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ABSTRACT

Hydrothermal vent complexes in sedimentary basins are linked to igneous

folds, hydrocarbon maturation, and fluid remobilization. While their genesis is
often associated with-magmatic heat and hydraulic fracturing, the controlling
factors of their geometry and development remain debated. This study analyzes
3D seismic data from the Potiguar Basin (onshere Brazil), identifying vent

structures, two of which were extracted in a 3D perspective from the variance

attribute. Qur results indicate 't | 'the"vents) are structurally controlied

by regional-scale faults, which enhance pe meability starting from the hydraulic
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fracturing and boiling processes. Seismic attributes, such as variance and dip

illumination have proven effective in identifying vent structures, fault associations,

and fluid pathways, providing insights into their spatial distribution and geometric
characteristics. Cosine of phase attribute reveals that hydrothermal vents exhibit
varying éeometrées as they cut different sedimentary units within the basiﬁ. Our
findings highlight‘the petrophys]ca.l Emplicatiohs ofa féul{ zone in a hydr.dthermai
vent complex and advance understanding of silicification processes in
sedimentary reservoirs.

Keywords: Hydrothermal vents, seismic attributes, fault zones, fluid migration,

sedimentary basins

1. INTRODUCTION

Hydrothermal vents are a cdmplex combination of elements that

potentially affect the petrophysical properties of reservoirs. They have been

Vel L LB,

described in sedimentary basnns associated with velearica % as injections

of igneous plumbing systems, dikes, and sills (Skoseid et al., 1992; White and

McClintock, 2001; Svensen et al., 2003 Jamtveit et al 2004 Ptanke et ai 2005
”2 Wi 7 €SS ok wmdsm("
Hheous m;ectlons are known to induce structures as

H_anser: et al., 2008}

forced folds, hydrofracturing systems, and seals. They also behave as

hydrocarbon traps (Hansen and Cartwright, 2008; Jackson et al., 2013), causing

early maturation of hydrocarbons (Kennish et al., 1992; Hansen and Cartwright,
2006), increasing the hydrothermal aureole width (Svensen et al., 2004), and

remobilizing sand and fiuid pipes (Svensen et al., 2006; Jamtveit et al., 2004). All

rocess_es create disturbances(in theZeser\fci
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.?\,3\9
58 hot wakefs (Svensen et al,, 2003, Procesi et al., 2019; Finn et ak., 2022: Rovere

60 etal, 2022). FeLevs vJCEﬁ

61 \/j The hydrothermal vents ‘are associated with 'ign@

62  However, the intrusive processes and rock parameters that control the pathways

63  and conduit architectures of these structures remain poorly understood, as most @ DT Mr@

64 interpretations are based oy post-mortem geismic data analysis (Cartwright, Serie SEISMC
- o : e C DA, (MRGE
65 2010; Jamtveit et al., 2004; Planke et al., 2005; Svensen et al., 2008; Moss and FETIE ED .. .

66  Cartwright, 2010b). The major uncertamty refers to what trlggers the hydraulic

&7 frafiur:ni mecfirﬁirfrs tha‘a—tﬂ—gu[de the mitcteatson and then prOpaganon of the vent GRGA, ETaL .
68  formation. Other than mtrussve systems, hydrothermal vents have been described ap SHeRS
o . Wi
69  as developed by synsedlmentary processes or erosive fluidization (McDonneli et Un 6(»2536’9
4ins A“aﬂi&

70 al, 2007). Depending on the type of sills, intrusicns trigger the overpressure
71 region (Svensen et al,, 2006; Davies et al., 2012; Alvarenga et al., 2016). Other

- 72 uncertainties relate to the vent interactions with the seabed cap depending on its

75 geotégical nature and stratigraphy (Moss and Cartwright, 2010b),

74 in vent complexes, the main pathways have been described by fluid
75 escape structures named fluid pipes, characterized by highly localized vertical to
76 . sub-vertical pathways of focused fluid venting from some underlying source
77 region. The term fluid pipe was used as synonymous of gas chimney triggered
78 by a pressure cell, composed of a gas dr mud source (Svensen et al., 2006). In
79 literature, the geometry of vents (both methane or hydrothermal) has been
80 - classified based on cross-sectional and ptan-view characteristics as dome-
81 shaped, eye-shaped, and crater forms (Planke et al., 2005; Cartwright and
82  Santamarina, 2015) (Fig. 1B). The relationship between vent boundaries and

83 surrounding strata have been defined, focusing on concordant, divergent, or
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84 truncated patterns (Fié. 1B), but also using the internal rgfﬁections wéthiaj venis
85  (Hansen, 2006}. In se‘ismic data, véﬁté (no méttér their ofigin) can be measuréd‘
86 by the diameters and lengths of conduits, checking the connections between sill
g7 terminations and upper vent regions identified as cylindrical zones of disturbed

83  seismic data (Hansen, 2006, Maestrelli et al., 2017) (Fig. 1A and Fig. 1C).

