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on x-ray. Furthermore, the northeastern
Alberta sample has a practically constant
magnetization between 200° and 600°C
and a large amount of hematite (23 per-
cent), whereas all the other type 2 sam-
ples have a linear decrease in magnetiza-
tion with temperature between 220° and
500°C and between 5 and 10 percent
hematite. The (220) spinel reflection of
varying intensity is present in x-ray for
all the thermally treated nontronites in
Table 1 except the northeastern Alberta
nontronite. This peak is strongest in the
Hemet and Riverside samples. Magnetic
and detailed x-ray analysis of the ther-
mally treated Hemet nontronite suggests
that the type 1 behavior is due to this
spinel phase, which is possibly maghem-
ite, with a Curie temperature of 540°C
&).

The correlation between the presence
of cristobalite and type 2 o-T behavior is
convincing. Although we do not have
direct evidence for the existence of
“‘magnetic cristobalite,”” it seems that
the phase responsible for the 4.1-A re-
flection is also responsible for type 2
magnetic behavior. A spinel phase, pos-
sible maghemite, is probably the type 1
component. Identification of the type 1
phase as a spinel i is also consistent with
the o-T analysis (Flg 3): prolonged an-
nealing transforms this spinel to hema-
tite. It is also clear from Table 1 that the
crystallization of quartz rather than cris-
tobalite inhibits the formation of the type
2 phase.

. At this juncture we speculate that the
type 2 phase is cristobalite, either iron-
substituted or doped. Both the HF ex-
periment and the negative correlation
between the relative amounts (Ao) of the
type 2 phase produced and the appear-
ance of quartz support this interpreta-
tion. If most of the SiO, in the original
nontronite lattice is recrystallizing as
quartz, then there will be less silica avail-
able to produce ‘‘iron-cristobalite.”” It is
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also intriguing that cristobalite is report-
ed to undergo a displacive transition
from the o-form (tetrahedral) to the B-
form (cubic) between 180° and 280°C (9);
this transition may be responsible for the
apparent T. at 220°C. On this hypothesis
the a-form is (ferri?)magnetic, whereas
the B-form is antiferromagnetic or para-
magnetic. A mixture of aFe,0; and col-
loidal SiO, in molar proportions equiva-
lent to nontronite was annealed at
1550°C in the stability field of cristobalite
(9) for 24 hours. X-ray analysis revealed
only cristobalite, Fe;O,, and «Fe,0s,
but magnetic measurements showed that
no type 2 phase was produced. Possibly
the formation of magnetic cristobalite at
900° to 1000°C requires topotactic
growth from a smectite precursor.
Although we do not yet have an ade-
quate explanation for the field cooling
experiments (Fig. 2), they do suggest
that their ultimate cause may be ex-
change anisotropy (/0). This exchange

anisotropy could be produced by the
interaction between the type 1 and type 2
phases or by the interactions between
ferromagnetic and antiferromagnetic re-
gions produced by compositional fluctu-
ations within the type 2 phase alone.
Further research is needed to resolve
this uncertainty.
BRUCE M. MOSKOWITZ
ROBERT B. HARGRAVES
Department of Geological and
Geophysical Sciences,
Princeton University,
Princeton, New Jersey 08544
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Remote Acoustic Imaging of the Plume from a

Submarine Spring in an Arctic Fjord

Abstract. Acoustic backscatter observations at 200 kilohertz were made of the
buoyant plume from a submarine spring at a depth of 47 meters in Cambridge Fiord,
Baffin Island. Vertical velocities of up to 37 centimeters per second are inferred from
the ascent rates of discrete scattering structures in the plume.

A plume of brackish water has been
observed rising from a submarine spring
at a depth of 47 m on the prodelta at the
head of Cambridge Fiord, Baffin Island.
The observations were made from a 10-
m launch during September in 1982 and
1983, and include 200-kHz acoustic
backscatter images of the plume and
conductivity-temperature-depth  (CTD)
and vertical velocity profiles (/). These
results appear to be novel and to have
useful implications for the monitoring of

buoyant plumes in the marine environ-
ment in general.

The discharge of ground water through
the sea floor has only recently become a
focus for research, and most known
points of outflow occur in water shallow
enough for the plume to rise to the
surface (2). Evidence has been present-
ed, however, suggesting that such dis-
charge occurs at depths as great as 500 m
on the Florida continental slope (3) and
that ground water seepage on the conti-
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nental slope of the eastern United States
was a factor in the development of sub-
marine canyons (4). The study of isolat-
ed point sources of buoyancy at these
water depths with conventional oceano-
graphic instrumentation is difficult. The
purpose of this report is to describe
potential advantages of using acoustic
remote sensing techniques in such stud-
ies.

