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Abstract

A new optical instrument for the investigation of submarine fluid flows based on a ‘schlieren’ technique was
developed and successfully deployed at cold seep sites. With this application it is possible to visualize the discharge
and distribution of fluids in the ambient bottom water and to resolve microstructures and mixing processes at a scale
of centimeters. The system is sensitive to small refractive index anomalies caused by temperature and salinity
variations. Density anomalies of vct =0.049 are detectable evaluated by in-situ temperature variations of vT=0.1‡C
and salinity variations of vS=0.045 psu. In flume experiments the smallest detectable density variation was even
lower with vct =0.023. The technique has been successfully applied in two different environments. First field
experiments were performed to observe submarine groundwater discharge in Eckernfo«rde Bay (western Baltic Sea) at
shallow water depths. Subsequently, the ‘schlieren’ technique was successfully brought to a cold seep location at the
Cascadia convergent margin (800 m water depth). The discharge of fluids was recorded in both field experiments
which enabled a qualitative seep site identification.
> 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Fluid venting is a widespread phenomenon in a
variety of di¡erent environments and in many
parts of the world’s oceans. Seeps occur at active
and passive margins from the tidal zone to trench-
depths of more than 8000 m (Paull et al., 1984;
Suess et al., 1985; Kulm et al., 1986; Hovland,

1992; Wallmann et al., 1997a; Suess and Linke,
2002). The main focus of recent investigations has
been the £uid discharges at hot vents, cold seeps,
and groundwater seeps in near-shore areas. It is
known that all of these environments are directly
in£uenced by £uid £ux from the geosphere (Cor-
liss et al., 1979; Aharon, 1994; Moore, 1996).
Flow rates reported so far vary over several or-
ders of magnitude (6 0.1 mm yr31 to s 1000 m
yr31 ; Tryon et al., 2001) and highest £uxes in
order of cubic meters per second are known
from springs at karst regions o¡ Mediterranean
coasts like Sicily and Greece. Vent sites at accre-
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tionary ridges are characterized by a unique
benthic community, massive occurrence of authi-
genic carbonates, and methane hydrate (Suess et
al., 1999). Submarine groundwater discharges in
coastal zones have been documented since the
19th century (Sonrel, 1868). It is known that
they occur as springs and seeps in near-shore
areas (Hovland and Judd, 1988). Submarine
springs, for example, are described for many lo-
cations around the world such as from the Gulf of
Mexico (Cable et al., 1996), both Florida coasts
(Corbett et al., 1999), the Mid-Atlantic Bay
(Moore, 1996), western Australia (Johannes and
Hearn, 1985), and the Baltic Sea (Whiticar and
Werner, 1981).
However, the environmental implications for

the coastal zones have only been recognized re-
cently (Burnett et al., 2001). At the continental
shelves, groundwater is transported down-gra-
dient through artesian aquifers, even over long
distances, and recent studies have estimated the
maximum discharge rates to be as as high as
10% of the global river £ow (Zektser and Loaici-
ga, 1993). Investigations over the past few decades
have revealed that the groundwater discharge, at
least in some cases, may be important for geo-
chemical budgets and may cause ecological e¡ects
(Johannes, 1980; Valiela et al., 1990). These sub-
marine groundwater discharges are often respon-
sible for the in£ux of nutrients causing the forma-
tion of plankton blooms (LaRoche et al., 1997).
Herbicides and pesticides may also ¢nd their way
into the marine environment by that route. Thus,
it appears that anthropogenic pollution via sub-
marine groundwater discharge has to be seriously
taken into account (Burnett et al., 2001).
Groundwater seeps forming pockmarks in the

Eckernfo«rde Bay have been known since the early
works of Whiticar and Werner (1981). During the
following years, the Eckernfo«rde Bay became an
important study area for near-coastal ground-
water discharges addressing issues such as salinity
and temperature anomalies, source depth, period-
icity of £ow and above all £ow rates (Albert et al.,
1998; Bussmann and Suess, 1998; Bussmann et
al., 1999; Sauter et al., 2001; Whiticar, 2002).
In order to quantify submarine £uid £ow, dif-