89
i AR, -nA{:; arent
Aspect Ratio
Evye-shaped Bownwarped concordant Divergent Downlapping
Crater Truncationat Concordant {Onian-fing structure
90
91 Figure 1 - Vent geometric parameters related 1o the external (A} and internal (B) shapes
92  and the Apparent Aspect Ratio classification (C) related to the pipes ratic in a map view,

93  which expresses the variation between circular to strongly elliptical shapes. (A), (B} and
94 (C) were medified from Hansen et al (2008), Planke et al (2005), and Magstreli et al
95 (2017). :

96

97

98 In alt those contexts, seismic data represent a useful tool for identifying

gg  hydrothermal vents in several sedimentary basins (Planke et al., 2005; Hansen,
100 2006; Cartwright and Santamarina, 20115; Alvarenga et al., 2016; Kjoberg et al.,

101 2017; Omosanya et al., 2018; Wang et al., 2019; Mituku and Omosanya, 2020). ..
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Sessmic attributes have been applled o reveal hycirothermai chimneys, vents,
and structures around them such as faui!s fractures folds, and sag structures
{Jackson etal., 2013, Plaza-Faverola et al., 2015; Omosanya et al., 2018; Rovere
et al., 2022). Vents associated with preexisting structures have also been
previously described as ducts forming at the tops of faults and classified as the
fault-related’ (Hansen,-2(}06; Maestrelli et al., 2017, Wang et al., 2019). These
vents typically exhibit a vertical pipe-like shape with a dome or mound at the top
(Alvarenga et al, 2016, Magee et al., 2016). Coherence atiributes and
instantaneous phase were used, to highlight the sag collapse structures
associated with polygonal faults, vents related to crestal faults, and fault-
controlled vents (Hansen, 2006; McDonnell et al., 2007, de Mahiques et al., 2017,

Omosanya et al., 2018, Mituku and Omosanya, 2020). However, these afiributes

applied as tools for identifying vent complex geometry failed to recognize iaterai

fluid injection features and hydrofractures.

Across several hydrothermal vent complexes, the mechanisms of

propagation and the processes of nucleanon remain poorly understood. Key

~——y

—

scientific uncertamtzes include whether hydrothefmal vent propagation is linked

to preexisting fault zones, the extent to wnich the final architecture is controlled

by fault systems, and whether some hydrothermal vents are entirely dependent

on overgressure—drwen mtruswe mechamsms Another important consideration

is whether fault zones can Iater re~explon the existing architecture of

hydrothermatl vents. Additionally, the influence of host rock properties on the

development of vent architecture remains an open topic for investigation.

‘To answer the above questions, we selected thg part of the

Potiguar Basin, where previous studies identified outcrops with hydrothermal -
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silicification related to fauits {(Menezes et al., 2019). This study aims to describe
and characterize the architecture and surrounding structures of hydrothermal

vents using 3D onshore seismic data from the Potiguar Basin. We identified and

seismicaily characterize@drothermal vents anid‘ pipes using seismiic

attributes and extracted geobodies from 2 of them to better interpret their internal
architecture. Our interpretations suggest that all the hydrothermal vents are

associated with regional-scale fauits, with their lateral extensions related to fluids

‘affecting sedimentary formations. The méppéd structure éuggésts faults pmvidé

the structural permeability, enhanced by the hydraulic fracturing, and leading to

the formation of hydrothermal vents, The result of this study contributes to a better
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understanding of the hydrothermal vent propagation mechanism and silicification

process in sedimentary successions.

2. GEOLOGICAL SETTINGS

The Potiguar Basin is situated in the Brazifian Equatorial Margin (Pessoa
Neto et al., 2007) (Fig. 2). This passive margin basin formed during the Early

Cretaceous and exhibits a structural framework characterized by half-grabens

and horsts bounded by fault systems that reactivated shear zones in the .

crystalline basement (Matos, 1982, 1899; de Castro et al., 2012). Its evelution
comprises three main depositional supersé'quences: rift, post-rift, and drift,
corresponding to distinct tectono-sedimentary phases (Bertani et al., 1990,

Pessoa Neto et al., 2007).
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150 Figure 2 - (A) Study area located on the South American continent. {B) Geological map
151 of the Potiguar Basin and (C) the study area with lithologies, and the seismic and well
152 data location. Modified from Bertani et al. (1990), Bezerra et al. (2009}, de Castro and

153 ] Bezerra (2015).
154
155 ' The Potiguar basin rift phase coincides with the initial breakup of Pangea

156 - and thé opening of the South Atiantic (de Castro, 2011; de Castro et al., 2014).
157  This phase began during the early Valanginian, a stage characterized by intense

158 crustal stretching, resulting in mechanical subsidence and the formation of
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grabens (Araripe and Feijo, 1994; Fonseca et al,, 2024). In this phase, the main
structure was the Carﬂaubéis fault .systénfi, s'trjking NE-SW and dipp.ing E-W,
which resulted from the brittle reactivation of the Portalegre shear zone in the
basement {de Castro et al., 2012). The creation of grabens and horsts is related
to NE-SW-oriented linear features (Bertani ret_ al,, 1990). NW-SE-oriented
transfer and accommodation faults controlléé fhé séufhern‘edge of the riff,
displacing the NE-SW-oriented fauits in the Potiguar basin (de Castro et al,
2012), such as the Afonsc Bezerra Fault System (ABFS). The sedimentary
deposits formed during the rift phase varied _from‘ fluvial, lacustrine, and fan-
deltaic (from the Pendéncias Formation) to deltaic and fluvio-deltaic units (from

the Alagamar Fm) (Araripe and Feijo, 1994; Pessoa Neto et al., 2007).

