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Abstract 

 

The structural and thermal evolution of upper oceanic crust in the 

western South Atlantic: insights from seismic velocities and 

hydrothermal models 

 

Dominik A. Kardell, Ph.D. 

The University of Texas at Austin, 2020 

 

Supervisor:  Gail L. Christeson 

Co-Supervisor: Sean P.S. Gulick 

 

The evolution of oceanic crust plays an integral role in global heat flow, 

geochemical cycles, and in shaping the environmental conditions harboring the crustal 

biosphere. Because oceanic crust is normally buried beneath several kilometers of water 

and encompasses a vast area of the Earth’s rigid surface, spatially extensive and coherent 

geophysical data are difficult to acquire in the oceanic domain. Consequently, our current 

understanding of the evolution of oceanic crust is based on partially conflicting 

compilations of data that are acquired at different scales and using different methods.  

Here I present geophysical constraints from an extensive seismic dataset that 

continuously covers 0-70 Ma crust in the western South Atlantic. Analysis of regional 

seismic velocity trends in the upper crust shows a continuous increase in basement 

velocity to crustal ages of at least 58 Ma. This trend indicates an evolution of upper 
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crustal velocities that lasts significantly longer than measured or predicted by previous 

studies. The results provide evidence for ongoing hydrothermal circulation in relatively 

old upper crust, which is consistent with heat flow studies.  

To further test this concept, I used high-resolution seismic velocity models to 

estimate detailed porosity and permeability distributions that constrain models of 

hydrothermal fluid flow at five different crustal ages. The resulting advective and 

conductive surface heat fluxes are consistent with both predictions of heat flux by 

lithospheric cooling models and measured conductive heat flux at the seafloor. 

Additionally, computed hydrothermal volume fluxes largely agree with global estimates 

for the modeled crustal ages. The models are therefore consistent with a “sealing age” of 

~65 Ma, which is also inferred from a compilation of global heat flow measurements at 

the seafloor. 

Close to the Rio Grande Rise, an oceanic plateau west of the study area, a fine-

scale seismic velocity model reveals multiple large fault zones penetrating at least ~1.5 

km into the crust. These faults likely accommodate differential subsidence between 

thickened, warm oceanic plateau crust and cold oceanic crust. Modeled fluid fluxes are 

elevated along the interpreted fault zones and across the seafloor. Crust adjacent to 

oceanic plateaus may exhibit elevated levels of tectonic activity and fluid flow globally. 

The estimated global volume of fluid entering the ocean in this type of setting amounts to 

43 km3, which is ~2% of the hydrothermal flux in the axial region. This potentially has 

implications for global chemical cycles, the hydration of mature oceanic crust, and the 

oceanic crustal biosphere. 
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Chapter 1: Introduction 

The work presented in this dissertation aims to illuminate the evolution of oceanic 

crust from a geophysical perspective. Understanding this evolution is important because 

it incorporates large portions of global heat and geochemical fluxes (Elderfield & 

Schultz, 1996; Sclater et al., 1980; Stein & Stein, 1994). Yet, the interplay of conductive 

and hydrothermal cooling is not fully understood as seismic and heat flow studies deliver 

conflicting constraints on the longevity of hydrothermal cooling (Carlson, 1998; 

Grevemeyer et al., 1999; Stein & Stein, 1994). Part of this issue is the sparsity of spatially 

cohesive data that is contingent on the vast size of the oceans and the remoteness of 

potential study areas. In 2016, the Crustal Reflectivity Experiment Southern Transect 

(CREST) was acquired in the western South Atlantic along a continuous flow line at 

31°S. This 1,500 km-long seismic transect was designed to continuously image relatively 

undisturbed oceanic crust aged 0-70 Ma, potentially revealing its detailed nature and 

evolution. Using the CREST data, I carried out a series of geophysical analyses intended 

to resolve the physical processes affecting upper oceanic crust at different spatial and 

temporal scales. 

Chapter 2 includes the analysis of tomographic velocity models to disclose 

regional seismic velocity trends that provide insights into the nature of hydrothermal 

circulation in the upper oceanic crust. This part of the study was motivated by global 

compilations of upper crustal seismic velocity measurements that found no significant 

velocity increase at crustal ages older than ~10 Ma, concluding that hydrothermal 
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circulation does not affect upper crustal porosity beyond that age (Carlson, 1998; 

Grevemeyer et al., 1999). This result contradicts suppressed conductive heat flow 

measurements on the seafloor, which indicate that hydrothermal flow removes heat from 

the oceanic crust to ages of ~65 Ma (Hasterok et al., 2011; Stein & Stein, 1994), often 

referred to as the “sealing age.” Analysis of the CREST data shows a rapid increase in 

upper crustal seismic velocities at 0-6 Ma, which is roughly consistent with the cited 

seismic studies. Additionally, a more gradual increase is apparent up to ~58 Ma in the 

CREST area, which agrees with the cited heat flow studies. This result was a first step 

toward reconciling observations from seismic and heat flow studies, underscoring the 

importance of extensive, cohesive data coverage over large crustal age ranges. In addition 

to exploring regional velocity trends, Chapter 2 also examines upper crustal heterogeneity 

at different crustal ages, spreading rates, and profile orientations with respect to the Mid-

Atlantic Ridge.  

With Chapter 2 presenting the first seismic evidence for hydrothermal activity in 

relatively old oceanic crust, Chapter 3 tests this concept using numerical simulations of 

hydrothermal flow. Using empirical relationships from boreholes (Carlson, 2014), I 

derived porosity and permeability distributions from new high-resolution velocity models 

at five different crustal ages (i.e., 7, 15, 31, 48, and 63 Ma). These estimated physical 

property distributions were used to constrain hydrothermal flow models that provide 

conductive and advective heat flux, as well as hydrothermal volume flux. The computed 

flux values are consistent with various global estimates (Johnson & Pruis, 2003; Stein & 

Stein, 1994; Stein & Stein, 1992), including hydrothermal heat removal persisting to 
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crustal ages of ~65 Ma. Hence, Chapter 3 presents an additional line of evidence for 

continued hydrothermal activity in mature oceanic crust, offering a unified approach to 

incorporate constraints from different methodologies. The model locations coincide with, 

or are in close proximity to, the planned primary drill sites of IODP Expeditions 390 and 

393. The modeled fine-scale seismic velocities, porosities, permeabilities, heat fluxes, 

and fluid fluxes thus form a regional framework within which future drilling results and 

other in situ measurements can be integrated.  

 Chapter 4 is inspired by anomalous seismic velocities observed in the oldest (~70 

Ma) tomographic velocity model presented in Chapter 2, which borders the Rio Grande 

Rise, a Cretaceous oceanic plateau west of the study area. Upper crustal seismic 

velocities in this area are remarkably homogeneous and exhibit a consistent westward 

decrease. I applied a novel variety of full-waveform inversion to obtain a seismic velocity 

model that resolves multiple large fault zones that penetrate at least ~1.5 km into the 

crust. These faults likely accommodate differential subsidence between the thickened, 

warm oceanic plateau crust and the cold oceanic crust. Employing a similar approach as 

in Chapter 3, I estimated physical property distributions to constrain a numerical model 

simulating fluid flow in the westernmost portion or the CREST transect. This model 

reveals increased fluid flux along the high-permeability faults zones resulting in average 

fluid fluxes entering the oceans that are several orders of magnitude larger than in non-

faulted upper crust of the same age. Assuming similar volumetric fluxes around oceanic 

plateaus and submarine ridges globally, estimated global fluxes in this type of setting are 

~2% of the flux in the global axial area. This number is unexpectedly high considering 
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that crust older than 65 Ma is predicted to host no substantial fluid exchange with the 

oceans (Johnson & Pruis, 2003; Stein & Stein, 1994). 

 The work presented in this dissertation provides new insights into the detailed 

upper crustal evolution in the western South Atlantic. Perhaps more importantly, it has 

significant implications for the evolution of oceanic crust globally. The regional seismic 

velocity, heat flow, and fluid flow results presented here match several global predictions 

(Hasterok et al., 2011; Johnson & Pruis, 2003; Stein & Stein, 1994) remarkably well and 

are consistent with a hydrothermal life span of ~65 Ma. Additional work is necessary to 

test whether these relationships apply at other locations globally. In situ studies such as 

ocean drilling will also be integral as they can provide ground truth for model results. 
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Chapter 2:  Long-Lasting Evolution of Layer 2A in the Western South 

Atlantic: Evidence for Low-Temperature Hydrothermal Circulation in 

Old Oceanic Crust1 

ABSTRACT 

Previous seismic studies suggest that hydrothermal processes are active only 

within young oceanic crust (<10–16 Ma). However, differences between measured and 

predicted heat flow at the ocean floor indicate that hydrothermal fluids may be 

transporting heat advectively in crust up to ages of 65 Ma. We report on seismic 

velocities of 0–70 Ma slow to intermediate spreading rate upper crust in the western 

South Atlantic. Thirteen high‐resolution 2‐D velocity models were built using traveltime 

tomography on ownward continued streamer data acquired during the Crustal Reflectivity 

Experiment Southern Transect. In the Crustal Reflectivity Experiment Southern Transect 

area, velocities at the top of seismic layer 2A increase rapidly from ~2.4 km/s at 0 Ma to 

~4.2 km/s at 6 Ma and then undergo a more gradual increase to ~4.9 km/s at 58 Ma. 

These new results resolve the long‐standing debate about the duration of interaction 

between ocean crust and seawater, providing seismic evidence for hydrothermal 

circulation continuing to crustal ages predicted by heat flow studies. Seismic layer 2B 

does not show a systematic off‐axis velocity trend but has an average value of 5.15 km/s. 

 
1Kardell, D. A., Christeson, G. L., Estep, J. D., Reece, R. S., & Carlson, R. L. (2019). Long‐ Lasting 

Evolution of Layer 2A in the Western South Atlantic: Evidence for Low‐ Temperature Hydrothermal 

Circulation in Old Oceanic Crust. Journal of Geophysical Research: Solid Earth, 124(3), 2252–2273. 

https://doi.org/10.1029/2018JB016925. Author contributions: D. Kardell – analyzed and interpreted data, 

prepared manuscript; G. Christeson – collected data, supervised research; J. Estep – provided seismic 

images and events; R. Reece – collected data, provided feedback; R. Carlson – provided feedback and data 

for comparison. 

https://doi.org/10.1029/2018JB016925
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We interpret this result to indicate that the hydrothermal system becomes too shallow to 

affect the physical properties of layer 2B shortly after crustal accretion. Upper crustal 

heterogeneity in ridge‐parallel profile orientation is more pronounced for crust accreted at 

slow spreading rates, compared to intermediate rates. This result is consistent with shorter 

magmatic segments at slower spreading rates, increasing the frequency of tectonic and 

magmatic accretion alternately occurring along the ridge. 

PLAIN LANGUAGE SUMMARY 

Previous studies of seismic velocities have suggested that hydrothermal processes 

are active only within young oceanic crust up to ages of ~10 million years, where the heat 

supply from underneath the spreading center is large enough to fuel them. However, 

differences between measured and predicted heat flow at the ocean floor indicate that 

hydrothermal fluids may be transporting heat from the crust into the overlying oceans up 

to crustal ages of 65 Ma. We show that seismic velocities of shallow crust in the western 

South Atlantic, between the Mid‐Atlantic Ridge and the Rio Grande Rise, increase 

significantly in relatively old oceanic crust. These results nicely match the heat flow 

observations and suggest that hydrothermal fluids may indeed circulate through the upper 

part of mature oceanic crust. We also estimate the rate at which oceanic crust has been 

formed in the past and investigate the continuity of upper oceanic crust at different 

spreading rates. Parallel to the spreading center, we find that slow spreading rates 

produce upper crust whose seismic velocities are less laterally homogeneous than at 
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intermediate rates. This is likely because the rate at which magmatic and fault‐aided 

extension alternate is generally higher at slower spreading rates. 

2.1 INTRODUCTION 

Crustal cooling by hydrothermal fluids circulating within the oceanic crust has 

been hypothesized ever since a discrepancy between predicted and measured heat flow on 

the seafloor was first observed (Bullard & Day, 1961; Lister, 1972; Sclater & Klitgord, 

1973; Von Herzen, 1959), comprising 34% of the predicted global oceanic heat flux 

(Stein & Stein, 1994). This hypothesis was partially supported when the first 

hydrothermal vents were discovered near the Galápagos Rift (Weiss et al., 1977). Since 

then, it has been widely accepted that advective heat transport in oceanic crust is 

responsible for a significant portion of the Earth's heat loss (e.g., Elderfield et al., 1999; 

Fisher & Becker, 2000; Langseth & Herman, 1981). However, the presence of 

hydrothermal vents near mid‐ocean ridges (MORs) only provides a partial explanation 

for the anomalously low heat flow measurements: Such venting does not explain the 

discrepancy between predicted and observed heat flow at older crustal ages. For example, 

Stein & Stein (1994) show in their analyses that 70% of the unaccounted heat flux occurs 

at crustal ages older than 1 Ma. Despite concerns over biases in heat flow measurements 

due to restricted sampling localities, it has been proposed that there is a shallow low‐

temperature hydrothermal system active at crustal ages up to 65 Ma that advectively 

transports heat from the crust into the oceans (e.g., Davis & Lister, 1977; Stein & Stein, 
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1994; Williams et al., 1974). However, low fluid temperatures and flow rates may make 

it difficult to discover the associated seepages beneath several kilometers of water. 

As a consequence of hydrothermal processes, the physical properties (e.g., 

seismic velocity, density, and porosity) of upper oceanic crust have been shown to 

depend on several first‐order factors including spreading rate, age, and sedimentation rate 

close to the MOR (e.g., Houtz & Ewing, 1976; Lin & Phipps Morgan, 1992; Rohr, 1994). 

Proximal to the ridge, heat emitted from partial melt zones and the shallow lithosphere‐

asthenosphere boundary (LAB) fuels high‐temperature hydrothermal circulation, which 

alters the composition of the young oceanic crust and reduces pore space and cracks 

created during crustal emplacement (Carlson, 2010; Grevemeyer et al., 1999; Parsons & 

Sclater, 1977; Staudigel, Hart, & Richardson, 1981; Tolstoy et al., 2008; Williams et al., 

1974). This crustal alteration, infilling of pore space, and change in crack morphology 

rapidly raises upper crustal seismic velocities, especially those of the extrusive layer 

comprising the uppermost portion of the crustal section (Carlson, 1998, 2010; 

Grevemeyer et al., 1999; Houtz & Ewing, 1976; Wilkens et al., 1991). Furthermore, Rohr 

(1994) and Nedimović et al. (2008) show that continuous sediment cover on young 

oceanic crust can accelerate this velocity increase by a factor of 2 compared to crust with 

sparse and intermittent sediment cover. Previous studies and seismic P wave velocity 

compilations of upper oceanic crust depict the increase in seismic velocities ceasing by 

crustal ages of either ~10 Ma (Carlson, 1998; Grevemeyer & Weigel, 1996) or ~16 Ma 

(Nedimović et al., 2008), implying that the physical processes driving this change cease 

to operate within the same time frame. 
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When studying the evolution of oceanic crust using active‐source seismic data, 

there often is an opportunity to additionally investigate crustal heterogeneity. Quantifying 

heterogeneity may provide clues on the continuity of magma supply and the modes of 

extension active at the MOR. Crustal accretion processes can vary along axis, especially 

at slow spreading rates. Fast spreading centers typically exhibit fairly continuous magma 

supply and a two‐dimensional (2‐D) plumbing geometry, whereas slow spreading centers 

are generally characterized by intermittent magma supply and a three‐dimensional (3‐D) 

plumbing geometry (Lin & Phipps Morgan, 1992; Parmentier & Phipps Morgan, 1990). 

These two scenarios entail different crustal accretion modes, where intermittent magma 

supply can lead to alternating phases of tectonic and magmatic extension, resulting in 

high levels of ridge‐normal heterogeneity (Behn & Ito, 2008; Kappel & Ryan, 1986; 

Tucholke & Lin, 1994). Parallel to the ridge, the primary control on upper crustal 

heterogeneity is the length of spreading segments, which is generally observed to be 

shorter (50–80 km) at slow spreading rates (Sandwell, 1986; Sandwell & Smith, 2009; 

Schouten et al., 1985). Because magmatism is focused near the center of each segment 

and tectonic extension dominates near the segment ends (Carbotte et al., 2015, and 

references therein), short segment length increases ridgeparallel levels of heterogeneity. 

While these processes and their impact have been studied extensively near MORs 

at a wide range of spreading rates, the evolution of physical properties in older oceanic 

upper crust remains poorly constrained, particularly in crust emplaced at slow spreading 

rates. This lack of temporal coverage and data density motivated acquisition of a more 

comprehensive data set. In 2016, the Crustal Reflectivity Experiment Southern Transect 
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(CREST) was conducted in the western South Atlantic, yielding unprecedented 

continuous seismic data coverage of crustal ages from 0 to 70 Ma. Here, we present 13 

two‐dimensional tomography models created from the CREST multichannel seismic 

(MCS) data, covering a wide range of crustal ages and slow to intermediate spreading 

rates, to test whether there is an ongoing evolution in the physical properties of upper 

oceanic crust at ages higher than ~10 Ma, as estimated by previous seismic studies. 

Furthermore, we quantify levels of heterogeneity and relate them to different spreading 

rates and orientations with respect to the ridge. Interpretations are aided by a detailed 

distribution of crustal ages and paleospreading rates that we derive from shipboard 

magnetic data. 

2.2 BACKGROUND 

2.2.1 Study Setting and Regional Tectonic Context 

The Crustal Reflectivity Experiment Southern Transect (CREST) MCS transect 

was acquired along a single flowline at 31°S, from ~12°W to ~28°W. As shown in Figure 

2.1, the transect extends from 7‐Ma crust 200 km east of the Mid‐Atlantic Ridge (MAR), 

across zero‐age crust, to 70 Ma old crust at the eastern edge of the Rio Grande Rise 

(RGR), an oceanic plateau whose formation ceased around 70 Ma (O'Connor & Duncan, 

1990). According to Ogg (2012), spreading half rates along the transect range from 13 to 

32 mm/year. Using the spreading rate classification by Perfit and Chadwick (1998), this 

range includes both slow (5‐ to 20‐mm/year) and intermediate (20‐ to 40‐mm/year) 

spreading half rates. The flowline is positioned between the Rio Grande Fracture Zone to 
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the north and the Cox Fracture Zone (Fox et al., 1991) to the south, with four 50‐ to 100‐

km‐long ridge segments in between. The CREST transect crosses one of these segments 

(Figure 2.1), largely avoiding anomalous features on the seafloor and within the crust. 

Magnetic lineations are relatively clear along the transect (Maus et al., 2009), facilitating 

an accurate calculation of seafloor ages and the associated spreading rates using CREST 

Figure 2.1: Study region in the western South Atlantic. Seafloor bathymetry derived from 

satellite altimetry and ship depth soundings (Smith & Sandwell, 1997) with newly acquired 

multichannel seismic lines in white. The spatial extent of our tomographic velocity models is 

shown in red, with model labels in white and black tick marks indicating model boundaries 

where coverage is continuous. The orange numbers indicate the age of the seafloor in million 

years, with orange dotted lines pointing to the respective locations along the transect. The 

approximate location of the Mid‐Atlantic Ridge is shown by the yellow dashed line. The inset 

outlines the location of the shown map in the South Atlantic in red. 
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shipboard magnetic data. Sediment cover is minimal close to the MAR, intermittent over 

large portions of the transect, and continuous in the westernmost part of the transect, 

reaching peak thicknesses of up to ~680 m close to the RGR. 