ferent approaches have been developed like mod-

eling, direct measurements, and tracer techniques.
The ‘seepage meter’, ¢rst described by Lee (1977),
represents a direct measurement of released £uids
with the use of a de¢ned cylinder penetrated into
the sediment. The same approach in principle was
used for new instruments developed by Linke et
al. (1994) and Tryon et al. (2001). Area wide in-
vestigations covering the in£uence of seeps within
a bay or a coastline are performed with tracer
techniques (Carson et al., 1990). However, the
determination of £uid discharges is still di⁄cult
because of highly variable rates (Tryon and
Brown, 2001) as well as a large spectrum of mag-
nitudes of rates. Focused £uid £ow along fault
traces and other geological features such as pock-
marks, fault displacements, and outcrops of sedi-
mentary strata are known as di¡use £ow through
sedimentary sequences (Aharon, 1994).
The direct measurement of £ow rates always

produces artefacts due to the presence of a £ow
chamber whereas tracer techniques only provide
area wide information of seepage activities. For a
localized observation without enclosing the sedi-
ment there is no application so far but one is
needed for an accurate description of active seep
sites. A new optical approach to detect and inves-
tigate £uid £ow at cold seep settings is presented
here. The system is based on a ‘schlieren’ tech-
nique ¢rst described by To«pler (1866). The tech-
nical setup of the In-situ ‘schlieren’ Technique
Application (ISTA) will be presented below, fol-
lowed by results from laboratory tests and ¢rst
¢eld deployments.

2. Instrumentation

2.1. The ‘schlieren’ technique

The term ‘schlieren’ describes gradient distur-
bances of inhomogeneous transparent media
(To«pler, 1867; Schardin, 1942). The disturbance
is due to relatively small refractive index di¡er-
ences within the overall background. By de¢ni-
tion, optical inhomogeneities bend light rays in
any direction other than the ‘normal’ direction
(Settles, 2001). ‘Schlieren’ objects occur in solids,
liquids, and gases. They may result from temper-
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ature changes, high-speed £ows, or the mixing of
materials with dissimilar refractive indices. The
‘schlieren’ technique is based on the angular de-
£ection of a light ray when it passes through a
£uid region characterized by refractive index in-
homogeneities. These inhomogeneities are gener-
ally caused by density variations; in the marine
environment primarily by salinity and tempera-
ture anomalies. For most investigations in the ma-
rine environment, variations in the seawater re-
fractive index n are negligible and a constant
value of nW4/3 is given (Dietrich et al., 1975).
The refractive index of a medium n= c0/c is de-
¢ned by the speed of light in a vacuum
c0 = 3U108 m s31 in relation to the speed in the
medium c. The refractive index of seawater is
dominated by salinity and temperature as is its
density (Fofono¡ and Millard, 1983). The index
increases with increasing salinity and decreasing
temperature. It is well known, that there exists a
close relationship between refractive index n and
density 8, which is expressed by the Lorentz^Lor-
enz equation, where r is the speci¢c refraction:

8 ¼ 1
r
W
n231
n2 þ 1

ð1Þ

A more accurate attempt to de¢ne a density vs.
index of refraction algorithm with respect to tem-
perature, salinity, and pressure variations was pre-
sented by Seaver (1985) and Millard and Seaver
(1990). For the new in-situ ‘schlieren’ instrument

described here, a Z-type ‘schlieren’ system (Schar-
din, 1942) was developed, which represents the
most commonly used arrangement for various ex-
perimental setups in optical physics. This experi-
mental setup consists of a light source, two spher-
ical mirrors, and an observation unit arranged in
the form of the letter Z as shown in Fig. 1.
All ‘schlieren’ methods require a light beam

from a point source, mirrors (or lenses), and
knife-edges or some other device to block o¡
the refracted light. In order to obtain a very sen-
sitive application, an optical pathway with two
knife-edges was designed. To produce a one-sided
sharply limited point source, the emitted light is
focused by the ¢rst lens on a knife-edge. This
semi-circular image interacts with the second
knife-edge in front of the camera. The light
beam is collimated by the ¢rst spherical mirror
to form parallel light rays, where the test section
is located. The second mirror refocuses the light
on the knife-edge located in front of the camera.
The semi-circular image of the light is again
formed in this layer. Transparent ‘schlieren’ ob-
jects are barely imaged without this second edge.
‘Schlieren’ objects cause angular de£ection of
light rays due to their di¡erent refractive indices,
symbolized by the dashed lines in Fig. 1. The ex-
istence of the second knife-edge, blocking almost
50% of these de£ected rays, makes the ‘schlieren’
objects visible. A ¢nite ‘schlieren’ object refracts
many such rays in many directions. All rays are

