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HYDROGRAPHY AND HEAT FLUX IN HYDROTHERMAL REGIONS

Chapter 1: Introduction

At regions along the mid-ocean ridge (MOR) seawater, which has circulated

through ocean crust, is heated up by the proximity of spreading center magma chambers.
This heated, buoyant water is discharged through the seafloor via hydrothermal activity
with a significantly altered chemical composition as a result of sub-seafloor reactions

with basalts. Rapid precipitation occurs once the hot mineral-rich water encounters cold

ambient seawater and vents appear as 'black' or 'white' smokers. The study of
hydrothermal vents is a fairly young field as they were first observed only in 1977
[Corliss et al., 1979], although prior to that various lines of scientific evidence had
pointed to their existence.

Hydrothermal vents are probably best known to the general public for the unique
lifeforrns found near them, which live off of the warm, chemical-rich fluids by

chemosynthesis, a process unknown prior to the discovery of hydrothermal activity.
Hydrothermal activity also has larger scale ramifications. Venting plays a major role in
the chemical cycling of elements such as the alkalis, Mn, and Fe [Von Damm, 1990;

Mottl and Wheat, 1994; Elderfield and Schultz, 1996]. Hydrothermal plumes that are
generated at the ridge crest can be traced hundreds of kilometers across ocean basins

[Lupton and Craig, 1981; Reid, 1982; Klinkhainmer and Hudson, 1986; Lupton, 1996]
and there is some evidence that they actually drive deep ocean circulation Stommel,

1982; Joyce and Speer, 1987; Hautala and Riser, 1989; Speer, 1989].
Heat loss on the axis of the MOR due to hydrothermal circulation is significant,
and was one of the factors alluding to the existence of hydrothermal activity before their

initial discovery. The total global heat loss associated with hydrothennal venting is

8.6 x 1012W, or 20% of the earths' heat loss [Wolery and Sleep, 1976; Sleep and
Woleiy, 1978; Sciater et al., 1980; Stein and Stein, 1994]. While this value is fairly well
established, there are uncertainties in how this total is partitioned between low

temperature off-axis venting, diffuse flow, focused high temperature (300°C) venting,
and temporally sporadic large eruptions (megaplumes). As much as ninety percent
hydrothermal heat flux is believed to occur off-axis [Stein and Stein, 19941, where the
flow is probably only a few degrees above ambient temperatures but extends over a large
area. On a local level most studies of hydrothermal heat flux have concentrated on direct
focused flow. Multiple methods have been used to calculate hydrothermal heat flux with
vastly different results, leaving doubt as to whether discordant heat flux values are
geographical, temporal, or methodological in nature.
Extrapolating local values of heat flux to global estimates is hindered by

ignorance of the distribution and frequency of hydrothermal venting over the MOR.
Shown in Figure 1.1 are the locations of all the known sites of deep-sea hydrothermal

venting. While in general they are distributed along the 55,000 km of the MOR, there
are large expanses of the diverse MOR of which nothing is known about the nature or

distribution of hydrothermal venting. The majority of work done on hydrothermal
systems has been from the medium-spreading Juan de Fuca Ridge and the fast-spreading

East Pacific Rise. However, to fully understand hydrothermal distribution and heat flux,
it is necessary to have a more complete view of the variation and distribution of
hydrothermal activity along the global MOR.

Searches for hydrothermal activity on unexplored parts of the MOR have two
basic goals: the detection of hydrothermal activity, and the prediction of venting

characteristics, including heat flux, from plume observations. Detection of hydrothermal
venting relies upon measuring the anomalous particulate, temperature and chemical
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Figure 1 1 Map showing the global mid-ocean ridge system, and the known sites of active high-temperature hydrothermal venting.

Open diamonds designate confirmed sites (i.e.., observed by submersible or photographs) while circles designate areas where water
column plumes indicate the presence of high-temperature venting.
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signals of the non-buoyant hydrothermal plume with towed instrument packages [Baker

et aL, 1985; Klinkhammer et aL, 1993]. However, interpreting these plume signals to
make predictions about the source is not as straightforward and requires knowledge of
the background hydrography and currents. This fact is particularly true when
exploringnew areas on the MOR about which little is known hydrographically, and
where vents have not been sampled or even located.

The group that I have worked with at OSU over the past six years has been
involved with two searches for hydrothermal activity: one on the Northern Mid-Atlantic
Ridge (MAR) between 330 to 40°N and one in the Bransfield Strait, a back-arc basin off

of the Antarctic Peninsula. Both of these areas have complicated background
hydrography which is discussed here.
Chapter 2 (published in the Journal of Geophysical Research) deals exclusively
with the hydrography above the M_A.R between 330 to 40°N. The influence of the

Mediterranean Water plays an important role in the waters above the northern MAR,
particularly in the region near the Azores platform where the ridge depth becomes

shallow enough to intersect with this water mass. Chapter 3 (published in Earth and
Planetary Science Letters) discusses the hydrothermal signals seen within the Lucky

Strike segment at 37°N on the MAR. The complicated hydrography in this area,
discussed in Chapter 2, makes hydrothermal signals difficult to detect within the Lucky
Strike region.
Chapter 5 (to be submitted to the Journal of Physical Oceanography) discusses
the hydrographic data within the Bransfield Strait, a back arc basin in Antarctica that we
surveyed for hydrothermal activity in 1995 [KJinkhanimer et al., 1995; Chin et

al., 1996]. The strait is composed of three separate basins, and local in-situ convection
produces dramaticafly different water in each one. A model is presented in this chapter

which explains the temperature and salinity properties of one of these basins as a mixture
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of four different end-members. This analysis can be applied to conditions observed
during the last twenty years in the Bransfield.
Multiple methods have been used to calculate hydrothermal heat flux, with vastly

different results, leaving doubt as to whether discordant heat flux values are
geographical, temporal, or methodological in nature. Chapter 4 (to be submitted to
Deep-Sea Research) addresses one aspect of this problem by comparing several different
models of estimating hydrothennai heat flux. The integral plume model first described
by Morton et al. [19561 is compared with dimensionally derived models that have been

used on hydrothermal plumes [Little et al., 1987; Bemis et aL, 19931. The dimensional
derivation of these models is given in the Appendix.
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Abstract
As part of the French-American Ridge Atlantic program the French-American

ZAPS and Rocks (FAZAR) cruise conducted water column studies between 330 40°N
along the Mid-Atlantic Ridge (MAR) to detect hydrothermal activity and map its

influence. This chapter describes the large-scale hydrography within the axial valley,
with particular emphasis on the hydrothermally active Lucky Strike segment (37°17'N).
The FAZAR study area is affected by the presence of the Azores Current and

Mediterranean Water (MW). Although the MW core has been mapped as far north as
50°N off the ridge, within the MAR the northern boundary of the MW exists as a strong

front south of the Azores platform. This front is most likely caused by the shallower
ridge crest becoming a physical barrier to the MW. The Lucky Strike segment lies within

this front and, as a result, has complicated hydrography which can obscure hydrothermal
temperature and salinity anomalies.

Introduction
The French-American Ridge Atlantic (FARA) project was established to study
geophysical and geochemical ridge crest processes between 150 and 40°N on the Mid-

Atlantic Ridge (MAR). As part of this program, the French-American ZAPS and Rocks
(FAZAR) cruise in August-October 1992 conducted basalt and water column surveys to
examine the relationship among hydrothermal activity, bathymetry, and petrology. A

map of the FAZAR study area (33°-42°N) and the water stations is shown in Fig. 2.1.
The water-sampling program concentrated on the region south of 40°N, where the ridge
was sampled at a frequency of approximately two stations per segment (an average of

about 17 km intervals). Additionally, an in-depth water column survey was conducted in
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Figure 2.1 Map of the FAZAR study region. Sled stations are marked with squares,
and hydrocasts are indicated with diamonds. The region of the Lucky Strike segment is
boxed. The bottom bathymetiy is in meters. The thick solid line represents the ridge
axis segmentation Detriek et at., 1995]. Positions of the Azores Current previously
described in the literature [Gould, 1985; Harvey and Arhan, 1988; Sy, 1988] are marked
AC. The region of the transitional water type described in the text is marked by
asterisks. F.Z. stands for fracture zone.

the hydrothermally active Lucky Strike region to examine hydrothermal processes on a

segment scale.
Hydrothermal activity within Lucky Strike was discovered during the FAZAR

cruise [Klinkhaminer et at., 1993; Langmuir et al., 1993b] and has since been
documented with submersible dives [Langmuir et at., 1993a; Fouquet et at., 1994]. This
segment lies between 37°05 and 37°33' N, just north of the French-American Mid-Ocean

10

Undersea Study (FAMOUS) region, and about 400 km southwest of the Azores islands.
The ridge valley is about 2200 m deep, reaching depths greater than 2500 m in the
northeast section. The most dominant feature of the segment is a large volcano in the

middle of the valley, reaching up to 1600 m in depth. This structure is the site of high-

temperature venting [Langmuir, et aL, 1993a; Fouquet, et aL, 1994]. Discussion of the
hydrothermal anomalies from this area is presented elsewhere [Wilson et al., 1996].
Effects of the Mediterranean Water (MW), the Azores Current, and ridge crest

topography complicate the hydrography in the FAZAR region. Previous studies of the
distribution of MW near the MAR used sections across one portion of the axis [Joyce,
1981; Sy, 1988] or within a small region of the valley [Katz, 1970] arid yielded
information at just one location along the ridge. The FAZAR data set gives a unique
opportunity to study physical characteristics within a 630-kin portion of the axial valley

of the MAR. In this chapter the hydrography from this high-resolution station-spacing
data set is presented.

Data Collection and Processin2
Water sampling on FAZAR was done with two systems, a conductivitytemperature- depth (CTh) and rosette hydrocast unit from Institut Français de Recherche
pour 1'Exploitation de la Mer (IFREMER), and a sled instrument package designed and

constructed at Oregon State University (OSU). The hydrocast system was used
primarily during the first leg of the cruise, while the OSU sled system was used for
towing operations during the second leg in selected areas where hydrothermal activity
had been detected during the first leg.

The OSU sled package consisted of an open framework of stainless steel pipe 0.9

m by 0.9 m by 2.4 m in dimension, capable of being towed at 2-4 km/h. It was
equipped with a Sea-Bird Electronics (SBE) 9/il plus Cli) operating at 24 Hz and fitted
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with modular temperature and conductivity sensors and a Paroscientific digiquartz

pressure sensor. Four analog instruments were interfaced with a CTD underwater unit, a
Sea Tech transinissometer to measure 660-nm wavelength beam transmission through a
25-cm path, a Chelsea aquatrack MK ifi fluorometer operating as a nephelometer at 420
nm to measure backscattered light at 90° to the incident light path, a zero angle photon

spectrometer (ZAPS) using solid-state chemistry with fluorescence signal detection to

measure levels of dissolved Mn [Klinkharnmer, 1994], and a Simrad Mesotech Systems

model 807 echo sounder/altimeter. Results from the ZAPS instrument are presented
elsewhere [Klinkhammer et al., 19951. Water sampling on the sled was done with a
General Cjceanjcs rosette with six 5-L Niskin bottles. The CTD data and GPS data from
a Garmin model number MRN-100 Global Positioning System satellite receiver were
interfaced to a computer to create a real-time display of the position and track line of the

ship and a calculated position for the sled; for the towed deployments the sled position

was to have been based on ship position and the slant distance to the sled. However,

owing to the loss of the sled's responder at sea, the ship position was taken for the
position of the sled. The IFREMER hydrocast unit had a SBE 9/24-Hz CTD interfaced
with a Paroscientific digiquartz pressure sensor, the ZAPS instrument, and a rosette
fitted with sixteen 8-L Niskin bottles.