Several previous geophysical studies were focused on the MAR between 31°S 

and ~34.5°S. Carbotte et al. (1991) carried out 3‐D modeling of magnetic anomalies of 

the last 5 Myr and concluded that the eruption of fractionated strongly magnetized basalts 

at ridge‐axis discontinuities is responsible for magnetization highs located at the 

intersection of the MAR with both large‐ and short‐offset discontinuities. Analysis of 

shipboard gravity data by Kuo and Forsyth (1988) found high residual anomalies at two 

small offsets at 31.3°S and 32.5°S, which may be associated with thin crust generated at 

an oblique spreading center that has experienced restricted magma supply. Finally, Fox et 

al. (1991) present a synthesis of multinarrow beam, magnetics, and gravity data 

indicating that differences in the thermal and mechanical structure of the crust and upper 

mantle explain spatial variations in axial topography, curstal structure, and 

magnetization. Furthermore, they conclude that accretionary processes at this part of the 

MAR are 3‐D and that the morphology of a ridge segment is governed by the thermal 

structure of the mantle underneath, rather than by opening rate. 

The arrival of the Tristan Plume during the Cretaceous is commonly considered 

responsible for the breakup of West Gondwana and the emplacement of several large 

igneous provinces (LIPs) both on land and offshore (Campbell, 2007). Two of these LIPs 

are the RGR in the western South Atlantic and the Walvis Ridge in the eastern South 

Atlantic, two partially symmetric oceanic plateaus constituting major bathymetric and 
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structural features within their respective basins (Figure 2.1 inset). The asymmetric 

component between these two plateaus has been explained by the MAR migrating 

westward, leaving the Tristan Plume beneath the African plate and thereby ending 

formation of the RGR around 70 Ma (O'Connor & Duncan, 1990). In concordance with 

this timing, the thick oceanic crust formed by the RGR has been dated to be Late 

Cretaceous in age (Thiede, 1977). Additionally, a distinct Eocene phase of volcanism 

occurred on the western portion of the RGR (Camboa & Rabinowitz, 1984). The CREST 

seismic transect is located near the eastern RGR, where Eocene volcanism has not been 

reported and which is morphologically distinct from the western part of the oceanic 

plateau. Nevertheless, Late Cretaceous volcanism may have affected the thermal history 

of oceanic lithosphere and the crustal structure some distance to the east. 

2.2.2 Physical Processes Affecting Upper Oceanic Crust 

Geophysical studies, oceanic crust drill holes, and analysis of ophiolites have 

identified a system of processes shaping oceanic crust close to the spreading centers (e.g., 

Carbotte et al., 1998; Christeson et al., 1994; Kempner & Gettrust, 1982; Morgan & 

Chen, 1993; Nicolas et al., 1996; Wilson et al., 2006). It is widely accepted that far‐field 

stresses cause decompression melting beneath divergent plate boundaries, elevating the 

LAB to depths close to the seafloor beneath oceanic spreading centers (Bottinga & 

Allegre, 1973; Langmuir et al., 1992). As new oceanic crust is emplaced, magma erupts 

onto the seafloor forming the uppermost, extrusive layer of oceanic crust. At fast 

spreading rates, sheet flows are the predominant extrusive lithology, while at slow 
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spreading rates pillow lavas dominate (Perfit & Chadwick, 1998). Although seismic 

images may provide the resolution to distinguish between these different lithologies, the 

tomographic velocity models presented in this paper are not expected to image such 

details. The extrusive layer contains a relatively extensive population of pores and cracks, 

providing the necessary permeability for seawater to penetrate the top of the igneous 

crust and descend to depths at which temperatures are sufficiently high to drive the fluids' 

ascent back to the surface (Becker et al., 1989, and references therein; Stein & Fisher, 

2001; Hutnak et al., 2006; Fontaine & Wilcock, 2007; Fontaine et al., 2014). The 

discovery of “black smokers” on the seafloor (Weiss et al., 1977) provides evidence for 

this rigorous circulation of high‐temperature hydrothermal fluids near the ridges. 

Fluid circulation at a range of temperatures triggers alteration of the host rock 

close to the ridge axis, resulting in low or medium and sometimes even high‐grade 

metamorphism (Alt et al., 1996; Christensen & Salisbury, 1972; Gillis & Meyer, 2001; 

Hayman & Karson, 2007; Kempner & Gettrust, 1982; Liou, 1979; Salisbury & 

Christensen, 1978; Wilson et al., 2006). Also, precipitation of secondary minerals alters 

the morphology of pores and cracks, causing an increase of seismic velocities (Carlson, 

2010, 2014; Wilkens et al., 1991). Although involving lower temperatures, similar 

processes can occur several kilometers from the spreading center, where tectonically 

accommodated extension may elevate mantle material to shallow depths and result in 

serpentinization of olivine (Cannat et al., 1992; Lowell & Rona, 2002; Tucholke & Lin, 

1994). The heat emitted during this exothermic chemical reaction can fuel low‐

temperature hydrothermal circulation, with “white smokers” being the surface expression 
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(Kelley et al., 2001). Off‐axis hydrothermal activity not associated with serpentinization 

has also been directly observed on rare occasions (Fisher et al., 2003; Haymon et al., 

2005; Hutnak et al., 2006). No such direct observations are reported on oceanic crust 

older than ~4 Ma. However, a measured deficit of heat flow at the seafloor suggests that 

lowtemperature hydrothermal circulation persists to crustal ages of ~65 Ma (Stein & 

Stein, 1994). Furthermore, studies of heat flow and upper crustal permeability suggest 

that fluids may circulate through upper oceanic crust as old as 80 and 106 Ma, 

respectively (Embley et al., 1983; Fisher and Von Herzen, 2005; Von Herzen, 2004). 

While concentrated flow of hydrothermal fluids can locally cause seismic low‐velocity 

zones (Marjanović et al., 2017), upper crustal velocities are overall elevated by mineral 

precipitation from such flow. 

2.2.3 Layers of Oceanic Crust 

The evolution in physical properties of oceanic crust has historically been 

measured predominantly by active‐source seismic surveys, which can yield refracted 

arrivals containing information on its seismic velocity structure. Early studies involving 

this type of seismic data recognized that oceanic crust generally contains distinct layers 

with characteristic velocities (Raitt, 1963). While layer terminology has been debated, 

largely due to the use of constant‐velocity subdivisions in early models (e.g., Houtz & 

Ewing, 1976), oceanic crust today is commonly subdivided into layers defined by their 

vertical gradients in seismic velocity. In hydrothermally altered crust, which constitutes 

virtually all crust, lithologic layers may not correspond exactly to the layers observed in 
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seismic studies (Christeson et al., 2007). However, ophiolite stratigraphy and seismic 

velocities associated with specific oceanic lithologies (e.g., Kempner & Gettrust, 1982; 

Nicolas et al., 1996; Salisbury & Christensen, 1978) can be used to build a simplistic 

model, often hinted at by studies such as Grevemeyer et al. (1998): If present, sediment 

cover constitutes layer 1. Layer 2 consists of extrusive pillow basalts and sheet flows 

(2A) and underneath them intrusive sheeted dike complexes (2B); it has an average 

thickness of 2.11 km (Penrose Conference Participants, 1972; White et al., 1992). Layer 2 

overall exhibits a relatively strong vertical seismic velocity gradient as pore space 

decreases rapidly with depth. Layer 3 comprises lower crustal gabbros and ultramafic 

rocks, with an average thickness of 4.97 km (White et al., 1992); it generally exhibits a 

low vertical velocity gradient because magma solidification several kilometers beneath 

the sea floor does not allow for the formation of porous spaces (Spudich & Orcutt, 1980). 

During and shortly after emplacement of these lithologies, hydrothermal alteration 

processes may shift the boundaries of seismically observed layers 2A and 2B, 

complicating the correlation to the primary lithology discussed above (Christeson et al., 

2007). Nevertheless, a sharp velocity gradient can be observed at the base of layer 2A in 

young oceanic crust across the globe, independently from whether it may represent a 

geologic boundary or an alteration front (e.g., Christeson et al., 1992; Harding et al., 

1993; Herron, 1982; Nedimović et al., 2008; Rohr et al., 1988; Vera & Diebold, 1994). 

This strong velocity gradient often forms a triplication on seismic gathers (Figure 2.2a), 

which can be processed to image the 2A event marking the boundary between seismic 

layers 2A and 2B Figure 2.3; (Estep et al., 2018; Harding et al., 1993; Rohr et al., 1988; 
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Vera & Diebold, 1994). Houtz and Ewing (1976) suggest that the velocities of layers 2A 

and 2B become indistinguishable at 40‐Ma crust as pore space is filled in and layer 2A 

velocities approach those of the underlying layer 2B. A more recent seismic velocity 

Figure 2.2: (a) Regular shot gather. (b) Downward extrapolated shot gather, band‐pass 

filtered at 5–20 Hz. 
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compilation by Carlson (1998), however, suggests that layer 2A has seismic properties 

that are clearly distinguishable from the properties of layer 2B at all crustal ages and 

therefore persists as a distinct oceanic layer in the top portion of oceanic crust.  

 

 

  

Figure 2.3: (a) Uninterpreted constant vertical velocity stack of a portion of line 1D. (b) 

Same constant‐velocity stack with the interpreted two‐way traveltime distribution of the layer 

2A event shown in yellow. The values on the horizontal axis are synchronized with those 

given in Figure 6d. Vertical exaggeration at the seafloor is ~8. Modified from Estep et al. 

(2018). 
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2.2.4 Lateral Upper Crustal Heterogeneity 

Variations in crustal thickness have been suggested to be predominantly 

accommodated in the lower crust (layer 3), with recent studies at slow spreading centers 

showing significant thickness differences between segment centers and segment ends 

(Carbotte et al., 2015; Hooft et al., 2000; Seher, Crawford, et al., 2010; Tolstoy et al., 

1993). Due to the small thickness of layer 2 relative to the deep portion of oceanic crust 

(see section 1.2.3), its thickness variations do not significantly impact total crustal 

thickness. However, the heterogeneity of layer 2A thickness may provide clues about 

magma supply at the time of crustal emplacement (Hooft, 1996). 

High levels of heterogeneity can generally be observed in slow spreading rate 

upper crust due to two firstorder factors: short‐duration (~2 Myr) cycles oscillating 

between magmatic and amagmatic extension (Tucholke & Lin, 1994) and short (50–80 

km) spreading segments that can shift perpendicular to spreading direction (Sandwell, 

1986; Sandwell & Smith, 2009; Schouten et al., 1985). The magmatic/amagmatic 

oscillations result in ridge‐normal heterogeneity in extrusive layer thickness that is 

generally much more pronounced at slow spreading ridges than at fast spreading ridges; 

the latter commonly exhibit sheet‐like mantle upwelling (Lin & Phipps Morgan, 1992; 

Perfit & Chadwick, 1998), resulting in continuous magma supply and little heterogeneity 

within one spreading segment. Regional bathymetric and paleomagnetic data at the 

CREST study location suggests that crust formed in a relatively stable first‐order 

spreading segment that has not significantly shifted its location in the last ~70 Ma. In this 

part of our study, we focus on analyzing and discussing upper crustal heterogeneity at 
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slow versus intermediate spreading rates, while also addressing how heterogeneity in 

ridge‐parallel and ridge‐normal orientations compares within the area of study. 

2.3 METHODS 

2.3.1 Magnetic Anomalies and Spreading Rate 

We used shipboard magnetic data recorded during the CREST cruise to calculate 

crustal ages and the corresponding spreading rates. After filtering the raw magnetic data 

and subtracting the International Geomagnetic Reference Field (Thébault et al., 2015) for 

the location and date of acquisition, we identified a detailed record of magnetic isochrons 

between 0 and 70 Ma (Gee & Kent, 2007; Figure 2.4a). Our interpretations were guided 

by studies that previously identified magnetic anomalies in the South Atlantic close to the 

CREST area (Cande et al., 1988; Müller et al., 1999; Pérez‐Diaz & Eagles, 2014). We 

chose a relatively evenly spaced record of salient chrons to obtain a detailed but 

reasonably smooth spreading rate distribution (Figure 2.4b). Due to a prominent feature 

in the seafloor bathymetry that complicated the magnetic record within a large portion of 

tomographic model 1C (Figure 2.1), we leave a gap in the spreading rate curve at 40–44 

Ma. Another prominent bathymetric feature, likely a propagator wake, crosses the 

transect at ~20 Ma but does not seem to significantly disturb the magnetic record. 

2.3.2 Seismic Data and Synthetic Ocean Bottom Experiment 

The CREST cruise acquired ~2,700 km of 2‐D MCS data using the R/V Marcus 

Langseth in January–February 2016. The seismic data include a primary transect 
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continuously covering oceanic crust aged 0 to 70 Ma in a ridge‐normal orientation, with 

five additional ridge‐parallel lines at approximately 7, 15, 31, 49, and 61 Ma and two 

lines crossing the ridge parallel to the primary transect (Figures 2.1 and 2.4b). An array 

Figure 2.4: (a) Corrected magnetic intensity along the Crustal Reflectivity Experiment 

Southern Transect (black line) and young limits of interpreted magnetic chrons (vertical 

dashed gray lines). b) Spreading rate curve for Crustal Reflectivity Experiment Southern 

Transect calculated from corrected shipboard magnetic data shown in (a). Red segments 

indicate spreading rate‐age distribution of ridge‐normal tomographic velocity models; blue 

dots show spreading rates and crustal ages of ridge‐parallel models. Black tick marks show 

model boundaries in areas of continuous coverage. Dashed red lines indicate interpolated or 

extrapolated spreading rates. Gray lines show spreading rate‐age distributions from previous 

studies. 
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consisting of 36 air guns with a total volume of 6,600 in.3 was used to collect data with 

37.5‐mshot spacing, 12.5‐mreceiver spacing, 6.25‐m common midpoint (CMP) spacing, 

and 1,008 traces per shot gather. At a length of 12.6 km, the hydrophone streamer 

deployed to record these data was one of the longest used on academic cruises prior to 

2016 and therefore yielded excellent penetration depth of the recorded refracted waves.  

In order to perform traveltime tomography, first‐arrival traveltimes of crustal 

refractions were picked on individual shot gathers. Figure 2.2a shows a typical shot 

gather acquired during the CREST cruise, with first‐arrival refractions being clearly 

visible at offsets 6.5–12.6 km due to the abyssal water depth. The shallowest of these 

arrivals turn ~1 km below the basement surface and therefore provide little information 

about layer 2A velocities. Recent advancements have been made in streamer data 

processing that make inversion methods applicable to a much wider range of geologic 

environments and significantly facilitate the modeling process. Downward extrapolating 

seismic streamer data create a Synthetic Ocean Bottom Experiment (Arnulf et al., 2011), 

allowing refractions to be transformed into easily observed first arrivals at short offsets 

(Figure 2.4b). These first‐arrival refractions can provide constraints on layer 2A and layer 

2B velocities (Arnulf et al., 2014, 2011; Henig et al., 2012), with the resulting upper 

crustal velocity distribution being more detailed and comprehensive than presented by 

previous studies. In downward extrapolated shot gathers, energy arriving at very far 

offsets may be affected by artifacts similar to edge effects caused by seismic migration 

procedures. We therefore avoided far‐offset refractions exhibiting abnormal curvature, 

which frequently appear at offsets >11 km. Considering the rough seafloor topography in 
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portions of our study area, we chose the synthetic datum to be 150mabove the seafloor. 

Table A1 in the supporting information provides information on parameters used for the 

downward continuation code, which was devised by Arnulf et al. (2011). 

To obtain the prestack time‐migrated section shown in Figure 2.11a, we imported 

the raw seismic files into Paradigm seismic software and applied a 3‐ to 7‐, 100‐ to 120‐

Hz band‐pass filter as well as a 3‐ to 10‐Hz noise‐suppression filter. We then corrected 

for spherical divergence and applied multichannel gap deconvolution. Upon sorting shot 

gathers into CMP gathers, we performed interactive velocity picking every 50 CMPs to 

select normal moveout (NMO) correction velocities that best flatten coherent reflections 

within the sediment and the reflection at the igneous basement interface. Beneath this 

interface, we used a velocity model derived from CREST line 03 wide angle ocean 

bottom seismometer data. To mute water andNMOstretching, we interactively picked 

mutes on the NMO‐corrected CMP gathers. Finally, we used Kirchhoff prestack time 

migration to collapse diffractions and image dipping reflections at their correct locations 

in time.  

2.3.3 Seismic Streamer Tomography 

We used a ray tracing approach (Van Avendonk et al., 2001) and linear inversion 

of traveltime residuals (Van Avendonk et al., 2004) to build 13 high‐resolution 

compressional velocity models of the upper oceanic crust (Figures 2.5–7). We assumed a 

straight streamer and constant streamer depth since both streamer feathering and depth 

deviations were minimal during data acquisition. We generally limited each model to a 
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maximum of 2,000 shots per line (~87 km including the streamer length) because the 

picking process consumes a significant amount of time, which makes it difficult to build 

models along the entire ~2,700 km of data coverage. Eight of the 13 models image 

seismic velocities in the ridge‐normal orientation at a selected variety of ages and 

spreading rates (Figures 2.5 and 2.6). The other five models cover the ridge‐parallel lines, 

each spanning ~78 km (Figure 2.7). We first picked traveltimes of first‐arrival seismic 

refractions on downward continued shot gathers. For line 1A, whose shot gathers are of 

exceptional quality, we also picked clear basement reflections, which were used to invert 

for basement interface depth. Arrivals were picked on every tenth shot for all tomography 

models; tests with finer spacing lead to only minor differences in the resulting 

tomographic velocity models. 

Figure 2.8b displays representative starting models for the tomographic 

inversions. Three layers are featured in 12 out of 13 models: a water layer, a sedimentary 

section, and a crustal section from the sediment-basement interface downward. We do not 

include a sedimentary layer in model 1F due to minimal sediment cover. In all profiles 

but lines 1A and 1F, the basement interface was picked on migrated seismic reflection 

stacks (Estep et al., 2018) and implemented into the respective starting models as a 

constraint. Locally, the basement reflection was difficult to interpret because numerous 

diffractions were generated from its rough surface. In these challenging portions of the 

seismic data set, we picked the basement interface at the lowest reasonable two‐way 

traveltime (TWTT). This step was required to prevent convergence to unreasonably low 

upper basement velocities during the tomographic inversions. In all models but profiles 
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1A and 1F, the sedimentary section was assigned a constant velocity of 1.9 km/s, based 

on velocities estimated by tomographic inversion of the model 1A sediment layer.  

Once starting models are built, rays are traced through each model between 

sources and receivers (Figure 2.8b, bottom). The resulting residuals between observed 

and predicted traveltimes (Figure 2.8b, top) for each source‐receiver pair form the input 

for a linearized inversion. Ray tracing and tomographic inversion are run iteratively until 

a satisfactory velocity distribution is obtained. Between iterations, traveltime picks 

exhibiting abnormally poor data fits are corrected or possibly deleted if the corresponding 

shot gathers reveal insufficient data quality. The parameters used for ray tracing and 

tomographic inversion are listed in Table A2. 
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Figure 2.5: Ridge‐normal tomographic velocity models of young oceanic crust, with crustal 

age increasing right to left (east to west) in each panel and downward. White lines show 

sediment‐basement interface, if present; thick black dashed lines show estimated layer 2A to 

2B boundary; brown dots show depth‐converted layer 2A event. Black arrows indicate where 

midcrustal material may have been elevated by extension at the spreading center. Spatial 

extent of plotted velocities shows seismic ray coverage. (a) Line 1F East, 0–2.5 Ma. Black 

dotted line indicates onset of westward overlap with line 1F West, occurring at 1.8 Ma. (b) 

Line 1F West, 1.8–6.5 Ma. Black dotted line indicates the onset of eastward overlap with line 

1F East, occurring at 2.5 Ma. (c) Line 1E East, 6.5–11 Ma. Black dotted line indicates the 

onset of westward overlap with line 1E West, occurring at 10.3 Ma. (d) Line 1E West, 10.3–

14 Ma. Black dotted line indicates the onset of eastward overlap with line 1E East, occurring 

at 11 Ma. Profile locations shown in Figure 1. Depths are in kilometers below sea level. 