The submarine spring in Cambridge
Fiord was discovered (5) because it re-
sults in the annual formation of a polyn-
ya in late March. The source of fresh
water for the spring appears to be a
nearby lake, and the fresh water dis-
charge from the spring has been estimat-
ed to be 0.14 m%/sec from the 2-m winter-
time decrease in the level of the lake (5).
The present study was conducted during
the ice-free season, and there was no
surface manifestation of the spring’s ex-
istence. The location of the polynya in
winter (5) was used to position a marker
float, and the plume was located by
making low-speed acoustic sounding
transects in the vicinity of the marker
with a 200-kHz portable acoustic sound-
er (Ross Laboratories) (6).

A typical acoustic image obtained in
this fashion is shown in Fig. la. The
plume extends from the bottom at a
depth of about 47 m to a minimum depth
of 9 m. Plume width increases with
height above bottom, and there is some
indication that between 12 and 20 m the
plume is spreading horizontally, al-
though the acoustic backscatter ampli-
tude decreases rapidly with distance
from the plume axis. The horizontal
scale of this image is not known, al-
though results to be discussed later show
that at 33 m the plume is about 8 m wide.

Figure 1b shows an image of the plume
obtained 1 year later while the launch
was held approximately stationary over
the vent by a four-point mooring. Dis-
crete scattering structures rise from the
bottom at approximately constant
speeds and then decelerate above 25 m.
Maximum ascent rates are 22 to 37 cm/
sec, as inferred from the slopes of the
straight-line trajectories in the 25- to 45-
m depth interval. The echo from the
CTD instrument (Guildline model 8770)
during three descents and two ascents
can also be seen in Fig. 1b in the 0- to 10-
m depth interval. Backscatter from the
plume masks this echo at greater depths.

Temperature, salinity, and density
anomaly (o) profiles (Fig. 2a), corre-
sponding to the first ascent of the CTD
instrument, exhibit large-amplitude fine
structure beginning at 10 m (the top of
the plume in the acoustic image in Fig.

14 SEPTEMBER 1984
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Fig. 1. Acoustic backscatter images of the buoyant plume, obtained (a) in September 1982 while
steaming slowly over the vent and (b) in September 1983 while moored over the vent.

1b) and extending to the bottom. Note
the absence of water of very low salinity:
the minimum observed salinities are
~30.8 per mil. Profiles of the same quan-
tities (Fig. 2b) at a location removed
from, but close to, the vent site exhibit
fine structure of lower amplitude con-
fined to a low-temperature core in the 15-
to 24-m depth interval. Temperatures at
depths below 32 m decrease on average
toward the bottom, but do not reach 0°C
and are warmer (by as much as 0.4°C) in
the profiles taken over the vent. Below
20 m salinities are consistently lower (by
up to 0.2 per mil) over the vent. Also
presented in Fig. 2b (as a dashed line) is
the temperature profile obtained on the
following day at a location about 100 m
from the vent, showing that the upper
mixed layer in this fjord is warmer
(1.5°C) than the deep water (< —0.5°C).
These vertical profiles indicate that cold,
brackish water is advected upward in the
plume. This is confirmed by the horizon-
tal temperature profile through the
plume at a depth of 33 m in Fig. 2c, from
which the plume width is also observed
to be about 8 m. The low-temperature
core and associated fine structure at 15
to 24 m in Fig. 2b are caused by lateral
spreading of the plume along isopycnal
surfaces.

Direct measurements of vertical veloc-
ity were made in the plume with a direct-
reading acoustic current meter (Neil
Brown Instrument Systems) at a depth of
10 m. These measurements ranged from
7 to 18 cm/sec at a time when the acous-
tic scattering structures were observed
to rise almost to the surface and are
consistent with the observed rates of
ascent of these structures. This suggests
that vertical velocities in the plume can
be inferred directly from the slopes of
the scattering structure trajectories.