The CTDs had precisions of ±0.002°C for temperature, ±0.003 practical salinity

units (psu) for salinity, and ±1 dbar for pressure. The hydrocast and sled CTDs
performed similarly. A hydrocast and a sled cast taken at the same location within a few
hours of one another produced virtually identical salinity profiles. Both sets of data were
compared to and were consistent with data from TOPOGULF, a program which
conducted meriodional CTD sections along the east and west flanks of the MAR between

24° and 53°N, as well as several sections normal to the ridge axis [TOPOGULF Group,
1986].
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Background
A good understanding of the regional background hydrography is necessary to
determine the perturbations caused by hydrothermal venting. For instance, differences in
deep salinity stratification result in cool, relatively fresh equilibrium plume anomalies in

the Atlantic, while Pacific anomalies are warm and salty [Speer and Rona, 1989].
Although a great deal of work in the FAZAR region has been done as a result of the

TOPOGULF program [Arhan, 1987; Harvey and Arhan, 1988; Sy, 1988], the
complicated hydrography in this area is still not well understood. There are two main

factors which influence this region. The Azores Current (AC) creates a permanent front
southeast of the Azores islands. The Mediterranean Water, a tongue of warm, salty
water, exits the Gibraltar sill at 36°N and moves westward across the Atlantic Basin

between 700 and 1200 m depth. Water below the MW core has an enhanced salinity
down to 2300 m, due to the downward flux of salt through salt fingering (diapycnal

mixing) [Schmitt, 1981; Kawase and Sarmiento, 1986]. This situation is further
complicated by the fact that the MW core does not mix uniformly in its eastward

extension into the Atlantic. There is a considerable decrease in the intensity of the MW
core at the ridge crest [Katz, 1970].
The locations of the Azores Current observed in previous studies [Gould, 1985;

Harvey and Arhan, 1988; Sy, 1988] are indicated in Figure 2.1. Although it penetrates
to at least 2000 m, the effect of the AC on the movement of MW is uncertain. For
example, Gould [1985] stated that the AC primarily influences the surface waters (above

400 m) and that the AC does not affect the salinity distribution of the water in or below

the MW core. Gould went on to remark that a separate branch of the AC, the Southeast
Azores Current (east of the Azores and outside the FAZAR study area), was a greater

barrier for the spread of MW [Käse and Siedler, 1982]. TOPOGULF sections along the
east and west flanks of the MAR showed the MW core extending south of the AC front
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[Harvey and Arhan, 19881. However, both these studies examined the AC off-axis from
the MAR. A TOPOGULF transect across the MAR indicated that the AC does act as a

bather for the MW [Sy, 1988]. In summary, it is likely that the combined effects of the
MAR topography and the shear of the AC diminish the strength of the MW core at the

In areas outside the influence of the Azores Current the strength of the MW

salinity core also decreases across the MAR. While the sill depth of the MAR is not
shallow enough to be a physical barrier for the MW, the topography is believed to induce

intensified vertical mixing at the ridge crest [Katz, 1970; Sy, 1988]. This decrease in the
MW strength at the MAR is evident in several ways. There are sharp isopycnal salinity
discontinuities at the ridge axis [Katz, 19701. From the magnitude of these
discontinnities, Katz estimated that there is a tenfold increase in the diffusion of the MW

salinity core at the ridge crest compared to off-axis. In addition, an overlay of the MW
salinity anomaly and bottom topography shows the MW tongue following the

topography of the MAR (on the isopycnal 09=27.7, about 1200 m depth) [Joyce, 1981,
Figure 2]. The absence of salt fingers, a phenomenon that develops due to the different
diffusivities of temperature and salinity, has been cited as another indication of vigorous

mechanical mixing occurring at the ridge crest [Katz, 1970]. Salt fingers are
characteristic of the MW east of the ridge [Tait and Howe, 1968; Zenk, 1970].
Enhanced mixing at the ridge crest does not allow enough time for the distinct molecular

diffusivities to operate and prevents the development of salt fingers.
However, the decrease in the strength of the MW does not always coincide with

the MAR. In some cases the decrease of the MW strength is manifest less as a front and
more as a transitional water type that extends over considerable distances. For example,
sections along 36°N taken in 1959 [Fuglister, 1960] and in 1981 [Roemniich and
Wunch, 1985] both had isopycnal salinity discontinuities extending almost 1000 km off-
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axis from the ridge crest (between 25°and 35°W) [Katz, 1970, Figure 2.15; Arhan, 1987,

Figure 2.12]. Salinity along the isopycual =27.64 (as shown by Katz [1970]) is
plotted for both datasets in Figure 2.2 (top panel). In general, there is a westward
decrease of salinity except between 250 and 35°N, where the salinity stays nearly constant

at 35.45. As can be seen in Figure 2.1 (asterisks), the location of this feature spans the
entire width of the Azores Platform. The transitional water type is also evident by the
broadening of the area between the 35.5 and 35.6 isohalines in the salinity section of the

1981 data set (Figure 2.2). However, this feature extends farther east (to 20°N) than the
isopycnal salinity discontinuity.
Strong temperature inversions are characteristic of the MW core [Katz, 1970;
Joyce, 19811 and are seen throughout the FAZAR region. They are produced by lateral

mixing of MW and cooler, fresher, eastern type water [Katz, 19701. The spatial and
temporal scales of these inversions are not known, although one studied at M°N

remained unchanged over a distance of 4 km and 15 hours [Joyce, 19811.

Results
Salinity, temperature, and density hydrographic sections for the portion of the
MAR that had the highest-resolution station spacing (33.5° to 39°N) are shown in

Figure 2.3. These sections are composed of both hydrocast (HY) and vertical sled
deployments (SL) that were taken between September 5 and 18. The bottom shoals to

the north as the Azores are approached (see also Figure 2.1). It is important to note that
the bottom topography shown represents the depth within the axial valley. The depth of
the valley wall in this region of the MAR generally follows the regional trend of the

depth of the axial valley, and the valley wall typically rises up about 1500 m. South of

37°N, the average sill depth is thus around 1500 m, which is below the depth of the
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Figure 2.2 Salinity section along 36.25°N from the IGY dataset. There is a vertical scale
change and a change in the spacing of the salinity isobars at 2000 dbar. The contour line
of the isopycnal t=27.ó4 is shown against salinity for the 1981 data (top), while the
circles represent individual data points from the International Geophysical Year data
[Fuglister, 196O. The transitional water between 25° and 35°N with a salinity of -35.45
is seen in both data sets. This water is also seen in the salinity section as the broadening
of the area between the 35.5 and 35.6 isohalines (the shaded region, bottom), although
this feature extends slightly farther east (to 20°N).
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Figure 2.3 Sections of (a) salinity (b) potential temperature (c) sigma-O for the FAZAR
study region between 33.5°and 39°N. Stations are plotted along latitude, although they
follow a line through the axis of the Mid-Atlantic Ridge (MAR). The longitude changes
from 390 lOW in the south (hydrocast HYO4) to 30°04W in the north (sled deployment
SL19). The boundaries of the ridge segments are shown along the bottom. Station
locations are designated by tics across the top.
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MW core. However, north of 37°N, the ridge crest is shallow enough to become a
barrier for the MW.
The core of the MW can be seen by the deepening of the 35.40 isohaline on the

salinity section at 700-1200 m depth between 340 and 37°N (Figure 2.3a). MW is also
identified on the salinity versus

o

section (Figure 2.4), where it is represented by water

more saline than 35.35 psu (denoted by shading). The maximum vertical penetration of
the high-salinity water occurs at 36.0°-36.7°N and near 34°W. The use of the S = 35.35

psu isohaline to identify the MW is consistent with previous work [Katz, 1970]. Using
the International Geophysical Year (IGY) data, Katz defined salinities less than 35.3 psu

as western type water along the isopycnal a = 27.64. Along the same surface he
defmed the MW as saiinities greater than 35.5 psu at 40°N and greater than 35.7 psu at

36°N, while a third water mass, a transition type water, existed at 36°N with salinities of

around 35.5 psu (see Figure 2.2). for comparison salinities are shown along the same

isopycnal in Figure 2.5. They range from 35.25 to 35.62 psu, representing the
presence of both western type water and transition type water, called MW here. The
lowest values, indicating western type water, are found southwest of the AC in the North

Hayes region (<33.7°N) and northeast of the Lucky Strike segment (>37.5°N). Low
salinities are also seen in an eddy north of the Oceanographer fracture zone (FZ), which
is discussed in more detail in the next section.
The deep influence of the MW can be seen in the waters underlying the MW core

as shown by the salinities along the isopycnals

Y

= 27.80 and ae = 27.83 in

Figure 2.5. The strongest MW influence occurs south of the Oceanographer Fracture

Zone along both the

cYe

= 27.80 and a = 27.83 isopycnals. Salinity decreases to the

north along both isopycnals. The MW influence extends farther south along the deeper

isopycnal y0 = 27.83, and its southern boundary appears to be outside the FAZAR
study region. The MW influenced water has clearly shifted south in the deeper water
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Figure 2.4 Salinity plotted against sigma-theta section for the FAZAR study region.
The top boundary, the isopycnal ao = 27.6, corresponds to around 1000 m depth.
The shaded region, water saltier than 35.35 psu, represents the Mediterranean Water
(MW).

relative to its location in the upper layer (ag=27.64). This shift is consistent with the
results of Arhan [19871, which indicate a vertical shear in the MW; water above 1200 rn

moves westward, and the deeper water moves southwestward.

The Azores Current
The Azores Current can be seen on the salinity and temperature sections of

Figure 2.3 as the steplike shoaling of the isohalines and isotherms north of the Hayes

Fracture Zone. It is evident from Figure 2.4 as the sharp front at around 34°N, the
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Figure 2.5 Salinities along isopycnals through the FAZAR region. Shown are ao =
27.64 (around 1015 in),
= 27.80 (around 1700-2000 in), and a= 27.83 (around
2100-2400 m). Salinities above the dashed lines represent water influenced by the
Mediterranean Water (MW).

southern limit of the MW. The location and depth range of the AC (it extends down to at
least 1700 m on the isopycnal cy = 27.80) are consistent with previous descriptions of

the AC [Gould, 1985; Sy, 1988]. It is clear from Figure 2.5 that within the MAR the
AC is a barrier for the southeastward spread of MW above 1700 m (the isopycnal

= 27.80), consistent with the findings of Sy [1988]. There are sharp salinity
gradients at the AC along isopycnals a = 27.64 and

deeper isopycnal a = 27.83.