The post-rift stage occurred in the early Albian, resuiting from the breakup
and opening of the seafloor (Fonseca et al., 2024). This sﬁage involves thermal
subsidence and the deposition of continental and marine sediments from the
Alagamar Fm (Pessoa Neto et al., 2007). During the early Albian-Holocene, the
drift phase was characterized by reduced subsidence rates cfriven by thermal and
isostatic mechanisms (Bertani et al., 1 990). This last stage inclluded transgressive
and regressive marine deposits (the Campanian-Maastrichtian Agu Fm), and
represents the transition from fluvial-estuarine to marine environments, overlaid
by the tidal-dominated car_bonate shelf (the Tprqnian»@ampanian Jandaira Fm)
{Pessoa Nefo et al, 2007). The major unconformity marks the shift to
fransgressive deposits, which include the Barreiras, Tibau, Guamaré, and
Ubarana formations, compo'sed of siliciclastic to carbonate units (Pessoa Neto et
al., 2007). These deposits reflect. environments ranging from coastal fans, .

shallow platforms, and slope seftings (Araripe and Fejjo, 1894). The Afonso .
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Bezerra fault exhibits strike-slip and normal kinematics, affecting the rift and post-

rift units, where circulation of Si-rich fluids occurred (Menezes et al., 2019).

Three significant magmatic events shaped the basin: Rift-related dikes
date back to ~132 Ma (F’esspa Neto et al., 2007), while alkaline basalt spilis from
the Cué Volcanism occurred arodnd ~93 Ma (Souza et al., 2004); and during the
EoceﬂelO]igocehe the Macau Fm that represents later intrusions striking to N-8

{506 Ma) (Souza et al.,, 2019).

. On the surface of our study area, the top of the pipes strerctures was

described before as a silicified fault zone (ABFS segment) in the lower carbonate '

unit of the Potiguar Basin. This fault zone is complex and wide (up to 800 m),

featuring multiple episodes of silicification and brecciation. The silicified zone

-includes. partiaily silicified areas (angular fragments in a non-silicified carbonate

matrix) and fully silicified zones; the latter are subdivided into low-porosity (no
vugs) and high-porosity (with centimeter-scale vugs along fractures) sections.
Silicification completely replaced the carbonate mineralogy with quartz,
chalcedony, and opal, significantly increasing SiC. content (from 3-15% to 84—

87%) (Menezes et al.,, 2019}, This study highlighted the heterogeneity of the fault

.zone, where dynamic (syn-tectonic) and static {non-deformational) silicification

processes coexist, influencing reservoir quality.

3. DATA AND METHODS

3.1 DATA

kS EXTETED. ..
£6. CREERS ool
o} TINRALES
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The study area encompasses 57 km? of the onshore Potiguar Basin (Fig.
2B). Subsurface data, including seismic and well logs, were provided by the
National Agency for Petroleum, Natural Gas, and Biofuels {ANP). We used
seismic re_ftection data from a 3Drseismic survey and 't\..vo 2D seiémic lines. Ijata |
from one well were used in this study to perform a seismic-to-weli tie for seismic
interpretation. The well contains check-shot data and is located near one of the
2D seismic lines (Fig. 28).—Th‘e 2D seismic line passes through the well da?a with
check-shot information. The 3D survey has 429 inlines and 554 crosslines, where
these lines are oriented with NW.SE and NE-SW directions, respectively. The
seismic cube extends down to a 3002-ms with a 4ms sampiing interval and is
prestack time-migrated. The 2D seismic lines were used in the lithostratigraphic
interpretation to transfer the well-lithostratigraphic information (Acu Fm and

basement tops) to the seismic cube area (Fig. 2).
3.2 Attributes analysis

To extract more information from the main reflectors, various attribute

analyses have been performed (e.g., Chopra and Marfurt, 2007). Three main

attributes have been applied: variance, cosine of phase, and dip illumination.

