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Thermohaline Fine Structure in
an Oceanographic Front from
Seismic Reflection Profiling

W. Steven Holbrook,'* Pedro Paramo,” Scott Pearse,’
Raymond W. Schmitt?

We present acoustic images of oceanic thermohaline structure created from marine
seismic reflection profiles across the major oceanographic front between the
Labrador Current and the North Atlantic Current. The images show that distinct
water masses can be mapped, and their internal structure imaged, using low-
frequency acoustic reflections from sound speed contrasts at interfaces across
which temperature changes. The warm/cold front is characterized by east-dipping
reflections generated by thermohaline intrusions in the uppermost 1000 meters of
the ocean. Our results imply that marine seismic reflection techniques can provide
excellent spatial resolution of important oceanic phenomena, including thermo-
haline intrusions, internal waves, and eddies.

Many parts of the world’s oceans contain layers
with contrasting temperature and salinity that
produce fine-scale thermohaline structure (Z,
2), such as thermohaline staircases (3), which
occur in tropical and subtropical regions, and
lateral intrusions, which are common at fronts
between major water masses (4, 5). These
structures are important manifestations of mix-
ing processes in the ocean. Thermohaline fine
structure is commonly mapped by instruments
that measure depth profiles of temperature and
salinity, either at single locations or by towed
vehicles that fly a “tow-yo” or sawtooth pattern
(6, 7). Such techniques have practical limita-
tions in the volume of ocean that can be sam-
pled and in the horizontal resolution that can be
achieved. Here, we present evidence that ther-
mohaline structure in the ocean can be imaged
over large areas and full ocean depth, with high
lateral resolution, using standard marine seis-
mic reflection techniques. To our knowledge,
such low-frequency (10 to 100 Hz) water col-
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umn reflections have been reported only rarely
(8, 9) and have not previously been linked to
fine-scale thermohaline structure. Although
high-frequency (100 kHz to 1 MHz) scattering
from upper ocean microstructure or zooplank-
ton is often used to image upper ocean internal
waves (10, 11), it is not capable of imaging to
abyssal depths and has rather different back-
scattering mechanisms because of the much
shorter acoustic wavelengths.

We observed seismic reflections from the
water column on data acquired in August 2000
by R/V Maurice Ewing on three long transects
that directly cross the climatological path of the
North Atlantic Current (NAC) (Fig. 1). Analy-
sis of shot and common-midpoint (CMP) gath-
ers unequivocally shows that the energy repre-
sents primary reflections rather than multiples,
refractions, or diffractions: Reflections are vis-
ible at zero offset, show hyperbolic move-out,
asymptotically approach the direct water wave,
and are consistent from shot to shot (/2). Stacks
of these reflections by conventional methods—
including velocity analysis, filtering, and medi-
an stacking—show striking images of reflec-
tance in the water column (Figs. 2 to 4) (13).
Clear, coherent reflections are present on all
three transects, especially in the upper 1.5 s of
two-way travel time (~1100 m depth). The
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recording geometry provided stacked traces at a
lateral spacing of 6.25 m (/4). Sea surface
temperature (SST) measurements acquired dur-
ing seismic profiling show the front between
the Labrador Current (LC) and the NAC and
show that seismic reflectance differs between
these water masses.

The impedance contrasts responsible for
the observed reflections are caused by small
changes in sound speed between distinct lay-
ers, likely thermohaline intrusions. Two hy-
drographic data sets support this notion. First,
previous oceanographic studies in this imme-
diate region (/5, 16) show exceptionally
strong intrusions between the NAC and LC,
very near the site of strong reflections in our
data. Second, an expendable bathythermo-
graph (XBT) acquired during our cruise re-
corded strong temperature inversions (up to
5°C) in a location on one of our seismic lines
(Fig. 5). Assuming a reasonable temperature-
salinity relationship consistent with static sta-
bility and the wusual properties of such
intrusions, we generated a plausible salinity
profile for this XBT and then used the tem-
perature and salinity profiles to calculate
sound speed and density, with temperature
having the dominant influence. The strong
temperature anomalies predict substantial
vertical variations in sound speed in the up-
permost 400 m of the ocean (Fig. 5). Density
is predicted to show only small contrasts,
because temperature and salinity typically co-
vary so as to compensate density in such
thermohaline intrusions (7).

