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ABSTRACT
Heat flow measurements indicate hydrothermal activity in oceanic crust continues at least 

for 65 m.y. after formation. Hydrothermal activity progressively fills cracks and pores with al-
teration products, which is expected to lead to a trend of increasing seismic velocities with age. 
Compilations of seismic-P-wave velocity models inverted from ocean bottom seismometer (OBS) 
data have failed to detect such an aging trend beyond crustal ages of ca. 10 Ma. However, in 
these models, the velocities of the uppermost crust, where fluid flow would be most concentrated, 
are poorly resolved. This is because as the oceanic crust matures, the first crustal arrivals on 
OBS records (which best resolve upper crustal velocities using tomographic inversion), become 
hidden in the coda of the water wave. This may lead to the masking of any aging trend in the 
seismic velocities. For the first time, we show how including downward continuation (DC) in 
the analysis of OBS data collected across 65 Ma seafloor significantly improves measurements 
of the P-wave velocities of the upper crust. Our new analysis reveals a highly heterogeneous up-
per crust, with ridge-parallel P-wave velocity variations of 25%, implying local porosity values 
that are up to double that of global averages. Our new results, combined with other most recent 
advanced seismic analyses, reveal that seismic velocities indeed evolve with age up to at least 
70 Ma, confirming that hydrothermal activity continues in mature oceanic crust.

INTRODUCTION
Two-thirds of Earth’s surface is underlain 

by oceanic crust, which undergoes geochemi-
cal exchange through the hydrothermal cir-
culation of seawater (Fig. 1A; Elderfield and 
Schultz, 1996). This fluid-rock interaction 
plays a key role in regulating seawater chem-
istry and several global chemical budgets (e.g., 
Nielsen et al., 2006; Coogan and Gillis, 2013). 
The porous upper oceanic crust is a significant 
potential reservoir of microbial life, which fur-
ther influences global-scale biogeochemical 
cycles (Seyler et al., 2021). To date, the best-
understood part of the hydrothermal system is 
at the mid-ocean ridge axis and flanks (ocean 
floor ages of <10 Ma), where focused discharge 
forms spectacular features like black smokers 
and carbonate chimneys (Beaulieu et al., 2013). 
However, such features only account for approx-
imately one-third of the total hydrothermal flux. 
The rest is attributed to more diffuse flow of 

cooler seawater in more mature oceanic crust 
(e.g., Hasterok et al., 2011). Here, as the depo-
sition of impermeable marine sediments starts 
to impede vertical fluid flow, basement highs 
become increasingly important conduits for 
hydrothermal fluids (Fisher and Wheat, 2010).

Global marine heat flow compilations suggest 
hydrothermal heat transfer has largely ceased at 
crustal ages of ca. 65 Ma (Stein and Stein., 1994). 
Regional heat flow and cross-borehole studies 
(e.g., Bartetzko, 2005; Fisher and Von Herzen, 
2005), however, provide evidence for hydrother-
mal activity even in crust older than 100 Ma, sug-
gesting there may be no cessation in hydrothermal 
circulation with seafloor age (Von Herzen, 2004). 
Hydrothermal circulation is thought to be increas-
ingly hampered by the blocking of pores/frac-
tures by mineral precipitation, leading to reduced 
porosity. However, mature basaltic samples are 
scarce, and macro-porosity is not representa-
tively sampled by drilling (Teagle et al., 2023). 
Alternative geophysical methods such as natural 
radioactivity and electrical resistivity offer a more 
direct link to the crust’s physical properties but 
are too limited to establish age relationships (Bar-

tetzko, 2005). Hence, evidence for the porosity 
evolution of the upper oceanic crust has relied 
on wide-angle data collected using ocean-bottom 
seismometers (OBS). However, thus far, global 
compilations of wide-angle seismic results have 
failed to detect systematic increases in veloc-
ity expected from porosity reduction, beyond 
10 Ma (Grevemeyer and Weigel, 1996; Carlson, 
1998; Christeson et al., 2019). Recent long-offset 
multi-channel seismic reflection (MCS) work in 
the South Atlantic Ocean (Fig. 1B), however, has 
shown an evolution of uppermost crustal velocity 
for at least 48 m.y. or even 63 m.y. (Estep et al., 
2019; Kardell et al., 2019, 2021), prompting the 
need to re-examine OBS data.