Fig. 1. ‘Schlieren’ system (top view) with light source, spherical mirrors, and camera. Any disturbance, such as a discharged £uid
with a di¡erent refractive index, causes an angular de£ection of light rays ^ symbolized by the dashed lines, whereby almost 50%
of the rays are ¢ltered out by the knife-edge of the camera.
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blocked by the knife-edge, leaving dark corre-
sponding image points against a bright back-
ground. Refracted rays passing the knife-edge
brighten image points on the screen. Eventually
the sum of these de£ected rays image a picture
of the ‘schlieren’ object which is accentuated by
a brightened and a shadowed side. In practice, the
knife-edge used is an ordinary razor blade. For
the second edge, the ring of an ancillary lens
was adapted. The lens was removed, the blade
integrated, and a⁄xed in front of the camera.
The optical pathway ends at the CCD camera,
which is focused and zoomed on the test section.
The visible area is approximately 6U6 cm. The
¢eld of view is located at a height of 12 cm above
bottom. The desired sensitivity is attained by ad-
justing the two knife-edges. The formation of par-
allel light within the test section enhances the sen-
sitivity compared to other ‘schlieren’ setups. In
contrast to the use of lenses, mirrors have an im-
portant advantage. They generate the same opti-
cal pathway in air as they do in water. This is a
major demand on the new instrument because
precise adjustments of the optical pathway have
to be done on board ship prior to deployment.
There is no pressure housing necessary to cover
the optical pathway as needed for a shadow-graph
technique with the use of lenses (Converse et al.,
1986). This reduces the weight and the cost of the
instrument. In Table 1 the speci¢c components
and brands used are listed.
All components were constructed for deep-sea

deployment. Thus, an autonomous deep-sea lamp

was also developed (Fig. 2). To allow long de-
ployment times an LED light source with a min-
imal energy requirement was selected. The emitted
light is captured by a 35-mm lens and focussed on
the ¢rst knife-edge located at the front of the
pressure housing. For the required precise setup,
the LED and the lens were attached to two metal
bars and thus they were continuously adjustable.
For some of the ¢eld studies an inverted funnel

was integrated into the test section to better focus
the £ow. When the system is deployed over a
potential vent site, the funnel is placed directly
on the sediment surface. The smaller exhaust
port at the top is visible on the video screen. Es-
caping £uids are channeled through the funnel
and are visible as ‘schlieren’ objects as long as
their refractive index is di¡erent from that of am-
bient bottom water. Fluids escaping from around
the funnel are also detectable. They appear as
di¡use out£ow patterns in the background. For
deep-sea deployments, the ISTA was integrated
into a frame which was designed to ¢t into the
frame of a TV-guided multiple-corer (Barnett et
al., 1984). The CCD-camera is a commercial sys-
tem, a Yashica KX-V1 Hi8 Video Camera Re-
corder with an optical resolution of 500 000 pixels
cm32 and an Aanderaa pressure housing (Thom-
sen et al., 1996). The time lapse controller allows
the tester to bridge the time gap until a quali¢ed
location is selected. The video tapes are analyzed
with image processing software (NIH Image 1.62).
In this way the £uid discharge could be charac-
terized. During deployments in the Baltic Sea, the
ISTA was additionally equipped with a CTD (Ta-
ble 2) to gain more information about the hetero-
geneity of the water masses. The sensors were
located approximately 30 cm away from the test
section.

Table 2
FSI 3Q Micro CTD, Falmouth Scienti¢c, Inc., datalogging
capability, sample rate 1.83^4.5 frames per second

Parameter Conductivity Temperature

Sensor Inductive cell Platinum thermometer
Range 0^7.0 S/m 32‡ to 32‡C
Accuracy U 0.0002 S/m U0.002‡C
Resolution 0.00001 S/m 0.0001‡C
Response 5.0 cm at 1 m/s £ow 150 msec

Table 1
ISTA components, Z-type

Component Speci¢cation

Mirrors Edmund Scienti¢c, spherical, q=152.4 mm,
f=609.6 mm, V/4

Camcorder Yashica KX-V1 Hi 8
Camera housing Aanderaa, O.D.= 129 mm, I.D.= 115 mm,