= 27.80 but not along the
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The FAZAR data set also reveals a feature, most likely an eddy, located north of

the AC at the Oceanographer FZ. Here the MW core has been compressed, with fresher
water intruding at both the top and bottom of the core. The freshwater intrusion can be

seen as an upward doming down to nearly 2000 in. This feature covers an area of
around 18 km by 5 km. Meandering of the AC is well documented [Gould, 1985; Kase
et al., 1985; Siedler and Emery, 1985; Sy, 1988], and it has been suggested that these

meanders develop into westward propagating eddies [Gould, 1985]. The feature is most
likely an eddy and not a meandering branch of the AC as shown by the isopycnal field

(Figure 2.3c). A current would produce a net increase or decrease in the isopycnal
depth which is not evident here. Furthermore, the depth of the 18° isotherm, which has
been used as a defining factor for the presence of the AC [Gould, 19851, does not
change in this area as it does at the AC front.

The Northern MW Front
There is a considerable decrease of the MW salinity within the MAR axial valley

between 36.7° and 37.4°N (80 kin). This fronthke feature can be seen in the salinity and
e

sections (Figures 3a and 3c), but it is more obvious in Figure 2.4. A large salinity

gradient of as much as 0.2 psu over < 25 km occurs at 36.7°N at about 1300 m depth.
This transition is stronger than either the AC front or the MW transitions described by

Joyce [19811, which had salinity changes of 0.15 psu over 100-150 km. However, the
AC front more strongly affects the deep water as shown by the sharp salinity change

along the isopycnal a = 27.8 in Figure 2.5. In contrast, the northern front has little
or no effect on the salinities along this isopycnal. The northern MW front seems to be

topographically influenced. It occurs 100 km south of the sharp rise in the Azores
Platform, and it is most likely the result of the shallower valley walls becoming a bather

to the MW. An important point about this front is that while it is strongest at around
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36.8°N, it extends over a wide region that includes the Lucky Strike segment. The deep
water within the Lucky Strike segment is fresher on isopycnal surfaces than the bulk of
the water in the FAZAR region to the south.

Geostrophic Transport
The geostrophic transport along the FAZAR section (33.5°-39°N) is shown in

Figure 2.6. The net transport is 10 Sv to the east. Sy [19881 calculated 31 and 23 Sv of
eastward transport in sections east and west of the MAR in larger-scale sections (the east
section covered 24°-51.8°N and the west, 24°-46.8°N). The net transport within the

FAZAR region in Sy's sections was small. There was 2 Sv to the east in the western
section and 4 Sv to the west in the eastern section. The magnitudes of the eastward and
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westward components were much larger within the FAZAR region of these sections.
The magnitudes of the individual eastward and westward components were around 40
Sv for the section west of the MAR and around 20 Sv for the section east of the MAR.
The larger values in the western section are probably the result of the presence of the AC,

which was not encompassed in the eastern section.

Strong eastward transport, around 11 Sv, is observed at the AC (Figure 2.6).
This value is consistent with previous calculations of 12 Sv transport across the AC

[Gould, 1985; Sy, 1988]. Although the eastward transport (8 Sv) near the
Oceanographer FZ is comparable to the transport of the AC, it is nearly canceled out by

the westward flow to the north, and the net transport across this region is not large. This
low net transport affirms the previous interpretation of this feature as an eddy rather than

a branch of the AC.
The northern front of the MW coincides with an area of strong westward flow,

11 Sv, between 36.5-37°N. This apparent current was not evident in the work of Sy

[1988. The transport is similar in magnitude to that of the AC. There is a strong
correspondence between the cumulative geostrophic transport and the saiinity

distribution. The region of highest eastward transport in Figure 2.6 corresponds to the
core of the MW as depicted in Figure 2.4 and on the 27.64 isopycnal in Figure 2.5.

Temperature and Salinity in the Lucky Strike region
The potential temperature versus salinity (O-S) data within the Lucky Strike

segment is shown in Figure 2.7, overlaid with a general scheme of the 0-S diagram
from Sy [1988, Figure 14b}. Sy's data are from a section which transected the MAR
130 kin north of the Lucky Strike segment but did not include any data directly in the

axial valley. There are two main differences evident between this off-axis data and the

Lucky Strike data. One is in the deep water, below 8°C, where the off-axis data show a
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Figure 2.7 Potential temperature versus salinity for data within the Lucky Strike region.
The sled data are the initial vertical downcasts and do not include towed data. A stylized
reproduction of the off-axis data presented by Sy (1988, Figure 13b} is overlaid on the
plot. The lighter gray represents water east of the ridge (the MW type water mass), and
the darker gray represents water west of the ridge. Western type water and intermediate
type water can be distinguished above 7.5°C. Labeled are the dotted profiles that indicate
the most extreme western type water.

clear separation of the western and MW water masses down to around 4.5°C. However,
the water masses in the Lucky Strike data set cannot be distinguished below 7.5°C,
suggesting that mixing is occurring throughout the water column, Lateral mixing on this
scale is consistent with the observation that the Lucky Strike 0-S relation falls right

between the deep water of the eastern and western water masses in Figure 2.7.
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The second difference occurs in the waters above 8°C, where two water masses
can be distinguished. The saltier data within Lucky Strike lie in the transition between
the two off-axis water masses, although they are more clearly in the domain of the

western type water. There are no profiles that are clearly MW type only. The freshest

profiles (Figure 2.7, dotted lines) have salinities as low as 35.24 psu. This water is
fresher than Sy's salinities off-axis to the west, which are all above 35.28 psu. The
difference between the water masses within Lucky Strike is temporally related. The

fresher profiles, HY24, HY25, and SL14 (upcast), were taken during the first leg of the
cruise, while the other profiles were taken about 3 weeks later. This observation is
consistent with the suggestion of Kase and Zenk [19871 that strong pulses of both cold

subpolar water and MW are common in this region. In summary, the deep water within
Lucky Strike appears as an intermediate water type between western type water and MW.

The mid-depth water (700-1000 m, 8-10°C) is much more heavily influenced by western
type water, although this influence appears to vary in time.

Two scales of temperature inversions are seen within Lucky Strike. The large
temperature inversions between 8° and 10°C are similar to ones described in earlier

studies [Katz, 1970; Joyce, 1981]. The 0-S diagram for SL14 (Figure 2.8a) shows a
strong inversion, A0=0.3°C in 25 m, in the upcast that is not present in the downcast.

The upcast and downcast were separated by 3 hours and 1.5 km. The distances and
times between downcasts and upcasts for all deployments made within Lucky Strike

ranged between 0.1 and 15.5 km and 2.9 and 10.5 hours. Of the eight deployments,
only two sets of casts showed a similar structure in the temperature inversions of the

downcast and the upcast, and these occurred on the nontowed deployments when the
sled remained in approximately the same location. This inversion demonstrates a greater
degree of temporal and spatial variability than the study of a temperature inversion by

Joyce [19811, which showed little change over 15 hours and 4 km. It suggests that the
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Figure 2.8 Potential temperature versus salinity from SL14 showing two scales of
temperature inversions. (a) The downcast (solid line) and upcast (dotted line) of the tow
were separated by around 3 hours and 1.5 km. A large temperature inversion is visible
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of 0.015 psu.

mixing processes within Lucky Strike are more vigorous than during Joyce's study,
which was also in a front.
In addition to these large inversions, smaller temperature inversions are seen

deeper in the water column. The largest of these are about iO=0.05°C over 15 m as
shown in Figure 2.8b. TemperatuTe inversions of this scale have also been seen in of faxis regions down to 2000 m (roughly 4°C) both east and west of the MAR between 25
and 35°W [Sy, 1988] and at a background station 240 km west of the MAR taken during
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the FAZAR cruise. Temperature and salinity variations along isopycnals within the
Lucky Strike segment are considerable. The variations are large enough to produce the
observed temperature inversions from lateral mixing of water within the segment.
Additionally, the observed ranges are larger than typical hydrotherrnally produced
anomalies, which indicates that the likelihood of detecting hydrothermal anomalies from
measurements of temperature and salinity alone is small at Lucky Strike.

Conclusions
The FAZAR region is an area of enhanced ridge crest mixing and complicated

hydrography due to the interplay of the Azores Current, the MW, and bottom
topography. Within the Mid-Atlantic Ridge valley the AC acts as a bather to the

southern spread of deep MW down to 2000 m. The core of the MW lies north of the
AC (34°N) and south of a strong front at 36.7-37.4°N. Isopycnal salinities change as

much as 0.25 in less than 20 km at the northern boundary of the MW. This front is
most likely guided by topography as it occurs just south of the Azores platform which

acts as a physical bather for the MW. If this is true, it would make this front a relatively
permanent feature. This result is important for interpreting hydrothermal studies within

the Lucky Strike segment. Large ranges of temperature and salinity on isopycnals are
present in this segment, as well as temperature inversions produced by lateral mixing on

isopycnal surfaces. These combined factors male the detection of hydrothermally
produced temperature and salinity anomalies difficult. The use of chemical tracers is
needed in this region to fully resolve hydrothermal anomalies.
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Abstract
As part of the FARA (French-American Ridge Atlantic) project the northern Mid-

Atlantic Ridge (MAR) was surveyed for hydrothermal activity between 33-40°N during
the FAZAR. cruise in Aug.-Oct. 1992. After detection of hydrothermal activity in the

Lucky Strike segment (37°17'N) a detailed water column survey was undertaken in this

region. During a follow-up cruise (with the DSRV ALVIN) several active hightemperature vents were found on the summit of a central seamount. Here we focus on

the results of the water column survey undertaken during the FAZAR cruise. The
influence of Mediterranean Water and the site's shallow depth complicates the
hydrography at Lucky Strike; background temperature and salinity gradients are usually

too complex to clearly indicate hydrothermal anomalies. Light transmission anomalies
within the Lucky Strike region were small, but were detected throughout the segment

from mid-depth (-1500 m) all the way to the valley seafloor (-2300 m depth). The
large depth range covered by these anomalies probably results from vertical mixing as

well as the presence of multiple vent sources at various depths. Methane anomalies and a
temperature anomaly observed deeper than the vents documented by ALVIN further

support the idea of additional, deeper vents within this segment. Particle samples of the
deep particle layer are enriched in Fe and trace metals.