One of the biggest challenges for OBS seis-
mology is to constrain P-wave velocity (Vp) of 
the uppermost crustal layers. As the crust ages 
due to thermal subsidence and sedimentation 
(Fig. 1C), the source-receiver offset at which 
the upper crustal refractions (Pg2) become first 
arrivals (allowing them to be confidently picked) 
increases (Fig. 1D). Because offset correlates 
with the depth at which the refracted waves 
turn, this lack of picks can preclude updating 
of the starting velocity model for the upper crust 
used in travel-time tomography. Starting models 
themselves are typically based on one-dimen-
sional (1-D) crustal P-wave velocity-depth 
profiles below the basement, which are guided 
by global compilations (e.g., Christeson et al., 
2019). Therefore, while conventional wide-
angle seismology can effectively determine 
the bulk crustal structure, the uppermost crust, 
where physical property changes due to ongoing 
hydrothermal activity should be most apparent, 
is the least well-determined part of the crust.

One way to mitigate the deterioration of 
upper-crustal resolution with age would be to 
physically place the seismic shots used in the 
experiments closer to the seabed receivers. While 
this has been attempted, it has not been widely 
adopted as a practical way to collect seismic data 
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(e.g., Sohn et al., 2004). An alternative approach 
that could, in theory, be applied to seismic data 
sets is to use a computational method known as 
downward continuation (DC; Berryhill, 1979) 
which simulates what would be recorded with 
shots at depth, collapsing water waves and bring-
ing Pg2 to nearer offsets (Fig. 1D). This approach 
has been successfully applied to MCS data (e.g., 
Arnulf et al., 2011; Harding et al., 2016; Kardell 
et al., 2019) where both the physical source and 
receiver are at the sea surface, but not, to our 
knowledge, to OBS data for travel-time tomogra-
phy. OBS data are generally collected with larger 

(3 × or more) shot spacing than MCS data, and 
because the application of DC requires data free 
of spatial aliasing, this limitation needs to be 
overcome to apply the method.

We illustrate ways to incorporate DC into 
the conventional workflow of wide-angle data. 
We compare Vp models obtained with and 
without DC application to evaluate accuracy 
and resolution benefits. Finally, we combine 
our results from the western Atlantic with 
other recent studies using advanced analysis 
to determine if there is a detectable change in 
seismic properties consistent with heat-flow 

predictions of hydrothermal activity in mature 
oceanic crust.

METHODS
We applied our new DC workflow to data 

collected in 2017 in the western central Atlan-
tic Ocean (Fig. 1B). The oceanic crust there is 
ca. 65 Ma and is at a depth of ∼7 km beneath 
∼1.5 km of sediment. Figure 2 shows the trans-
formation of an OBS record after DC. DC has 
collapsed the direct water wave (W) such that 
the sediment (Ps) phase now becomes a first 
arrival and the offset at which the upper crustal 
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Figure 1.  (A) Cartoon illustrating the evolution of oceanic crust formed at a slow-spreading ridge, adapted after Coggon and Teagle (2011) and 
Fisher and Wheat (2010). (B) Map of sediment thickness and crustal age for the central Atlantic Ocean. Colored symbols mark sites of the data 
plotted in Figure 4D. Red star is our study region (VoiLA—Volatile Recycling in the Lesser Antilles). (C) Smoothed bathymetry (blue dashed line) 
and sediment thickness (red solid line) with age averaged within the region marked in B. Red and blue stars are values in our study region. 
(D) Comparison of the offset at which the upper crustal refraction (Pg2) emerges from the water wave on ocean bottom seismometer (OBS) 
data with age if the shots are at the sea surface (dashed) and at the seabed (solid). The trends were forward modeled using the data shown 
in C, and velocities from Christeson et al. (2019). DC—downward continuation; MCS—multi-channel seismic reflection.
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(Pg2) phase becomes a first arrival reduces from 
8 km to 2.5 km.

To illustrate the potential of DC to improve the 
accuracy of upper crustal Vp structure, we selected 
29 OBS deployed across two seafloor spreading 
segments on either side of the Marathon Frac-
ture Zone (MFZ, 13°36’–14°36’N; Fig. 3A). We 
deliberately chose these two segments (labeled 
A and B) as they have velocity-depth character-
istics indicating magmatically robust seafloor 
spreading and are free of anomalous struc-
tures like oceanic core complexes (Davy et al., 
2020; Fig. S7 in the Supplemental Material1).  

