechanism is the missing part of the
argument.

6. Formation of Biomineral Carbonates

An important geological issue to take into account is how the flow in
the spider legs may affect the activity of microorganisms that decompose
methane. This process is referred to as anaerobic oxidation of methane
(AOM), in which a microbial consortium consumes methane and reduces
sulphate, producing hydrogen sulphide and bicarbonate, and stimulates
the precipitation of carbonate biominerals (Alperin & Hoehler, 2010;
Chen et al., 2014). This occurs at the sulphate-methane transition zone
(SMTZ), where methane delivered from below by methanogens meets
sulphate diffusing from sea water (this is the case for biogenic methane,
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it may also be of thermogenic origin, but most commonly at depths greater than 1,000 m (Floodgate &
Judd, 1992)). Areas of high methane decomposition may thus be identified by the presence of quantities of
methane derived authigenic carbonate rocks on the seabed and past positions of buried SMTZs (Casenave
et al., 2017; Luff et al., 2004). These carbonates can also be found at past positions of buried SMTZs. The
depth of the SMTZ may change as sulphate is consumed, and may reach the surface if all of it is consumed,
leading to the release of methane into the ocean (Casenave et al., 2017). In addition, if large quantities of
methane are being supplied from dissociating methane hydrates, hydrate cannot form fast enough and
methane may bypass the AOM zone and escape into the water (Treude et al., 2003). More frequently, seeps
are not fed by dissociating hydrate but rather by deep advecting fluids originating from fractures caused by
tectonic activity, natural reservoir overpressure, or variable inputs of organic carbon (Foschi et al., 2020;
Joseph, 2016; Reeburgh, 2007). The rates of AOM have been extensively studied, both through direct in
situ measurements and via numerical modeling of concentration data, These range from 10=° Ms~! to 10~13
Ms~}, and are intrinsic to the depth into the sediment and the type of microorganisms present (Barker &
Iversen, 1985; Reeburgh, 1980; Treude et al., 2003, 2007; Ussler & Paull, 2008). Methane concentration is
often highest just below the AOM zone, and can go up to 10 mM (Barker & Iversen, 1985; Reeburgh, 1980;
Treude et al., 2007; Ussler & Paull, 2008). AOM is reported to also occur in the spider structures. Visual
observation and sampling reveals carbonates resulting from AOM at or just below the seabed (Casenave
et al., 2017). These carbonates stand just above the microbial consortium supplied with methane by the
fluid conduits coming from below.

In this work, the chemical garden experiments are used as an analogy for the dynamics of methane hydrate
spreading specifically, and as such are not directly linked to the formation of carbonates. However, one
relevant characteristic of chemical garden precipitates is the layering of different patterns across their walls
and membranes, which may hypothetically be investigated as a parallel to the zonation of carbonates. In-
deed, the thickness of chemical garden membranes is a time dependent variable, growing thicker with time.
Across this membrane distinct colors can be seen, owing to different oxidation states of the metal ions used
in the reaction (Ding et al., 2019). Furthermore, the various patterns that can be observed experimentally
are strongly dependent on the local flow velocity; variations in this velocity thus lead to different patterns
emerging successively (Ziemecka et al., 2020). Similarly, authigenic mineral formation by AOM involves the
precipitation of different carbonates over a series of stages of reaction (Xu et al., 2017; Wei et al., 2021). The
manner in which microbial action can transform a chemical-garden precipitate, and how the microorgan-
isms influence the chemical and microstructural characteristics of that precipitate, is being investigated in
a different oceanic context, that of rusticles formed on sunken iron-hulled ships (Silva-Bedoya et al., 2021),
and findings regarding the role of bacteria in the alteration of the precipitate learned there might be applied
to this application in future.