Introduction
Since the discovery of hydrothermal venting systems in 1977, much research has

been done on an individual vent area scale. For example, the Juan de Fuca Ridge, and
parts of the East Pacific Rise have been studied extensively on this level. However, little
is known about the frequency and distribution of hydrothermal venting along the

remaining 55,000 km of the Mid-Ocean Ridge (MOR) system and slow-spreading
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ridges are particularly understudied. In order to frilly understand hydrothermal activity
on a global scale it is necessaly to study hydrothermal activity in different tectonic

settings along the MOR. Given the large expanse of the ridge system it may never be
feasible to study with submersibles all of the vent sites that will be discovered in the

future. Instead, it is important to develop surveying techniques that can efficiently detect
signs of hydrothermal activity, and characterize different venting systems on the basis of

plume signatures.
The FARA (French-American Ridge Atlantic) project was established to study the
northern Mid-Atlantic Ridge (between 15° and 40°N), a slow spreading end-member of

the MOR. At that time there were only two known vent sites in the Atlantic, the TAG
site at 26°N [Rona et al., 1986], and the Snakepit site at 23°N [Ocean Drilling Program,

1986]. Both of these sites were outside the study area of the FAZAR cruise (French
American ZAPS and Rocks; C. Langmuir, Chief Scientist), which in Aug.-Oct. 1992
conducted basalt sampling and water column surveys to examine the relationships
between, hydrothermal activity, bathymetry and petrology from 33°-42°N. The objectives

of the water program were to determine which segments were hydrothermally active, and
to survey in-detail the hydrothermal plume within an active segment. In this chapter,
light transmission, CH4, CTh and particulate data from the Lucky Strike hydrothermal
plume are examined in order to characterize the hydrothermal plume at this new site and

comparisons are made between the observed plume signature and the preliminaiy vent
fluid data.

Site DescriDtion
The Lucky Strike segment is situated between 37° 05-33' N and 32° 10-25' W,
just north of the FAMOUS segment and about 400 km southwest of the Azores Islands.

The bathymetry of the central part of the segment is shown in Figure 3.1. The rift valley
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Figure 3.1 Map of the Lucky Strike segment with station positions. Both OSU sled
deployments (SL) and WREMER hydrocasts (HY) are shown. Tows are indicated by
solid lines, vertical casts by circles. The vent sites visited during the AL\TIN cruise are
marked on the Lucky Strike map with stars. The direction of the towed deployments
discussed in the paper are marked by arrows. The bathymetry data for the Lucky Strike
region was supplied by D. Needham and was collected as part of the SIGMA cruise.
Contour interval is 100 m.

is about 15 km wide with a sill depth of around 1300 m. The segment is not completely
bound by the valley walls as the western sill drops down to 2000 m in the southern end
of the segment. The valley depth varies from greater than 2500 m at the ends of the
segment to 1550 m at the summit of a central seamount, the most dominant feature of the

segment. During the FAZAR cruise an in situ chemical sensor (ZAPS, [Klinkhammer,
1994] ) detected Mn signals in the overlying water column [Klinkhaininer et al., 19951,

and a rock dredge between the three summits of the seamount recovered part of a sulfide
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chimney covered with live mussels. Based on these results, a short ALVIN cruise was
undertaken in June 1993 and several active vents were found in the depression between

the east and south summits of the seamount. The vents were at depths between 16201710 m and were issuing fluids with maximum temperatures between 200-325°C. The
cruise consisted of only six dives to the top of the seamount, which were insufficient to
determine the boundaries of the vent field. Further exploration by the Nautile in 1994
discovered a lava lake surrounded with active vents between the summits of the

seamount [Fouquet et al., 1995].

Data Collection and Processing
Water sampling during FAZAR was carried out with two systems; a CTD and
rosette hydrocast unit from IFREMER, and a sled instrument package designed and

constructed at Oregon State University (OSU). The hydrocast system (HY) was used
primarily during the first leg of the cruise. During the second leg, the OSU sled system
(SL) was used for more extensive investigations of selected areas where hydrothermal
activity had been detected during the first leg. Within the Lucky Strike segment there

were four vertical downcasts, and nine towed deployments (see Figure 3.1). In general
the sled was tow-yowed at a speed of about 1 knot, between 1000 m depth and the

seafloor.
The OSU sled package consisted of a Sea-Bird CID, a Sea Tech
transmissometer, a Chelsea nephelometer, an instrument (ZAPS) to measure in-situ
levels of dissolved Mn [Klinkhaxnmer, 1994], and a SIMRAD altimeter. The CTD data
and GPS data from a Garmin GPS satellite receiver were interfaced to a computer to
create a real-time display of the position and trackline of the ship and a calculated position

for the sled. Navigation data files recording the ship position were merged with the sled
CTD data. Loss of the sled-mounted transponder while at sea prevented a more accurate
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determination of the sled's position. Differences between the sled depth and wire-out
readings indicate that the calculated position of the towed data can be off by as much as

1 km.
Water sampling on the sled was done with a General Oceanies Rosette with 6 x

5-liter Niskin bottles. A Challenger Oceanics Stand Alone Pump (SAP), equipped with a
293 mm diameter, 1 jm Nucleopore® filter was employed to collect particles in situ in
the vicinity of the Lucky Strike vent site. Immediately upon recovery the filter housings
were transferred to a trace metal clean environment and the filters were rinsed with

quartz-distilled (QD) water to remove sea-salts. The filters were then sealed in plastic

bags and frozen until transfer to the laboratory. The particles were leached from the
filters by refluxing with concentrated QD HNO3 for 48 hours. The chemical
composition of the resultant solutions was determined by atomic absorption spectroscopy
and inductively coupled-atomic emission spectroscopy.

The IFREMER hydrocast unit had a Sea-Bird CTD, a Prieur type nephelometer,

the ZAPS instrument, and a rosette fitted with 16 x 8-liter Niskin bottles. Water samples
were collected for CH4 analysis. The samples were rapidly drawn by gravity into 125
ml glass bulbs fitted with teflon vacuum valves and poisoned with sodium azide. The
samples were analyzed onshore at IFREMER in Brest within 2 months of sea operations.
After trapping CH4 on activated charcoal at -80°C, the analysis was performed by gas

chromatography with a flame ionization detector [Charlou and Donval, 19931. For

calibration, LAir Liquide/Alphagaz CH4 standards (2 ppm ±2% and 10 ppm ±2% in
pure helium) were injected through calibrated loops into the detector at appropriate time

intervals. Known amounts of CH4 were injected into the stripping/trapping line, using
the same procedure as for the water sample analysis. Blanks were measured between
samples. A 3% standard deviation was obtained for 45 nLfl surface samples. The
detection limit was 0.5 iii per liter of seawater. Taking into account the precision of the
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calibration, blank correction, and reproducibility, the precision was ±3% for CH4
concentrations of 5-200 nIh.
The CTDs were calibrated and had precisions of ± 0.002°C for temperature,

± 0.003 for salinity, ± 1 dbar for pressure, and the transmissometer had an apparent
resolution of 0.02% in light transmission.

Results and Discussion

Background Hydrography
A good understanding of the background temperature and salinity structure is
required in order to determine hydrographic anomalies resulting from hydrothermal

activity. In Figure 3.2 the variability of temperature and salinity within the Lucky Strike
segment is compared with TAG data (Klinkhammer, unpublished data), which shows
the more usual linear temperature and salinity background upon which hydrothermal

anomalies can be easily identified. The TAG temperature anomaly (0.04°C) is four times
smaller than the average temperature variation at a single salinity (0.16°C) within the

Lucky Strike area. This large degree of inhomogeneity within Lucky Strike is due to two
factors. One is that this segment lies within a front-like break of the Mediterranean Water
(MW) tongue between 36.7-37.4°N where the Azores platform is a physical bather to the

northward spread of the MW within the MAR rift valley [Wilson et al., 1995]. Another
factor is the relatively shallow depth of the Lucky Strike site, where venting occurs

between 1620-1710 m, compared to the 3640 m depth of TAG. However, even at

depths below 2000 m(e=27.79) there is considerable variation. Throughout most of
the Lucky Strike segment it was impossible to identify hydrothermal temperature
anomalies due to the non-linear background structure of temperature and salinity.
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Figure 3.2 Temperature-salinity diagram from casts throughout the Lucky Strike region,
(within a circle 12 km in radius) showing lines of constant sigma-theta. The background
variability in temperature and salinity is larger than typical hydrothermal anomalies. For
comparison, the inset shows the same parameters from three casts taken in the TAG
region (Klinkhammer, unpublished data), which indicate the more usual linear
temperature and salinity background upon which hydrothermal anomalies can easily be
identified. Both sets of plotted data span a depth range of approximately 700 m.

Light Transmission
The rapid cooling of hydrothermal vent fluids upon exiting the seafloor and

mixing with ambient seawater leads to mineral precipitation [Edmond et al., 1979;

Haymond and Kastner, 1981; Mottl, 1983]. The resulting particles can be detected in
hydrothermal plumes as a decrease in light transmission or an increase in nephelometry

signals [Campbell and Gieskes, 1984; Nelson et aL, 1986/871. Particle anomalies are
often used to detect hydrothermal plumes as they are easily detectable with standard, real-

time instrumentation [Baker and Lupton, 1990; Baker et al., 1987; Feely et al., 1992;

Nelson et al., 1986/87].
Throughout the Lucky Strike segment there is a thick layer of particles which

extends from mid-depths all the way to the seafloor (Figure 3.3). These anomalies in

light transmission are small, <0.1%, especially in comparison to plumes from other
MAR sites. The maximum height of this layer, indicated by values greater than the

background value of 87.1%, was at about 1500 m. Higher penetration of this particle
enriched layer was seen in the northwest region, where it reached 1200 m, and above
the seamount where it reached 1350-1400 m depth. In some areas there is layering
within the plume, suggesting that it is a composite of multiple plumes. For example, in

the northwest region (Figure 3.3a) in addition to the deep bottom layer anomalies, there
is a higher plume centered at 1300 m. In the southwest there is an indication of two

distinct plumes, one centered at 1700 mand the other at 1900 m (Figure 3.3c). The
deeper plumes are inconsistent with a vent source origin on the axial seamount, as they

occur within or below the depth range of this venting (1620-17 10 m), and they suggest
that there are additional, deeper vents. This result is not too surprising as it was clear
during the ALVIN cruise that the boundaries of the vent field were not found. Assuming
a conservative 200 m rise height would place the vents producing the deepest plumes at

2100 m depth, giving a 500 m vertical range of active venting within this segment.
The light transmission signals within Lucky Strike are unusual in that there is no

clear observation of a bottom boundary of the particulate layer. This deep plume could

be formed from venting at various depths down the sealnount forming what often
appears to be one thick plume. If so, this idea implies that venting is occurring over a
considerably large area, in sharp contrast to the localized venting seen elsewhere on the

MAR (TAG and Snakepit). In addition, enhanced mixing within this shallow segment
likely contributes to the wide depth range of the hydrothermal signals, resulting in thick,
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Figure 3.3 Light transmission contour plots for (a) the North Section (SL27),
(b) SL23, and (c) SL24. Only SL27 was a linear track, and is shown versus longitude.
SL23 and SL24 are shown versus time, the arrows above these plots indicate a change in
direction (tracklines are shown in Figure 3.1). The dashed horizontal lines indicate the
depth range of the venting observed by ALVIN. Contour interval is 0.01%. Also
shown in (a) are the CH4 values (in ni/i) from six water samples taken during SL27.
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homogeneous plumes with lower particle concentrations. It is also possible that this

layer is caused from particle resuspension. However no nephloid layers were observed
within any of the other nearby segments sampled during the FAZAR cruise.