Vertical exaggeration is ~6. 
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Figure 2.6: Ridge‐normal tomographic velocity models of older crust. Left to right is west to 

east. Annotations as for Figure 5. (a) Line 1D, 18–22.6 Ma; (b) Line 1C, 41.5–44 Ma; (c) Line 

1B, 55.5–61 Ma; and (d) Line 1A, 66.5–71 Ma. Black dashed line shows 5.16‐km/s contour 

on models 1A and 1B, obtained by averaging upper layer 2B velocities from lines 1C‐1F East. 

Vertical exaggeration is ~6. 
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Figure 2.7: Ridge‐parallel tomographic velocity models. Left to right is south to north. 

Annotation as in Figure 5. Black dashed lines show 5.16‐km/s contour, obtained by averaging 

upper layer 2B velocities from lines 1C‐1F East. (a) Line 01, 6.6 Ma; (b) Line 02, 15.2 Ma; 

(c) Line 03, 30.6 Ma; (d) Line 04, 49.2 Ma; and (e) Line 05, 61.2 Ma. Vertical exaggeration is 

~6. 
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Figure 2.8: (a) Downward continued shot gathers with interpreted refracted first arrivals (red) 

and basement reflection (cyan). An automatic gain control filter with a gate length of 1,000 

ms was applied. (b) Top: comparison between observed (blue) and calculated (red) two‐way 

traveltimes for shot shown in (a) after first iteration of ray tracing. Bottom: section of the 

starting model corresponding to same shot with refracted ray paths. (c) Top: comparison after 

final iteration of ray tracing and tomographic inversion for same shot. Bottom: section of the 

final velocity model corresponding to same shot with refracted ray paths. Depths are in 

kilometers below sea level. 



 32 

2.3.4 Measuring Velocities and Estimating Layer Thickness 

To measure upper layer 2A velocities, we extracted velocities from the grid point 

just below the top of basement from our tomographic velocity models in lateral 1‐km 

increments. We tested whether averaging the first five grid points below the top of 

basement yielded significantly different values, but this was only the case near the 

spreading center, where the vertical velocity gradient is very high. In profile 1F East, 

where no sedimentary layer was included in the starting model, upper layer 2A velocities 

were extracted at the top of the crustal layer. Figure 2.9 shows these extracted velocities 

as both single values and averages for each tomography model. Averages and their 

standard deviations are also listed in Table 2.1.  

The smoothing nature of the tomography method does not produce a sharp vertical 

velocity gradient near the bottom of layer 2A. We therefore used the layer 2A event 

imaged in coincident seismic reflection profiles 1C‐1F (Estep et al., 2018) to estimate 

layer 2A thickness and upper layer 2B velocity averages for the ridgenormal models. 

Previous studies have shown that the layer 2A event coincides with the boundary 

between seismic layers 2A and 2B (Harding et al., 1993; Vera & Diebold, 1994). We 

convert the TWTTs of the 2A event to depth using vertical velocity profiles extracted 

from our tomography models and plot these as brown dots in Figures 2.5 and 2.6. We 

then extract the velocities corresponding with every 2A event pick from the tomography 

models and average them for the extent of each model to determine the velocity contour 

that best matches the layer 2A/2B boundary for each profile. These contours are the 

visual proxy we provide for the layer 2A/2B interface in each velocity profile, and are 
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shown as dashed black lines in Figures 2.5–7. The corresponding averages of top layer 

2B velocity and layer 2A thickness are also listed in Table 2.1. Where Estep et al. (2018) 

Figure 2.9: (a) Upper layer 2A and upper layer 2B velocities measured in 1‐km increments 

along the Crustal Reflectivity Experiment Southern Transect, extracted from our tomographic 

velocity models. For reference, top layer 2A velocities from Carlson (1998) are also shown. 

(b) Upper layer 2A velocities from young crustal ages (0–14 Ma) from the Crustal 

Reflectivity Experiment Southern Transect area and velocity gradients from the Juan de Fuca 

Ridge (dash‐dotted and dotted lines; Nedimović et al., 2008). Error bars show one standard 

deviation for velocity averages derived from each tomography model. 
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do not image the layer 2A event, we use 5.16 km/s, an average determined from lines 1B‐

1F, as the velocity contour approximating the layer 2A/2B boundary.  

2.3.5 Resolution Test 

To test the resolution of our tomographic velocity models, we followed the 

checkerboard procedure presented by Zelt (1998), adding velocity anomalies of 5% in 

four different patterns to our final velocity models of line 1A and line 1F. Three separate 

resolution tests were carried out for anomalies sized 10 × 1, 5 × 0.5, and 2.5 × 0.25 km, 

respectively. After performing ray tracing through the models with these velocity 

anomalies, the calculated refraction traveltimes were extracted and assigned random 

Gaussian noise to simulate the uncertainty of our picks. We then carried out three 

iterations of ray tracing and tomographic inversion on each model to arrive at the 

respective best fit models. Semblance distributions of the four different anomaly patterns 

were stacked for each line and then plotted to visualize how well our tomography method  

Table 2.1: Data for each tomographic velocity model. 
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Figure 2.10: Semblance plots for the resolution test carried out on line 1A. Anomaly sizes 

shown in upper right corners. Depths are in kilometers below sea level. Vertical exaggeration 

is ~10. 
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resolves different anomaly sizes. As shown in Figure 2.10, the streamer tomography 

method used on every tenth shot of the CREST MCS data resolves features of size 10 km 

× 1 km and 5 km × 0.5 km throughout the entire depth range of ray penetration but can 

resolve 2.5‐km × 0.25‐km features only in the uppermost ~200 m below basement. 

Similar results are found for resolution tests of both line 1A and line 1F. See supporting 

information Figures A1–A6 comparing imposed anomalies with recovered anomalies of 

all tested sizes on models 1A and 1F.  

2.4 RESULTS 

2.4.1 Distribution of Spreading Rates 

Figure 2.4 presents the spreading half rates we calculated from shipboard 

magnetic data. Perfit and Chadwick (1998) classify slow spreading half rates as <20 

mm/year and intermediate spreading half rates as 20-40 mm/year. According to this 

classification, spreading rates in our study region are slow from 0 to 11 and 48 to 69 Ma 

and intermediate from 11 to 48 and 69 to 70 Ma. The gap in spreading rates at 40–44 Ma 

is associated with a prominent feature in the seafloor bathymetry that complicated the 

geomagnetic record.  

Around 12 Ma, we observe a significant spike in spreading half rate reaching 31 

mm/year that coincides with a series of seamounts that are apparent on the bathymetry 

map (Figure 2.1). We estimate the modern MAR spreading half rate at 30°S to be around 

15 mm/year. Previously published spreading rate distributions covering the CREST area 

(Müller et al., 2008; Ogg, 2012; Perez‐Diaz & Eagles, 2017) offer various degrees of 
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detail (Figure 2.4). While the global grid by Müller et al. (2008) provides relatively 

constant spreading rates for periods of time averaging ~10 Myr, the regional grid by 

Perez‐Diaz and Eagles (2017) displays large fluctuations including both positive and 

negative >10‐mm/year half‐rate spikes in less than 1 Myr. The degree of detail offered by 

the spreading rate distribution published by Ogg (2012) is comparable to that of our 

curve. However, the rates determined for their synthetic flowline are not always in good 

agreement with our results, with several >5‐mm/year half‐rate disagreements (Figure 

2.4). 

2.4.2 Evolution of Upper Crustal Velocities From 0 to 70 Ma 

Figure 2.9b displays results from 0 to 14 Ma: from 0‐ to 2‐Ma velocities show a 

lot of scatter, with values of 2–3.5 km/s, while from 2‐ to 14‐Ma velocities have values of 

3.5–4.5 km/s. We calculated a fifth‐order polynomial function v(t) = − 3.2742 × 10-5 t5 + 

0.0012 t4 − 0.0141 t3 + 0.0204t2 + 0.4695 t + 2.3331 (thick black line in Figure 2.9b) that 

provides the best fit to young CREST basement velocities, with values increasing rapidly 

from 0 to 2 Ma, more gradually from 2 to 6 Ma, and remaining relatively constant from 6 

to 14 Ma. A local velocity low of 4 km/s is apparent at 12 Ma. Figure 2.9a displays 

results from 0 to 70 Ma. At this age range our results show that velocities increase from 

~2.4 to ~4.2 km/s within the first 6 Myr after crustal formation, and from ~4.2 to ~4.9 

km/s at ages of 6–58 Ma. We can fit the regional trend of 0‐ to 70‐Ma crust by the 

logarithmic function v(t) = log29t + 3.4, where t is crustal age in million years. This 

logarithmic curve 
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is an “eyeball” fit that stays within one standard deviation in 11 out of the 13 presented 

top layer 2A velocity averages, perhaps representing a good regional approximation in 

the vicinity of the study site. Layer 2B velocities show no clear trend with crustal age, 

with an average of 5.15 km/s (black diamonds in Figure 2.9a). 

2.4.3 Heterogeneity at Different Spreading Rates and Profile Orientations 

The ridge‐normal tomography models displayed in Figures 2.5 and 2.6 exhibit 

different levels of heterogeneity in layer 2A seismic velocity and thickness. Visually 

comparing our velocity models of crust formed at slow versus intermediate rates, it 

appears that slow spreading rate upper crust can exhibit higher levels of heterogeneity 

than crust formed at intermediate spreading rates. For example, the layer 2A/2B boundary 

contour (black dashed line in Figures 2.5–7) is relatively smoothly varying in profile 1C, 

accreted at spreading half rates of ~24 mm/year (Figure 2.6b), while it is more chaotic in 

line 1B, accreted at spreading half rates of ~14 mm/year (Figure 2.6c). However, plots of 

layer 2A thickness (Figures A7–A9) show that heterogeneity along these profiles may not 

be significantly different. To quantify heterogeneity, we compared the standard 

deviations of layer 2A thickness and upper layer 2A velocities from slow and 

intermediate spreading rate crust where the layer 2A event was observed (Table 2.2). 

Results from line 1A were not included in these analyses because of anomalies in 

velocity and thickness distribution (see section 5.3). For standard deviation of upper layer 

2A velocity in the ridge‐normal orientation, slow spreading tomography models yield 

0.33 km/s, whereas intermediate spreading models yield 0.32 km/s. Transitional models 
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covering both classifications have a standard deviation of 0.27 km/s for upper layer 2A 

velocity. For layer 2A thickness, ridge‐normal models of slow spreading rate crust yield a 

standard deviation of 199 m, while models of intermediate spreading rate crust produce a 

higher standard deviation of 207 m. Transitional models that cover both slow and 

intermediate spreading rate crust yield a value of 223 m. These statistics for ridge‐normal 

profiles do not provide any evidence for slow spreading rate upper crust in the CREST 

area being more heterogeneous than intermediate spreading rate upper crust in terms of 

both layer 2A thickness and upper layer 2A velocity.  

As opposed to the ridge‐perpendicular velocity models, ridge‐parallel profiles 

yield significantly higher standard deviations of basement velocity for slow spreading 

rate crust (0.39 km/s) than for intermediate spreading rate crust (0.27 km/s). The same is 

true for standard deviations of ridge‐parallel layer 2A thickness: Values for slow 

spreading crust (264 m) are higher than for intermediate spreading crust (176 m). 

Combining values of ridge‐normal and ridge‐parallel profile orientations yields upper 

layer 2A velocity standard 

Table 2.2: Proxies for lateral upper crustal heterogeneity. 
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deviations of 0.35 and 0.30 km/s and layer 2A thickness standard deviations of 225 and 

194 m, for slow and intermediate spreading rate crust, respectively. In terms of absolute 

values, top layer 2A velocities are consistently lower in ridge‐parallel models, compared 

to ridge‐normal models (Figure 2.9a). 

2.5 DISCUSSION 

2.5.1 Velocities in Young Upper Crust 

In Figure 2.9b we display basement velocities from 0 to 14 Ma from our study. 

Velocities increase rapidly at 0–2Ma from ~2.4 to ~3.3 km/s, more gradually at 2–6Ma 

from ~3.3 to ~4.2 km/s, and stay relatively constant from 6 to 14 Ma at ~4.1 km/s. 

Velocity distributions in young oceanic crust have previously been studied in great detail 

at ages ranging between 0 and ~10 Ma (Arnulf et al., 2012, 2011; Carlson, 1998; 

Christeson et al., 2012; Grevemeyer & Weigel, 1996, 1997; Hussenoeder et al., 2002; 

Seher, Singh, et al., 2010). These studies commonly show rapidly increasing layer 2A 

velocities within the first ~10 Myr of crustal age and no significant velocity increase 

thereafter, independent from spreading rate. Figure 2.9b shows that similar conclusions 

would be drawn for the CREST transect if data coverage was limited to <14 Ma. In fact, 

our results for young crust largely agree with those of previous compilations (Carlson, 

1998; Grevemeyer & Weigel, 1996), with no systematic velocity increase beyond ages of 

~6 Ma. 

A pattern that is particularly well documented at the Juan de Fuca Ridge (JFR) is 

the accelerating effect continuous sediment cover appears to have on the increase of layer 
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2A velocities close to the spreading center (Nedimović et al., 2008; Rohr, 1994). 

Nedimović et al. (2008) carried out detailed velocity analyses, comparing the eastern 

ridge flank with a continuous, sealing sediment cover (up to a few kilometers thick) and 

the western ridge flank, which is covered by thin sediments pierced by many basement 

highs. Velocities on the western, sparsely sedimented flank increase from 2.4 km/s at 

zero‐aged crust to 4.3 km/s at 16 Ma, whereas on the eastern, heavily sedimented flank, 

the same velocity increase occurs in only 7 Myr. Comparing our results to the velocity 

gradients calculated in Nedimović et al. (2008, Figure 2.9b), we find that the trend 

observed in the CREST data appears to compare well with the quickly increasing 

velocities at the sediment‐rich flank of the JFR, and not its sediment‐poor flank. This 

observation is unexpected because young crust in the CREST area exhibits minimal, 

discontinuous sediment cover. It is also formed by slower spreading rates than crust at the 

JFR. Since higher heat supply is expected at faster spreading rates, fueling more vigorous 

hydrothermal circulation (Baker et al., 1996), one would anticipate velocities to increase 

faster at higher spreading rates. Therefore, based on our results, we conclude both 

spreading rate and the nature of ridge‐proximal sediment cover may not necessarily be 

primary factors controlling the rate of increase in upper crustal velocities. Instead, there 

may be other important factors increasing the heat supply, which is necessary to fuel 

large 

volumes of hydrothermal alteration and mineral precipitation. Elevated ridge bathymetry 

(Canales et al., 1997; Hooft & Detrick, 1995; Sempere et al., 1996; Sempéré & Cochran, 

1997) and relatively low Bouguer gravity anomalies (Cochran & Sempéré, 1997) at the 
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MOR have both been linked to increased melt supply. It is therefore puzzling that 

bathymetry and gravity data covering the CREST segment of theMARdo not provide any 

obvious evidence for a recent long‐lasting pulse of magmatic extension that could have 

supplied the necessary heat to drive a rapid increase in seismic velocities. It remains to be 

explored why the sediment‐starved velocity gradients observed at the JFR do not match 

our observations in the CREST segment of the MAR. Alternative explanations for a 

relatively rapid increase of top layer 2A velocities in the study area may include elevated 

mantle temperature and increased fault‐induced permeability facilitating high volumes of 

hydrothermal flow. High permeability may be caused by periodically elevated rates of 

tectonic extension at slow spreading rates. However, a high-resolution investigation of 

upper crustal permeability will be necessary to test this idea. 

2.5.2 Velocities in Old Upper Crust 

Although previous studies suggest that the large‐scale evolution of upper crustal 

seismic velocities concludes by crustal ages of 10 Ma (Carlson, 1998; Grevemeyer & 

Weigel, 1996) or 16 Ma (Nedimović et al., 2008), we observe an ongoing increase in 

velocities to at least 58 Ma in the CREST area. Upper layer 2A velocities rapidly reach 

values of ~4.2 km/s by 6 Ma, fall to a local low of 4 km/s at 12–15 Ma, and then slowly 

rise to ~4.9 km/s at 58 Ma (Figure 2.9a). This ongoing evolution of upper layer 2A 

velocities in the CREST region raises a fundamental question: What physical processes 

are responsible for the velocity increase continuing to mature crustal ages? From 

borehole and ophiolite observations, we know that hydrothermal fluids alter oceanic crust 
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and precipitate secondary minerals within cracks and pores (e.g., Alt et al., 1986; Harris 

et al., 2017; Nicolas et al., 2003), evidently raising associated seismic velocities (Carlson, 

1998, 2011; Grevemeyer et al., 1999; Grevemeyer & Weigel, 1997; Houtz & Ewing, 

1976; Rohr, 1994; 

Wilkens et al., 1991). Compilation studies of upper crustal seismic velocities have 

suggested that this process is active only relatively short distances from the ridge 

(Carlson, 1998; Grevemeyer & Weigel, 1996) where partial melt zones, the shallow 

LAB, or exothermic heat derived from serpentinization can supply sufficient heat to drive 

it (Parsons & Sclater, 1977; Staudigel, Muehlenbachs, et al., 1981; Van Ark et al., 2007). 

However, data coverage has been sparse at older crustal ages, making it difficult to 

thoroughly test the hypothesis of constant layer 2A velocities. Figure 2.9a shows that the 

range of upper layer 2A velocities at older ages in the CREST area can be quite large 

(averages vary by ~0.5 km/s between 58 and 61 Ma) and that a lower number of data 

points could possibly lead to a very different interpretation of results. For example, if the 

oldest two ridge‐normal velocity models were unavailable, it would appear reasonable to 

conclude that there is no ongoing evolution of older upper oceanic crust along the 

CREST transect. Another example of data sparsity complicating the interpretation of age 

trends is velocity data from the MAR compiled by Grevemeyer and Weigel (1996). These 

data display consistently increasing layer 2A velocities between crustal ages of 10 and 

140 Ma. Based on sparse data coverage and higher velocities measured at younger ages, 

however, the authors did not interpret this distribution as an ongoing velocity increase. 

Instead, they interpreted the observed pattern as an insignificant increase in velocity, in 
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keeping with results from the East Pacific Rise (Houtz & Ewing, 1976), where data 

coverage at old crustal ages was more comprehensive. 