Comparison of the predicted sound speed
profile and the coincident stacked seismic
reflection data shows a remarkable match
(Fig. 5). The reflective upper 0.5 s of the
section corresponds exactly with the portion
of the sound speed profile that shows fine-
scale structure, and several individual reflec-
tions can be correlated precisely to corre-
sponding jumps in sound speed. For example,
the strong reflection at 0.32 s has a measured
reflection coefficient of —0.005 (17, 18),
which is exactly the expected value for the
observed sound speed decrease of 15 m/s if
density is constant across the interface (Fig.
5). The weaker reflection at 0.5 s has a re-
flection coefficient of 0.0007, corresponding
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to a sound speed change of 2 m/s. The sound
speed changes of 15 m/s and 2 m/s are caused
by temperature changes of 3°C and 0.4°C,
respectively, as measured by the XBT. Deep-
er, weaker reflections observed on the seis-
mic sections indicate that reflections can be
imaged from boundaries with reflection co-
efficients as low as 0.0001, corresponding to
sound speed changes of 0.3 m/s (temperature
changes of ~0.1°C). The ability to detect
returns from such weak boundaries is due to
the strong 20-gun sound source, the relatively
quiet recording conditions, and the low-loss
acoustic medium (water) through which the
seismic waves propagated. Wavelengths in
our data range from 15 to 75 m, implying that
layers as thin as ~4 m are detectable; intru-
sions in the study area are typically tens of
meters thick (Fig. 5).

Our images show the two-dimensional fine-
scale thermohaline structure of the ocean in
great detail. We observe at least four styles of
reflectance in the uppermost 1000 m, which we
discuss below: (i) weak, subhorizontal, discon-
tinuous reflections; (ii) wedges of strong, east-
dipping reflections near the front; (iii) long,
continuous reflections in the uppermost ~500
m that are either horizontal or dip gently
(<0.5°) either westward or (usually) eastward,
and (iv) coherent, reflective slabs, surrounded
by transparent regions, that dip at 1° to 5°.

In the warm waters of the NAC, near-hori-
zontal reflections are common. These events
are typically 0.5 to 5 km long, have reflection
coefficients of 0.0002 (which would be pro-
duced by sound speed contrasts of ~0.6 m/s or
density contrasts of 0.4 kg/m?), and occupy the
uppermost 750 m of the ocean. The near-hori-
zontal orientation of these reflections matches
the weak tilt of lateral intrusions observed pre-
viously in the NAC (75). Intrusions show a
weak tilt across isopycnal surfaces as a result of
double-diffusive mixing (/4), whereas the
isopycnal surfaces tilt more strongly across a
front such as the NAC as a result of the geostro-
phic dynamical balance. The weakening of re-

52 50 48 46 44 42

Fig. 1. Location of seismic lines in the New-
foundland Basin. Bold lines show portions of
seismic lines shown in Figs. 2 to 5.
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flectance at 750 m depth represents the base of
the thermocline. In places, reflections within the
NAC show slight undulations, with horizontal
wavelengths of about 700 m and peak-to-trough
amplitudes of ~10 m. We interpret these un-
dulations to be internal waves, which often
have dimensions on this order in the upper

55000

2.0

60000

ocean (/9). Similar undulations are imaged
elsewhere on the profile (20).

Wedges of strong, east-dipping reflections
dominate the frontal boundary, where SSTs
increase from about 16° to 20°C. Fronts be-
tween warm-salty and cold-fresh water mass-
es are typically sites of strong thermohaline

Temp (°C)

TWTT (s)

Fig. 2. Bottom: Stacked seismic section of water column on Line 1mcs. Image has a vertical
exaggeration of 16. Vertical axis is two-way travel time (TWTT) in seconds; the base of the section
at 6 s corresponds to a depth of ~4500 m in the ocean. Horizontal axis is in CMP; CMP spacing is
6.25 m. Box denotes portion of profile depicted in inset, which shows coherent “slabs” penetrating
to ~1000 m depth. Top: Color-coded plot of stacking sound speed in the ocean, which is
approximately equal to root-mean-square sound speed. Cold colors correspond to low sound speed
(minimum of ~1440 m/s); warm colors reflect higher sound speed (maximum of ~1530 m/s);
boundary between blue and yellow is 1505 m/s. A plot of SST measured during the seismic survey
is superimposed; the front between the LC and NAC is visible as an abrupt ~5°C increase in

temperature at CMP 69500.

215000 220000 225000 230000

Temp (°C)

..

235000 240000 245000

Fig. 3. Bottom: Stacked seismic section of water column on Line 2mcs, plotted as in Fig. 2, except
with a vertical exaggeration of 27. Box denotes portion of profile depicted in inset, which shows
“slabs” losing coherency at depths of ~1000 m. Top: Stacking sound speed and SST, plotted as in

Fig. 2. The front is visible at CMP 229000.