Parts of tow SL23 (Figure 3.3b) and part of tow SL24 (Figure 3.3c) went over
the central seamount, and were very close to the active venting observed by ALVIN.
The anomalies directly over the seamount are the smallest seen at Lucky Strike, being

about half the magnitude of anomalies observed in the south and north parts of the

segment. The maximum plume rise above the seamount is between 1350-1400 m depth.
Away from the central seamount the anomalies are considerably stronger below the depth

of documented venting. Assuming that the particulate layer is hydrothermal in origin
implies that either there is a much greater volume of fluid emitted at deeper depths (with
similar particle concentrations) or that the fluids from the deeper, unsampled vents have a
chemical composition different than those from the shallow vents on the seaxnount.
The generally small light particulate anomalies seen within the Lucky Strike area

are consistent with the initial vent fluid chemistry which suggest that there is significant

precipitation of metals below the seafloor at this site [Klinkhainmer et aL, 1995]. The
seamount vents have high temperature fluids which are low in metals and enriched in
gases, indicating a different style of hydrothermal activity than the high temperature

systems observed on the EPR and other MAR sites. The small particulate anomalies, as
well as the geologic setting of Lucky Strike, is similar to the venting observed at the
Axial Seamount on the Juan de Fuca ridge, where temperature and particulate anomalies
are small and are not detectable further than a few km from the vent field [Baker et al.,
19901.
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Methane
Hydrothermal venting is a major source of CH4 to the oceans, and CH4 has been

used as a tracer for hydrothermal activity [Charlou et al., 1988; Kim, 1983; Lucy et al.,
1988]. The background CH4 level within the Lucky Strike area is 15-20 nI/I, slightly
higher than the background level of the Atlantic abyssal plain of 8-10 nI/I.

The CH4 profiles from the Lucky Strike segment are shown in Figure 3.4. The
largest water column anomaly of CH4 (130 nI/i) occurred just below 1500 m at HY25.
This plume was 50 m above the eastern summit of the seamount, and slightly northeast
of the area where vents were observed during the Lucky Strike ALVIN cruise. The other

proffles were taken roughly 7 km south of the seamount. HY24 was taken at nearly the
same location as the upcast of SL23 and the downcast of SL24. At this area the depth of
the methane plume is virtually identical to that of the particle plume, suggesting that this
deep particle layer is a consequence of hydrothermal venting rather than particle

resuspension. Stations closer to the axial walls, HY37 and HY4O, had larger CH4
anomalies, but the plume was thinner and did not extend to the seafloor. It is possible
that these differences in the magnitude and thickness of the CH4 plume are time

dependent as HY24 was taken 3 weeks before HY37 and HY4O. All of the deep CH4
profiles have anomalies within or below the depth range of documented venting, again
suggesting that there are deeper vents within this segment.
Samples for methane were taken at three locations across the north section

(SL27) at 1450 m and 1750 m depth (see Figure 3.3a). On average these samples
were more than 9 km away from the known venting site. Only one of these samples had

a significantly elevated CR4 concentration (85 nI/I). The samples from 1450 m depth
are all at the upper boundary of the light transmission plume. Although the deeper
samples at 1750 m are all clearly within the light transmission plume their CH4 values,

24-28 nI/i, are only slightly above the background value. The two highest CR4 values
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within this section occur in the northeast, at depths (1450 m) consistent with a venting
source on the central seamount.
While the maximum CH4 plume values at Lucky Strike (48-130 nI/i) are
comparable to other hydrothermally active areas on the MAR [Charlou and Donval,

1993], the end-member vent fluids at Lucky Strike have higher CH4 concentrations.
Samples taken during the ALVIN cruise were 12-2 1 mI/kg. whereas the usual range of
CH4 concentrations from unsedimented ridges is less than 4 mI/kg [Charlou and
Donval, 1993; Jean-Baptiste et al., 1991; Lffley et al., 1993; Wethan and Craig, 1979;
Welhan and Craig, 1988]. This apparent contradiction can be explained by the fact that
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Figure 3.4 Cl4 profiles vs. depth within the Lucky Strike region at HY24, HY37 and
HY4O along the South section, and at HY25 over the eastern summit of the central
seamount. The gray horizontal bands indicate the depth range of the venting observed by
ALVIN.

all of the methane samples except HY25 are at least 7 km away from the known venting.
Methane is not conservative in plumes but is consumed by microbial oxidation

[deAngelis et al., 1993].

Particle Data
Particle samples were collected during two deployments of the Challenger

Oceanics Stand-Alone Pump System (SAPS), SL25 and SL3 1. The SAPS samples
were taken at different depths at the same location (between the seamount and the eastern

valley wall, see Figure 3.1). The pump was positioned within a particle plume between
1650-1850 m depth during SL25, and was held in background water above the plume

(1000 m depth) during SL3 1. The SAPS filtered 1,105 liters of seawater in 110
minutes during SL25 and 630 liters during SL3 1. Figure 3.5 shows the light
transmission profile and the temperature-salinity diagram from SL25. Water samples
taken during the plume deployment (SL25)

all

had elevated CH4 concentrations which

ranged between 43-126 nI/i; the highest values being comprable to values observed
directly over the active venting on the seaniount. There was a small temperature anomaly

of 0.02°C between 1750-1770 m.
The results of the particle analyses are shown in Table 3.1. Background
particulate Fe concentrations in deep Atlantic water range from 1-4 nmoIJl, [Trocine and
Trefry, 19881. Fe concentrations above this range are often used to indicate the presence
of particle-rich plumes generated by hydrothermal activity. The concentration of
particulate Fe in sample SL25 is 10 nmolJl and indicates the presence of a small, but

nevertheless distinct, hydrothermal input to this sample. Sample SL3 1 was collected

around 780 m above SL25 and only contains 1.4 nmoL/l, well within the background
range. The particulate Al within the samples is presumed to be derived exclusively from

aluminosilicates. Hence the Fe/Al ratio may be used as a measure of hydrothermal vs.
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background signal within the samples. SL25 has a Fe/Al ratio of 12.7, compared to only
1.02 in SL3 1, again suggesting that there is a significant hydrothennal component within

sample SL25.
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Figure 3.5 Light transmission profile and temperature-salinity diagram for SL25. Two
stand-alone pump samples were taken at this location. One was taken within the light
transmission anomaly at 1780 m (SL25), and one above the anomaly at 1000 m
(SL3 1); these are indicated by the gray dots. The vertical lines indicate the depth ranges
of the package during the pumping. The gray horizontal band indicates the depth range
of the venting observed by ALVIN. The CFL values from six water samples taken
during the SL25 pump deployment varied between 43-127 nlJL Temperature and salinity
data taken during the deeper pump sample (SL25) is shown in the inset. A temperature
anomaly of 0.02 is clearly evident between 1750-1770 m depth.

Table 3.1 Results of chemical analyses of particulate samples SL25 and SL3 1. All
elements are in units of nmol/L. Concentrations below detection limits are denoted by an
asterisk. For comparison average background values for the TAG region [Trocine and
Trefry, 1988] are listed.

PNa

Depth0 Fe

Al

SL25

1780

10

.79 0.05 1.23 0.26 0.03 0.89 0.05 0.09 .007

51

1.2

SL31

1000

1.4

1.37 0.01

*

61

2.0

2.8

2.8 .016 .006 .13

.007

-

2.6

TAG

V

Cr

*

Mn

*

Ni

*

-

Cu

Sr

0.2 0.03 0.17
.003 .026

Mg

In addition to elevated Fe levels, hydrothermal particles are enriched in other trace

metals, such as V. Cr, Mn, Co, Ni and Cu, due to direct precipitation from vent fluids
and/or from scavenging from seawater [Feely et al., 1992; German et aL, 1991; Trocine

and Trefry, 1988]. Although the observed enrichment is not very large, it can be seen in
Table 3.1 that all of the transition elements in the SL25 sample are elevated relative to
both SL3 1 (the non-plume sample) and to the background levels measured at TAG

(except for Co, for which there is no available background measurement). The relatively
small metal enrichment in the hydrothermal particles is consistent with analyses of endmember Lucky Strike hydrothermal fluids which indicate that they are depleted in metals

compared to other sites [Klinkhammer et al., 19951.
Overall, the data show that there is a small metal enrichment in the deep particle

layer, which is consistent with a hydrothermal origin. In addition, the temperaturesalinity anomaly and the high CH4 concentrations at this depth provide a convincing

argument for a hydrothermal source for this particle layer. As the anomalies observed at

SL25 (1780 m depth) occur deeper than the observed vents they add to the evidence for
additional, deeper vent sites in this segment. Vents producing anomalies at this depth are

most likely to be found near 2000 m depth, at the base of the seamount.
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Flux Estimates
Geophysical models of crust cooling indicate an average heat flow anomaly of

8.7 x 1012 W, which must be accounted for by hydrothermal circulation [Sciater et aL,

1980; Sleep and Wolery, 1978; Stein and Stein, 1994; Wolery and Sleep, 1976]. This
estimate includes the diffuse, low-temperature, off-axial venting that is believed to

account for as much as 70-90% of the hydrothermal heat loss [Stein and Stein, 1994],
but as yet diffuse fluxes have been difficult to measure directly. It has been more
straight-forward to quantify heat flux from discrete black smokers. Various methods
have been deployed to estimate the heat flux from high-temperature vent systems, over

length scales ranging from the vent area [Converse et aL, 1984; Macdonald et aL, 1980;
Rona and Speer, 1989; Rudnicki and Elderfield, 1992] to hundreds of kilometers of
ridge crest [Crane et al., 1985}. Because the initial buoyancy of the hydrothermal plume
is linked to the vent heat flux, using plume observations is an attractive method of
estimating heat flux on a vent field scale.