Compared to results from upper crustal velocity studies, heat flow measurements 

on the ocean floor paint a less ambiguous picture. The discrepancy of heat flow measured 

at the ocean floor and predicted by conductive plate cooling models persisting up to ~65 

Ma provides evidence for hydrothermal circulation indeed affecting older oceanic crust 

(Stein & Stein, 1994). However, these results stand in contrast with the previously 

addressed lack of evidence for an increase in upper crustal seismic velocities, which 

would be expected in the case of hydrothermal fluids circulating through the associated 

rocks. Fisher and Becker (2000) suggest that this contradiction can be reconciled by the 

concept of channelized flow in older crust, leaving physical properties, including bulk 

permeabilities and seismic velocities, largely unaffected. According to their model, 

lateral crustal heterogeneity causes fluid fluxes to predominantly occur through primary 

channels, with fluxes away from these channels being much smaller. The authors suggest 

that elevated permeabilities of these narrow channels significantly affect measurements 

of neither regional seismic velocity nor local borehole permeability. Yet the clearly 

observable long‐lasting evolution of upper layer 2A velocities found in our study 

provides evidence for hydrothermal processes indeed being capable of significantly 

impacting the large‐scale physical properties of older oceanic crust. 

We suggest that the increase in upper crustal velocities to ages of >58 Ma may be 

explained by a shallow, low‐temperature hydrothermal system circulating through 

remnant pores and cracks in the extrusive section of older oceanic crust. This presumably 
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shallow and slow‐flowing system may be fueled by driving forces outlined by Fisher and 

Becker (2000), including differences in fluid viscosity, pressure, and formation 

permeability, that exist despite equilibrating processes acting in the oceanic crust for 

millions of years. Von 

Herzen (2004) and Fisher and Von Herzen (2005) have shown that the permeability in the 

upper few hundred meters of old oceanic crust may be sufficient to allow for such fluid 

circulation. They suggest that the decrease in upper crustal permeabilities occurs rapidly 

at young crustal ages but then slows down considerably, allowing for continued 

hydrothermal circulation in crust up to 106 Ma at the Madeira Abyssal Plain (offshore 

Portugal) and likely other abyssal environments globally. If fluid flow within this system 

occurs along distinct channels, as proposed by Fisher and Becker (2000), it is evidently 

not constrained to a small enough volume of rock to leave upper layer 2A velocities in 

the CREST area unaffected at old ages. Sparse sediment cover along the CREST transect 

exposes a large number of basement outcrops potentially serving as inflow and outflow 

zones, which may be a requirement for the type of hydrothermal flow discussed here. 

Since the distribution of sediment cover can differ vastly in the ocean basins globally, we 

are uncertain how universally valid our results are. 

Upper layer 2B velocities (black diamonds in Figure 2.9a) do not increase like 

upper layer 2A velocities do. Averages we extract from each tomography model scatter 

around 5.15 km/s, without any apparent trend with crustal age. It is possible that layer 2B 

velocities rapidly increase, eliminating any remnant porosity within ~0.5 Myr (Newman 

et al., 2011). However, our technique of extracting layer 2B velocities does not permit a 
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test of this hypothesis because the 2A event in the CREST area is not consistently 

observed in immediate proximity to the ridge (Figure 2.5a; Estep et al., 2018). What we 

can say is that no systematic increase in velocities at the top of layer 2B can be observed 

at a regional scale in the area of our study. This result suggests that any off‐axis 

hydrothermal systems do not penetrate crustal depths associated with layer 2B at ages >1 

Ma. Furthermore, our results show that layer 2A persists at older crustal ages in the 

CREST area as a distinct layer topping the oceanic crust. This is shown in part by 

averaged upper layer 2A velocities never reaching values typical of layer 2B throughout 

the entire age range (0–70 Ma; Figure 2.9a). Additionally, the presence of the 2A event 

up to crustal ages of ~48 Ma (Figures 2.5a‐5d and 2.6a‐6b; Estep et al., 2018) requires a 

strong velocity gradient at the bottom of layer 2A, indicating a layered architecture of the 

upper crust that persists at ages considered mature. 

2.5.3 Spreading Rate, Lateral Heterogeneity, and Accretion Style 

Slow spreading rate upper crust parallel to the MAR exhibits higher standard 

deviations for both layer 2A thickness and upper layer 2A velocity than intermediate 

spreading rate crust in the CREST area (Table 2.2). Our statistical analysis indicates that 

this is not the case for profiles running perpendicular to the ridge, for which these two 

parameters yield similar values for slow and intermediate spreading rate crust. These 

results indicate that slow spreading rate crust in the CREST area is, on average, more 

heterogeneous than intermediate spreading rate crust in the ridge‐parallel orientation 

only. Numerical experiments (Parmentier & Phipps Morgan, 1990) and analysis of 
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gravity data near MORs of various spreading rates (Lin & Phipps Morgan, 1992) suggest 

that mantle flow and melting beneath slow spreading ridges occur in plume like, 3‐D 

form, while at faster spreading ridges these processes occur in a more sheet‐like, 2‐D 

manner. It is thus likely that a more continuous fashion of ridge‐parallel accretionary 

processes, such as magmatism, at intermediate spreading rates is responsible for creating 

a more laterally homogeneous layer 2A in the CREST area than at slow rates. Another 

factor that may be responsible for our ridge‐parallel observations is shorter magmatic 

segment length at slow spreading rates than at intermediate spreading rates. Although we 

do not test the relationship between paleo-segment length and spreading rate in this study, 

it is a globally 

observed phenomenon (Sandwell, 1986; Sandwell & Smith, 2009; Schouten et al., 1985) 

that likely occurred in the CREST area, increasing the spatial frequency of magmatic and 

tectonic extension alternately accreting crust along the MAR at slow spreading rates. 

Levels of ridge‐perpendicular and ridge‐parallel heterogeneity overall are 

comparable in the area of study, with standard deviation of upper layer 2A velocity 

averaging 0.32 and 0.34 km/s, respectively. Standard deviations of layer 2A thickness 

average 205 km/s for ridge‐normal models and 229m for ridge‐parallel models. These 

slight differences may indicate that alternating pulses of magmatic and tectonic extension 

(Tucholke & Lin, 1994) produce less lateral variability in ridge‐normal orientation than 

spreading segment architecture (Carbotte et al., 2015, and references therein) does along 

the ridge. However, the statistical differences are negligible for velocity, very small for 

thickness, and may therefore not be significant. We therefore suggest that ridge‐normal 
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and ridge‐parallel levels of heterogeneity in the CREST area are similar. This observation 

may be surprising because short segment lengths are well documented along slow and 

intermediate spreading centers (Sandwell & Smith, 2009), which are inferred to imply 

small‐scale magmatic segmentation (Carbotte et al., 2015). These relatively frequent 

changes in spreading properties along slow and intermediate spreading ridges should in 

theory leave a highly heterogeneous record in upper oceanic crust parallel to the ridge. 

However, bathymetry in the CREST area suggests a relatively stable spreading segment 

during the investigated time window (0–70 Ma), with minimal apparent ridge‐parallel 

migration of spreading segments. The upper crustal signature of small‐scale segmentation 

and segment migration along the ridge may therefore not be very pronounced along the 

CREST transect. If this is the case, it is possible that our results of similar ridge‐

perpendicular and ridge‐parallel heterogeneity are not representative of slow and 

intermediate spreading rate crust globally.  

Many ridge‐perpendicular tomography models locally show high‐velocity zones 

near the inward facing (eastward dipping) slopes of local basement highs (solid black 

arrows in Figures 2.5 and 2.6). We interpret these high-velocity zones as the footwalls of 

inactive inward facing normal faults. Close to the spreading center, these faults likely 

elevated mid-crustal material toward the seafloor in times of tectonic extension. The 

high‐velocity zones contribute to a more laterally heterogeneous distribution of layer 2A 

and indicate an increased fraction of tectonic extension. Future studies involving higher‐

resolution velocity models and seismic images of the upper crust may shed light on the 

detailed fault geometry and distribution at different spreading rates.  
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Slow spreading rate upper crust of the CREST transect closest to the RGR (line 

1A) is characterized by a thick sedimentary section (up to ~680 m) and anomalously 

thick layer 2A in the westernmost part. Furthermore, basement velocities consistently 

decrease westward from 5.5 to 4 km/s (Table 2.1 and Figures 2.6d and 2.9a). We interpret 

all of these features to be caused either by the proximal RGR or the Tristan Plume's 

Figure 2.11: (a) Time‐migrated seismic stack of a portion of line 1A showing the 

sedimentary section and uppermost oceanic crust. Solid yellow lines show examples of 

interpreted normal faults, and dashed yellow lines show their inferred upper crustal 

extensions. (b) Corresponding portion of tomographic velocity model. Black dashed lines 

show inferred upper crustal extensions of normal faults interpreted in the sedimentary section 

of (a). The values on the horizontal axis are synchronized with those given in Figure 6d). 

Vertical exaggeration in (b) is ~7.5. 
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paleo-proximity to the MAR during crustal accretion ~70 Myr ago. Thick sediment may 

be owed to erosion of the RGR, which constitutes the most prominent bathymetric high 

in the western South Atlantic (Figure 2.1 inset). The thick layer 2A can likely be traced 

back to increased temperatures during accretion caused by the Tristan Plume. These 

higher lithospheric and asthenospheric temperatures at the paleo‐MAR presumably 

ensured a higher, more continuous supply of melt to the spreading system, reducing the 

fraction of tectonic extension. We speculate that the lowering of upper layer 2A velocities 

toward the west has been affected by the velocity-reducing effects of faults and fractures 

that we observe in seismic images of the sediment section and infer in the upper crustal 

tomography models (Figure 2.11). Since these faults offset young sediments, they must 

have formed recently or have been reactivated, in either case accommodating post-

accretionary extension. Features in the velocity model of line 1A appear to line up with 

the faults imaged in the sedimentary section (Figure 2.11), which suggests that the faults 

extend into the upper crust, thereby possibly being associated with the westward 

decreasing velocity distribution observed in upper layer 2A.  

2.6 CONCLUSIONS 

We present ~1,090 km of two‐dimensional tomographic velocity models of the 

upper oceanic crust in the western South Atlantic using P wave refractions from MCS 

data. Based on these models and spreading rates calculated using magnetic data collected 

during the CREST experiment, the major conclusions are the following: 
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1. An increase in basement (upper layer 2A) velocity can be observed to crustal ages 

of at least 58 Ma. This trend indicates an evolution of upper crustal velocities that 

lasts significantly longer than measured or predicted by previous layer 2A studies. 

Our new results resolve a long‐standing enigma and provide evidence for 

hydrothermal circulation continuing to ages predicted by heat flow studies. We 

suggest that a shallow, low‐temperature hydrothermal system deposits minerals in 

remnant pore space, thereby driving the increase in P wave velocity in older 

oceanic crust. 

2. The rate of upper layer 2A velocity increase in sparsely sedimented, slow 

spreading rate young crust in the CREST area is comparable with that of the 

Endeavor segment's sediment‐rich flank at the intermediate spreading JFR. This 

indicates that both spreading rate and the nature of ridge‐proximal sediment cover 

may not necessarily be primary factors controlling the rate of increase in upper 

crustal velocities. Alternative factors may include elevated mantle temperature, 

increased fault‐induced porosity due to high rates of tectonic extension in slow 

spreading crust, or a recent long‐lasting pulse of magmatic extension. 

3. Our results for upper layer 2B velocity indicate that there is no systematic 

increase with age in the area of study, unlike what we observe for layer 2A. We 

suggest that, within our data coverage and resolution, any off‐axis hydrothermal 

systems do not penetrate depths associated with layer 2B.  

4. Our analyses of layer 2A thickness and velocity at different spreading rates show 

that parallel to the spreading center, slow spreading rate upper crust is more 
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heterogeneous than intermediate spreading rate upper crust. These results suggest 

shorter magmatic segments at slower spreading rates, increasing the frequency of 

magmatic and tectonic/amagmatic extension alternately occurring along the 

MAR. Ridge‐perpendicular and ridge‐parallel profiles generally exhibit similar 

levels of upper crustal heterogeneity in the study area. 

5. Slow spreading rate upper crust in the westernmost segment of the CREST 

transect appears to be anomalously homogeneous and exhibits a westward 

decreasing trend of upper basement velocities. We speculate that the proximity of 

the Tristan Plume at the time of crustal formation resulted in continuous melt 

supply at the ridge despite the relatively slow spreading rates. Furthermore, we 

find evidence for active normal faults extending from the sedimentary section into 

the upper crust, thereby possibly lowering the seismic velocities of layer 2A. 
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Chapter 3: Permeability-Constrained Fluid Flow Models Confirm 

Hydrothermal Cooling of 7-63 Ma South Atlantic Crust2 

ABSTRACT 

Although 70% of the Earth’s heat loss occurs in the oceans, the nature of 

hydrothermal heat flow in oceanic crust is controversial. Lithospheric cooling models, 

heat flow measurements, and seismic experiments provide conflicting accounts on the 

longevity of hydrothermal systems and their efficiency at removing heat from the crust. 

Conductive lithospheric cooling models provide robust first-order estimates of total 

oceanic heat flow, while compilations of conductive heat flow measurements at the 

seafloor reveal significantly lower values at crustal ages younger than ~65 Ma, 

suggesting hydrothermal heat removal. Here we present five hydrothermal models along 

a flowline in the western South Atlantic at ~31°S to quantify how conductive and 

advective heat loss change as a function of crustal age and structure. The model sites 

cover crustal ages of 7-63 Ma and are collocated with planned drill sites of IODP 

Expeditions 390 and 393. We constrained our hydrothermal models with detailed 

physical property distributions that we estimated from new high-resolution seismic 

velocity models. The hydrothermal models yield conductive and advective heat fluxes 

that closely match lithospheric cooling models and conductive heat flow measurements 

 
2Authors: Kardell, D. A., Zhao, Z., Ramos, E.J., Estep, J. D., Christeson, G.L., Reece, R. S., & Hesse, 

M.A. In preparation for submission to Journal of Geophysical Research. Author contributions: D. Kardell – 

analyzed and interpreted data, prepared manuscript; Z. Zhao – helped devise FWI workflow; E. Ramos – 

helped devise numerical modeling workflow; J. Estep – provided seismic images; G. Christeson – collected 

data, supervised research; R. Reece – collected data; M. Hesse – provided useful discussions.  
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on the seafloor, supporting a hydrothermal sealing age of ~65 Ma. Our results also agree 

with global estimates of fluid volume flux into the oceans and are consistent with a 

previously published analysis of upper crustal seismic velocities in the study area, 

indicating ongoing hydrothermal activity at relatively old crustal ages. This study broadly 

confirms and unifies existing concepts of oceanic heat flow and its modes of transport. 

Moreover, it provides a regional framework of seismic velocities and modeled 

hydrothermal fluxes, in which future in-situ measurements can be integrated. 

3.1 INTRODUCTION 

The thermal evolution of oceanic crust has long been a major point of debate in 

the marine geosciences and geodynamics communities. New, hot crust is forming at mid-

ocean ridges, where mantle material is upwelling to cause extensive volcanism on the 

seafloor. High temperatures and abundant tectonic fracturing at these divergent plate 

boundaries enable well-documented “black smoker” hydrothermal systems that dominate 

crustal cooling at young crustal ages (Kelley et al., 2001; Rona et al., 1986; Weiss et al., 

1977). Off-axis, a small number of lower temperature hydrothermal sites have been 

discovered in relatively young crust (Fisher et al., 2003; Kelley, Karson, et al., 2001; 

Mottl et al., 1998), sometimes fueled by exothermic serpentinization of relatively shallow 

mantle material (Lowell & Rona, 2002). At older crustal ages, however, no in-situ 

observations of hydrothermal fluid flow exist. Nevertheless, multiple types of 

observations suggest that circulating fluids may remove heat from the oceanic crust up to 

ages of ~65 Ma. Measurements of conductive heat flow on the seafloor are inconsistent 
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with predictions of purely conductive lithospheric cooling models (Hasterok et al., 2011; 

Stein & Stein, 1994); measured heat flow is only ~13% of the predicted values in young 

seafloor (Sclater et al., 1980) but slowly approaches the modeled conductive values until 

matching them at ~65 Ma (Stein & Stein, 1994). This mismatch suggests an additional 

cooling mechanism, with the generally accepted explanation being hydrothermal activity. 

Additionally, studies of upper crustal seismic velocities suggest that fluid flow alters the 

crustal porosity over time, resulting in an observed increase of seismic velocities with 

crustal age. Until recently, this increase in seismic velocities was only observed in crust 

younger than ~10 Ma (Carlson, 1998; Grevemeyer et al., 1999; Houtz & Ewing, 1976; 

Nedimović et al., 2008), but analysis of more continuous data in the South Atlantic 

(Estep et al., 2019; Kardell et al., 2019) demonstrates an evolution of seismic velocities 

that may persist to crustal ages closer to a suggested “sealing age” of ~65 Ma (Stein & 

Stein, 1994). 

 Numerous studies have attempted to constrain the geometry of hydrothermal 

systems at mid-ocean ridges using direct observations, borehole data, geophysical 

methods, analysis of ophiolites, and numerical models (e.g., Alt et al., 1986; Baker et al., 

2016; Hasenclever et al., 2014; Mittelstaedt et al., 2012; Nicolas et al., 2003; Tolstoy et 

al., 2008). Recent advances have also been made in quantifying crustal permeability, 

which is an essential controlling factor for hydrothermal fluid flow (Barreyre & Sohn, 

2017; Marjanović et al., 2019). Few hydrothermal studies have focused on older crust 

because the tectonic and thermal processes are less vigorous than at the spreading centers 

and thus more difficult to detect. Some case studies infer hydrothermal fluid flow in old 



 57 

oceanic crust from variable heat flow measurements that indicate local fluid convection 

(Embley et al., 1983; Fisher & Von Herzen, 2005). In this study, we model physical 

properties and hydrothermal flow in upper oceanic crust at five different crustal ages (7, 

15, 31, 48, and 63 Ma) along a flow line at ~31°S in the western South Atlantic. The 

modeled localities coincide with or are close to the planned drill sites of IODP 

Expeditions 390 and 393. We combine high-resolution seismic velocity analyses with 

numerical models of hydrothermal fluid flow to better understand the evolution of 

oceanic crust, including its porosity, permeability, and mechanisms of cooling. Our 

results complement findings from heat flow studies and further illuminate the interplay of 

conductive and advective cooling in the thermal evolution of oceanic crust.  

3.2 BACKGROUND 

3.2.1 Study Area 

The seismic survey we use in this study was designed to image relatively 

undisturbed oceanic crust formed at slow to intermediate spreading rates. It spans oceanic 

crust aged 0-70 Ma, covering seafloor from the Mid-Atlantic Ridge (MAR) in the east to 

the Rio Grande Rise (RGR), a Late Cretaceous oceanic plateau (Barker, 1983; Camboa & 

Rabinowitz, 1984; O’Connor & Duncan, 1990), in the west (Figure 3.1). Despite the slow 

to intermediate spreading rates (Kardell et al., 2019; Müller et al., 2008; Ogg, 2012; 

Perez-Diaz & Eagles, 2017), there are no documented oceanic core complexes or other 

seafloor features that indicate a highly tectonic mode of extension. Instead, the 

bathymetry in the study area suggests relatively magmatic crust with a ridge segment that 
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has been stable over the past 70 Myr. The sedimentation rate is fairly low, accumulating 

minimal sediment cover close to the MAR and an average of ~500 m on top of 70 Ma 

crust in the westernmost part of the transect (Estep et al., 2019; Kardell et al., 2019). 