These results can be compared with
the theory of buoyant plumes (7, 8).
Because the observations were made at
the head of the fjord during calm condi-
tions shortly before freeze-up, a time of
essentially no runoff, and because the
tidal range is small (less than 1 m), the
ambient current speeds are expected to
be low and the plume to be axisymmet-
ric. The latter expectation is to some
extent confirmed by acoustic images
similar to that in Fig. 1a and correspond-
ing to acoustic sounding transects in
different directions over the vent. None
of these images exhibit pronounced
asymmetry, and in all cases the plume
cap is well above the neutrally buoyant,
horizontally spreading part of the plume,
an effect that is most pronounced for
buoyant plumes symmetrical about the
vertical axis (7, §8).

Order of magnitude estimates can be
made of the discharge characteristics at
the vent. From the acoustic image in Fig.
1b, vertical velocity (Uy) at the vent and
terminal height of rise of the plume
above bottom are determined to be 35
cm/sec and 37 m, respectively. Given
the definitions of density defect A =
(po — p1)/po and lateral scale by = D/ 2 in
terms of the densities p; and py within
and outside the jet at vent level and the
vent diameter D, the terminal plume
height and the momentum and volume
fluxes can be written in nondimensional
form (7, 8): & = 0.368 by~ 2 AT,
my=1.57 X 1078 A2 and po = 6.79
X 107% by'? A™3* respectively. The
buoyancy frequency in the ambient
fluid was taken to be 6.2 X 1073 per
second (Fig. 2b) and the entrainment
constant and square root of the turbulent
Schmidt number to be 0.082 and 1.16.
Since my is independent of initial jet
width, a unique solution can be obtained
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for a given value of A by using the
numerical results in figure 12 of Fan and
Brooks (7), yielding estimates of by and
wo- Applying the additional constraint
that the volume discharge Qy = wD*U,/4
be within an order of magnitude of 0.14
m?/sec (5), it is found that for A = 1074,
bo > 4.2 m and Q, is too large (>9.6 m?/
sec); for A = 1072, my is very small,
& = 2.82—the value for a simple
plume—and Q, is small (~0.016 m>/sec);
but for A = 1073, a solution exists
(bg = 0.79, & = 2.33, and po = 1.08) for
which Qp = 0.34 m’/sec, which is ac-
ceptable and which gives D = 1.1 m.
Because density is controlled by salinity
at these temperatures, the salinity at the
vent should be about 1 per mil less than
ambient salinity, or 30.9 per mil (Fig.
2b). This is consistent with minimum
observed salinities (~30.8 per mil) in the
plume but requires that the fresh water
mix with seawater in the prodelta before
discharge. This is possible, given the
porous nature of the gravelly delta sedi-
ments.

The maximum height of rise is very
sensitive to the vertical density gradient
in the surrounding fluid. The oscillations
in plume height in the acoustic image in
Fig. 1b have periods typical of internal
waves (>2.5 minutes) and may arise
from changes in ambient stratification
induced by internal waves. Such changes
also occur at lower frequencies due to
internal tides or in response to changing
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winds; the dashed-line temperature pro-
file in Fig. 2b illustrates altered stratifica-
tion of this type (since the pycnocline
and thermocline are roughly coincident).
The cold water at the depth of the vent
raises the possibility of ice formation in
the plume. Because of the associated
change in volume and the high acoustic
impedance of ice relative to water, ice
crystals could contribute significantly to
the buoyancy flux and to the backscat-
tered acoustic signal. Given the tempera-
ture and salinity profiles in Fig. 2, a and
b, however, it is unlikely that ice crystals
were present when the acoustic image in
Fig. 1b was obtained. This implies that
small-scale differences in temperature
and salinity associated with turbulent
mixing in the plume, or with instabilities
at the plume edge, may be responsible
for the observed backscatter. This is
partially supported by the rapid lateral
decay of backscatter intensity (Fig. 1a)
and by the decreased fine structure am-
plitudes in the laterally spreading, neu-
trally buoyant plume (Fig. 2b), consist-
ent with the diminished turbulence inten-
sities expected in this zone. Other scat-
terers, such as organisms or suspended
particulates, must also be considered,
however,

In summary, these results demon-
strate that buoyant plumes from subma-
rine springs are readily detected by high-
frequency acoustic remote-sensing tech-
niques and that it may be possible to

Distance (m)

estimate vertical velocities directly from
the rate of rise of discrete scattering
structures in the plume. The nature of
these scattering structures and the scat-
tering mechanisms are not well under-
stood but may be related to turbulence
and instabilities in the plume.

ALEX E. Hay
Department of Physics and NICOS,
Memorial University of Newfoundland,
St. John’s, Newfoundland,
Canada AIB 3X7
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