In a stratified background the terminal plume rise height (Z) is a function of
the initial vent buoyancy flux (B) and the background density stratification (N) as first

described by Morton et al. [19561. As the heat flux is proportional to the buoyancy flux
[Turner and Campbell, 1987], the heat flux can be determined as:

H

ag

(Z)4N3

5)

Where Po is a reference density, C, is the low temperature specific heat (4200
Jkg-1°C-1), a is the low-temperature coefficient of thermal expansion

(1.48 x iO- °C-1), and g is the gravitational acceleration.
There are some potential difficulties with this equation, which are discussed in

greater detail in Chapter 4. Briefly, this equation does not take into account other
environmental parameters that can influence the rise height. Cross-currents reduce total
rise height [Middleton and Thomson, 1986], resulting in a underestimation of the heat

flux if they are not accounted for. On the other hand, plume confinement, which is likely
with the deep axial valley of the MAR, and plume rotation will increase rise height [Speer
and Helfrich, 1995] and lead to potential overestimations of the heat flux. Furthennore,
the large power dependencies of both

and N in the equation can lead to

considerable errors. Lastly, this calculation does not account for diffuse venting
sources, although modeling work has suggested that low-temperature (40°C) diffuse
venting will be entrained into nearby plumes and contribute to their rise height [Rudnicki

and Elderfield, 1992]. Despite these caveats this equation remains a common method for
calculating heat flux due to its simplicity.

The background density structure was extremely variable within the Lucky Strike
segment. Values of N calculated from the data within Lucky Strike ranged between

8-12 x

10-4

s1. HY24 (Figure 3.4) was about 500 in to the southwest of the Statue

of Liberty vent field (see Figure 3.1) where fluids were issuing at a depth of 1635 m
[Langmuir et aL, 1993]. The CH4 profile indicates a plume rise of 135 m if this vent

field is the source of the CH4 plume. Assuming an arbitrary error bar of 50 m on the
plume rise yields a heat flux of 0.4 -30 MW. Around 300 in to the south of the Statue
of Liberty area there is a set of deeper vents (Eiffel Tower and three unnamed vents,

[Langmuir et aL, 1993]) at depths between 1694-1710 m. Light transmission profiles
near these vents show the maximum plume rise is at 1350 in depth, an average height of

350 m. Again assuming a 50 m error bar on the plume rise yields a heat flux of 62-690
MW. The higher heat flux at this site is consistent with the ALVIN observations of more
active venting, and higher temperatures, than at the Statue of Liberty vent area.
These calculations yield a total volume and heat flux for the Lucky Strike area of

8.6 -29 x 10-2 m3s-1 and 120-400 MW. In comparison, heat flux estimates for the

TAG area range from 225 MW [Rena et aL, 19931 to 500-940 MW [Rudnicki and
stimate for the newly discovered Broken Spur site [Murton et al.,

1994] yielded 62 MW [James et al., 1995]. It is not possible to better constrain the heat
flux from the Lucky Strike area without knowledge of the full extent of active venting on
the central seamount.

Conclusions
Lucky Strike is an important new hydrothermal site for several reasons. Both the
hydrothermal plume and the vent fluids exhibit styles not seen at any other sampled site.

The light transmission anomalies are small but cover almost 800 m of the water column.
Anomalous CH4 concentrations and light transmission signals occur deeper than the

known venting throughout the segment, suggesting that active hydrothermal venting is

occurring from 1600 m down to 2100 rn depth. Particles sampled from this deep layer
are enriched in Fe, Mn and trace metals. The deep, unsampled vents produce a slightly
more particle rich plume, suggesting that either the deeper venting is more voluminous or

has a chemical composition different than the shallow, sampled vents. The generally
small particulate plumes within the segment are consistent with the end-member vent
fluids that have been sampled at Lucky Strike in that they have low metal and high gas

concentrations [Klinkhammer et aL, 1995].
This work has shown that high temperature venting is not always associated with
strong particle plumes or detectable TS anomalies. The hydrothermal signals at Lucky
Strike represent the lower limit of detectable hydrothermal venting from both

hydrographic and particle anomalies. The plumes here illustrate the potential to miss
hydrothermally active areas and thereby underestimate the occurrence of high temperature

hydrothermal activity. It is important to use a full water column program of chemical and
optical measurements in surveying for hydrothermal activity. Studying hydrothermal
systems from diverse geological settings which have unusual plume signatures offers the

50
greatest opportunity to expand our understanding of hydrothermal activity on a global

scale.
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Abstract
Before the discovery of hydrothermal vents one of the lines of evidence pointing
to their existence was the discrepancies between theoretical and observed heat flow at the

mid-ocean ridges. Almost twenty years after their discovery the contribution of deep-sea
hydrothermal systems to the global heat budget is still not well constrained. This is due
in part to ignorance about the global distribution of hydrothermal venting, however
determining the heat flux of known systems still remains problematic. Multiple methods
have been applied to this problem, leaving doubt as to whether discordant heat flux
values are geographical, temporal, or methodological in nature.

To assess one aspect of methodological differences this chapter compares two
different kinds of plume models used to estimate hydrothermal heat flux: an integral

model and three different empirical equations. The integral model, based on the Morton,
Taylor and Turner [Morton et al., 1956] model, calculates plume variables throughout
the buoyant rise using specified initial conditions and a constant entrainment coefficient

within a stratified background with no background flow [Speer and Rona, 1989;
Rudnicki and Elderfield, 1992]. In this model heat flux is determined from the initial

vent temperature and volume flux. In an applied sense, the heat flux is deteñnined by
fitting the plume rise height with that observed in the field. The empirical models,
derived from dimensional analysis, determine the heat flux from the temperature or

velocity within the buoyant plume [Little et al., 1987; Bemis et al., 1993; Rona et al.,

1993]. To directly compare these types of models, an integral model was run with
different parameters under various environmental conditions, and the results were put
into the empirical models. Heat flux estimates from the models are compared, and the
empirical coefficients which maximize agreement between the models are determined.
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Also discussed are some of the complications involved with understanding plume
dynamics which are not included in these models.

Introduction
Geophysical models of crust cooling indicate an average heat flow anomaly at the

ridge crests of 8.7 x 1012 W, which must be accounted for by hydrothermal circulation
[Wolery and Sleep, 1976; Sleep and Wolery, 1978; Sciater et al., 1980; Stein and Stein,

1994]. What is not as well understood is how much of this value is due to high
temperature hydrothermal venting. It is believed that diffuse, low-temperature, off-axial
venting that accounts for as much as 70-90% of the hydrothermal heat loss [Stein and
Stein, 1994], but as yet this diffuse flux has been difficult to measure directly [Baker et

al., 1993; Trivet, 1994; Trivet and Williams ifi, 1994]. Several factors make it
appealing to estimate heat flux from plume data. For one thing, comparisons between
geophysical estimates of hydrothermal heat flux and values calculated at specific vent

sites rely upon a large amount of extrapolation. Also, as was seen in Figure 1.1, the
occurrence of hydrothermal venting is unknown along most of the 55,000 km of the
tectonically diverse mid-ocean ridge (MOR), and will most likely remain so given its

large expanse. Additionally while the calculation of the heat flux from discrete black
smokers is relatively straightforward compared to diffuse flow calculations, it is not
without complications.
Different methods have been used to estimate heat flux from high-temperature

vent systems over length scales ranging from individual vents to hundreds of kilometers

of ridge crest. The range of values is quite large, as can be seen in Figure 4.1 and
Table 4.1. Because these numbers have not been normalized to a unit length, maximum
values would be expected from calculations integrated over large spatial scales, as is seen

in Figure 4.1. However within estimates of comparable spatial scales, the heat

flux
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estimates still range over four orders of magnitude. Estimates based on measurements

from the buoyant plume (<200 MW) are significantly lower than those from the nonbuoyant plume (100-10,000 MW). Calculations from vent exit conditions typically
underestimate the heat flux because of the difficulties of finding and sampling all the flow

within in a vent field, particularly diffuse flow. Hydrothermal plumes integrate heat flux
from multiple of sources of diffuse and focused flow thereby giving (potentially) a more
accurate representation of the heat flux from a vent area.
In general there are three different approaches that have been used to determine

heat flux from characteristics of hydrothermal plumes. One method calculates heat flux
via a thermal inventory of the non-buoyant plume [Klinkhammer et al., 1986; Baker et

al., 1987; Baker et al., 1990; Thomson et aL, 19921. In this approach temperature
anomalies within the non-buoyant plume, in conjunction with estimates of the advective
velocity and the spatial extent of the non-buoyant plume, are used to calculate heat flux.
The non-buoyant temperature anomaly is not directly related to the hydrothermal heat

flux, but is also influenced by the entrainment of background water which must be taken
into account when making these calculations [Speer and Rona, 1989; McDougall, 1990;

McDuff, 1995]. The other two methods use characteristics of the plume and plume
theory to infer the heat flux. This application has resulted in two very different types of
models: an integral model which calculates plume characteristics to simulate observed

plume behavior [Speer and Rona, 1989; Rudnicki and Elderfield, 19921, and
dimensionally derived empirical models which calculate heat flux based measurements

within the buoyant plume [Little et al., 1987; Bemis et aL, 1993; Rona et al., 1993].
This chapter compares different models which use plume theory to calculate heat

flux. A modified version of the integral model of Speer and Rona [1989] is run with
differing initial conditions and the results are put into the different empirical models.
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Figure 4.1 Plot of heat flux values listed in the literature from six different hydrothermal areas. Heat flux is plotted on a logarithmic
scale. The average heat flux value is plotted with error bars encompassing the cited range of values. The data is grouped by region and
classified, with different symbols, according to the spatial scale over which measurements were made. NB is non-buoyant, B is
buoyant. The specific values are listed in Table 4.1.

Table 4.1 Heat flux values from six different hydrothermal areas.

Location

JdF Endeavour

JdF Axial Volcano

JdF Cleft Segment
(Southern Segment)

Source

Crane et al. [1985]
Crane et al. [1985]
Baker & Massoth [1987]
Rosenberg et al. [19881
Thomson et al. [1992]
Schultz et al. [19921
Bemis et al. [1993]
Bemis et al. [19931
Ginster et al. [1994]
Baker et al. [1990]
Rona & Trivett [1992]
Rona & Trivett [1992]
Baker & Massoth [19871
Baker et al. [1993]
Bemis et al. [1993]
Bemis et al. [1993]
Baker & Cannon [1993]
Baker [1994]
Ginster et al. [1994]
Gendron et al. [1994]
Trivett & Williams [1994]

MW__________

Heat Flux,

13,004
15,600-1,560,000
1,700 ± 1,100

3,000 ±2,000
12,000 ± 6,000
9,390 ± 742

70 239
292
486 ± 95
800
4.4 ± 2.2
15 - 75
580 ± 351
720 ± 180
18

16 66
32
230 ± 40
660 ± 277
49 ± 13
2700 ± 1300
137 ± 75
2

-

method

EM2, segment scale
cross-section advection
cross-section advection
Radon/heat
cross-section advection
Diffuse flow - chamber
buoyant plurne-EM1
buoyant plume-EM2
exit conditions
cross-section advection
Diffuse flow-exit cond.
Diffuse flow- plume
cross-section advection
c-s adv. - mci. diffuse
buoyant plume-EM1
buoyant plume-EM2
cross-section advection
cross-section advection
exit conditions
Radon/heat
Diffuse plumes

Lu
'.0

Table 4.1 continued.