The variance atiribute is a coherence é(tribﬁte and is also considered a
reverse version of semblance, which has been used in previous applications to
indicate seismic breaks (lacopini et al., 2012; Liao et al., 2019, 2020; Fhillips et
al, 2019; Cliveira et al., 2023). These attributes calculate the similarity of seismic
waveforms betweén adjacént tréces (time;iéggéd croés—cor}éiétion in both jﬁline.
and crossline directions) by estimating the coherence coefficient (Chopra and

Marfurt, 2007). Variance can therefore reveal differences between seismic traces

L0
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and transform a continuity volume into a discontinuity volume, highlighting
structural and stratigraphic boundaries (Brown, 2004; Mituku and Omosanya,

2020).

The cosine of phase attribute (Taner et al., 1979) is derived from the
instantaneous phase of the seismic signal and represents the cosine of the phase
angle, Unlike amplitude, the cosine of phase is less sensitive to ampilitude
variations, rather emphasizing phase-related changes in the seismic signature.

The present study utilizes this attribute to reveal the lateral continuity between

. hydrothermal vents and the surrounding layers. The literature has extensively

discussed the use of this aftribute.in the exploration of subile discontinuities and
mapping reflector continuities (Barnes, 1996; Chopra and Marfurt, 20067}, which
has been applied to improve the interpretation of various geological features,

such as channels (Sarhan and Safa, 2017).

We did use the dip illumination attfibute (Wu and Chen, 2006), and this
seismic aftribute simulates an illumination pattern revealing dip structure in the
timeslice and can highlight these dip differences, using shine or color variation
effe(_:t_on a seismicmap. D@p iliu,mirtat‘io__n is often used to detect structural features
such as faults, folds, and fractures in the rotated layers of seismic lines (Lisle,
1994; Hesthammer and Fossen, 1997). The attribute is very efﬁcient on time

slices, and geological features are revealed when this attribute defines a

reflective surface on which a discontinuity measure is estimated (Chopra and

Marfurt, 2007). We used the dip‘iliumination attribute to support the location and
mapping of each fluid pipe previously highlighted by the variance answer, which

enhances the scatter and discontinuities. The fluid pipes were then extracted into

11
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bodies by isolating the variance answer, allowing the hydrothermat vents to be

visuatized in a 3D perspective.
3.3 Apparent Aspect Ratio (ARA)

We used the Apparent Aspect Ratic (ARA), which is a quantitative
measure used to assess the plan-view geometry of fluid escape pipes identified
in 3D seismic data (Maesirelli et a1, 2017). It is defined as the ratio between the
lengths of the long and short axes of a pipe's cross-section, measurea along
seismic inlines and crosslines. Since these directions may not align with the itrue
maximum and minimum dimensions of'thé strdcture, the resulting value is only
an apprqximation of the actual elongation. For this reason, it is referred to as
"apparent” and cannot be directly used to infer regional stress orientations.
Despite this limitation, the ARA is useful for distinguislhing between circula{ and
elongated pipe geometries. Vaiues cldse t6 1 ihdicate_pibeé with a neafly cilrculér |
shape, while higher values suggest elliptical or more elongated forms in plan
view. This distinction can pr.ovide important insights into the morphology and

potential development mechanisms of these feat_ures.

To calculate the ARA, measurements are performed on cross-sections
extracted from the seismic volume, typically at two different heights along the
pipe: one near its base and another closer {o its upper termination. The long and
short axes are determined using orthogonal seismic slices—inline ar’i_d crossline
directions——intersecting the pipe at those levels. The ratio between these two

axes yields the ARA value for that section. Pipes displaying highly irregular,

coalescing, or interacting geometries are excluded from analysis due to the '

difficulty in defining consistént axis lengths afong their éonduit.

12
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4. RESULTS
4.1 Mapping by conventional seismic interpretation

The study area comprises part of the-‘onshare Potiguar Basin, featuring
a post-rift seismic unit and basement rocks. Two lithostratigraphic formations
{Agu and Jandaira) are identified and described above the basement reflector
(Fig. 3B). The basement exhibits discontinuous, scattered reflectors, with its top
marked by green dots (Fig. 3b). This seismic facies .is characterized by
continuous reflectors often disrupted by mound-like or convex structures intruding
the overlying unit, displaying strong amplitude anomalies. The Agu Fm, directly

overlying the basement, shows a coherent, homogeneous refiection pattern

‘intersected by straight columnar units (Fig. 4b) and diffuse structures with poorly

defined boundaries (Fig. 4a). The Jandaira Fm, above the Agu Fm, displays more
continuous and homogeneous facies, interrupted by diffuse low-amplitude
anomalies. These amplitude anomalies present patchy disruptions in both
horizontal and vertical continuity. In seisniic lines, these patches appear as

intrusive facies with chaotic reflectors cutting across the primary layering.

i3
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295  Figure 3 {A) Vents focations in the normal amplitude at the time slice -400ms. Biue
296 shapes represent vents shapes. Yellow lines — seismic sections interpreted location in
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this study. V - Vents . (B) Lithostratigraphic interpretation of a vertical section based on
the well data. Vertical exaggeration: 5x. -

The d‘iscontinuous'. basement ‘reﬂectors su.gglest a highly fractured or
heferogeneous igneous/metamorphic basement. The mound-like intrusions and
amplitude anomalies may indicate igneous bodies or fluid migration pathways.
The Agu Fm cé[qmﬁar ancf diffuse sﬁructurges likely represent sedimentary

deposits influenced by syn- or post-depositional intrusions. The chaotic patches

in the Jandaira Fm imply secondary processes such as fluid expuision or soft-

sediment deformation.