Previous work in the study area includes drilling of the sediments and the basement 

contact along a transect at 30°S during DSDP Leg 3 that confirmed seafloor spreading 

and plate tectonics (Maxwell et al., 1970). More recently, acquisition of the Crustal 

Reflectivity Experiment Southern Transect (CREST) dataset has enabled a number 

seismic studies. Kardell et al. (2019) constrained the spreading rate history along the 

transect and showed that seismic P-wave velocities increase to crustal ages of at least ~58 

Ma, providing evidence for ongoing hydrothermal activity in old oceanic crust. Estep et 

al. (2019) used seismic imaging methods to analyze the thickness distribution of the high-

velocity gradient layer typically found in young upper crust (layer 2A), discovering its 

Figure 3.1: Study region in the western South Atlantic. Seafloor bathymetry (Smith & 

Sandwell, 1997) with CREST seismic lines in white. Green lines show extent of ridge-normal 

full-waveform inversion (FWI) velocity models and hydrothermal models. Black lines show 

extent of ridge-parallel FWI models. Yellow x-marks show primary drill sites for IODP 

Expeditions 390 and 393. 



 59 

persistence to crustal ages of ~48 Ma. Christeson et al. (2020) analyzed crustal structure 

along the CREST transect, revealing significant crustal thickness variations along the 

CREST transect and reporting relatively low abyssal hill heights that suggest high mantle 

temperatures. Finally, Estep et al. (2020) used seismic interpretation and gravity 

modeling to report abundant intraplate deformation caused by differential subsidence in 

the oldest part of the transect adjacent to the RGR.  

3.2.2 Upper Crustal Seismic Velocities 

Wide-angle seismic data can be used to image the structure of oceanic crust by 

measuring the velocities at which seismic waves travel through it. Doing so, early studies 

recognized distinct seismic velocity layers that are commonly present in young oceanic 

crust (Ewing & Houtz, 1979; Houtz & Ewing, 1976; Penrose Conference Participants, 

1972), with the top layer (layer 2A) exhibiting a high vertical velocity gradient, and 

deeper layers (layers 2B and 3) characterized by successively lower gradients. Assuming 

relatively uniform petrology, low seismic velocities are commonly associated with 

relatively large fractions of porosity (Carlson, 1998; Wilkens et al., 1991). An observed 

increase in upper crustal seismic velocities with increasing crustal age has been attributed 

to the modification of pore aspect ratios (Wilkens et al., 1991) and a reduction in porosity 

by means of hydrothermal alteration and mineral precipitation (Carlson, 1998; 

Grevemeyer et al., 1999). However, observations of the seismic evolution in upper crustal 

seismic velocities differ. Some studies see no significant increase in upper crustal seismic 

velocities beyond crustal ages of ~10 Ma (Audhkhasi & Singh, 2019; Carlson, 1998; 
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Grevemeyer et al., 1999; Grevemeyer & Weigel, 1996; Nedimović et al., 2008), while 

others observe or infer an evolution that extends into much older crust (Christeson et al., 

2019; Estep et al., 2019; Kardell et al., 2019). Disparate observations may be due to 

sparse data coverage of old crust, resolution limitations, or regional differences.  

Techniques of seismic velocity analysis have evolved over time, with 

computationally expensive methods such as full-waveform inversion (FWI) becoming 

increasingly common, resulting in higher resolution velocity images. For example, Arnulf 

et al. (2014) imaged subsurface features beneath a submarine volcano and Marjanović et 

al. (2019) investigated the fine-scale permeability at a mid-ocean spreading center. 

However, to better understand the detailed nature of fluid and heat flow in oceanic crust 

and to potentially reconcile conflicting observations, it is important to address the issue 

by integrating multiple techniques. Marjanović et al. (2019) integrate high-resolution 

seismic velocity distributions and numerical modeling to constrain upper crustal 

permeability and hydrothermal fluid flow at the East Pacific Rise. We use a similar 

approach for older crust in the western South Atlantic, additionally computing conductive 

and advective heat fluxes at the seafloor. 

3.2.3 Heat Transport in Oceanic Crust 

The Earth transmits ~70% of its global heat loss through the oceans (Sclater et al., 

1980) with an estimated ~30% of the ocean crust heat loss occurring by hydrothermal 

flow (Stein & Stein, 1994). However, the proportions and interplay of conductive and 

advective heat flow are still debated. Conductive lithospheric cooling models (Langseth 
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et al., 1966; McKenzie, 1967; Parsons & Sclater, 1977) provided an initial range of 

expected heat fluxes at the seafloor that many later studies have been compared to. 

Conductive heat flow measurements on young seafloor revealed a discrepancy between 

predicted and observed values, often referred to as the heat flow deficit (Davis & Lister, 

1977; Stein & Stein, 1994). This deficit was attributed to hydrothermal fluids advectively 

transporting heat from the crust into the oceans, with the discovery of “black smoker” 

vents at the Galapagos Rift (Weiss et al., 1977) supporting this hypothesis. Many 

hydrothermal vent sites have since been discovered globally near mid-ocean ridges (e.g., 

Baker et al., 2016; Kelley et al., 2001; Kelley et al., 2001; Rona et al., 1990), resulting in 

detailed in-situ measurements that significantly advanced our understanding of near-ridge 

fluid volume flux, heat flux, geochemical fluxes, and upper crustal permeability 

(Barreyre & Sohn, 2017; Macdonald et al., 1980; Mittelstaedt et al., 2012; Wolery & 

Sleep, 1976). However, none of the discovered vents are hosted in oceanic crust aged 4-

65 Ma, where an estimated 50% of the oceanic hydrothermal volume flux occurs 

(Johnson & Pruis, 2003). Most of the available constraints on off-axis hydrothermal flow 

are thus derived from conductive heat flow studies, seismic surveys, and a small number 

of drill holes penetrating the uppermost ocean crust (Alt et al., 1986; Harris et al., 2017). 

Where available, these constraints can be used to model hydrothermal fluid flow. In the 

CREST study area, we have a unique opportunity to derive realistic porosity and 

permeability distributions from seismic velocities across a large range of crustal ages, 

providing a well-constrained framework to model the interplay between conductive and 

advective heat flow. 
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3.3 METHODS 

3.3.1 Seismic Data and Full-Waveform Inversion 

The two-dimensional (2D) seismic data used in this study was acquired in 2016 

during the CREST expedition. An array consisting of 36 air guns with a total volume of 

6,600 in3 was used to collect data with 37.5‐m shot spacing, 12.5‐m receiver spacing, 

6.25‐m common midpoint (CMP) spacing, 12.6 km streamer length, and 1,008 traces per 

shot gather.  

FWI is an inversion method for seismic data commonly used to recover high-

resolution seismic velocity models of the subsurface and has been used to image upper 

oceanic crust in a variety of tectonic settings (Arnulf et al., 2014; Christeson et al., 2012; 

Huot & Singh, 2018; Morgan et al., 2011; Qin & Singh, 2017). In theory, the true physics 

of seismic waves propagating in the subsurface involve elasticity, anisotropy, density, 

and attenuation in three dimensions. However, in practice, it is often difficult and 

computationally infeasible to exactly simulate the true physics of wave propagation. The 

computational cost can be substantially reduced with the proper approximated physics, 

while the true subsurface properties can be effectively estimated without significant loss 

of accuracy. In the study area, we found that an acoustic solver can explain most of the P-

wave primary features. 

Hence, we utilized a gradient-based local optimization method FWI technique. 

We produced the appropriate starting models by performing traveltime tomography using 
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the code from Van Avendonk et al. (2004) for eight profiles 28.16 km in length (751 

shots).  

Our FWI approach consists of the following steps, which are described in more 

detail in the supplement: 

1. Removal of swell noise from the raw MCS data 

2. Design of an inverse filter for predictive deconvolution 

3. Downward-continuation of the pre-processed MCS data  

4. Predictive deconvolution – Part 2 

5. Traveltime tomography to produce starting models 

6. Estimation of a source wavelet and scaling factor 

7. Muting and filtering of observed data 

8. Testing and selection of a functioning combination of inversion parameters  

At each iteration we compare observed and synthetic waveforms. The velocity 

model is updated by the velocity gradient computed with the adjoint-state method (Tromp 

et al., 2005). Examples of observed and synthetic shot gathers for the five ridge-

perpendicular profiles are presented in Figure 3.2. 

3.3.2 Hydrothermal Fluid Flow Modeling 

3.3.2.1 Numerical Modeling Technique 

We used a modified version of the finite volume method published by Ramos et 

al. (2018) to quantify fluid fluxes through the model domain constrained by our FWI 
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results. This method numerically solves the conservation of mass, momentum, and 

energy equations for porous media fluid flow and heat transport. The model employs the 

Boussinesq approximation, which allows for the usage of a less computationally 

expensive, linear model to quantify fluid fluxes. At each time step across our discretized 

domain, conservation equations for fluid flow (i.e., Darcy’s law) are solved to determine 

fluid fluxes throughout the model domain. These fluid fluxes are then included in the 

conservation of energy equation and and a 2D temperature field is found. These 

temperatures are then used to update fluid properties (i.e., density and viscosity), 

according to steam tables for aqueous sodium chloride solutions (Haar, 1984; Pitzer et al., 

1984). We continued this iterative procedure for 20 kyr of model time to allow the flow 

field and temperature distributions to reach a steady state (Figure B.6).  

We set up a uniform Cartesian grid with 80 cells in the vertical direction, 700 

cells in the horizontal direction, and an increment of 37.5 m. This corresponds to the grid 

size of our final FWI models except we eliminated the water layer and instead imposed 

the appropriate hydrostatic pressure by means of a boundary condition. Scalar quantities 

(e.g., temperature, pressure, density) are approximated at cell centers, while vector 

quantities (e.g., Darcy fluxes, intercell porosity and permeability) are approximated at 

cell faces. 

3.3.2.2 Boundary Conditions 

We impose a constant pressure condition (Dirichlet condition) corresponding to 

the average water depth at the top boundary of each 2D model domain (Figure B.5) to 
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solve the conservation of mass and momentum equations for fluid flow. At all other 

boundaries we apply a homogenous Dirichlet boundary condition, allowing no flow in or 

out of the model domain. The top boundary is held at 2°C where inflow is occurring, 

corresponding to the temperature of seawater, while the temperature of the bottom 

boundary is derived from a thermal model of oceanic lithosphere (Richards et al., 2018) 

for the appropriate crustal ages (7, 15, 31, 48, and 63 Ma) at 3 km depth. 

3.3.2.3 Model Constraints 

We estimate heterogeneous physical property distributions to use in our fluid flow 

simulation from our FWI seismic velocity models by using published empirical 

relationships with seismic velocity for porosity and permeability (Carlson, 2014; 

Hamilton, 1976; Spinelli & Fisher, 2004), and other published values for matrix density, 

thermal conductivity, and heat capacity (Hutchison, 1985). 

Porosity: 

ϕ𝑠𝑒𝑑 = 0.72 − 0.987 ∙ 𝑧𝑠𝑒𝑑 + 0.83 ∙ 𝑧𝑠𝑒𝑑
2     (1) 

ϕ𝑙𝑎𝑦𝑒𝑟2𝐴 = −0.181 + √0.1812 − 4 ∙ (−0.129) ∙
0.0258−𝑉𝑃

−2

−0.258
   (2) 

ϕ𝑙𝑎𝑦𝑒𝑟2𝐵 = −0.311 +  √0.3112 − 4 ∙ (−0.212) ∙
0.0217−𝑉𝑃

−2

−0.424
  (3) 

Permeability: 

𝑘𝑠𝑒𝑑 = 1.05 × 10−18 ∙ 𝑒
2.17∙

ϕ𝑠𝑒𝑑
1−ϕ𝑠𝑒𝑑  𝑚2     (4) 
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𝑘𝑙𝑎𝑦𝑒𝑟2𝐴 = 10−(7.4+1.3∙𝑉𝑃) 𝑚2       (5) 

𝑘𝑙𝑎𝑦𝑒𝑟2𝐵 = 107−4∙𝑉𝑃  𝑚2       (6) 

Matrix density: 

𝜌𝑠𝑒𝑑 = 2.71 
𝑔

𝑐𝑚3        (7)  

𝜌𝑐𝑟𝑢𝑠𝑡 = 3.33 
𝑔

𝑐𝑚3        (8)  

Thermal conductivity: 

𝜆𝑠𝑒𝑑 = 2.93 
𝑊

𝑚∙𝐾
        (9) 

𝜆𝑐𝑟𝑢𝑠𝑡 = 3.1 
𝑊

𝑚∙𝐾
         (10) 

Heat capacity: 

𝐶𝑃,𝑠𝑒𝑑 = 1004 
𝐽

𝐾
         (11) 

𝐶𝑃,𝑐𝑟𝑢𝑠𝑡 = 1160 
𝐽

𝐾
        (12) 
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Figure 3.2. Selected observed and synthetic shot gathers for the five ridge-

normal FWI models. 



 68 

3.3.2.4 Procedure 

We first ran each of the five models allowing only conductive heat flow to test 

whether our model setups yield heat flow values that compare to predictions from a plate 

cooling model (Carol A Stein & Stein, 1992). We then ran each model a second time, 

allowing pore fluids to move freely and advect heat through the model domain. The 

simulations were run for 20,000 years of model time over 5,000 time steps, which 

allowed each model to achieve thermal equilibrium (Figure B.6). We computed the mean 

conductive heat flow at the seafloor for each model by averaging the product of the 

thermal gradient at the uppermost two cell rows and the corresponding thermal 

conductivity values. The mean hydrothermal heat output was computed using fluid exit 

volumes and temperatures at each cell along the top model boundary. 

3.4 RESULTS 

3.4.1 FWI Models 

Figures 3.3 and 3.4 show all eight FWI seismic velocity models, while Figure 3.5 

shows averaged vertical crustal velocity profiles for each model. The sedimentary cover 

is represented by a thin low-velocity (<2 km/s) layer on top of each model, thickening 

and covering an increasing portion of the crust with increasing crustal age. The models 

show a relatively smooth velocity increase across the sediment-basement interface due to 

the level of regularization required to stabilize the inversion. In the uppermost ~600 m of 

the crust, velocities rapidly increase with depth from ~4.1 km/s at the top to ~5.5 km/s 
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near the bottom, with a trend of slightly higher velocities at older crustal ages (e.g., 

CREST-1AB) compared to younger crustal ages (e.g., CREST-1EF). At lower depths, we 

observe an increase in the spread of velocities and no clear correlation with crustal age. 

Profile 1AB is anomalous as it exhibits relatively high velocities and a comparatively 

homogenous lateral velocity distribution in the uppermost crust, with velocities 1-2 km 

below the top of basement significantly lower than in the other profiles. CREST-1EF, 

which is the youngest of the presented models, shows the lowest velocities at nearly any 

resolved depth compared to all profiles except CREST-1AB. Profiles 1CD, 1DE, 02, and 

03, formed at intermediate spreading rates, are characterized by relatively shallow high-

velocity anomalies compared to the other profiles, which were formed at slow spreading 

rates. 

 We present zoom-ins of seismic images and velocity distributions at the six 

primary drill sites of IODP Expeditions 390 and 393 in Figure 3.6. The older drilled 

rocks are predicted to be characterized by higher seismic velocities than the younger 

rocks at planned bottom depths of ~250 m. According to our models, holes 43A and 54A 

may reach velocities of 5 km/s or higher around the depth of maximum penetration, while 

the remaining holes may remain in slightly lower-velocity (<5 km/s) rocks, depending on 

actual penetration depth. The two sites that may reach relatively high velocities are also 

characterized by relatively thick sediment cover, which particularly applies to SATL-

54A. Our modeled velocities in the uppermost ~150 m of the crust may be slightly 

underestimated due to the gradual nature of the modeled sediment-basement interface. 
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Figure 3.3: Ridge-normal FWI velocity models of upper crust. Solid white 

lines show locations of IODP 393/393 primary drill sites, with dashed 

locations projected from the ridge-parallel profiles. Spreading rates from 

Kardell et al. (2019). White arrows point to shallow high-velocity (>7 km/s) 

anomalies in intermediate spreading rate crust. (a) Profile CREST-1EF, ~7 

Ma. (b) Profile CREST-1DE, ~15 Ma. (c) Profile CREST-1CD, ~31 Ma. (d) 

Profile CREST-1BC, ~48 Ma. (e) Profile CREST-1AB, ~63 Ma. 
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Figure 3.4: Ridge-parallel FWI velocity models of upper crust. Solid white lines show 

locations of IODP 393/393 primary drill sites. Red lines show alternate drill sites. 

Spreading rates from Kardell et al. (2019). White arrows point to shallow high-velocity 

(>7 km/s) anomalies in intermediate spreading rate crust. (a) Profile CREST-1EF, ~7 Ma. 

(b) Profile CREST-1DE, ~15 Ma. (a) Profile CREST-01, ~7 Ma. (b) Profile CREST-02, 

~15 Ma. (c) Profile CREST-03, ~31 Ma. 
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Figure 3.5: Average vertical seismic velocity 

profiles of the upper crust (below sediment) 

for each FWI model. The legend shows 

crustal ages and spreading half-rates. 
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Figure 3.6: IODP 390/393 primary drill sites on time-migrated seismic images (left) and 

FWI-derived seismic velocities (right). (a) SATL-13A, 7 Ma. (b) SATL-25A, 15 Ma. (c) 

SATL-33B, 31 Ma. (d) SATL-43A, 48 Ma. (e) SATL-54A and 53B, 63 Ma. 
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3.4.2 Spatial Patterns of Fluid Flow 

Flux maps, temperature maps, and heat flow profiles for our five hydrothermal 

models (Figures 3.7-3.11) indicate convective fluid flow of varying vigor at all modeled 

crustal ages. We observe hydrothermal plumes and convection cells extending ~2 km into 

the crust at 7 Ma (Figure 3.7), with cells getting progressively shallower at older ages, 

only perturbing the crustal temperature field to a depth of ~300 m at 63 Ma (Figure 3.11). 

At basement outcrops, we observe influx of cold ocean bottom water that cools the upper 

crust and percolates downward until it encounters relatively warm, impermeable rocks at 

depth. The sinking fluids take the path of highest permeability, following the interface 

between shallow, permeable rocks and deeper, relatively impermeable rocks. 

Consequently, regions with a relatively thin permeable crust can act as a divide between 

large convection cells. After their descent, fluids warm and start rising adjacent to cold 

downflow zones until they reach the bottom of the sediment cover, migrating laterally 

along the sediment-basement interface, back toward the basement outcrops. Our models 

also show that the strongest observed convection cells transfer enough heat to the surface 

to warm the fluid-saturated sedimentary cover from beneath, thereby locally facilitating 

fluid seepage through the sediments into the ocean. In terms of mean hydrothermal fluid 

volume entering the ocean, our models fall within the estimated global range for each 

crustal age, with the exception of model 1BC at 48 Ma (Figure 3.12; Johnson & Pruis, 

2003). 
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Figure 3.7: Hydrothermal flow model 1EF (7 Ma). (a) Fluid flux magnitude map with white 

streamlines indicating flow direction. (b) Temperature distribution. (c) Advective heat flux 

percentage of total heat flux along the profile. 
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Figure 3.8: Hydrothermal flow model 1DE (15 Ma). (a) Fluid flux magnitude map with white 

streamlines indicating flow direction. (b) Temperature distribution. (c) Advective heat flux 

percentage of total heat flux along the profile. 
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Figure 3.9: Hydrothermal flow model 1CD (31 Ma). (a) Fluid flux magnitude map with white 

streamlines indicating flow direction. (b) Temperature distribution. (c) Advective heat flux 

percentage of total heat flux along the profile. 
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Figure 3.10: Hydrothermal flow model 1BC (48 Ma). (a) Fluid flux magnitude map with 

white streamlines indicating flow direction. (b) Temperature distribution. (c) Advective heat 

flux percentage of total heat flux along the profile. 
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Figure 3.11: Hydrothermal flow model 1AB (63 Ma). (a) Fluid flux magnitude map with 

white streamlines indicating flow direction. (b) Temperature distribution. (c) Advective heat 

flux percentage of total heat flux along the profile. 
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Figure 3.12: Fluid flux across the seafloor vs. crustal age. Black dots show mean values for 

each CREST hydrothermal model. Global volume prediction (black line) from Johnson & 

Pruis (2003). 