Location

_______________MW__________
EPR 21°N

EPR - 11°N

MAR TAG

Source

Heat Flux,

FMacDonald et al. [1980)
IConverse et al. [1984]

250± 80

144

Little etal. [1987]
]
Little et al. [1987]
Klinkhammer et al. [19861
1

Rudnicki & Elderlield [19921

Rona & Speer [1989]
Rona et al. [1994]

-

311

4.6
1.2 4.2

0.9 -

502
500 - 940
8.8
225 ± 25

method

exit conditions
exit conditions
buoyant plume-EM1
buoyant plume-EM2
cross-section advection
plume model
plume model
buoyant plume-EM!
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Other factors which affect plume dynamics, and which are not included in these models,

are also discussed.

Buoyancy
The heat flux equation is:

H=pCT0AW

(4.1)

Where p is the density, C is the specific heat, T0 is the temperature difference relative
to background conditions, A is the area of fluid flow, and Wis the velocity. All the
variables used in this chapter are summarized in Table 4.2. The hydrothermal heat flux

can thus be obtained by applying this equation to the exit conditions at vents. For
hydrothermal vents, however, the volume flux of the vent is an extremely difficult

parameter to measure directly. Aside from requiring submersible work, temporal and
spatial variations of velocity, and multiple venting orifices, confound the measurements

of the volume flux. To determine the heat flux from an entire vent area requires finding
and sampling all the venting, including all the sources of diffuse venting. As
hydrothermal plumes integrate the heat flux over entire vent areas and can be sampled
without submersibles, they are a preferred alternative to making direct measurements of

exit conditions.
The buoyancy of the hot vent fluid is the driving force for the rise of

hydrothermal plumes. By definition buoyancy, B, is a function of a density difference:

B=g

(4.2)

It is difficult to assess the density of exiting hydrothermal fluids which have temperatures

in excess of 300°C. These temperatures require a different equation of state, but due to
non-linear density mixing at high temperatures even the use of a high temperature
equation of state leads to overestimated heat flux calculations [Turner, 1986].
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Table 4.2 Definitions of variables used in Chapter 4

Symbol

Variable Name

a

coefficient of thermal expansion

aS/az

background salinity gradient

units
o(1

psulm

background temperature gradient

entrainment coefficient (am is used here)

e

entrainment coefficient for Gaussian model

£m

entrainment coefficient for top-hat' model

p

density

kgur3

Pref

reference density

kgm-3

Pamb

ambient density

kgm-3

Ppl

plume density

kgm-3

0

potential temperature

A

cross-sectional area of vent/plume

AW

volume flux

m3s-1

B

buoyancy

ms-2

Ci

empirical constant used in EM1

C2

empirical constant used in EM2

C3

empirical constant used in EM3

C

empirical constant in equation with a current

C,

specific heat

E

entrainment constant

F

buoyancy flux

m4s-3

gravitational acceleration

ms-2

heatfiux

MW

H

m2

J(kg°C)1

difference in heat flux relative to the IM

M

momentum flux

N

Bnmt-Väisälä frequency

s

S

salinity

psu

T0

initial vent fluid temperature
initial temperature difference between vent fluid
and ambient water

°

m4s-2

CC
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Table 4.2 continued

Symbol
bp

Variable Name
temperature difference between the buoyant
plume and ambient water

units

U

background current

irs-1

W

vertical plume velocity

ms4

W0

initial vertical velocity out of vent

ms-1

Wb

vertical velocity within the buoyant plume

v

x

downstream distance of plume in a current

m

Zb

height within the buoyant plume

m

ZfiJ

final downstream plume rise height with current

m

rise height of non-buoyant plume

m

J.2max

difference in

%

Zma.

maximum plume rise with cross-current

relative to the TM

m

Turner and Campbell [19861 have suggested that the buoyancy flux be
represented as:
=

(4.3)

agAT0AW

where a is the coefficient of thermal expansion, g is the gravitational force (9.81 mIs2),
and T0 is the temperature difference between the vent and the ambient water. By

combining Equations 4.1 and 4.3, it is shown that buoyancy flux and the heat flux are
directly proportional:

F0

agH

(4.4)

PrefCp

where

Pref

is a reference density (not the plume density). Despite the high temperatures

of the exit fluid, the most accurate representation of buoyancy and heat fluxes will result

from the use of the low-temperature values of a (1.48 x 1O

°C-1) and C

(4200 x JKg1 C-1) in Equations 4.3 and 4.4 [Turner, 19861.

This representation assumes that buoyancy is a function of only the vent fluid

temperature, however, there are other factors which can contribute to this parameter.
Salinity differences can either positively or negatively contribute to the initial buoyancy

of the plume. Vent fluids have been sampled with salinities ranging from one third to
twice that of the ambient seawater [Von Damrn, 1990]. It has been suggested that vent
fluids could achieve large enough salinities as a result of phase separation to reverse their

buoyancy and sink [Turner and Campbell, 1987]. The silica concentration [McDuff,
1995] and the particle content of plume waters can also effect the density, and thereby the

buoyancy term. For the analysis here buoyancy is taken as a function of temperature

only.

Empirical Models
By dimensional analysis (see Appendix for derivation) it can be shown that the

maximum plume rise, Z,,, can be written as a function of the background density
stratification, N, and the initial buoyancy flux, F0, as first discussed by Morton, Taylor
and Turner [19561:

z

=

(4.5)

where Cj is an empirical constant, and N (the Brunt-Väisälä frequency) is:
/

N=I---2-)

z)

(4.6)

An estimate of the heat flux can thus be made from simply knowing the plume rise height
and the background stratification.
Another approach is to relate the initial buoyancy flux to characteristics of the

buoyant plume [Chen and Rodi, 1980]. This method gives the centerline measurement
of the temperature anomaly, ATbp, and the velocity, Wbp, as functions of the initial

buoyancy flux and the height within the buoyant plume, Z, as:

65

C

(4.8)

WbP =
ZbPJ

These two equations are obtained (by simple dimensional analysis) from the assumption
that buoyancy and velocity within the buoyant plume are only dependent on the height

and the initial buoyancy flux (see Appendix). Values of C2 and C3 must be
experimentally derived in the laboratory.

Rewriting Equation 4.5 with Equation 4.4, it is possible to solve for the source
heat flux in terms of plume rise and background stratification as:
EM1

H=PI"fl
ag
C1

(49)

)

Rewriting Equations 4.7 and 42 with Equation 4.4, the heat flux is given in terms of
temperature or velocity at some height within the buoyant plume as:
EM2

EM3

H = P2.1

ag(

H=Z
ag

agTb ? Z5]
C2

(WbP
bp

(4.10)

b

)

'

(4.11)

c3 ]

There are important differences between how well constrained these models are.

Equation 4.9, (hereinafter referred to as EMI) has been verified for a diverse range of
plumes from volcanic eruptions (Z
(Zm

>30 1cm) to laboratory water tank experiments

<1 m), and the Cj value of 3.8 appears fairly robust [Turner, 1986]. There is a

slight variation within the literature in how the buoyancy

flux is

expressed, which will

affect Cj. Sometimes the buoyancy flux is written using the square root of the source
radius, rather than the area. In this case the it factor is incorporated into Cj so that it is

5.0 (3.8it"=5.0). EM1 is very sensitive to the value of

as can be seen by the

exponents in Equation 4.9. Relatively small differences of Z,,

can result in

significantly different values of heat flux.

The other two empirical models are not as well constrained as EM I. Values of

C2 and C3 (for eqns. 4.10 and 4.11, EM2 and EM3) obtained from experimental
laboratory work range between 5.2-14.3 and 2.6-4.7 respectively [Rouse et al., 1952;
Chen and Rodi, 1980; Papanicolaou and List, 1988].
Moreover, the two kinds of empirical models, EM1 versus EM2 and EM3, have
very different underlying assumptions. Namely, EM1 is an empirical relationship
obtained from observing plumes in a stratified background, while EM2 and EM3 are

derived from dimensional analysis with the assumption of a non-stratified background.
In the real world, hyclrothennal plumes rise in stratified environments which significantly
influence the plume characteristics. The classic example is the difference in the salinity
structure between the Atlantic and the Pacific which results in warm, salty non-buoyant
anomalies in the Pacific while Atlantic anomalies are cold and fresh [Speer and Rona,
1989].

Integral Model
All of the previous models calculate the heat flux from a few measurable

parameters of the plume. An alternate approach is to use plume theory to simulate the

observed behavior of plumes. It is well-known that the velocity of a rising plume is
proportional to the entrainment of ambient water [Morton et al., 1956]. This entrainment
hypothesis is the fundamental underlying assumption of the model described by Speer

and Rona [1989], which was based upon the work by Morton eta! [1956]. In this
approach the properties of the buoyant plume are determined from the end-member vent
values and the background structure of temperature and salinity which is entrained into

the rising plume. In the model used here, horizontal cross-sections of the plume have
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"top-hat" profiles, meaning values are uniform along the plume radius, rather than

having a Gaussian profile, with a bell-shaped distribution. While a Gaussian profile is
obviously a more accurate representation of the plume properties [Papanicolaou and List,

1987; Papanicolaou and List, 1988], for the comparisons made here, the use of the
centerline values is appropriate. A top-hat model is numerically simpler and produces

essentially equivalent results to Gaussian models [Davidson, 1986]. However, the two
different forms require slightly different entrainment constants, a distinction often not

made in quoting these values. The entrainment coefficient for top-hat models, E-, is

'I2

[Turner, 1973].
The model uses the equations for conservation of volume, salt, heat and

momentum:

(AW)

= EA3W

a(SAW)

a(OAW)

(4.12)

=

EAW

(4.13)

=

-EAW

(4.14)

dP1AW2)

= gA(p

az

p1)

Background gradients of temperature and salinity are given by be/az

(4.15)

and S/z. The

entrainment constant, E, was defined by Morton, Taylor and Turner [1956] as 2cit112,
where E, the entrainment coefficient, can not be theoretically determined but must be
determined by experimental observations. This entrainment coefficient is usually
expressed as

a,

however to avoid confusion with the coefficient of thermal expansion, it

is expressed here as a. Values of a quoted in the literature range from 0.072 - 0.125

(E= 0.25-0.44) [Morton et al., 1956; Turner,

1973;

Fischer et al., 1979]. Previous

application of this model (hereinafter TM) to hydrothermal systems have used a= 0.07

(E=0.25) [Speer and Rona, 1989; Rudnicki and Elderfield, 1992].

LIT1

Using a linear equation of state to calculate densities from the background

temperature and salinity gradients [Speer and Rona, 1989; Rudnicki and Elderfield,
1992] can lead to N values about 20% higher than actual values. While it has been stated

that this error is small relative to other errors [Little et al., 1987], this comment was in
reference to

in-situ

measurements of ATbp. A large uncertainity is associated with

in-situ

measurements of ATbp for hydrothermal plumes because of the difficulty of determining

the centerline value upon which EM2 and EM3 are derived. A 20% error in N can lead

to errors in the heat flux measurements of over 70%. Here the standard non-linear
equation of state [Fofonoff and Miliard, 1983] is used in the model calculations.
The IM calculates the centerline temperature, velocity and density within the

buoyant plume using the background structure of temperature and salinity. Heat flux is
determined from the initial values ofAW and AT and Equation 4.1. Results from this
model are then used in the three empirical models to directly compare all models. A

summary of the equations, required parameters, and assumptions of each model is

shown in Table 4.3.