4.1.1 Characteristics of the hydrothermal vent complex

We characterized the main columnar vertical seismic facies intruding the
main seismic package presenting deteriorated seismic' signal, so the primary
reflections either are absent or very weak (we will call thereafter those zones as
wipe out zone, sensu Loseth et al., 2004) showing also edge discontinuities and
attenuation of the reﬂectors (Figs. 4, 5,6,and 7). Bqth along infines or crosslines,

some of these structures are represented by wipe out zones rimmed by an inner

zone.of high amplitude anomaties and an outer zone of dim amplitude anomalies.

The various wipe out zones probably reflect various types of ieakage processes
through the low-permeable zone, contrasting with the surrounding reflector

packages, where the disturbed zones stand out from the surrounding horizontal

~reflectors (Fig. 4a,b, and Ba,b). Therefore, other seismic sections show instead a
more localized signal disturbance (Fig. 4c,d, and Fig. 5a,b), related to the leaking

from fault structures. In Figures 7a and b, we observe a large disturbance zone .

broadening upward, making the signal interpretation near the surface difficult.

!hZeréstingly almost all figures show within all columnar areas of the disturbance -
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325

326

327

zone upward convex deflection of the main reflectors (Figs. 4, 5, 6, 7). This
horizon deflection has been chserved, except in some rare cases, with a different
degree of development. in some of the largest examples with large wipe outzone,
a chaotic expressidn of the seismic signal is visible: the reflection terminations of
the deflected horizons show a clear loss of amplitude and a disruption of the

internal architecture of the pipe.
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329
330
331
332
333

334
335

336

‘uninterpreted

inte r;ireted

Figure 4 - Characterization of the vents 1 and 2 (V1 and V2) with their elements: Wipe
out Zone (WZ), Dead Mixed Zone (DMZ), Inflection Point (IP), and Lateral Brightness
{LB). When the vertical disturber zone is surrounded by bright reflectors, we refer to wipe
out zone. Yellow dotted lines - Agu Fm top, green dotted Jines - Basement top. Vertical
exaggeration: 5x. -

The root zone rind‘icatés the fluid séu'rce L}nit, which is below the basement

top, and shows that those columnar wipe out zones are connected below the

basement top. In the more focalized condition the wipe out zone is exploiting - -

-17
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337 individual normal faults (Figs. 4, 5, 6, and 7). In our study case, all those columnar

338 seismic facies are often connected to faults showing a normal fault kinematic,

uninterpreted

interpreted

339

340  Figure 5 - Characterization of the vents (A) 3, (B} 4, (C) 5, and (D) 6 (V3, V4, V5, and
343  V6) with their elements: Dead Mixed Zone (DMZ), Inflection Peint (IP), and Lateral
342 Brightness (LB). Yellow dotted lines - Acu Fm top, green dotted lines - Basement top.

343 Vertical exaggeration; 5x.
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Inside the main columnar wipe out zones, we can characteﬁze some
further seismic details (V1, V7, V10), The WZ, which are disturbed and chaotic
zone, creates a zone of amplitude points or semi-continuous reflectors (Figs. 4,

6, and 7). The presence of inflection point (IP) of the seismic reflectors affecting

-.the beddings, producing reflectors with dome-shaped, suggesting push-ups,

which suggests a clear velocity changes in the seismic signal (Figs 4,5,6).

19




https://doi.org/ H0.5194/egusphere-2025-3487
Preprint. Discussion started: 16 September 20235
© Author(s) 2025, CCBY 4.0 License.

&

350

351
352
353
354

355
356

-, 357

uninterpreted

interpreted

Figure 6 - Characterizaticn of the {A) vents 7 and 8 (V7 and V8) and (B) vent 9 (V9) and
10 (V10) with their elements: Wipe out Zone (WZ), Inflection Point {IP), Lateral
Brightness (LB}, High Amplitude Reflectors (HAR), and Coherent Reflector (CR}. Yellow
dotted lines - Agu Fm top, green dotted lines - Basement top. Vertical exaggeration: 5x.

The columnar wipe out zones with a ‘downward tapering cone’ (V1, V7,
and V10) increase their width through the top, crossing all the formations of the

basin up to the surface (Figs 4, 5, and 6), making it impossible to characterize

20
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4
358 the vents terminus in our study area. Close to all pipes, we do recognize high

359 amplitude reflectors (HAR) and increasing their lateral brighiness (LB) (Figs. 4,

360 5,6,and 7).
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361

362  Figure 7 - Characterization of the fluid pipes 8 and 9 (P8 and P9) with their elements:
363 Dead Mixed Zone (DMZ), Inflection Point (IP), and Lateral Brightness (LB). Yellow dotted
364  lines - Agu Frn top, green dotted lines - Basement top. Vertical exaggeration: 5x.