Figure 3.13: (a) Heat flux vs. crustal age. Black dots show combined advective/conductive 

mean heat flux computed for each CREST hydrothermal model; red dots show conductive 

component only. Global conductive prediction (black line) and global measured heat flux (red 

line) from Stein & Stein (1992) and Stein & Stein (1994), respectively. (b) Advective heat 

flux. Blue dots show mean values computed for each CREST hydrothermal model; blue line 

is the difference between global predicted and measured heat flux. 
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3.4.3 Heat Transport in Upper Oceanic Crust 

 We compute mean conductive and advective surface heat fluxes from each of our 

hydrothermal models. The sum of conductive and advective values closely match 

predictions of total heat flux from the lithospheric cooling model published by Stein & 

Stein (1992) (Figure 3.13). Advective flux makes up nearly half (110 mW/m2) of the total 

heat flux at 7 Ma and follows an approximately exponential decay curve to reach a low of 

2 mW/m2 at 63 Ma, comprising only ~3% of the total heat flux. These results agree with 

the temporal evolution of the “heat flow deficit,” which is the difference between 

measured conductive heat flow at the seafloor and values predicted by lithospheric 

cooling models (Hasterok, 2013; Stein & Stein, 1994). On a local scale, advective heat 

flow is the dominant mode of heat transport where warm fluids well up and exit the 

subsurface, predominantly through permeable basement outcrops and relatively thin 

sediment cover. Conductive cooling dominates where hydrothermal plumes are absent, 

which often includes sites of relatively thick sediment cover or basement outcrops that 

serve as recharge sites for cold seawater. These results are consistent with small-scale 

heat flow studies that measured high conductive heat flux in deep sediment ponds and 

low conductive values in proximity to seamounts and other basement outcrops (Fisher & 

Von Herzen, 2005; Lister, 1972; Spinelli & Fisher, 2004; Williams et al., 1974). 
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3.5 Discussion 

3.5.1 Seismic Velocities 

A previous study using traveltime tomography (Kardell et al., 2019) revealed 

regional upper crustal seismic velocity trends along the 0-70 Ma CREST transect. Kardell 

et al. (2019) showed that basement velocities in the study area increase rapidly at 0-6 Ma 

and more gradually up to ages of at least ~58 Ma, likely affected by ongoing 

hydrothermal circulation. In this study, we observe a weak trend of increasing upper 

crustal velocity with increasing crustal age within the upper ~600 m of the crust (Figure 

3.5). However, the FWI models presented in this paper are less suitable to investigate 

regional trends in basement velocities than the previously analyzed tomography models 

because the modeled velocity gradient across the sediment-basement interface is gradual, 

making it difficult to compute the exact basement velocities. Instead, our FWI models 

reveal the internal seismic velocity structure of the upper crust at higher resolution than 

the tomography models, visualizing small-scale heterogeneity in the upper crust.  

Several differences become evident when examining FWI profiles with respect to 

age. Heterogeneity in the upper ~1 km of the crust is more pronounced at younger crustal 

ages. This observation is particularly evident when comparing profiles CREST-1EF (7 

Ma) and CREST-1AB (63 Ma; Figure 3.3). Additionally, low-velocity patches at crustal 

depths of ~1 km or larger are more common at younger crustal ages (Figures 3.3 and 

3.4). These two observations may be explained by pores and cracks formed at the 

spreading center that are progressively filled in by deposition of hydrothermally 
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transported minerals. This process has been shown to increase seismic velocities 

(Carlson, 2010; Carlson, 2011) and may homogenize upper crustal velocities with 

increasing age. Another relationship appears to exist between crust formed at 

intermediate spreading rates (i.e., profiles CREST-1CD, 1DE, 02, and 03; Figures 3.3 and 

4) and relatively shallow (~1.5 km depth below seafloor) high-velocity (>7 km/s) 

anomalies that are rarely observed on the other profiles which were emplaced at lower 

spreading rates. It is possible that these anomalies indicate the upper extent of frozen 

axial magma chambers that rose to relatively shallow depths at the spreading center at 

these spreading rates (Phipps Morgan & Chen, 1993). Intact magma chambers at 

intermediate spreading rate ridges are generally not observed to reach depths shallower 

than ~2 km (Canales et al., 2005; Carbotte et al., 2006; Purdy et al., 1992). However, a 

factor that may have enabled magma chambers to rise to unusually shallow crustal depths 

in the study area is the possibility of anomalously high levels of magmatism. Relatively 

uniform ridge-parallel crustal thickness (Christeson et al., 2020) and a clear record of 

magnetic anomalies (Kardell et al., 2019) suggest persistent magmatic accretion along the 

CREST transect. Furthermore, Christeson et al. (2020) report relatively low abyssal hill 

heights, which could signal high mantle potential temperatures. Finally, the proximity of 

the Tristan plume at the time of intermediate rate spreading and the stability of the 

CREST spreading segment that the bathymetry indicates over the last ~70 Ma (Figure 

3.1) may be indicators for enhanced magma supply. Alternatively, the observed shallow 

high-velocity anomalies may also have formed by the interplay of magmatic intrusions 

and near-axis faulting (Fialko, 2001; Fialko & Rubin, 1998; Rubin, 1992). 
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3.5.2 How Does Oceanic Crust Cool? 

Figures 3.7-3.11 illustrate that modeled temperatures and the vigor of fluid flow 

decrease with increasing crustal age along the CREST transect. Figure 3.13 shows that 

advective heat flux accounts for nearly half of the total surface heat flux at the youngest 

model location (CREST-1EF; 7 Ma) and decreases to negligible values at 63 Ma 

(CREST-1AB). These trends agree remarkably well with the difference between 

measured and predicted conductive heat flux values on the seafloor (Davies, 2013; 

Hasterok, 2013; Stein & Stein, 1994) and may also explain a continuous increase of 

upper crustal seismic velocities (Christeson et al., 2019; Kardell et al., 2019) by 

precipitation of hydrothermal minerals (Carlson, 1998; Carlson, 2014). Locally, our 

model results generally agree with patterns observed by heat flow studies, with the 

availability of basement outcrops and the subsurface geometry of hydrothermal fluid flow 

controlling the local proportions of conductive and advective surface heat flow (Fisher & 

Von Herzen, 2005; Lister, 1972; Spinelli & Fisher, 2004; Williams et al., 1974). Warm 

hydrothermal plumes can drive segments of dominant advective heat flux over length 

scales of several kilometers, while basement outcrops provide narrow permeable 

pathways for large amounts of fluids to exit, illustrated by concentrated streamlines and 

local spikes in advective heat removal (Figures 3.7-3.11). 

The CREST transect provides exceptionally extensive and detailed seismic data 

coverage of relatively undisturbed oceanic crust. Studies utilizing this data (Estep et al., 

2019; Kardell et al., 2019) produced results that are more compatible with global heat 
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flow and fluid flow models than previous seismic studies (Carlson, 1998; Grevemeyer et 

al., 1999; Nedimović et al., 2008). Similarly, our new permeability- and temperature-

constrained hydrothermal models in the CREST area fit global and regional studies 

supporting a ~65 Ma sealing age for hydrothermal cooling of oceanic crust. These studies 

include compilations of conductive heat flow data (Davies, 2013; Hasterok et al., 2011; 

Stein & Stein, 1994), global models of fluid volume flux between the crust and ocean 

(Elderfield et al., 1999; Johnson & Pruis, 2003), and analyses of upper crustal seismic 

velocities (Christeson et al., 2019; Estep et al., 2019; Kardell et al., 2019). Our model 

results are also consistent with observations of spatial heat flow patterns with respect to 

the geometry of upper crustal hydrothermal circulation (Fisher & Von Herzen, 2005; 

Spinelli & Fisher, 2004). We suggest that in previous studies, sparse data coverage of 

mature oceanic crust and the integration of different measurement scales have made it 

difficult to reconcile seismic and heat flow studies. Examples of such challenges include 

the comparison of lithospheric cooling models with point measurements of heat flow on 

the seafloor (Hasterok et al., 2011; Stein & Stein, 1994), or the integration of laboratory, 

borehole, and regional seismic velocity and permeability measurements (Carlson, 1998; 

Fisher & Becker, 2000). In this study, we leverage the continuous high-resolution data 

coverage along the CREST transect to reconcile results of seismic velocity and heat flow 

models, demonstrating that the hydrothermal system in the western South Atlantic at 

~31°S behaves as predicted by global models. More studies are needed to also validate 

existing concepts of crustal evolution in different ocean crust environments such as fast 

and ultra-slow spreading-rate crust. In addition to modeling studies, coincident in-situ 
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measurements and samples are needed to constrain models and integrate observations of 

different scales. IODP Expedition 390/393 will collect such local data and samples by 

drilling into the uppermost oceanic crust at six sites along the CREST transect that may 

coincide with the models presented in this paper.  

3.6 CONCLUSIONS 

We present eight high-resolution seismic velocity models of the upper oceanic 

crust at five different crustal ages along the CREST transect in the western South Atlantic 

at ~31°S. We use the five ridge-perpendicular seismic velocity models to estimate 

detailed physical property distributions and model hydrothermal fluid flow. Based on 

observations and interpretations made in these models, we conclude: 

1. Modeled advective heat transport in the study area constitutes about half of the 

total surface heat flux at 7 Ma and becomes negligible at 63 Ma. Our model 

averages for advective and conductive surface heat flux are consistent the globally 

observed heat flow deficit, supporting a ~65 Ma sealing age for hydrothermal heat 

transport. 

2. We compute hydrothermal volume fluxes that largely agree with global estimates 

for different crustal ages. The volume of fluids exiting the seafloor becomes 

minimal at 63 Ma, while internal crustal circulation continues at low temperature 

gradients and flow velocities. 
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3. Advective heat flow is the dominant mode of heat transport across the seafloor 

where warm fluids rise and exit the subsurface through basement outcrops and 

relatively thin sediment cover. Conductive cooling dominates at sites of relatively 

thick sediment cover and where basement outcrops act as cold fluid recharge 

sites.  

4. Upper crustal seismic velocities are relatively heterogeneous in young crust and 

become increasingly homogeneous in older crust, with velocities slightly 

increasing with age. We attribute these trends to the precipitation of hydrothermal 

minerals filling pores and cracks. Intermediate spreading rate crust exhibits 

frequent high-velocity anomalies at depths of ~1.5 km below the top of basement 

that may be associated with frozen axial magma chambers or near-ridge magmatic 

intrusions along faults. 

5. Our results provide a regional framework of seismic velocities and modeled 

hydrothermal flow, in which future in situ measurements can be integrated. This 

includes the six planned primary drill sites of IODP Expeditions 390 and 393. 

3.7 ACKNOWLEDGEMENTS 

We thank the captain, crew, and science party of cruise MGL1601 of the R/V 

Marcus G. Langseth for their expert assistance during the CREST cruise. We also thank 

Thomas Hess and Shuoshuo Han for their assistance in pre-processing the seismic data 

for FWI. We thank the Texas Advanced Computing Center (TACC) and Thorsten Becker 



 88 

for providing the necessary computational resources for this study. CREST was 

supported by National Science Foundation grant OCE‐1537169 to the University of 

Texas and OCE‐1537108 to Texas A&M University. The first author was supported by 

the IODP Pre-Drilling Activity fund, a UTIG Fellowship, and a UT Austin Graduate 

School Summer 2020 Fellowship. The field data and velocity models will be available on 

the Marine Geoscience Data System (MGDS) at the website https://www.marine-geo.org. 

The Matlab scripts and inputs used to model fluid flow will be available on Github: 

https://github.com/dkardell/heat  

  

https://github.com/dkardell/


 89 

Chapter 4: Tectonic Activity Near the Rio Grande Rise Increases Fluid 

Flux in Old Oceanic Crust3 

ABSTRACT 

Oceanic plateau crust is thicker and hotter than the surrounding “normal” oceanic 

crust, causing differential subsidence and subsequent strain between the two domains. 

Here we show that ~68 Ma upper oceanic crust adjacent to the Rio Grande Rise, an 

oceanic plateau in the western South Atlantic, is affected by multiple large fault zones 

serving as conduits for increased fluid circulation. Our high-resolution seismic velocity 

model resolves multiple faults that drastically increase inferred porosity and permeability 

in the upper ~1.5 km of the crust. We also present a porosity and permeability-

constrained fluid flow model that predicts significantly increased fluxes along these 

pathways compared to crust not affected by faulting. As these phenomena are effectively 

enabled by the proximity of an oceanic plateau, we suggest that similar geologic settings 

globally may also exhibit elevated levels of tectonic activity and fluid flow. We estimate 

the associated volume of water exchange between the oceans and the subsurface in this 

setting to amount to 43 km3 annually, which is ~2% of the global hydrothermal flux in 

the axial region. This potentially has implications for global chemical cycles, the 

hydration of mature oceanic crust, and the oceanic crustal biosphere. 

 
3Authors: Kardell, D. A., Zhao, Z., Ramos, E.J., Estep, J. D., Christeson, G.L., & Reece, R. S..A. Under 

review in Geology. Author contributions: D. Kardell – analyzed and interpreted data, prepared manuscript; 

Z. Zhao – helped devise FWI workflow; E. Ramos – helped devise numerical modeling workflow; J. Estep 

– provided seismic image; G. Christeson – collected data, supervised research; R. Reece – collected data. 
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4.1 INTRODUCTION 

Most tectonic activity on Earth occurs at plate boundaries where different types of 

faults accommodate extension, compression, or shear. In the oceanic domain, the most 

common fault types are abyssal hill-bounding faults forming at mid-ocean ridges (Goff, 

1991; Buck et al., 2005), transform faults forming extensive fracture zones (Sandwell, 

1984; Wessel and Haxby, 1990), and plate-bending faults deforming oceanic lithosphere 

at subduction zones (Ranero et al., 2003; Grevemeyer et al., 2007). Sustained oceanic 

intraplate deformation at large distances from plate boundaries is less common, with one 

of the few documented examples located in the Central Indian Ocean where far-field 

compressional stresses from surrounding convergent plate boundaries affect the interior 

of the Indian plate (Geller et al., 1983; Zuber, 1987). The formation of oceanic plateaus 

and seamounts perturbs the seafloor and deforms the crust over short geologic timespans; 

these bathymetric features are generally not linked to sustained tectonic activity. 

However, recent seismic imaging has revealed large-offset extensional faults at the 

fringes of oceanic plateaus (Zhang et al., 2015, 2016; Estep et al., 2020), some of which 

may have been active relatively recently due to ongoing differential subsidence between 

normal and thickened ocean lithosphere.  

Faults of all sizes can host fluid flow, which acts as a major factor driving or 

contributing to global heat and chemical cycles. Various types of large-scale faults and 

fractures have been inferred to serve as conduits for fluid flow in oceanic plate boundary 

settings such as spreading centers (Karson and Rona, 1990; Alexander et al., 1993; 

Tolstoy et al., 2008) and subduction zones (Grevemeyer et al., 2005; Key et al., 2012). 
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These tectonic settings can host large volumes of easily detectable hydrothermal 

circulation and provide opportunities to study the impact of fluids on fault rheology or 

geochemical fluxes. In contrast, fluid flow in crust distal from plate boundaries is 

severely understudied, with anomalously low heat flow measurements at the seafloor 

being the main indicator for hydrothermal fluid flow in old oceanic crust both regionally 

and locally (Embley et al., 1983; Stein and Stein, 1994; Fisher and von Herzen, 2005). 

Sparsity of direct observations and geophysical constraints has made it difficult to gauge 

the detailed nature and global volumetric contribution of fluid flow in the various 

geologic environments that comprise mature oceanic crust.  

The Rio Grande Rise (RGR; Figure 4.1), an oceanic plateau formed in the late 

Cretaceous in the South Atlantic (Camboa and Rabinowitz, 1984; Ussami et al., 2013), 

appears to cause substantial intraplate deformation in its vicinity (Estep et al., 2020). This 

Figure 4.1: Study area in the western South Atlantic. Multibeam bathymetry east of the Rio 

Grande Rise, embedded in a regional bathymetry map. Location of seismic line CREST-1A 

(white line) and extent of the 2D seismic velocity and fluid flow models (red line). White 

arrows point to the linear surface expressions of two large faults observed in the seismic data. 

The red box in the inset outlines the map bounds. RGR = Rio Grande Rise; MAR = Mid-

Atlantic Ridge. 
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deformation has been attributed to the increased thickness and heat budget of RGR 

lithosphere, causing it to subside slower than the surrounding “normal” oceanic 

lithosphere since its formation. An Eocene thermal rejuvenation event, indicated by 

geochronologic dates of volcanic ash beds (Barker, 1983) and the presence of small 

seamounts and guyots (Rohde et al., 2013), may have revived and prolonged this 

differential subsidence. Recent acquisition of active-source seismic data at the eastern 

flank of the RGR offers an excellent opportunity to explore intraplate deformation and its 

effect on subsurface processes. Analysis of seismic images, shipboard bathymetry, and 

gravity data has already revealed a detailed distribution of extensional faults and their 

relative timing (Estep et al., 2020). Here we present a combination of full-waveform 

inversion (FWI) seismic velocity and numerical hydrothermal models, providing 

evidence for large intraplate fault zones which elevate fluid fluxes in ~68 Ma upper 

oceanic crust adjacent to the RGR. 

4.2 SEISMIC VELOCITY MODEL OF UPPER OCEANIC CRUST 

We performed gradient-based Markov chain Monte Carlo (GMCMC) FWI (Zhao 

and Sen, 2020) on two-dimensional (2D) seismic data collected east of the RGR (Figure 

4.1) during the Crustal Reflectivity Experiment Southern Transect (CREST). Figure 4.2 

shows our FWI velocity model along with the associated uncertainty (Supplement) and 

an interpreted sediment section (Estep et al., 2020) covering the oceanic crust. The FWI 

model shows several vertically elongated zones of low velocity penetrating into the upper 

crust, which we interpret as expressions of extensional crustal faults. Two of these faults 
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have linear bathymetric expressions (white arrows on Figures 4.1 and 4.2) and were 

previously revealed by seismic imaging of the sedimentary section (Estep et al., 2020) 

(Figure 4.2A) and recognized on a tomographic velocity model (Kardell et al., 2019). 