600 bar
LED q=5 mm, 20 mA
Power supply Three A-size batteries
Lens 35 mm
Light housing O.D.= 60 mm, I.D. = 40 mm, 600 bar
Funnel Bottom q=114 mm, top q=5.8 mm
Timer VCR-Timer for Sony, Yashica camcorder
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2.2. Flume testing

To determine the sensitivity of the optical sys-
tem with regard to temperature and salinity
anomalies, a series of experiments was carried
out in the GEOMAR seawater £ume (Karpen,
1999; Springer et al., 1999). The tests were per-
formed to de¢ne the limit to which temperature
and salinity in di¡erent heterogeneous water mix-
tures are detectable and how discharged £uids
with variable buoyancy behave under current con-
ditions. For the experiments, an optical setup was
built around the £ume. A trough ¢lled with a 10-
cm sand layer was integrated into the test section.
To discharge water of di¡erent density through
this layer, tubes were introduced from the outside
of the £ume to the bottom of the sediment layer.
For investigation of the focussed £uid £ow, a
nozzle was attached to the sediment surface which
captured the ascending £uid. Its diameter at the
base was 8 mm and the outlet diameter was 4 mm.
To determine the in£uence of horizontal bottom
current condition, the nozzle was removed and

the undisturbed discharge through the sediment
was recorded. Temperature anomalies as low as
vT=0.2‡C between ambient and discharged water
could be clearly visualized (Fig. 3). A density dif-
ference of vct =0.023 is calculated according the
algorithms of Fofono¡ and Millard (1983), with
vct = (831)U103.
The experiments were repeated for salinity

anomalies. A positive salinity anomaly is shown
in Fig. 4. Due to its higher density, the £uid ¢rst
ascends but then cascades down and strati¢es
at the sediment surface. In the experimental set-
up, salinity anomalies as low as vS=0.2 psu
corresponding with a variation of the density
vct =0.156, were still readily detectable. Knowing
the results of the temperature experiments, it is
possible to calculate the theoretically smallest de-
tectable salinity variations. Due to temperature
anomalies of vT=0.2‡C the density variation of
vct =0.023 was determined. With this value it is
possible to determine the theoretical value for the
detectable salinity variations which is vS=0.03
psu.

Fig. 3. Discharge of £uid into the ambient water under no-current conditions. (a) The discharged £uid has a positive temperature
anomaly of vT=2.4‡C. (b) The jet is still visible at a temperature di¡erence of as little as vT=0.2‡C. The horizontal diameter of
each image is about 5 cm.

Fig. 2. LED light source. The light source is a standard yellow LED. The power supply is provided by three A-size batteries. A
35-mm lens is integrated into the pressure housing. The emitted light is focused on a knife-edge located at the front of the lamp.
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For the ¢eld studies, it was important to con-
sider how discharged £uids behave in the presence
of a turbulent bottom boundary layer and hence
appropriate tests were conducted. Fig. 5 shows
the discharge of a less dense £uid from the sedi-
ment into a denser £uid layer. Without the in£u-
ence of a current (Fig. 5a), the £uid ascends more
or less vertically. The second image (Fig. 5b)
shows the e¡ect of a horizontal current with a
free £ow velocity of 2 cm s31. The £uid is cap-
tured in the turbulent bottom layer and small ed-
dies and microstructures are visible.
The experiments demonstrate that the dis-

charged £uids do not homogenize and mix imme-

diately but rather are inserted into the ambient
bottom water and retain their properties for a
while. These results emphasize the strength of
the technique because the cold seep environments
are continuously in£uenced by a £uid £ow which
is di⁄cult to detect and to survey. The capability
of the new instrument to visualize and image
small-scale mixing processes is an important at-
tribute for ¢eld studies.

3. Field deployment

The new ISTA was tested in two di¡erent ma-

Fig. 5. In£uence of current conditions of a discharged less dense £uid. (a) Discharge (vS=1 psu) without current is simulated
with a detailed view of the sediment-water interface. (b) Discharge (vS=17 psu) with a current velocity of 2 cm s31. The hori-
zontal diameter of each image is about 5 cm.

Fig. 4. A discharge of a more saline £uid into the ambient water under no-current conditions. (a) The discharged £uid has a pos-
itive salinity anomaly of vS=2.4 psu. (b) The salinity di¡erence is just vS=0.2 psu and still the discharged £uid is easily recog-
nized. The horizontal diameter of one image is about 5 cm.
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rine environments. Groundwater seepage was
monitored in the Eckernfo«rde Bay (western Baltic
Sea) and a cold seep ecosystem at Hydrate Ridge
was used as an o¡shore test at a water depth of
776 m.