365
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381

4.2 Seismic Attrfbutes

The application of seismic attributes such as dip iflumination (Fig. 8B) and

variance (Fig. 8C) confirms and enhances the signal anomalies corresponding to

the wipe out zones, correlated to the vents, and to structures such as faults and

fractures in their zones (Fig. 8D and E).

‘ A Ampiifude - B Dip filumination

j

-Dhp ikumination
Color Tabie
.06 006 -1.00

B

Amplitude
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Figure 8 - Comparison of the seismic answers between (A) ampliude, (B) dip
iflumination, and (C) variance, reveating (D} the vents or fluid pipes and (E) the
surrounding structures at the time slice 304ms, White dotted line ~ fault traces.

In vertical sections, the variance answer cover a large area of the wipe
out zone related to the vent structures and cover entirely the dead mixed zones
from the fluid pipes (Fig. 9). The variance attribute completely covers the fluid

pipe shapes with low width variation (Fig. 8) and loses some areas for the venis

.with..a conical shape (Fig. 9B). This -correspondence between the variance

attribute and the dead mixed zones provides an automatic vertical

characterization of the pipes. The variance attribute reveals areas related to the .
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(&)

382 vents and fluid pipes, showing a great correspondence compared with the manual
383 interpretation of the vents, which is observed by combining the variance answer

384 . with the normal amplitude for the pipes.

-nalion 1,60
Tebie R

Uninterprated Intacpretad Ampitiude ¥ Varkancs

385
386 Figure 9 - External shape compariscn between normal amplilude uninterpreted,

387 interpreted, and variance afiribute applied for the pipes V2 (A) and V1 (B). See Figure
388  3A for the location of the vents. Vertical exaggeration: 5x.

389 Even though applying the variance attribute is very effective in
390 recognizing and characterizing hydrothermal vents, the vertical continuity of
391  some fluid pipes can not be delimited (Fig. 10A and B). With the application of

392 the cosine of phase attribute, the vertical and lateral continuily of the pipe

393  anomalies caused by the seismic signal becomes more- visible due to the contrast- -

394  between the seismic facies pattern of the hydrothermai vents and the host rock.
395 For some pipes, the shape of a ‘christmas iree’ becomes evident with the
336 application of the cosine of phase (Fig. 10C), highlighting the variation in the

:

397 lateral distribution of the fluid into the sedimentary formations.
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Figure 10 - Comparisen of the pipe (V2) external shape between the normal amplitude
(A}, Variance (B), and Cosine of Phase (C) interpretation in & vertical section, See Figure
3A for the location of the vents. Verlical exaggeration: &x.

Applying the cosine of phase atiribute highlights the reflectors affected
by the fluid, where the wipe out zone connect or penetrate the sedimentary
formations of tﬁe basin-(Fig. 1'1). The app[ication of the cosine of phase attribute

shows a new geometry of these structures, which are much more complex fluid

bodies in a 3D perspective than previously highlighted by manual interpretations

or compared to the vg{ignce attribute application,
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410  Figure 11 — Comparison between the fiuid bodies geometry in (A) an uninterpreted
411 vertical section, {B) with a manual interpretation of the vents and fluid pipes. {(C} Time

412 slice 750 ms apptied Dip Hliumination and Variance. (D) The cosine of phase attribute ~
413 applied in the same seismic section. Vertical exaggeration. Bx: JE
DI CoNES.

414 4.3 Structural and geometric analysis of the wipe out zones

415 We chose two wipes out zones to ana geometric parameters of

.416 the external shape. The graph of the pipes’ geometrical parameters consisted of

417 {he values of the wipe out zones axes 1 and 2, in the direction of the inlines and
418 crosstines (Fig 12B), as well as the apparent aspect ratio by measuring the
419  maximum and minimum fluid structures axes (Fig. 12C). All the values were
420 measured at different depth levels from the fluid structures geobodies based on |
421 the variance attribute (Fig. 12A). We choose to show the valuesin a g‘raphs with

422 afixed horizontal axis due the comparison between wipe out'zones results.

423 . The values measured above the inlines are higher for both fluid structures . -
424 (V1 and V2), which are, therefore, more elongated in the NW-SE direction. For

425 V1, the values of the axes in the inline and crossline directions are close to each - ° : -
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426 other {from 120m to 8§20m) in the inline direction, thus showing more dispersion
427 of the data on the graph (Fig. 12B). The smaller axis of the V2 pipe is in the

428  direction of the crossline (NE-SW) where its values vary from 120 to 450 m.,
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429

430  Figure 12 - (A) Geobodies of the venis 1 and 2 extracted based on the variance attribute.
431  The graphs display the fluid pipe axis in inline and crossline directions (B} and their
432 Apparent Aspect Ratio (ARa) to understand the fluid structures elluphcnty in dlfferent
433 levels. Vertical exaggeration: 5x.