After picking, travel-time tomographic inver-
sion was performed using TOMO2D (Kore-
naga et al., 2000) in a top-down manner: first 
for the sedimentary model using Ps and PbP 
phases, and next for the upper crustal model 
using the Pg2 phase. We used the same inver-
sion approach as that described by Davy et al. 
(2020) but applying DC before picking results 
in the inclusion of smaller-offset arrivals. See 
the Supplemental Material for more details.

COMPARISON OF P-WAVE MODELS
 Figure 3 compares the non-DC and DC 

model results from which the improved res-
olution and accuracy can be assessed. In the 
DC model, the sediments have a high vertical 
velocity gradient (VVG) of >0.8 s–1 above a 
more gradual <0.4 s–1 layer. This corresponds 
to the known regional sedimentary character 
where ∼800-m-thick chaotic continent-derived 

Pleistocene (2 Ma) mass-transport deposits lie 
above more-layered pelagic sediments (Pichot 
et  al., 2012). This subdivision is not pres-
ent in the non-DC model (Fig. S10), largely 
because of limited Ps picks from the original 
OBS records (Fig. 2). In the crust, the Vp of 
4.75 km/s in the uppermost crust of the non-
DC model is little modified from the starting 
model (Davy et al., 2020), resulting in much 
smaller ridge-parallel variations than the DC 
model. Without the collapse of the water wave, 
the number of picks for Pg2 phase is 40% lower 
(Table S3). Although in the non-DC model this 
upper crustal zone is still crossed by parallel 
rays that turn deeper down (steeply down or 
up), only an average velocity over this depth 
range can be resolved. Without DC picks, Vp 
resolution is reduced and the Vp uncertainty 
for the upper crust is ∼40% larger (Figs. S16 
and S17).

1Supplemental Material. Discussion of the downward 
continuation of OBS data (Figs. S1–S6) and subsequential 
tomographic inversion of VoiLA Line 2/3 (Figs. S7–S18 
and Tables S1–S3). Please visit https://doi​.org​/10​.1130​
/GEOL​.S.26017699 to access the supplemental mate-
rial; contact editing@geosociety​.org with any questions.
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Figure 2.  Comparison of the ray geometry and data before (left) and after (right) downward continuation (DC) of an ocean bottom seismometer 
(OBS) record from the western central Atlantic Ocean. The upper panels show the ray diagram (A, B), the lower two panels show the OBS data 
with (C, D) and without (E, F) the predicted arrivals. m.b.s.l.—meters below sea level; cyan—sedimentary refractions (Ps); red—reflections 
from top basement (PbP); yellow—upper crustal refractions (Pg2); blue—water waves; red and orange stars—sea bed and top basement, 
respectively, picked from multi-channel seismic reflection (MCS).
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VARIATION IN UPPER CRUSTAL 
STRUCTURE

The ridge-parallel variability of the upper 
crust is highlighted in the VVG and Vp anom-
aly (Figs. 4A and 4B). The MFZ and Seg-
ment B End display a more uniform VVG 
than the two segment centers, which could 
be due to more intense fracturing (e.g., Cana-
les et al., 2000), although the northern end of 
Segment A has a non-uniform VVG. The seg-
ment centers have a three-layer VVG, which 
increases from ∼0.4–1.3 s–1 within the top 
250–600 m, maintains over 1.3 s–1 in the sub-
sequent 600 m, and then decreases to 0.2–0.4 
s–1. Similar structures have been seen in other 
magma-robust settings where they have been 
attributed to changes in volcanic morphology, 
such as the emergence of dikes or a transition 
to more massive lava flows (e.g., Christeson 
et al., 2012).

Both segment Vp averages are below 
(0.6 km/s and 0.3 km/s lower for Segment 
A and B, respectively) the global average for 
mature slow-spreading oceanic crust (Fig. 
S18A; Christeson et al., 2019). The segmental 
difference may stem from varying lithologies, 
which are challenging to discern solely from Vp. 
Our preliminary S wave analysis, however, sug-
gests lithology plays a negligible role for these 
two magmatic segments. Although we cannot 

rule out entirely that lithology contributes to the 
lateral heterogeneity here, the difference in Vp 
can more readily be interpreted as a difference 
in porosity. Using the relationships of Carl-
son (2014) to calculate porosity from seismic 
velocities gives values of ∼16% and 12% for 
the upper crust in Segments A and B, respec-
tively (Fig. 4D; Fig. S18B), both of which are 
approximately double that calculated by taking 
the global average from Christeson et al. (2019) 
for mature oceanic crust.