3.1. Eckernfo«rde Bay, Baltic Sea

Elongated and horseshoe-shaped shallow de-
pressions in soft surface sediments of Eckernfo«rde
Bay have been known as sites of groundwater dis-
charge since the echo-sounder pro¢les of Werner
(1978) and Whiticar and Werner (1981). Based
on these and subsequent investigations, the
‘schlieren’ technique camera system was deployed
in and around these pockmarks (Khandriche and
Werner, 1995; Bussmann and Suess, 1998; Sauter
et al., 2001). The freshwater-induced pockmarks
were located with the echo-sounding system
aboard RV Littorina (Institut fu«r Meereskunde,
Kiel, Germany). The vessel was equipped with
an echo-sounder ELAC LAZ 4700 with 30 and
200 kHz. The di¡erent deployment locations are
shown in Fig. 6.
Measurements were performed at eight stations

(Table 3) in water depths ranging from 5 to 25 m.
Two of these deployments were placed intimately
within a pockmark location. However, due to the
very soft sediments and strong sediment resuspen-
sion, optical measurements were not possible

within the pockmarks. In the following, the data
gathered at Stations 2, 4 and 6, will be discussed
in detail.

3.1.1. Lateral transport of discharged water masses
In the screen shots compiled in Fig. 7, the in-

£uence of discharged groundwater is easily visible.
At 6.7 m water depth (Station 2), the bottom
water ¢rst appeared to be clear and undisturbed
(Fig. 7a). Later during the experiment, another
water mass entered the ¢eld of view due to the
bottom current (Fig. 7b^d). This water mass was
clearly visible by the ‘‘schlieren’’ objects caused by
the di¡erent refractive index values. The bottom
£ow velocity was determined by simultaneously
tracking suspended particles in the £ow (Thomsen
et al., 1996). During this video sequence, the ve-
locity was about 5 cm s31, oriented from right to
left. In Fig. 7d, a small eddy is visible. Its diam-

Table 3
Stations, Eckernfo«rde Bay

Station No. Latitude Longitude Depth
(North) (East) (m)

1 54‡28.961 10‡02.539 10.8
2 54‡28.904 10‡01.969 6.7
3 54‡28.850 10‡01.709 10.3
4 54‡30.251 10‡01.712 18.6
5 54‡30.243 10‡01.203 24.7
6 54‡30.443 10‡02.387 7.9

Fig. 6. Research area in the Eckernfo«rde Bay with station locations (dots with numbers) and isobaths.
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eter is less than 1 cm and shows that even such
microstructures are easily resolved and visualized.
During the following deployments, a CTD was

aligned with the ISTA to gain more information
about the physical properties of the di¡erent
water masses. The CTD data and screen shots
from Station 6 at 7.9 m water depth are shown
in (Fig. 8). For an accurate illustration of the data
during the bottom time of the ISTA system, the
salinity and temperature values are plotted
against time. The images Fig. 8a,b characterize a
situation comparable to that described above. In
the time after the deployment no active £uid dis-
charge was recorded, but after a few minutes an-
other water mass entered and mixing occurred.
The appearance of ‘schlieren’ are an indicator
for discharged £uids in the ambient area of the
instrument, which are transported laterally due to

the bottom current. This e¡ect was already re-
corded in the £ume experiment as visible in Fig.
5b. An included funnel described in the following
section was helpful to distinguish between lateral
and vertical £ows.
In contrast to earlier investigations where

highly variable salinity depletions in the bottom
water were observed (Bussmann and Suess, 1998),
our CTD data show very small anomalies of sa-
linity (a) vS=0.045 psu and temperature (b)
vT=0.1‡C. Nevertheless, with regard to the re-
corded video sequence, a signi¢cant correlation
between these two detection methods is obvious.
Salinity as well as temperature shows a well-de-
¢ned signal in a second water mass. Even though
the variation is small, a negative salinity and a
positive temperature anomaly are visible. The re-
sulting density decrease is calculated to be