SCIENCE www.sciencemag.org



intrusions, and the observed reflectance
shows remarkable agreement with previously
observed 20- to 30-m vertical-scale fine
structure at this major front. On all three
transects, the strongest reflectance occurs on
the warm-water side of the warm/cold front
(Figs. 2 to 4). The east-dipping reflections
appear to outcrop at the sea surface in regions
of locally low and/or variable SSTs. The
eastward dip of reflections at the main front
matches the expected inclination of density
surfaces embedded within thermohaline in-
trusions caused by double-diffusive processes
where warm water (NAC) lies above and to

NW 500000 510000 520000

the east of colder water (LC) (27). Individual
reflective layers are 20 to 30 m thick, are
continuous for up to 10 km, dip down to the
east at about 1°, and have reflection coeffi-
cients of 0.0004 to 0.003, corresponding to
sound speed contrasts of 1 to 10 m/s.

West of the temperature front, long, contin-
uous reflections dominate the uppermost ocean.
On Line 1mcs, individual reflections dip gently
(~0.3°) down to the east and can be traced
continuously for up to 30 km over a zone about
100 km wide and 400 m thick. On Lines 2mcs
and 3mcs, reflections in this zone form con-
cave-upward “bowls” ~400 m thick and 40 to

Temp (°C)

TWTT (s)

Fig. 4. Bottom: Stacked seismic section of water column on Line 3mcs, plotted as in Fig. 2, except
with a vertical exaggeration of 39. Box denotes portion of profile depicted in inset, which shows
horizontal reflections in deep water overlying a transparent zone of bottom water, which we
speculate corresponds to Norwegian-Greenland Overflow Water. Top: Stacking sound speed and
SST, plotted as in Fig. 2. The front is visible at CMP 535000.

TWTT (ms)

1440 1460 1480 1500 1520 1540
m/s

320400 320600

320800

321000 321200 321400

CMP

Fig. 5. Stacked seismic section on portion of Line 303 (Fig. 1), showing detail of reflections. White
line shows sound speed structure calculated from temperatures recorded on an XBT located at CMP
320850. Note the excellent correspondence of reflectance in the upper 0.5 s (375 m) to fine-scale

temperature variations.
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50 km wide. Reflections here are the strongest
anywhere on the transects, with reflection co-
efficients up to 0.005, corresponding to sound
speed changes of about 15 m/s.

Beneath the frontal wedge and the zone of
long continuous reflections, coherent, reflec-
tive slabs are common. These slabs are typi-
cally 100 to 300 m thick, dip at 1° to 4°, and
reach down to about 1.5 s (~1100 m). In their
upper reaches, the slabs contain laterally con-
tinuous reflections with reflection coeffi-
cients of 0.002, corresponding to sound speed
contrasts of 6 m/s. These reflections strongly
resemble, in both character and amplitude,
those in the lower parts of the “wedge” that
occupies the uppermost 400 m of the ocean at
the front. At greater depths, the slabs’ internal
reflectance becomes progressively weaker
(down to reflection coefficients of 0.0002)
and more discontinuous, and by about
1000 m depth, the slabs largely lose their
identity. These characteristics suggest that
the slabs represent bands of strong tempera-
ture gradients, perhaps comprising contrast-
ing waters that intrude along isopycnals and
become progressively homogenized by mix-
ing with surrounding waters. The dominantly
eastward dip of the slabs mimics the shape of
isopycnals measured in April 1980, which
deepen by about 800 m across the front (16),
although the 1980 station spacing was too
coarse to reveal the tilting structures that we
believe represent nearly isopycnal intrusions
in the front. Nearby tow-yo data (/5) show
strong intrusions at vertical and horizontal
scales that match the structures imaged here
in the upper ocean; our images suggest that
such features likely exist at greater depths
than sampled by the tow-yos.