7. Structure of Field Samples

Methane-derived authigenic carbonates have been noted from many regions of the oceans (Feng &
Chen, 2015; Prouty et al., 2016), in tubular morphologies as well as other morphologies such as mounds
(O'Reilly et al., 2014). Tubular methane-derived authigenic carbonates from the Gulf of Cadiz of 1-35 cm
diameter have been characterized (Magalhdes et al., 2012); here, we analyze two samples from this region;
Figure 5. The tube samples were collected during the 2000-2001 Anastasya cruises in the Gulf of Cadiz
(Diaz-del Rio et al., 2001). A full description of the sizes and shapes of the tubes can be found in Diaz-del
Rio et al. (2003). This study on the carbonate chimneys recovered from the area describes “Large chimneys
falling southwards and radially from a sub-circular structure, probably the feeder channel. This suggests the
formation of several chimneys from the same conduit.” as well as “Carbonate slabs underlie superficial sandy
sediments with ripple marks.” (Diaz-del Rio et al., 2003). These findings suggest that carbonate slabs may
be blocking vertical flows, and that samples recovered from the area may be from quasi-horizontal tubes
emerging from a vertical feeder conduit. It is thus quite plausible that the samples analyzed here correspond
to horizontal tubes.

The tubes analyzed have walls of 2-3 cm thickness, an external diameter of 20 cm and a height of 50-
100 cm. They have a cylindrical form in general with a compact internal structure. Tubular carbonates of
diameters of several centimeters to meters are likely subsurface plumbing systems, but we do not have data
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Figure 5. Field samples from the Gulf of Cadiz. (a) Sample with cylindrical morphology; marked in green is the region used for compositional analysis. (b)

Sample with helicoidal morphology; again, the region used for compositional analysis is marked in green. (c, and d) 3D X-ray tomography of the helicoidal field
sample; see the Supporting Information S1 for the complete tomography.

on their orientation in situ. (It should also be noted that tubes of small diameter, less than a centimeter,
may also be biogenic, produced by the burrowing activities of marine organisms [Sun et al., 2020].) The
external surfaces of the external and internal parts of tubes have a rough texture. The internal section has
low porosity and a color gradient is observed. Helicoidal growth can be appreciated internally in one of the
two tubes (Figure 5 and additional figures in Supporting Information S1). An interface is detected between
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Figure 6. Raman spectra of the field samples. Panel (a) from a polished thin layer of a section of the cylindrical tube; (b, c) different points of the ochre
colored zone of a section of the helicoidal tube; and (d) gray color particle localized in the latter zone (optical microscope images can be found in Supporting

Information S1).

the bands that form the helicoidal pattern. This interface is filled with sedimentary material. Details of the
experimental analysis techniques are described in Supporting Information S1.

A deeper analysis demonstrates the composition as being predominantly of carbonates. Raman spectrosco-
py (Figure 6) shows a band at 1,091 cm~! and another at 289 cm~ that could indicate the presence of Mag-
nesian calcite (Borromeo et al., 2017; Herman et al., 1987). The shoulder at higher frequencies of the band
at 289 cm~! may correspond to iron oxi/hydroxide, goethite (298 cm~!) and the bands at 395, 440, and 550
cm~!indicate also the presence of goethite. The band at 639 cm~! can be assigned to manganese oxides, and
the band at 1,109 cm™! can be assigned to dolomite (Figure 6a). In some zones, there can be detected crystals
of dolomite (Figure 6b) with bands at 297, and 1,096 cm~! and magnesian calcite (Figure 6¢) with bands at
285, 711, and 1,086 cm™!. Some particles of quartz can be detected with bands at 206 and 463 cm™!, along
with magnesian calcite, whose bands are at 285 and 1,085 cm™~! (Figure 6d). Hence, some differences in the
mineral composition can be observed between the cylindrical and helicoidal tube samples.

X-ray diffraction (XRD) analysis of the section of these tubes shows the presence of dolomite (Figure 7). The
reflections of calcite have a slight shift to a magnesian calcite, confirmed above by Raman spectra. Probably
there is mainly magnesian calcite with small zones of calcite due to the presence of included fossils (see
below). In the external surface of the tube, the presence of pyrite and cuprite are also detected, masked with
the goethite reflections (Figure 7a). In the gray zones of the section of the helicoidal tube the amount of
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Figure 7. X-ray diffractograms of several sections of the field samples. Images of the analysis points of the samples are included. The labels a, ¢, d, g, k, p, q,
Cu indicate reflections of ankerite (PDF card: 83-1,531), calcite (PDF card: 72-1,651)/magnesian-calcite (PDF card: 86-2335; 86-2336), dolomite (PDF card:

74-1,687), goethite (PDF card: 29-713),

kutnohorite (PDF card: 43-695; 84-1,220), pyrite (PDF card: 42-1,340), quartz (PDF card: 79-1,910), and cuprite (PDF

card: 77-199). (a) External surface of the helicoidal tube; (b) gray zone of the internal section of the helicoidal tube; (c) ochre colored zone of the internal
section of helicoidal tube; and (d) internal section of the cylindrical tube.

iron oxide is lower, there being observed mainly reflections of dolomite and calcite (Figure 7b). The (101)
reflection of quartz is detected coming from sandy sediments. In the ochre colored zones of the section of
the helicoidal tube, the content of goethite is higher, along with calcite or magnesian calcite (Figure 7c). In
the brown section of the cylindrical tube, the main crystallographic phase is goethite, along with quartz and
kutnohorite-dolomite, and calcite (Figure 7d). In these diffractograms, we cannot distinguish the reflections
of double carbonates, like kutnohorite, and dolomite; see below. These results confirm those discussed
above in the Raman spectra. No great compositional differences were observed between the cylindrical and
helicoidal tubes, though the cylindrical one has more content of goethite.

ESEM micrographs of a section of the cylindrical tube (Figure 8) show many bands with different bright-
ness. The brightest zones are richer in iron. There are clear domains very rich in iron without calcium and
other domains clearly distinguishable that are rich in calcium. Nevertheless, the zones rich in calcium
have a certain amount of iron and, surprisingly, manganese. These maps and the above analyses confirm
the iron-rich zones are goethite. Some grains rich in manganese have no detectable iron. These grains can
be kutnohorite (manganese carbonate) detected above by XRD and Raman analyses. Some spots rich in
magnesium are also detected in both zones, the iron-rich one and the calcium-rich one. Some crystals rich
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Figure 8. Electron micrographs of three regions of a thin polished layer from a section of the cylindrical tube. (a) BSE (Back-Scattered-Electron) image
showing compositional changes over a large area. The brightest regions are richest in iron; (b) EDX map of the composition of the main elements found in the
former zone; (c) the same augmented of a zone rich in Fe; (d) the same of a zone rich in Ca; (e) the same of a zone rich in Mn; (f) BSE image of another zone;
(g) EDX map of the composition of the main elements found in the former zone; (h) BSE image of another zone; and (i) EDX map of the composition of the
main elements found in the former zone (see Figures S2 and S3 of Supporting Information S1 for further partial compositional mappings).

in silicon are observed without other cations, which we can assign to quartz grains coming from sandy sedi-
ments trapped in the walls of these tubes (Figure 8b). In some zones calcium and magnesium are mixed due
probably to the presence of dolomite crystals. In other zones a mixture of iron and magnesium is appreci-
ated (orange zones) probably due to the formation of carbonates of iron and magnesium (Figure 8c). Some
grains rich in calcium and surrounded by manganese are detected, probably from fossil remains surround-
ed by manganese oxides (Figure 8h). In general, calcium and iron are not mixed, hence the presence of
ankerite is not probable. In many spots manganese is found along with magnesium, indicating the possible
existence of kutnohorite rich in magnesium. Additional EDX mappings of partial elements of this sample
are in Supporting Information S1 (Figure S2 in Supporting Information S1). These results are confirmed
by semi-quantitative chemical analysis (Figure S3 in Supporting Information S1). In the gray zones of the
section of the helicoidal tube (Figure 9), some fossils are detected formed by calcite, surrounded by iron and
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Figure 9. Back-Scattered-Electron micrographs of five zones of a section of the helicoidal sample together with compositional maps of the main elements
found (see Figures S4 and S5 of Supporting Information S1 for further partial compositional mappings).

some spots of manganese. The background is mainly calcium/magnesium, probably dolomite or magnesian
calcite with some spots of calcium belonging to calcite grains. In the external zones, edges and cracks, the
presence of iron can correspond to the small proportion of pyrites observed in XRD. Some quartz grains are
also detected with a few grains of silicon/aluminum, probably feldspars or micas. Additional EDX mappings
of partial element compositions of a section of the helicoidal tube are shown in Figure S4 of Supporting
Information S1. These results are confirmed by chemical analysis of some spots of the sample (Figure S5 in
Supporting Information S1).