434

' 435 We used the ARA to verify the ellipticity of the fluid structures. Based on
436 Maestreiii et al, (2017), the apparent aspect ratio (ARA) was calculated as the
437  ratio of the long axis to the short axis, approximating the pipe's elongation in plan

438 view (circular if ARA = 1, elliptical if ARA > 1). The values calculated from the

439 maximum and minimum axes for the apparent aspect ratio exhibit greater - Lo

27




ketps://det.org/ 10.5194/egusphere-2025-3487
Preprint. Discussion started: 16 September 2025
© Author(s) 2025. CC BY 4.0 License.

@

440

441

442

443

444

445

446

447

448

443

450

451

452

453

454

455

456

457

458

459

460

461

462

463

dispersion for the V2 pipe, with the oppoesite behavior observed in the V1 graph
(Fig. 12C). The maximum radius values for V2 reach 2.8, which is 2 times the
fength of V1, with values of 1.8. This demonstrates a strongly eliptical
ciassification of both pipes, with an ARA average of 1.4 and 1.8 for V1 and V1,
respectively. With this, the axis elongation striking to NW-SE for both pipes shows

a greater directional controf in the V2 values.

5. DISCUSSION
5.1 Geometry of the hydrothermal vents complex and fault systems -

Frevious studies associate hydrothermal vent complexes with faults,
describing them as pipe fault-related (Planke et al., 2005) or fluid conduits
{Magee et al., 2014; Rovere et al., 2014), often linked to structures above and
around vents (Hansen, 2006; Kjoberg et al. 2017) or'g.as ascent within po!.ygoné[
fault systems (Rovere et al.,, 2022). Our seismic analysis identifies "wipe-out
zones" and “dead mixed zones" (Figs. 4~7), characterized by reflectors
aftenuation and internal chaotic pattern, and revealing that all analyzed pipes are
associated with fault actiQEty, This suggests their forrﬁaiioﬁ éannot be atfrib.t.lt-ed
solely to hydraulic fracturing or igneous intrusion-related pressure (Skogseid et
al., 1992; Davies et al., 2002, 2012; Aarnes et al., 2010). Our description shows
these vents are strgctura_i;y contf_qlled_by, regional faults, AwEth root zones
extending below the basement, indicating a fluid source within the crystalline
basement. Surface studies by Menezes et al. (2018) corroborate this, showing
the NW-SE Afonso Bezerra Fault System (active from rift to post-rift phases)

cutting through the basin and basement. Seismic interpretation further reveals

fiuid conduits elongated along fault trends (Figs 12), with “inflection points” (IP) :
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forming dome-shaped geometries (Figs. 4-7), indicative of fluid ascent altering
sedimentary Iayeré. The internal signal and edge reflectors related to the vents
show a push-up geometry, mostly dragging upward the main reflector (Figs. 4, 6,

and 11), which suggests a denser intrusive unit, distinguishing it from a simple

~gas intrusion. Therefore, t_h,is is typical of hydrothermal rock or intrusion, which

produces mineralization often re-fractured but the various intrusions. These -
conduits align with surface silicified breccias (Menezes et al., 2019), confirming
their hydrothermal origin, Additionally, magmatic activily in the Potiguar Basin
(e.g., Macau and Serra do_ Cuo events; Mizusaki et al., 2002; dé Castro et al.,
2012; Souza et al., 2019) likely contributed fo thermal anomalies and sedimentary

alteration, facilitating vent genesis.

The appiication of the cosine of phase atiribute with the lateral brightness

recognition (see LB in Figs. 4A, B, C, 58, D, 6B, and 7B) reveals the vent fluids

entering laterally in the sedimentary fayers, changing the vents geometry (Fig.
13). The interaction between hydraulic fracturing, overpressure, and faults must
be considered for a meore comprehensive understanding of the genesis of the
pipe systems, éiﬁce étr&cture# as faﬁlts change fhe perrﬁeabiliiy influencing fluid
flow (Caine et al., 1996; Faulkner et al., 2010, Palhano et al., 2023), acting as
seals or conduits (Fisher et al., 1998; Bense et al., 2013; Torabi et la., 2021;

Medici et al., 2021; Labry et al., 2025). Although previous studies suggest that

hydrauiic fracturing is a fundamental mechanism for the initiation and controi of

vent formation (Svensen et al., 2006; Alvarenga et al., 2018}, we highlight that

the development of brittle structures such as faults plays a crucial role in this -

process (Fig. 13). This implies that_ the evolution of the vents should be

29




https://doi.org/10.5194/egusphere-2025-3487 .,
Preprint. Discussion started: 16 September 2023 :
(© Author(s) 2025. CC BY 4.0 License.