Fig. 7. Station 2, 6.7 m water depth. Horizontal £uid £ow is visualized in this video sequence. The ¢rst image (a) shows the un-
disturbed bottom water. In the next images (b^d) the propagation of a discharged £uid into the ¢eld of view can be seen. The di-
ameter of each image is about 6 cm. The elapsed time between the ¢rst and the last image is approximately 5 s. The bottom cur-
rent velocity is about 5 cm s31. The current direction is from right to left.
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vct =0.049. With respect to the smallest detect-
able di¡erence of vct =0.023 from the £ume ex-
periment, a good agreement between the labora-
tory test and the ¢eld deployment is thus
established. The video sequence also con¢rms
that the less dense £uid does not directly ascend
upwards but rather is entrained in the turbulent
bottom layer. At Stations 2 and 6, the transition
of a homogeneous to a heterogeneous medium
was recorded. Similar heterogeneous bottom
water masses were observed at Stations 1, 3, 5.
These seep in£uenced stations as seen on the
map (Fig. 6; Table 1) lead to the outcome that
a recognizable £uid discharge not only occurs in
deep areas with close proximity to the pockmarks
but also in shallower areas at the central ridge
and the coastline. Especially in areas with little
water depth and no obvious pockmark structures

the ISTA represents an additional tool to detect
£uid discharges.

3.1.2. Channeled groundwater discharge
For the next deployment, the inverted funnel

described above was integrated into the optical
pathway. This enabled the capture of discharged
£uids and the channeling of out£ow to a focal
point. Deployments with this modi¢cation allow
the characterization of the out£ow activity from
the base area of the funnel. Discharged £uids
are ampli¢ed and more readily detectable against
the lateral transported £uids from ambient seap-
ages.
At Station 4 the instrument was deployed at

18.6 m water depth. Fig. 9a shows the discharge
of £uids channeled by the inverted funnel. The
exhaust port is visible at the base on the screen

Fig. 8. Station 6, 7.9 m water depth. Screen shot (a) (6 cm in diameter) displays homogeneous bottom water. At a bottom cur-
rent velocity of about 2 cm s31, the propagation of a discharged £uid can be seen (b). This phenomenon was also recorded in
the corresponding CTD-data (c,d). (c) Salinity vs. time. (d) Temperature vs. time. In both diagrams the impact of a water mass
from a £uid discharge site can be seen. The start of the video sequence is marked.
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shot. A strong and continuous £uid £ow was re-
corded. Fluids released outside the base of the
funnel also appear as di¡use ‘schlieren’ objects
in the background of the imaged funnel. At Sta-
tion 2, where lateral transport of a discharged
water mass was observed, it was possible to addi-
tionally record a £uid discharge from below chan-
neled by the funnel at 6.7 m water depth (Fig. 9b).
Compared to Station 4 the discharge is weaker
and less clearly visible. Due to the enhanced bot-
tom current the plume does not ascend vertically,
instead it is de£ected horizontally. Fluids which
are discharged elsewhere outside the funnel and
are transported laterally within the turbulent bot-
tom layer also pass the ¢eld of view, as seen on
the right hand side of this image.

3.2. O¡shore test, hydrate ridge, Cascadia

The ISTA was tested and deployed under o¡-
shore conditions at the Cascadia continental mar-
gin (Fig. 10) during the TECFLUX (TECtoni-
cally-induced FLUXes) Expedition July/August
2000; RV Sonne Cruise 148.
The RV Sonne is equipped with a ¢ber-optic

cable (Linke et al., 1994) and thus TV-guided de-
ployment of the ISTA was possible. The unique
deep-sea cold-vent setting is characterized by the
occurrence of methane hydrate within deeper sedi-
ment layers as well as exposed at the sea £oor
(Suess et al., 1999). Due to plate convergence
where the Juan de Fuca plate collides with the

North American plate, thrusting and tectonic up-
lift take place. By this processes overpressured
£uids and escape routes are developed. Along
emerging faults £uids of di¡ering salinity, gener-
ated by methane hydrate destabilization and for-
mation, respectively, can escape from deeper
layers and transport nutrients and other diluted
material to the sediment^water interface. This
process causes major transformations of the upper
sediment layers and strongly a¡ects the ecosystem
at the sea£oor.
Reduced chemical species, i.e. methane, hydro-

gen sul¢de, and ammonia, trigger a massive
growth of macro- and micro-organisms based on
the anaerobic oxidation of methane (Boetius et
al., 2000). For the main deployment sites, speci¢c
bacterial mats and clam ¢elds were selected on the
southern summit of Hydrate Ridge. The highest
dewatering £uxes were expected here. Using the
frame of a TV-guided multiple-corer (Barnett et
al., 1984), the camera system was deployed on
bacterial mat sites (Fig. 10). With the ¢ber-optical
system, the video signal of the ISTA was available
online for ¢rst interpretation. The videos showed
immediately whether £uids were expelled and
whether or not they were caught by the funnel
and channeled upwards. These ¢rst results should
be seen as a proof-of-concept because of the short
deployment time. The ISTA was deployed at Sta-
tions 45 and 68 for 12 and 8 min, respectively.
Only long term deployments with a time lapse
control can visualize steady £ow events. This