Several interpreted faults (solid lines in Figure 4.2B) are characterized by seismic 

velocities that are >1 km/s slower than surrounding velocities of similar depth and appear 

to extend up to ~1.5 km deep into the crust, with model resolution deteriorating at deeper 

depths. We interpret additional, smaller-scale crustal fault zones (dashed lines in Figure 

Figure 4.2: Seismic velocity model and associated uncertainty map. A) Time-migrated 

seismic image (Estep et al., 2020) showing the sediment section with interpreted faults. B) 

Seismic P-wave velocity model from FWI. Black lines show interpreted faults, with solid lines 

denoting high confidence and dashed lines lower confidence. C) Standard deviation map for 

the estimated posterior distribution produced by GMCMC FWI (Supplement). The statistics of 

the transparent area on the western edge are not fully resolved due to truncation of the Hessian 

matrix. White arrows in panels A and B point to faults whose surface expressions are shown 

in Figure 4.1. Vertical scale is two-way traveltime in A and depth in B and C. 
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4.2B), which may be associated with faults previously identified in the sedimentary 

section. The relatively regular interpreted fault spacing suggests that extensional 

deformation along the length of the modeled 2D section is pervasive, with the effect on 

seismic velocities in the uppermost crust increasing toward the plateau. This westward 

decrease in seismic velocities has previously been quantified (Kardell et al., 2019) and 

can also be observed visually in Figure 4.2B. We estimated porosity and permeability 

distributions from our FWI model (Supplement) indicating that, despite their setting in 

old crust, the largest of the faults are associated with porosities (~15%) and 

permeabilities (~1x10-12 m2) typical of newly formed upper crust at mid-ocean ridges 

(Barreyre and Sohn, 2017; Barreyre et al., 2018; Marjanović et al., 2019) rather than 

more mature upper crust (Fisher and Becker, 2000; Carlson, 2010, 2011).  

4.3 NUMERICAL FLUID FLOW MODELS 

We used the seismic velocity-derived physical property distributions as 

constraints for a simulation of 2D fluid flow and heat transport (Supplement) along the 

studied transect. Additionally, we designed a series of idealized models (Figure 4.3B) to 

assess how sediment thickness and permeability distributions influence fluid flow in 

different areas of the model domain with and without features that are characteristic of 

fault zones. Over six idealized models, we imposed a constant or laterally variable 

sediment thickness alongside a constant or depth-dependent permeability structure in the 

underlying crust. The results (Figure 4.3A) show that the presence of fault zones can 

significantly increase mean fluid fluxes throughout the model domain, especially the 
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mean flux across the seafloor. The mean fluid flux within the upper crustal portion of our 

data-constrained model is several times larger, and the fluid flux across the seafloor can 

be several orders of magnitude larger, than in the idealized models (Figure 4.3).  

Combined with our FWI image (Figure 4.2B), these results signify that crust near the 

RGR hosts levels of tectonic and hydrologic activity that are extraordinarily high for old 

oceanic crust (Johnson and Pruis, 2003), which is generally thought to neither host 

Figure 4.3: Model computed mean fluid flux across the seafloor and within the upper crust. 

A) Blue bars show mean fluid flux exiting the seafloor for the six different model setups. Gray 

bars show mean fluid flux within the uppermost 450 m of crust. All presented mean values 

and associated standard deviations can be found in Table S1. B) Model setups for the flux 

values displayed in A. 
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sustained tectonic activity nor fluid exchange with the ocean (Stein and Stein, 1994; 

Johnson and Pruis, 2003). 

4.4 GOVERNING FACTORS OF FLUID FLOW 

Our model results underscore the effects of sediment distribution and permeability 

on the volume of water exchange across the seafloor. These factors appear to have 

similarly large effects, although permeability only unfolds its maximum potential impact 

when high-permeability basement rock is exposed at the seafloor (Figure 4.3). Our 

models that include uniform sediment cover each yield relatively low volumes of water 

exiting the seafloor, regardless of the distribution of physical properties within the crust. 

This indicates that substantial fluid exchange between the ocean and the crust can only 

occur when the low-permeability sediment cover is extremely thin, or when basement 

rocks are exposed at the seafloor. In the models that feature a basement outcrop (Syn4, 

Syn5, and CREST), fault-induced channel-like permeability can enable fluid exchange 

more than an order of magnitude greater than allowed by a comparable but laterally 

homogeneous permeability distribution. Additionally, the range of flux magnitudes 

increases dramatically when outcrops are present and increases even further with the 

presence of high-permeability zones (Table S1 standard deviations). This increase in flux 

variability suggests the channelization of flux toward outcrops and along high-

permeability zones. 

 Our fluid flow models also reveal the factors governing the vigor of circulation 

within the modeled upper oceanic crust. We calculate the mean fluid flux in the 
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uppermost porous crust (0-450 m; Supplement). This mean flux increases in more 

heterogeneous permeability distributions (Syn3, CREST) but seems largely unaffected by 

the sediment thickness or the presence of basement outcrops. This implies that internal 

upper crustal hydrothermal circulation is not fully restricted by a sealing sediment cover 

but instead controlled predominantly by the upper crustal permeability distribution and 

presumably the age-dependent thermal regime. 

4.5 GLOBAL SIGNIFICANCE OF FLUID FLOW NEAR OCEANIC PLATEAUS 

Our model results emphasize the importance of implementing realistic sediment 

thickness and permeability constraints when modeling fluid flow in oceanic crust, 

particularly across the seafloor. In this study, homogenizing any of these constraints 

yields fluid fluxes that are orders of magnitude lower than in our more realistic model 

(Figure 4.3). Geologically, our results raise awareness to the fundamental impact that 

oceanic intraplate deformation may have on the surrounding geologic and hydrologic 

environment. The magnitude of these effects may, however, vary significantly depending 

on several factors. First, the dimensions of the oceanic plateau or similar bathymetric 

high determine the amount of differential subsidence, which influences the magnitude of 

faulting and the availability of basement outcrops that enable increased fluid fluxes. 

Second, crustal age governs the thermal budget of the crust and therefore the temperature 

of crustal fluids. If warm enough, buoyancy-driven convection could develop, enabling 

an additional increase in fluid fluxes. Third, large sedimentation rates may result in 

blanketing of fault scarps and seal off fluid circulation in some environments, hindering 
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fluids from venting into the oceans. Finally, the orientation of the bathymetric feature’s 

margin relative to pre-existing crustal weaknesses may or may not facilitate faulting, like 

what has been proposed when subducting plates bend (Ranero et al., 2003). For example, 

the eastern margin of the RGR is perpendicular to the paleo-spreading orientation, which 

may allow for the reactivation of abyssal hill-bounding faults that were originally formed 

at the spreading center.  

Despite the diversity in geologic environments discussed above, we suggest that 

oceanic intraplate deformation and the consequences for fluid flow illustrated in this 

paper are a global phenomenon. Large-scale faults near an oceanic plateau, comparable to 

the faults we image east of the RGR, have also been imaged adjacent to the Shatsky Rise 

(Zhang et al., 2015, 2016). While such observations are otherwise rare, the lack of 

globally widespread observations is likely a data sparsity issue. Oceanic plateaus and 

submarine ridges are common features in Earth’s oceans (Coffin and Eldholm, 1992) 

(Figure 4.4A) and differential subsidence an inherent phenomenon. To provide a 

quantitative assessment of the potential significance of our results globally, we estimated 

the global area affected by intraplate deformation and concomitant increased fluid flow 

adjacent to oceanic plateaus and submarine ridges. Based on the area displaying a 

significant gradient in residual basement depth around the RGR (Figure 4.4B), we 

assumed 100 km-wide fringes affected by differential subsidence around all oceanic 

plateaus and submarine ridges globally (Coffin and Eldholm, 1994). The associated area 

amounts to 29 x 106 km2, an area of seafloor that comprises ~9.5% of the total global area 

underlain by oceanic crust. If we assume average rates of water exchange between the 
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subsurface and ocean that correspond to the results presented in this paper (1.49 x 10-3 

m/yr), the global area bordering oceanic plateaus and submarine ridges may host roughly 

43 km3 of water crossing the seafloor into the oceans per year. This volume is 1.88% of 

Figure 4.4: Global map of oceanic plateaus and submarine ridges. A) Global residual 

basement depth map (Müller et al., 2008) with oceanic plateaus and aseismic ridges outlined 

in black (Coffin and Eldholm, 1994). Red box outlines area shown in zoom-in. B) Residual 

subsidence map of the Rio Grande Rise, including study area. 
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the hydrothermal fluid flux estimated in the global axial region (Johnson and Pruis, 

2003): a significant number derived at a crustal age that is generally considered too old 

for hydrothermal fluid exchange (Stein and Stein, 1994; Johnson and Pruis, 2003). We 

note that this estimate may be a lower bound as our model design does not account for 

the possibility of thermal rejuvenation, which may increase buoyancy-driven fluid flux in 

the study area and in other plateau or submarine ridge crust. Additionally, other oceanic 

plateaus and submarine ridges are younger than the RGR and may host higher fluid 

fluxes due to their warmer thermal regimes. Finally, bathymetric features other than 

oceanic plateaus and submarine ridges, such as extensive seamount chains, may also 

create conditions favorable for differential subsidence and increased fluid fluxes. 

Although our globally extrapolated calculations are merely rough estimates, they hint at 

the significant volumes of water in these settings that potentially hydrate the crust, act as 

a transport agent in global chemical cycles, and harbor significant portions of the oceanic 

crustal biosphere. 
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Conclusions 

This dissertation outlines insights into the evolution of upper oceanic crust in the 

western South Atlantic, presenting geophysical constraints from an extensive seismic 

dataset that continuously covers 0-70 Ma crust. Seismic velocity analysis and 

hydrothermal flow models illuminate the role of fluid flow in crustal cooling and its 

effect on the physical properties of the upper crust. This work carries global significance 

as it unifies previously conflicting data types and reinforces preexisting theoretical 

concepts, providing a robust reference for studies at other locations.  

In Chapter 2, I computed regional seismic velocity trends from tomography 

models that show a continuous increase in basement velocity to crustal ages of at least 58 

Ma. This trend indicates an evolution of upper crustal velocities that lasts significantly 

longer than measured or predicted by previous studies using similar techniques. These 

results provide evidence for hydrothermal circulation measurably affecting the upper 

crust to ages consistent with heat flow studies, likely by depositing minerals in remnant 

pore space. The rate of basement velocity increase in sparsely sedimented, slow 

spreading rate young crust is relatively high compared to other ridge flanks formed at 

higher spreading rates. This indicates that spreading rate and sediment thickness may not 

be the universal primary factors controlling the rate of velocity increase with crustal age. 

Instead, important factors could include elevated mantle temperatures, increased fault‐

induced porosity due to high rates of tectonic extension in slow spreading rate crust, or a 

recent long‐lasting pulse of magmatic extension increasing hydrothermal circulation in 
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young crust. Deeper seismic velocities reveal no systematic increase with age, suggesting 

that off‐axis hydrothermal systems rapidly shallow. Close to the Rio Grande Rise, an 

oceanic plateau west of the study area, anomalously homogeneous seismic velocities may 

be related to the Tristan mantle plume supplying steady melt volumes at the time of 

crustal accretion (~70 Ma). A steady westward velocity decrease in the same area may be 

caused by large-scale normal faulting, which is observed to substantially offset the 

sediment cover. 

In Chapter 3, I used high-resolution seismic velocity models to estimate detailed 

porosity and permeability distributions that constrain models of hydrothermal fluid flow 

at five different crustal ages. The hydrothermal models yield values of advective and 

conductive surface heat flux that are consistent with both predictions of heat flux by 

lithospheric cooling models and measured conductive heat flux at the seafloor. Modeled 

advective heat transport in the study area constitutes about half of the total surface heat 

flux at 7 Ma and becomes negligible around 63 Ma due to low temperatures that cause 

buoyancy-driven flow to wane. This trend is consistent with a “sealing age” of ~65 Ma, 

inferred from a global compilation of heat flow measurements. Computed hydrothermal 

volume fluxes largely agree with global estimates for the modeled crustal ages. 

Conductive surface heat flux is suppressed at basement outcrops where discharge of 

warm fluids and recharge of cold fluids occur. Conductive heat flux is also low where 

hydrothermal convection cells transport heat downward beneath sedimentary basins. It is 

elevated where convection cells upwell warm fluids beneath sediments. The modeled 

upper crustal seismic velocities are relatively heterogeneous in young crust and become 
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increasingly homogeneous in older crust, while also slightly increasing overall. 

Intermediate spreading rate crust exhibits frequent high-velocity anomalies that may be 

associated with frozen axial magma chambers. Chapter 3 illustrates the power of well-

constrained models to reconcile results from different types of studies examining the 

evolution of oceanic crust. 

In Chapter 4, I revisited the westernmost portion of the seismic transect, adjacent 

to the Rio Grande Rise, which was shown to be anomalous in Chapter 2. I used a novel 

variety of full-waveform inversion to generate a high-resolution seismic velocity model 

that shows multiple large fault zones penetrating at least ~1.5 km into the crust. These 

faults likely accommodate differential subsidence between thickened, warm oceanic 

plateau crust and cold oceanic crust. I estimated porosity and permeability distributions 

from seismic velocity and used them to constrain a fluid flow model that predicts 

elevated fluxes along the interpreted fault zones and across the seafloor. Crust adjacent to 

oceanic plateaus may exhibit elevated levels of tectonic activity and fluid flow globally. 

The estimated global volume of fluid entering the ocean in this type of setting amounts to 

43 km3, which is ~2% of the hydrothermal flux in the axial region. This potentially has 

implications for global chemical cycles, the hydration of mature oceanic crust, and the 

oceanic crustal biosphere. 
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Appendices 

APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2 

This appendix includes six figures (A1.1 through A1.6) that provide details on the 

resolution test we performed for profiles 1A and 1F. This includes plots of the imposed 

and recovered velocity differences, and semblance between imposed and recovered 

anomalies for all three anomaly sizes in both tested profiles. Figures A1.7 through A1.9 

show layer 2A thickness distributions for all 13 tomographic velocity models shown in 

the main manuscript. Tables A1.1 and A1.2 list important parameters that were used to 

downward-continue the streamer data to a synthetic datum, and to perform ray tracing 

and tomographic inversion of seismic velocities, respectively. Table A1.3 includes 

geographic locations and onset ages of picked magnetic chrons used to derive the 

spreading rate distribution presented in this manuscript. 
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Figure A.1: a) Example of oneof the four patterns of seismic velocity anomalies added to line 

1A, sized 10 km x 1 km each. b) Anomalies recovered after three iterations of raytracing and 

traveltime tomography, following the approach of Zelt (1998). c) Semblance stack for the 

semblance distribution of all four patterns of velocity anomalies tested. 
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Figure A.2: As for Figure A.1, except for anomalies sized 5 km x 0.5 km each. 
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Figure A.3: As for Figure A.1, except for anomalies sized 2.5 km x 0.25 km each. 
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Figure A.4: a) Example of one of the four patterns of seismic velocity anomalies added to 

line 1F, sized 10 km x 1 km each b) Anomalies recovered after three iterations of raytracing 

and traveltime tomography. c) Semblance stack for the semblance distribution of all four 

patterns of velocity anomalies tested. 
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Figure A.5: As for Figure A.4, except for anomalies sized 5 km x 0.5 km each. 
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Figure A.6: As for Figure A.4, except for anomalies sized 2.5 km x 0.25 km each. 
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Figure A.7: Layer 2A thickness extracted in 1 km increments along the dashed black line 

(layer 2A/2B boundary contour) of the tomographic velocity models shown in Figure 2.5. 
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Figure A.8: Layer 2A thickness extracted in 1 km increments along the dashed black line 

(layer 2A/2B boundary contour) of the tomographic velocity models shown in Figure 2.6. 
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Figure A.9: Layer 2A thickness extracted in 1 km increments along the dashed black line 

(layer 2A/2B boundary contour) of the tomographic velocity models shown in Figure 2.7. 
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Table A.1: Parameters used in downward extrapolation of raw shot gathers, using the code of 

Arnulf et al. (2011). 

Table A.2: Parameters used in ray tracing and tomographic inversion, using the code of Van 

Avendonk et al. (2001, 2004). 
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Table A.3: Picks of magnetic chrons used to derive the spreading rate distribution shown in 

Figure 2.4. Ages are from Gee and Kent (2007) 
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

This appendix includes supplementary text and five figures (B.1 through B.6) that 

provide details on the full-waveform inversion (FWI) and hydrothermal fluid flow 

modeling process employed in Chapter 3. This includes plots of the source wavelet, 

observed and synthetic seismic data for the ridge-parallel profiles, FWI-derived porosity 

and permeabilities, and the hydrothermal model setup. The following supplementary text 

describes details of the FWI procedure, including details on data pre-processing. 

 

Detailed FWI approach: 

1. Removal of swell noise 

Low-frequency swell noise needs to be removed from the raw MCS data to 

improve the data quality before downward-continuation. We applied time-variant band-

limited noise suppression with a noise frequency band of 0-3 Hz. This step decomposes 

the seismic trace into noise and signal components by filtering each data trace using a 

Butterworth filter. The noise component is then subtracted from the input trace to yield 

the signal component of the data. 

2. Design of an inverse filter for predictive deconvolution 

We use the predictive deconvolution functionality included in the downward-

continuation code (Arnulf et al., 2011) to remove the bubble pulse and reduce the 

presence of multiple energy that appears to emerge as the wavefield traverses the strong 

acoustic impedance contrast between sea water or sediment and volcanic rock at the top 
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of the oceanic crust. To effectively perform predictive deconvolution it is important to 

devise an inverse filter that predicts the wavelengths characteristic for the noise to be 

reduced. We chose a portion of the seismic line covering relatively flat seafloor to ensure 

horizontal alignment of noise. We filtered the data using a Butterworth bandpass filter 

allowing a frequency spectrum of 3-15 Hz, then calculated the average autocorrelation 

and used it to design an inverse filter of 400 ms filter length and 40 ms prediction 

window, with 0.1% pre-whitening. 

3. Downward-Continuation of MCS Data 

Prior to performing FWI, we downward-continued (re-datumed) the seismic 

wavefield to a synthetic datum 75 m above the seafloor (Arnulf et al., 2011). This 

processing step has multiple benefits, including some of the pre-processing steps 

necessary for FWI: 1) The code further reduces swell noise by applying a 3-20 Hz 4th 

order Butterworth band-pass filter. It also collapses diffractions emerging from a rough 

seafloor and/or basement interface into points. 2) It transforms crustal refracted energy 

into first arrivals at short offsets, making it easier to model these data. 3) Correction of 

the amplitudes and phases of the real data from a point source to a line source (3D to 2D) 

by multiplying the amplitudes by √𝑡 and convolving them with 1/√𝑡, where t is the two-

way traveltime. 4) It allows for better convergence during FWI by resampling the seismic 

data to the exact grid point locations of the velocity model. 5) The computation time 

occupied by FWI is significantly decreased with a synthetic datum just above the seafloor 
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because the wavefield is not propagated through the entire water column, which is up to 

~5 km deep in the survey region. 

4. Predictive deconvolution – Part 2 

Some multiple energy survived the downward-continuation and incorporated 

deconvolution, especially in the form of multiple refractions appearing in regular time 

intervals after the primary refraction. We applied an additional step of predictive 

deconvolution after downward-continuation, using a filter length of 510 ms and a 90 ms-

long prediction window. The resulting data includes minimal multiple energy. 

5. Traveltime tomography to produce starting models 

We built five new tomographic velocity models at lines CREST-1AB, 1BC, 1CD, 

1DE, and 1EF that served as starting models for FWI. We generated the models 

following the procedure from Kardell et al. (2019), which consisted of picking refracted 

first arrivals on downward-continued shot gathers and inverting for a tomographic 

velocity model using the code of van Avendonk et al. (2004). For lines CREST-01, 02, 

and 03 we used preexisting tomography models from Kardell et al. (2019) as starting 

models. 

6. Estimation of the source wavelet and scaling factor 

To have a good representation of the source wavelet, we located a seismic trace 

exhibiting a clear refracted wave in a region of relatively flat seafloor and a smooth 

sediment-basement interface. We tapered, filtered, and truncated the trace to arrive at the 

wavelet shown in Figure B.1. These steps are necessary to avoid the introduction of any 
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fictitious ultra-low-frequency energy during the forward-modeling portion of FWI. An 

appropriate scaling factor between observed and synthetic seismic data generated with 

the finite difference method needs to be determined to match the amplitude between the 

two. We find the scaling factor by a trial and error process, in which the initial synthetic 

data is generated with the tomographic velocity model. One can also implement the 

source inversion method proposed by Pratt (1999), in which the scaling factor can be 

incorporated into the source wavelet estimation.  