Multi-beam bathymetry along the profile 
shows several small areas of basement outcrop 
at seabed (Fig. 4C). Some of the basement highs 
have only recently been buried by sediments 
(Pichot et al., 2012). With long-term exposure 
to seawater, these outcrops have likely facili-
tated ongoing hydrothermal alteration of the 
upper crust through lateral fluid flow despite 
most of the crust being under thick and imper-
meable sediments (Fisher and Wheat, 2010). 
Our results suggest that mature upper oce-
anic crust certainly remains porous enough to 
allow hydrothermal flow. Open cracks in scales 
detected by the seismic refraction data may per-
sist, as they might not have been effectively 
sealed by increasing sediments and mineral 
precipitation. The strong ridge-parallel hetero-
geneity in crustal structure we observed most 
likely results from porosity variations due to 

both different ridge-axis construction and off-
axis long-term alteration histories.

IMPLICATION FOR CRUSTAL 
EVOLUTION

Our analysis suggests that no seismic-
velocity-age relationships could be detected 
for mature crust from previous OBS data com-
pilations because of experimental limitations. 
Starting models used in travel-time tomogra-
phy are often guided by global compilations 
or 1-D fits. Velocities within the upper crustal 
layer are poorly updated during the inversion 
process because the shallow turning energy is 
masked by the water wave (Fig. 1D). The error 
introduced would increase with age due to ther-
mal subsidence and sedimentation, except in a 
few cases adjacent to continental margins. For 
young crust (<10 Ma), where the evolutionary 
signal is strong and the velocity model is less 
affected by the sediment burial and the lack 
of illumination issue, a pattern consistent with 
ongoing hydrothermal circulation and alteration 
was clearly seen. Only now, with higher-reso-
lution seismic data, a better understanding of 
magma-rich and magma-poor seafloor spread-
ing at slow spreading rates, and advanced tech-
niques such as full-waveform inversion and DC, 
are the errors reduced sufficiently to discern 
aging patterns in older crust. When combined 

Figure 3.  (A) P-wave 
velocity (Vp) models 
of the Marathon Frac-
tion Zone (MFZ) without 
downward continuation 
(non-DC, top) and with DC 
(bottom). Seafloor spread-
ing segments are from 
Davy et al. (2020). NTO—
non-transform offset. (B) 
Time-to-depth converted 
multi-channel seismic 
reflection image under-
lain by vertical velocity 
gradient (VVG) of the DC 
model. Note the good 
correlation between VVG 
and seismic facies. MTD—
mass transport deposits.
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with two recent Atlantic studies (Fig. 4D; Aud-
hkhasi and Singh, 2019; Kardell et al., 2019), 
our results support the extension of the trend 
where Vp increases with age out to ca. 70 Ma. 
The age trend is visible despite the scatter due 
to the inherited spatially variable porosity dis-
tribution and its modification during aging. 
Assuming the increase in Vp is due to ongoing 
reduction of porosity by mineral precipitation, 
the results imply that fluid flow in the mature 
crust is more variable and pervasive than previ-
ously supported by seismic studies alone, and 
fluid flow continues to crustal ages consistent 
with other methods such as heat flow and cross-

borehole studies (e.g., Bartetzko, 2005; Neira 
et al., 2016).

Our work presents a new approach to 
improving the accuracy of seismic-velocity 
depth profiles in mature oceanic crust. Currently, 
models of sufficient quality and age range can 
only be found for the Atlantic. Therefore, it is 
not possible to resolve systematic differences 
in the hydrothermal evolution of Pacific and 
Atlantic crust from current global compilations 
(Fig. 4D). We conclude that the application of 
DC to legacy refraction data sets would sub-
stantially improve our understanding of upper-
crustal properties. Seismic velocities might be 

useful in shedding new light on global budgets 
linked to off-axis hydrothermal circulation.
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