The deeper ocean (beneath 1000 m) is
generally less reflective than the upper ocean,
but important exceptions occur. West of the
front on Line 2mcs, domed structures at a
depth of 2.4 s (1800 m) are suggestive of
subthermocline eddies previously reported in
this region (22). In the area where slabs occur
in the upper 1.5 s, there are measurable re-
flective structures down to about 4 s (3000
m). Indeed, in some instances, weakly reflec-
tive zones can be traced down from the base
of a coherent slab to depths of 3 to 4 s (2250
to 3000 m). Individual reflectors within the
structures tend to be oriented more horizon-
tally than the reflective band itself. Because
large-scale subduction of particular water
types is unlikely during the stable stratifica-
tion of this summer cruise, we speculate that
these features indicate the boundaries of sub-
thermocline eddies, possibly with intrusive
fine structure spiraling around the eddy.
Weak thermohaline intrusions should be pos-
sible on the boundaries of the Labrador Sea
Water eddies reported in these regions (22).
Deeper in the section, weak bands of hori-
zontal reflections occur down to about 4.0 s
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(~3000 m depth), below which abyssal wa-
ters are devoid of detectable reflections (Fig.
4). Because this feature is consistent in the
sections, we speculate that the transition from
reflective to transparent waters at ~3000 m
depth may represent the boundary between
Labrador Sea Water and Norwegian-Green-
land Overflow Water of the Deep Western
Boundary Current (22, 23).

The ability to create detailed images of
thermohaline structure in the ocean with low-
frequency marine seismic reflection tech-
niques adds a promising new tool for studies
of oceanographic processes. The structures
imaged in our North Atlantic transects have
important implications for oceanic mixing
and exchange processes and raise the possi-
bility that the boundaries of deep water mass-
es such as North Atlantic Bottom Water can
be mapped seismically. Low-frequency seis-
mic reflection techniques appear well-tuned
to image thermohaline fine structure, provid-
ed that layers are at least 5 m thick and
laterally continuous over hundreds of meters.
Reflection techniques offer several advantag-
es—including enhanced lateral resolution
(trace spacing of ~6 m), the ability to simul-
taneously image large sections of the ocean,
and opportunities for three-dimensional and
time-lapse imaging—that make them an ideal
complement to more traditional methods of
probing the ocean, which are more limited in
their space-time resolution. Finally, our re-
sults imply that the extensive global archive
of marine seismic reflection data constitutes a
large, untapped resource for probing ocean
structure.
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Observation of Long Supershear
Rupture During the Magnitude
8.1 Kunlunshan Earthquake

Michel Bouchon* and Martin Vallée

The 2001 Kunlunshan earthquake was an extraordinary event that produced
a 400-km-long surface rupture. Regional broadband recordings of this event
provide an opportunity to accurately observe the speed at which a fault
ruptures during an earthquake, which has important implications for seismic
risk and for understanding earthquake physics. We determined that rupture
propagated on the 400-km-long fault at an average speed of 3.7 to 3.9 km/s,
which exceeds the shear velocity of the brittle part of the crust. Rupture
started at sub—Rayleigh wave velocity and became supershear, probably
approaching 5 km/s, after about 100 km of propagation.

The Kunlunshan earthquake that hit Tibet
on 14 November 2001 produced the longest
rupture yet observed for an earthquake on
land. The mapped surface break of the
earthquake extends for ~400 km (/, 2).
The exceptional length of this event and the
presence of several regional broadband sta-
tions of the China Digital Seismic and In-
corporated Research Institutions for Seis-
mology (IRIS) networks provide a unique
opportunity to determine the speed at which
rupture propagates on a fault during an
earthquake. In the past, it has been thought
that earthquake rupture can only propagate
at speeds below the Rayleigh-wave velocity
of crustal rocks, which, at about 0.92 times
the shear (S)-wave velocity, lies in the
range of 3.0 to 3.2 km/s for the brittle part
of the crust. This belief was backed by
fracture dynamics theory, which shows that
a rupture cannot propagate at a speed be-
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tween the Rayleigh-wave and S-wave ve-
locities. However, more recent works (3—35)
show that, although the range of velocity
between the Rayleigh and § waves is not
allowed, shear cracks can theoretically prop-
agate at intersonic speeds; that is, at speeds
between the S-wave and the pressure (P)—
wave velocities. Subsequent theoretical (6-8)
and experimental (9, 10) studies in fracture
dynamics confirm these findings.

Values of rupture velocity inferred from
studies of earthquakes support the Rayleigh
velocity limit to earthquake rupture with a
few exceptions of reported observations of
supershear rupture (//—15). Although these
observations have not been fully accepted,
they have nevertheless generated strong in-
terest in understanding conditions that can
lead to supershear rupture (/6, /7) and in
assessing its seismic risk consequences (78).

The Kunlunshan earthquake was record-
ed in Tibet and surrounding regions by
broadband seismic stations (fig. S1). These
stations lie at distances between 600 and
1900 km from the fault, a distance range at
which the records are dominated by surface
(Rayleigh and Love) waves and, especially,
because of the strike-slip mechanism of the
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