Fig. 9. Discharged groundwater is captured by an inverted funnel and channeled into the optical path way. (a) Station 4, 18.6 m
water depth, horizontal image diameter is about 8 cm. (b) Station 2, 6.7 m water depth, horizontal image diameter is about
6 cm.
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could only be realized with autonomous lander
systems.
As an example, the two ‘schlieren’ images in

Fig. 11 show di¡usive £uid discharge that is
only partly captured by the funnel. They do not
look as clear as those obtained previously nor is
the circular ¢eld of view fully realized. This is
caused by di⁄culties during the installation of
ISTA to the multi-corer. The system was installed
into the frame, which caused tension on the cam-

era frame and hence misalignment. As a conse-
quence, the optical pathway was several milli-
meters out of focus. This problem has only been
solved after the cruise with mechanical adapta-
tions. Nevertheless, the reduced quality still re-
corded the mixing of two di¡erent water masses.
In Fig. 11a, the exhaust port of the funnel is visi-
ble at the bottom of the image. Only the bound-
aries of the discharged £uid are visible but inside
the plume resuspended particles following the up-

Fig. 11. (a) Station 45. Discharging di¡use £uids are captured and focused by an inverted funnel. (b) Station 68. There is no
£ow through the funnel, but discharged £uids adjacent to it, which were not captured, are visible. The horizontal diameter of the
images is about 6 cm.

Fig. 10. Research site at the Cascadia continental margin o¡ Oregon: ISTA was deployed at the southern summit of Hydrate
Ridge at a water depth of approximately 800 m.
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ward £ow are visible. A direct £uid discharge
through the funnel is not visible at Station 68
(Fig. 11b), but thin ‘schlieren’ objects transported
laterally due to a bottom current are visible.

4. Discussion and conclusions

A new way of investigating submarine water
discharges such as cold seeps by optical means
is presented here. Vigorous hot water discharge
commonly observed at the hot vents is easy to
observe with common camera techniques. How-
ever, even in these areas, moderate di¡use £uxes
cannot be detected. Common techniques are not
su⁄ciently sensitive to detect very slow dis-
charges. The ‘schlieren’ technique applied here is
far more sensitive in detecting heterogeneous
water masses than other techniques. The seep-me-
ter like instruments from Lee (1977), Linke et al.
(1994), and Tryon et al. (2001) are designed to
quantify the £uid £ow from the sediment^water
interface, where as the newly described ‘schlieren’
technique is developed to visualize the £uid £ux.
It was not only possible to discover direct £uid
discharges, but also to survey the dispersion of
discharged £uids into the ambient bottom water.
It is known that the discharged groundwater in
the Eckernfo«rde Bay is depleted in salinity and,
thus, a strong out£ux can reduce the salinity of
the ambient bottom water. Bussmann and Suess
(1998) measured a range of salinities of the adja-
cent water column from 18.3 to 2.9 psu. These
values represent a highest dilution of vS=15.4
psu. Other measurements of the same study
yielded less or non-detectable dilutions. By using
the ‘schlieren’ technique with a CTD simulta-
neously, it could be demonstrated that the optical
technique was sensitive enough to visualize den-
sity variations of vct =0.049 in heterogeneous
water masses. These were caused by a salinity
anomaly of vS=0.045 psu and a temperature
anomaly of vT=0.1‡C. The simultaneous use of
a CTD and the ISTA enables researchers to char-
acterize the mixing processes of a discharged £uid
with the ambient bottom water. Only the video
recordings discover whether the £uids are dis-
charged from the sediment^water interface or

transported from the near proximity. In addition,
even small-scale mixing processes, such as bottom
boundary layer eddies, could be analyzed. The
observed in-situ phenomena are well comparable
with the performed £ume experiments in respect
to £ow pattern and sensitivity. Smallest density
variations of vct =0.023 were visualized and the
comparable £ow pattern demonstrated that ana-
log experiments within the GEOMAR seawater
£ume were feasible to describe natural £uid dis-
charges.
With echo-sounder systems, pockmarks are de-