@

488 interpreted in a broader tectonic context, where faults act as preferential
489  pathways for fluid migration and control their ascent and escape.
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491  Figure 13 - The schematic model of fluid pipes ascending through the sedimentary basin
492  ‘controiled by a fault. Red traces - fractures. ’

493 Sedimentary basins that feature fluid pipes or hydrothermal vents, such

494  as those in the Gulf of Mexico (Roberts and Carney, 1997, Aharon, 1994), the .. .
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North Sea (Cartwright et al, 2007; Laseth et al, 2009), the Santos Basin

(Camboa and Rabinowitz, 1981; Mohriak et al., 2008), and the Campos Basin

" {Guardado et al,, 1989; Bruhn and Walker, 2006), are characterized by dynamic

geoclogical systems where the circulation of thermal fluids plays a crucial role in
rock modification and the generation of petroleum systems {Palhano et al., 2023;

Maciel et al., 2024). In these basins, fluid pipes are often associated with tectonic

“and magmatic processes, creating migration pathways for hydrocarbons and

contributing to the formation of structures such as sandstone dykes and

hydrothermal alteration zones.
5.2 Seisimic data fimitation in the vents characterization

The hydrothermal vents are described in their parts as inner and outer
zones based on the composition and structures of the vent outcropping, and how

they affect the host rock (Jamiveit et al., 2004; Svensen et al., 2006), These vent

~'zone descriptions allow the-characterization of the fluid zones in terms of origin,

host rock permeability, fluid pressure, and pipe complexity (Planke et al., 20085),
where these zones were measured and analyzed using field data in previous
studies. In the literature, major hydrothermal vent complex characterization has
been ‘conducted using seismic data by applying coherence attributes to reveal
these structures (Svensen et al., 2003; Hansen, 2006; Kjoberg et al., 2017; Wang
et al, 2019}. In our case, we used seismic attributes such as variance, dip
illumination, and co_sine of phase to distinguish the disturbed zones from the fluid
pipes and the host rock in thelseism.i'c daté (Figs. 8, 9 10, and 11), but even with

this, it is impossible to define the internal vent zones as other previous studies

{McDonnell et al., 2007; Magee et al., 2016, Mituku and Omosanya, 2020; Chen .
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et al., 2021). Therefore, the data resolution still limits the characterization of fluid

pipe zones in the seismic data.

Coherence attributes élone can highlight other geoclogical features
besides faults {e.g., channel edges) or arlifacts, and thérefore need to be
geologically validated. in our fluid pipes interpretation, it is evident that the fluid
pipe detection in seismic data and the seismic attributes applied, such as
variance and dip illumination, are particularly sensitive to these discontinuities
(Figs. 8, 9, 10, and 11). We used seismic data from a shallow sedimentary
package of the Potiguar Basin.onshore portion, which presents noise or Ni areas
close to the surface or inside the basement, making the geometric
characterization of the vents difficult. Among various seismic attributes, those that
emphasize discontinuities between seismic reflectars or geological horizons are
the most suitable ones for imaging faults (Chopra and Marfurt, 2005; Di et al.,
2019; Libak et al, 2017; Oliveira et al., 2023) and vent complex areas as
disturbed zones. However, the presence of noise poses a significant chalienge
and js very impacted to noise and no disturbance of the refiectors, as it can
adversely affect the accuracy and reliability b’f'ééismic'attr'ibtrz.te results (Cohen et

al., 2006; Hale, 2013; Wu et al.,, 2019).
6. CONCLUSIONS

Our results demonstrate that hydrothermal vent development in the

Potiguar Basin is fundamentally controlied by fault activity, particularly the Afonso

Bezerra Fault System. The strongly elliptical and elongated vent geometries -~

aligned with fault trends contribute to the previous models that attribute vent

formation solely to hydraulic fracturing from ‘igneous intrusions, Instead, we =~

propose a hybrid model where faults act to guide the fluid pathways, modify . = -
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permeability, and change the vent morphology. Fault zones not only localize

vents but also enhance reservoir-scale permeability, with implications for
hydrocarbon migration and hydrothermal mineralization.

The association of vents with regional fault systems suggests their
formation is intrinsically linked to the basin's rift-related tectonic framework. This
aligns with giobal analogs (e.g., ‘Gulf of Mexico, North Sea}, where vents develop
along fault zones in magmatically active basins. The Potiguar Basin's silicified
breccias and magmatic events (e.g., Macau and Serra do Cud) further support a
tectonic-magmatic interplay in the vent development.

While seismic attributes (variance, dip illumination, and cosine of phase)
effectively delineate vent boundaries and disturbed zones, they cannot resolve
internal vent zonation (e.g., inner/outer zones) observed in the field studies.
Distont'énuitwbased attributes {e.g., coherence) are sensitive to vent structures
but require geclogical validation to distinguish vents from other features. Variance
and dip illumination proved most robust for mapping fault-vent relationships,
though noise in shallow sedimentary sections limits geometric precision. Data
resoluﬁon and near-usurface.noi‘se re;'nain kéy challenges, emphasizing the need
for integrated approaches combining seismic, well, and outcrop data.
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