7. Muting and filtering of observed data 

After downward-continuation and deconvolution of the data, we muted parts of 

each shot gather. We used a top mute excluding energy arriving before the first break and 

a bottom mute eliminating multiple energy beneath the basement reflection. Additional 

muting of a cohesive band of converted S-waves did not have a noticeable effect on the 

resulting velocity model and thus was not implemented. We used a gently tapered mute 

to avoid low-frequency artifacts that inhibit inversion convergence. We also used a 

Chebyshev filter with corner frequencies of 4-6 Hz and 10-12 Hz to bandpass-filter the 

data; this step ensured better noise attenuation. 

8. Testing and selection of an effective combination of inversion parameters  

The ideal inversion parameters, e.g., regularization and maximum field 

perturbation, may be unique to every data set and every locality within a given data set. 

Finding these parameters involves regular quality control of the estimated data 

throughout the inversion process. The data quality of the CREST seismic data set is 
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highly variable, with areas that are characterized by a rough seafloor and sediment-

basement interface generally exhibiting relatively poor data quality. Low data quality 

may impact the FWI process and locally reduce the certainty of the resulting velocity 

models. 
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Figure B.1: Source wavelet. 
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Figure B.2: Selected observed and synthetic shot gathers for the three ridge-parallel FWI 

models. 
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Figure B.3: Porosity used in our five hydrothermal models, derived from seismic velocity 

according to Carlson (2014).  
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Figure B.4: Permeability used in our five hydrothermal models, derived from seismic 

velocity according to Carlson (2014).  
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Figure B.5: Hydrothermal model setup showing the boundary conditions and initial 

temperature distribution. 

Figure B.6: Mean temperature versus model time for each 

hydrothermal model. 
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APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 

C.1.1 Data 

The two-dimensional (2D) multi-channel seismic (MCS) data we used for full-

waveform inversion (FWI) were acquired in 2016 as part of the Crustal Reflectivity 

Experiment Southern Transect (CREST) aboard the R/V Marcus G. Langseth. A 12.6 

km-long hydrophone streamer with 1008 channels was used to record at 37.5 m shot 

spacing, 12.5 m receiver spacing, and 15 s record length. The data were processed with  

6.25 m common midpoint (CMP) spacing. The air gun array consisted of 36 air guns with 

a total volume of 6,600 in3.   

C.1.2 Full-Waveform Inversion 

FWI is an inversion method for seismic data commonly used to recover high-

resolution seismic velocity models of the subsurface and has been used to image the 

upper crust in a variety of tectonic settings (Morgan et al., 2011; Christeson et al., 2012; 

Arnulf et al., 2014; Qin and Singh, 2017; Huot and Singh, 2018) . In theory, the true 

physics of seismic waves propagating in the 3D subsurface involve elasticity, anisotropy, 

attenuation, and other phenomena. However, in practice, it is often difficult and 

sometimes computationally infeasible to exactly simulate the true physics of wave 

propagation. With a proper forward modeling solver, the observed seismic data can be 

matched with estimated data computed using approximated physics. Additionally, the 

computational cost can be substantially reduced with the proper approximated physics, 

while the true subsurface properties can be effectively estimated without significant loss 
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of accuracy. In the study area, we found that an acoustic solver can explain most of the P-

wave primary features. 

Hence, we utilized a gradient-based Markov chain Monte Carlo (GMCMC) FWI 

code (Zhao and Sen, 2020) with an acoustic solver to keep the computational cost 

manageable. The GMCMC method is an efficient Bayesian inverse method based on 

directly sampling the posterior distribution. It is capable of finding a geologically 

reasonable velocity model without requiring an accurate starting model. Furthermore, 

instead of providing only the “best fit” model, GMCMC FWI allows us to quantify the 

inversion uncertainty associated with the highly nonlinear inverse problem by providing 

the estimated posterior distribution. From the posterior distribution, we can easily access 

various statistical assessments of the inversion grid, including the mean model and 

standard deviation. 

To sufficiently sample the parameter space, we generated 600,000 samples for the 

model to estimate the posterior distribution for an inversion grid size of 75 m in both 

directions. For this specific model, the distribution becomes stationary after ~150,000 

samples. To reduce the computational cost associated with the sampling process, we re-

datumed the original data acquired at sea level to 75 m above the seafloor (see details 

below). We identified that most waves of interest are above 3.2 s in the re-datumed 

gathers. By tapering the frequency component above 10 Hz and filtering out everything 

above 12 Hz, we were able to use a relatively sparse modeling grid, 37.5 m in both 

vertical and horizontal directions, to perform seismic wavefield propagation without 
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severe numerical aliasing. We implemented the FWI with message passing interface 

(MPI) to parallelize shot records and open multi-processing (OpenMP) within the 

acoustic solver to speed up the wavefield propagation process. With a time sample 

interval of 2 ms, we were able to generate a sample within 1 s by utilizing the Intel Xeon 

Platinum 8160 CPUs on the supercomputer Stampede2 hosted by the Texas Advanced 

Computing Center (TACC). 

 Our FWI approach consists of the following steps, which are described in detail 

below: 

1. Removal of swell noise from the raw MCS data 

2. Design of an inverse filter for predictive deconvolution 

3. Downward-continuation of the pre-processed MCS data  

4. Predictive deconvolution – Part 2 

5. Estimation of a source wavelet and scaling factor 

6. Muting and filtering of observed data 

7. Generating a 1D gradient starting model 

8. Testing and selection of a functioning combination of inversion parameters  

C.1.2.1 Removal of Swell Noise 

Low-frequency swell noise needs to be removed from the raw MCS data to 

improve the data quality before downward-continuation. We applied time-variant band-

limited noise suppression with a noise frequency band of 0-3 Hz. This step decomposes 

the seismic trace into noise and signal components by filtering each data trace using a 
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Butterworth filter. The noise component is then subtracted from the input trace to yield 

the signal component of the data. 

C.1.2.2 Design of an Inverse Filter for Predictive Deconvolution 

We use the predictive deconvolution functionality included in the downward-

continuation code to de-bubble the data and reduce the presence of multiple energy that 

appears to emerge as the wavefield traverses the strong acoustic impedance contrast 

between sea water or sediment and volcanic rock at the top of the oceanic crust. To 

effectively perform predictive deconvolution, it is important to devise an inverse filter 

that predicts the wavelengths characteristic for the noise to be reduced. We chose a 

portion of the seismic line covering relatively flat seafloor to ensure the horizontal 

alignment of the noise. We filtered the data using a Butterworth bandpass filter allowing 

a frequency spectrum of 3-15 Hz, then calculated the average autocorrelation and used it 

to design an inverse filter of 400 ms filter length and 40 ms prediction window, with 

0.1% pre-whitening. 

C.1.2.3 Downward-Continuation of MCS Data 

Prior to performing FWI, we downward-continued (re-datumed) the seismic 

wavefield to a synthetic datum 75 m above the seafloor (Arnulf et al., 2011). This 

processing step has multiple benefits, including some of the pre-processing steps 

necessary for FWI: 1) The code further reduces swell noise by applying a 3-20 Hz 4th 

order Butterworth band-pass filter. It also collapses diffractions emerging from a rough 
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seafloor and/or basement interface into points. 2) It transforms crustal diving waves into 

first arrivals at short offsets, making it easier to remove any high-amplitude energy 

possibly masking them. 3) Correction of the amplitudes and phases of the real data from a 

point source to a line source (3D to 2D) by multiplying the amplitudes by √𝑡 and 

convolving them with 1/√𝑡, where t is the two-way traveltime. 4) It allows for better 

convergence during FWI by resampling the seismic data to the exact grid point locations 

of the velocity model. 5) Thanks to the synthetic datum just above the seafloor, the 

computation time occupied by FWI is significantly decreased because the wavefield is 

not propagated through the entire water column, which is up to ~4.5 km thick for the line 

presented here. 

C.1.2.4 Predictive Deconvolution – Part 2 

Some multiple energy survived the downward-continuation and incorporated 

deconvolution, especially in the form of multiple refractions appearing in regular time 

intervals after the primary refraction (Figure C.1B). These multiple refractions can 

introduce significant lateral velocity banding in the inverted velocity model and thus need 

to be removed as thoroughly as possible. We applied this additional step of predictive 

deconvolution after downward-continuation, using a filter length of 510 ms and a 90 ms-

long prediction window. The resulting data includes minimal multiple energy (Figure 

C.1B). 
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C.1.2.5 Estimation of the Source Wavelet and Scaling Factor 

To have a good representation of the source wavelet, we located a seismic trace 

exhibiting an unmasked refracted wave. We tapered, filtered, and truncated the trace to 

arrive at the wavelet shown in Figure C.2. These steps are necessary to avoid the 

introduction of any low-frequency energy when convolving the wavelet during the 

forward-modeling portion of FWI. Because we extracted our source wavelet at 4.3875 

km offset, its amplitude is lower than the average energy recorded in all shot gathers due 

to the effects of attenuation. We hence determined an appropriate scaling factor between 

observed and estimated data to ensure similar amplitudes between the two. However, we 

kept the average amplitude of the synthetic data below that of the observed data to ensure 

faster convergence.  

C.1.2.6 Muting and Filtering of Observed Data 

After downward-continuation and repeated deconvolution of the data, we muted 

parts of each shot gather that turned out to be detrimental to the recovery of a 

geologically reasonable seismic velocity distribution. We used a top mute excluding 

energy arriving before the first break and a bottom mute eliminating multiple energy 

beneath the basement reflection (Figure C.1C). Not muting a cohesive band of converted 

S-waves (Figure C.1) did not have a noticeable effect on the resulting velocity model. We 

used a gently tapered mute as overly aggressive tapers can introduce low-frequency 

artifacts that inhibit inversion convergence. In addition to muting, we also used a 
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Chebyshev filter with corner frequencies of 4-6 Hz and 10-12 Hz to bandpass-filter the 

data. This step ensured faster convergence and better noise attenuation. 

C.1.2.7 Generating a 1D Gradient Starting Model 

The GMCMC approach does not require an accurate starting model obtained from 

tomographic inversion, unlike traditional local gradient-based approaches. We generate a 

starting model by simply applying a vertical 1D velocity gradient below the seafloor. We 

set the water velocity to 1.503 km/s, which is the value locally calculated using 

multibeam bathymetry readings from the CREST expedition and also used during 

downward-continuation. 

C.1.2.8 Testing and Selection of an Effective Combination of Inversion Parameters 

The ideal inversion parameters, e.g., inversion grid size and max. field 

perturbation, may be unique to every data set and every locality within a given data set. 

Finding these parameters involves regular quality control of the estimated data 

throughout the inversion process. We inverted the western and eastern portions of the line 

separately to improve data convergence. 

C.1.2.9 Finding the Final Velocity Model 

We generated 600,000 samples with the GMCMC FWI code (Zhao and Sen, 

2020) and obtained a mean model and standard deviation map (Figure 4.2C) for the 

estimated posterior distribution. Due to the relatively high uncertainty around x = 40 km, 
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we decided to use a smoothed version of the mean model as the starting model for a final 

run of local gradient-based FWI, thereby verifying the authenticity of the large fault zone 

visible at this location. We present observed and synthetic shot gathers (Figure C.3), 

several marginal posterior probability distributions (Figure C.4), and velocity-probability 

histograms (Figure C.5) for three shot locations. We can see from Figure 4.2C and 

Figures C.4 and C.5 that the standard deviation is generally small in the shallow part of 

the model, indicating small inversion uncertainty, and the standard deviation becomes 

larger with increasing depth, which indicates higher inversion uncertainty. This is due to 

the fact that the shallow part has very good data coverage, illuminated by more wave 

paths, which leads to low inversion uncertainty. On the other hand, the deep part is much 

less constrained by the data, resulting in relatively high inversion uncertainty. 

C.1.3 Fluid Flow Modeling 

C.1.3.1 Numerical Modeling Technique 

To quantify fluid fluxes through the model domain constrained by our FWI 

results, we used a modified version of the finite volume method published by Ramos et 

al. (2018). This method numerically solves the conservation of mass, momentum, and 

energy equations for porous media fluid flow and heat transport. The model employs the 

Boussinesq approximation, which allows for the usage of a less computationally 

expensive, linear model to quantify fluid fluxes. At each time step across our discretized 

domain, conservation equations for fluid flow (i.e., Darcy’s law) are solved to determine 

fluid fluxes throughout the model domain. These fluid fluxes are then included in the 
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conservation of energy equation and when solved, a two-dimensional temperature field is 

found. These temperatures are then used to update fluid properties (i.e. fluid density and 

viscosity), according to steam tables for aqueous sodium chloride solutions (Haar, 1984; 

Pitzer et al., 1984). We continued this iterative procedure for 20 kyr of model time to 

allow the flow field and temperature distributions to reach a steady state.  

Corresponding to the grid size of the FWI model, we set up a uniform Cartesian 

grid with 81 cells in the vertical direction, 1286 cells in the horizontal direction, and an 

increment of 37.5 m. We eliminate the water layer and instead impose the appropriate 

hydrostatic pressure by means of a boundary condition. Scalar quantities (e.g., 

temperature, pressure, density) are approximated at cell centers, while vector quantities 

(e.g., Darcy fluxes, intercell porosity and permeability) are approximated at cell faces. 

C.1.3.2 Boundary Conditions 

To solve the conservation of mass and momentum equations for fluid flow, we 

impose a constant pressure condition (Dirichlet condition) corresponding to the average 

water depth (4,490 m) at the top boundary of our 2D model domain. At all other 

boundaries, we apply a homogenous Dirichlet boundary condition (i.e. 𝒒 ∙ �̂� = 0), 

allowing no flow in or out of the model domain. The top boundary is held at 2°C where 

inflow is occurring, corresponding to the temperature of seawater, while the temperature 

of the bottom boundary (82°C) is derived from a thermal model of oceanic lithosphere 

for a crustal age of 68 Ma (Richards et al., 2018). 
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C.1.3.3 Constraints 

We estimate heterogeneous physical property distributions to use in our fluid flow 

simulation by using published empirical relationships with seismic velocity (Carlson, 

2014)  for porosity and permeability and other published values for matrix density, 

thermal conductivity, and heat capacity (Hamilton, 1976; Hutchison, 1985; Spinelli and 

Fisher, 2004): 

Porosity (Figure C.6A): 

ϕ𝑠𝑒𝑑 = 0.72 − 0.987 ∙ 𝑧𝑠𝑒𝑑 + 0.83 ∙ 𝑧𝑠𝑒𝑑
2   (Hamilton, 1976) 

ϕ𝑙𝑎𝑦𝑒𝑟2𝐴 = −0.181 + √0.1812 − 4 ∙ (−0.129) ∙
0.0258−𝑉𝑃

−2

−0.258
  (Carlson, 2014) 

ϕ𝑙𝑎𝑦𝑒𝑟2𝐵 = −0.311 +  √0.3112 − 4 ∙ (−0.212) ∙
0.0217−𝑉𝑃

−2

−0.424
 (Carlson, 2014) 

Permeability (Figure C.6B): 

𝑘𝑠𝑒𝑑 = 1.05 × 10−18 ∙ 𝑒
2.17∙

ϕ𝑠𝑒𝑑
1−ϕ𝑠𝑒𝑑  𝑚2 (Spinelli and Fisher, 2004) 

𝑘𝑙𝑎𝑦𝑒𝑟2𝐴 = 10−(7.4+1.3∙𝑉𝑃) 𝑚2   (Carlson, 2014) 

𝑘𝑙𝑎𝑦𝑒𝑟2𝐵 = 107−4∙𝑉𝑃  𝑚2   (Carlson, 2014) 

Matrix density: 

𝜌𝑠𝑒𝑑 = 2.71 
𝑔

𝑐𝑚3 ; 𝜌𝑐𝑟𝑢𝑠𝑡 = 3.33 
𝑔

𝑐𝑚3 (Hutchison, 1985) 

Thermal conductivity: 

𝜆𝑠𝑒𝑑 = 2.93 
𝑊

𝑚∙𝐾
 ; 𝜆𝑐𝑟𝑢𝑠𝑡 = 3.1 

𝑊

𝑚∙𝐾
  (Hutchison, 1985) 
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Heat capacity: 

𝐶𝑃,𝑠𝑒𝑑 = 1004 
𝐽

𝐾
 ; 𝐶𝑃,𝑐𝑟𝑢𝑠𝑡 = 1160 

𝐽

𝐾
 (Hutchison, 1985) 

C.1.3.4 Procedure 

We set up six models intended to reveal which factors govern fluid flow in 

different areas of the model domain. We varied the distributions of sediment thickness 

and upper crustal porosity and permeability (Figure C.7). To calculate average upper 

crustal fluxes, we extracted values from a window that starts at the sediment-basement 

interface and ends 450 m below. This depth corresponds to the average thickness of 

seismic layer 2A along the coincident seismic line (463 m; Kardell et al., 2019), rounded 

to the nearest grid point. Seismic layer 2A is defined to be the uppermost, high seismic 

velocity-gradient crust indicating relatively high porosity. 
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Figure C.1: Seismic data preprocessing for FWI. Shot gathers before (left) and after (right) 

pre-processing steps: (a) downward continuation; (b) gap deconvolution; and (c) muting and 

applying a final filter. 
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Figure C.2: Source wavelet. 
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Figure C.3: Observed and synthetic data. Observed (left) and synthetic (right) shot gathers 

for shots A) 1484; B) 1676; and C) 2225. 
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Figure C.4: Marginal posterior probability distributions. The x-locations coincide with shot 

locations (from left to right) 1484, 1676, and 2225. 
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Figure C.5: Velocity-probability histograms at indicated x and z locations of the velocity 

model presented in Figure 4.2B. The x-locations coincide with shot locations (from left to 

right) 1484, 1676, and 2225. 
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Figure C.6: Estimated physical property distributions and modeled fluxes. (a) Porosity and 

(b) permeability distributions estimated from FWI-derived seismic P-wave velocities and used 

as constraints in fluid flow models. (c) Fluid flux magnitude map. White streamlines show 

direction of flow. 
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a) Syn1 Syn2 Syn3 Syn4 Syn5 CREST 

    Mean flux exiting the seafloor [m/yr] 3.19e-6 5.20e-6 4.32e-6 1.89e-5 7.10e-5 1.49e-3 

    Standard deviation [m/yr] 1.81e-6 2.98e-6 2.60e-6 1.78e-4 8.64e-4 1.05e-2 

b)       
    Mean flux porous upper crust [m/yr] 8.77e-4 1.29e-3 5.20e-3 1.16e-3 2.31e-3 5.90e-3 

    Standard deviation [m/yr] 1.28e-3 3.97e-3 1.81e-2 1.77e-3 4.76e-3 1.94e-2 

 
Table C.1: Fluid flux values. Mean fluid flux and standard deviation presented in Figure 

4.3a for all six model setups (Figures 4.3b and C.7). Standard deviations for models featuring 

basement outcrops and/or channel-like permeability are large due to flux channelization. 

Figure C.7: Fluid flow model setup. (A) Setup of numerical model space including boundary 

conditions applied on all models and the physical properties of the layered models (Syn1 and 

Syn4). (B) Schematic permeability distributions for models Syn2 through Syn5 and the FWI-

constrained CREST model. 
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