tectable and are explained by freshwater discharge
combined with particle resuspension (Sauter et al.,
2001). Further investigations, using the ISTA sys-
tem, were done inside and outside these pock-
marks, highlighting new sources of £uid discharge
in the Eckernfo«rde Bay. With regard to the dis-
covery of active vent sites and the survey of the
distribution of the £uids, the ISTA instrument
opens up new possibilities to better achieve this
task. The investigation of active vent sites with
the use of an inverted funnel provides new possi-
bilities for the quanti¢cation of £ow and areal
estimates. Currently active £uid discharge in the
Eckernfo«rde Bay was observed at two stations
(Fig. 6, Nos. 2, 4). The channeled £ow through
the funnel is an indication of the high intensity of
the venting activity. The strongest discharge was
detected at Station 4 with continuous and vigo-
rous £uid £ow. Both stations are identi¢ed as new
vent sites not previously known and, especially
Station 2, di¡er in depth (6.7 m) from most
known seep locations. The tracking of resus-
pended particles within the ascending jet should
be performed in further deployments to quantify
the £ow rate. The ratio between the exhaust port
and base area is known to be 0.26 cm2 to 102.07
cm2. At this stage an accurate quanti¢cation was
not possible due to an insu⁄cient resolution of
the visible out£ow. Nevertheless, a rough estimate
of the out£ow velocity through the exhaust pro-
vided values in order of 1 cm s31 but a £ux esti-
mate is too speculative for this data.
The universal capability and wide applicability

of the new technique was demonstrated with its
successful o¡shore test deployment. Minor me-
chanical problems reduced the quality of the im-
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age but the deployment was satisfactory and
documented the highly dynamic and small-scale
£uid activity. For future deployments a longer
deployment with an autonomous lander system
would be feasible. The ¢rst cabled test deploy-
ments where too short in time to exclude arti¢cal
£uxes due to the disturbances of the deployed
instrument. But as described above, the ‘schlieren’
technique is sensitive to the smallest density var-
iations in heterogeneous water masses. Thus, it is
likely that nearly all kinds of discharged £uids can
be visualized with this optical instrument. The
occurrence of biogeochemical processes within
the sediments causes an alteration of the chemical
composition. It is known that the destabilization
of methane hydrates releases pure water (Suess et
al., 1999) and during the reversed mechanism of
hydrate formation a positive chloride anomaly
due to salt exclusion occurs (Haeckel et al., in
prep.). A £uid £ow with increased chloride con-
centration is also found in brines such as those of
the Mediterranean (Wallmann et al., 1997b). For
these seep sites it is likely that £uid discharges
could be detected with the ‘schlieren’ technique
as well. Limitations of this approach are predom-
inantly the general conditions. As recognized high
particulate matter reduces the quality of the re-
cords which was most obvious within the pock-
mark locations. Bottom currents with speeds of
more than 5 cm s31 also reduce the quality of
the video record. A frame with current shields
could solve this weakness.
Boundary layers within the water column such

as pycnoclines or the benthic boundary layer are
regions of enhanced mixing and of particular im-
portance in investigating the distribution of £uids
and particles. So far, visualization of these pro-
cesses has only been possible by applying tracers
such as dye (O’Riordan et al., 1993). Laboratory
and ¢eld experiments demonstrated the ability of
the new optical application to visualize small-scale
mixing processes without the help of dye or any
other tracers. Other possible ¢elds of application
are phenomena such as salt ¢ngering below the
out£ow of Mediterranean Water into the Atlantic
which can make a signi¢cant contribution to ver-
tical mixing within the oceans (Williams, 1975).
Using the multi-corer frame with the ¢ber-optic

cable aboard RV Sonne, video-guided ISTA-de-
ployment was possible. Dampers will be inserted
between the multi-corer frame and the ISTA in
further deployments to prevent tension on the in-
strument’s frame. For a deep-sea operable optical
instrument, this new system is relatively low-
priced and applicable for numerous environments
being investigated using di¡erent platforms, e.g.
small or large research vessels, permanent towers
etc. This new technique is certain to discover new
groundwater seeps and cold vents and eventually
will be an aid in quantifying £uid discharge rates
at di¡erent cold seep settings.
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