At present, we cannot predict precisely how fluid flow affects the mineralogy, crystal structure, and pol-
ymorph selection of precipitates. This is an active area of research (Balog et al., 2020; Nakouzi & Stein-
bock, 2016; Rauscher et al., 2018; Ziemecka et al., 2019) and we hope that future work will provide an
enhanced understanding of how much the fluid flow has influenced the formation of the minerals found
here. One notable aspect of one sample shown in Figure 5 is the helicoidal structure seen in the wall. A vor-
tex in the flow in a tube can be induced by a twist in a given configuration. In this case, we have fluid flow
accompanied by a precipitation reaction. Recent work with a laboratory chemical-garden-type setup has
shown that a precipitation reaction in a thin tube can produce structures including helices in the precipitate
(Knoll et al., 2019). While those experiments were in capillary tubes of much smaller diameter than the field
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samples, and so the fluid Reynolds number in the two cases may be quite different, those laboratory results
suggest a possible route to producing such helicoidal precipitate structures.

8. Conclusions

There is a large amount of literature discussing geological observations of horizontal fluid “plumbing”
systems associated with methane seeps. Those papers are often discussing flow along these horizontal con-
duits. The common aspects of the geological papers that discuss horizontal undersea “plumbing” systems
is that there is fluid arriving vertically toward the sea floor from below. Instead of exiting into the sea, it
becomes blocked by some solid structure, which may be methane hydrates, clays, authigenic carbonates,
vegetation mats, etc. Thus the fluid has to go somewhere, and is forced to travel horizontally. This is the
basis of the analogy with a laboratory setup. In the geological instance we have flow from injection into a
horizontal layer of porous medium; instead, in the laboratory, a Hele-Shaw cell.

An interesting aspect of the dynamics of this system is that the flow focuses into tubes that flow horizontally
away from the injection point. Moreover, samples, like the ones we have analyzed here, show that carbonate
rock tends to form around these tubes. This precipitation decreases any leakage from the walls of the tubes
and continues to focus flow in tubes or filaments, as in the laboratory experiments. Is such a membrane
necessarily always formed? Perhaps only in some instances; one might have a whole range of situations
from viscous fingering in a porous medium, without a membrane, up to the situation with membrane being
looked at here.

The laboratory two-dimensional chemical-garden experimental setup is a suitable starting point to discuss
and interpret fluid-mechanical aspects of some interesting geological observations. Here, we have contrib-
uted to the question of seabed flow by setting out the evolution of these structures in fluid mechanical
terms. From a fluid source under the sea, fluid starts flowing through a porous medium—a seep—it begins
to wash the medium out and so to concentrate the flow in tubes—a mud volcano—on which the flow stops
and block the conduit, and then restarts to find its exit blocked, forcing the spreading in a spider structure
of horizontal tubes.

Authigenic biomineral carbonate formation is a significant component of the global carbon cycle (Alperin
& Hoehler, 2010; Sun & Turchyn, 2014). There has been significant work carried out to understand the
rates of the natural process (Ussler & Paull, 2008) and how it may be controlled by variables such as fluid
flow rates (Karaca et al., 2010). Our work has relevance for understanding the mechanisms of the AOM in
conditions of fluid flow (Alperin & Hoehler, 2010). From our work, considering the data on rates of AOM,
and assuming a first-order reaction, the timescale for methane consumption is in the range 10’ — 103 s in
the spider legs. On the other hand, the timescale for flow along a spider leg, is ~1.6 x 107 s. Thus the ratio
of flow timescale to reaction timescale—a species of Damkohler number—is between : 10~ and one. When
methane decomposition is slower than the flow, this is allowing the release and decomposition of meth-
ane over a large surface area on the ocean floor. In terms of the biomineralization, our tubular samples
are formed by silicic elements are cemented by carbonates. It has been noted that microstructures with a
particular silicon-aluminum composition in these authigenic carbonates may be fossilized AOM consortia
(Chen et al., 2014). Our analysis raises the possibility of geoengineering authigenic carbonate formation
to decrease methane escape from the seabed by locking it into carbonate rocks through the addition of
methanotrophic bacteria. A procedure might be to block the exit of methane seeps in an artificial analog
of the natural process described above, and to add to the blocked zone a charge of the bacteria found in the
natural situations. It remains to be studied whether such a process might contribute to programs of carbon
capture and storage.

Data Availability Statement

Data supporting this study can be found in Supporting Information and are available online in the CSIC
repository at http://dx.doi.org/10.20350/digital CSIC/13998.
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