Table 4.3 Summary of the equations, required parameters, and assumptions of each
model.

model

Equations

requires

EM1
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Z, N (TThz, ae/z)

stratified background

EM2

4.10

Tb and Zby

non-stratified background

EM3

4.11

Wby and Zb

non-stratified background

IM

4.1, 4.12-4.15

S/z, 9Idz, T0, A, W

assumptions

stratified background, entrainment

Comparison of Models
To test the sensitivity of the models with different modeling parameters and under
different environmental conditions, the IM was run with six different entrainment

constants, E = 0.25, 0.30, 0.35, 0.40, 0.45 and 0.5, five different initial volume fluxes,

AW= 0.01, 0.05,0.1,0.2, and 0.5 m3s1, and three different background stratifications,
N = 5x10-4,

lOxlO-4

and 15x104 s-1. These parameters are summarized in Table 4.4

and the parameters that were held constant are summarized in Table 4.5. The salinity

Table 4.4 Parameters that varied. The values of 8/z and )SIaz are used to obtain the
given values of N, and do not constitute separate runs.

Parameter

# Runs

Values

E

6

AW

5

0.25, 0.30, 0.35, 0.40, 0.45, 0.50
0.01, 0.05, 0.10, 0.20, 0.50

N

3

5x104,10x104,15x10-4

-3.5 x 10-4,-9.0 x iO4,-iO x iO

se/az

SIJz

-4.0 x 10-,-5.5 x iO-,i0 x

Table 4.5 Parameters held constant.

Parameter

Value

T0

300°C

Ci

3.8

C2

9.1

C3

4.0

a.

1.48x10°C1

C,

4200 Jkg1°C1
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gradient was positive (as in the Atlantic) for the N =

and lOx iO cases, while the

5x10-4

N = 15x iO- case had a negative (Pacific-like) salinity gradient. For all 90 runs the
initial vent temperature was 300°C and C2 and C3 were 9.1 and 4.0.

Six parameters in particular were examined:

,

AR(EM1), iiH(EM2),

AR(EM3), and the values of C2 and C3 which would produce identical heat flux values

among EM2, EM3 and IM. z\Z

is the percent difference between the maximum

plume rise calculated by the IM and by EMI (EM2 and EM3 can not determine
AH(EM1), AH(EM2), and AR(EM3) are the percent difference between the heat flux
values calculated by the empirical models and by the JIM. The

and AR values are

represented as follows:
max

Zmax(EM1)_Zmax(IM)xi00
Zrnax (IM)

(4.16)

The AR follows the same equation with the heat flux values. Negative values of
and AR indicate that values from the empirical models are smaller than those of TM. For
EM2 arid EM3, the heat flux value used was the maximum value from within the plume.
Results from the fifteen different environmental parameters (five AW values at

three values of 1'/) are plotted versus the entrainment constant,

E,

in Figure 4.2. As

would be expected, E has a large effect on the results. Low values of E yield plume rises
from the JIM that are 20-30% higher than the values calculated by EM1 (Figure 4.2a).

Higher E values, between 0.465 and 0.48

(e

=0.131-0. 135), produce plume rises which

are consistent with EM1. This result is physically reasonable. Less entrainment of
denser ambient water allows the plume to remain buoyant longer, and thus to rise

further. At low E values, the heat flux calculated from JIM is as much as 250% lower
than the EM1 value. The heat flux estimates from these two models approach one

another atE values of 0.455-0.475 (=0.128-0. 134), almost identical to the range of
values which produced matching rise heights. The area of converging heat flux and
plume rise estimates for the TM and EM 1 is represented on Figure 4.2 as the shaded gray
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Figure 4.2 Difference between the results from the three empirical models and the
integral model (IM) versus the entrainment constant used in the IM. (a) difference
between Z
values between EM1 and IM; EM2 and EM3 can not predict plume rise.
(b) differences in heat flux values (c) values of C2 and C3 which produce identical heat
values between TM, EM2, and EM3. The shaded gray area represents the region of
converging heat flux and plume rise estimates for IM and EM1. The dashed lines
indicate the value of zero difference between the models, in (a) and (b) the line is at
AH=0, and in (c) the lines represent the average values of C2 and C3 within the shaded
box.
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area. The optimal E value of 0.13, while higher than the value quoted by Speer [1989] is
consistent with the experimental results for "top-hat" models given by Turner [1986] of

c=0.12. The often quoted, and often used, value of £=0.07 is for Gaussian models,
where ETH =

21"2c.

[Turner, 1973]

In general, the heat flux estimates from EM2 and EM3 are much lower than both
EM 1 and IM, except at low E values where they approach or exceed IM values.

Significant deviation is to be expected from these models as they neglect background

density stratification unlike EM1 and the 1M. Figure 4.2c shows the values of C2 and

C3 which produce from EM2 and EM3 the heat flux given by IM, thus, 'accounting' for
density stratification in these models. The dependence of C2 on the entrainment constant
used is evident. Values of E which align the results of EM1 and the IM correspond to C2

values between 4.3 and 4.7, the low end of the range reported by Chen and Roth [1980].
Although not as sensitive as C2, the C3 value is also dependent on the entrainment

constant. The optimal C3 value of 2.5 is in the low end of the range reported in the
literature [Rouse et al., 1952; Chen and Rodi, 1980; Papanicolaou and List, 19881.

These numbers are summarized in Table 4.6.
Taking an E of 0.45 as the most appropriate entrainment constant of the six initial

values, the effect of the initial buoyancy flux (F) on the same parameters is shown in

Figure 4.3, The deviation of

with F or with N is less than 1%. The .H values

for EM1 and EM2 are similar to the

results, varying less than 5% with buoyancy

flux or background stratification. The deviation from the IM increases with decreasing

buoyancy fluxes, for both of these models.
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Table 4.6 Comparison of model coefficients quoted in the literature to values obtained
by this work.

Model

Coeff.

Range in literature

IM

E (a)

0.29 - 0.44 (0.083-0.125)

a=E/(2it112)

0.354 (0.1)

Turner [1973]

0.387 (.109)

Jin [19861

0.415(0.117)

Turner [1986]

11

Rouse [1952]

EM2

C2

5.2-13
14.29

Reference
Morton et al. [19561

Chen and Rodi [1980]
Papnicolaou and List [1988]

.thMivoit
EM3

C3

4.7
2.59 - 4.7

3.85

22

Rouse [1952]
Chen and Rodi [1980]
Papnicolaou and List [1988]
this

wMt

The behavior of these two models (EM1 and EM2) with different values of N is
more complicated, as different temperature and salinity gradients were used to obtain the

given N values (see Table 4.4). For example, the two similar runs of EM2

(N =

10xl0 and 15x 10 s-1) had nearly identical temperature gradients (-9xlO4 and
-lOxlO-4 °Cm-1),

whereas, the run with higher All values had a much smaller

temperature gradient (-3.5x104 °Cm-').
The All values of EM3 are not effected by the value of N but are more greatly

influenced by variations in the initial buoyancy flux than EM1 and EM2. The
discrepancy in heat flux values between EM3 and IM varies 25% over the range of
buoyancy fluxes used, with the largest deviations occurring at small buoyancy fluxes.
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Figure 4.3 Difference between the results of the three empirical models and the integral
model (TM) versus the initial buoyancy flux. Only runs where the entrainment constant
was 0.45 are shown. (a) difference between Z
values between EM! and IM (b)
differences in heat flux values (c) values of C2 and C3 which produce identical heat value
between the TM, EM2, and EM3.
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What effect will the use of different values of C2 and C3 have on previous heat

flux estimates? Previous applications of EM2 have used a C2 of 9.1 [Little et at, 1987;

Rona et at, 1993] and 14.29 [Bemis et at, 1993]. Using a lower C2 value of 5.5 in
EM2 increases the beat flux by a factor of 2.1 ((9.1/5.5)) and 4.2 ((14.29/5.5)312).
The lower C3 value of 2.5 versus the previously used values of 3.85 [Berths et al.,
1993] and 4.7 [Little et al., 1987] has a slightly larger effect of the calculations, raising

heat flux values by a factor of 3.7 ((3.85l2.5)) and 6.6 ((4.7/2.5)). Recalculated heat
flux

values are given in Tables 4.7 and 4.8. These new values bring the heat flux values

calculated by the buoyant plume measurements closer in agreement to

Table 4.7 Effect of different C2 values on heat flux calculations.

Reference

area

C2

H, MW

H, MW

factor

C25.5

increase

Littleetal.[1987]

EPR(11N)

9.1

0.9-4.6

1.9-9.8

2.1

Bemis et al. [1993]

JdF -ES

14.29

70-239

293-1001

4.2

Bemis et al. [1993]

JdF -SS

14.29

16-66

67-276

4.2

Ronactal. [1994]

TAG

9.1

225±25

479±53

2.1

Table 4.8 Effect of different C3 values on heat flux calculations.

Reference

area

C3

H, MW

H, MW
C3=2.5

increase

factor

Littleetal.f1987]

EPR(11N)

4.7

2.0-4.2

13.3-27.9

6.6

Bemis et al. [1993]

JdF -ES

3.85

18-292

65.7-1066

3.7

Berrijsetal. [1993]

JdF -SS

3.85

2-32

7.3-117

3.7

the higher values calculated by other methods (see Table 4.1), although they do not
completely fill the gap.

Any effective model for calculating hydrothermal heat flux should give a unique

value independent of the sampling scheme. Vertical profiles of the heat flux calculated
by EM2 and EM3 are shown (E=O.45, AW=0. I m3s1) in Figure 4.4. The altitude of

each profile has been normalized to its fmal plume rise. The results clearly show that the

"N=5x10-4-I
s

I'..

80

----N= 5x10s'

--N=10x10s1

'N...

----N=10x10s1

N= 15xl0s
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N.
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0.0
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0.6
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0.0
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0.4

0.6

0.8

1.0

EMJ'TIM

Figure 4.4 Profiles of calculated heat flux using (a) EM2 and (b) EM3. The height
within the plume has been normalized to the final rise height, and the heat flux values
have been divided by the TM heat flux estimate. Entrainment coefficient is 0.45, C2 is
5.5, and C3 is 2.5. For clarity, only runs with AW=0. 1 m3s1 have been shown; the
trends did not change with changes in the source flux. The three sets of lines represent
different N values.

calculated heat flux is

not constant with

altitude. The heat flux goes to zero when the

temperature anomaly in the upper portion of the plume becomes negative. Due to
different background stratifications, this reversal occurs sooner within the plume in the

Atlantic (N=5x10 and

lOxlO-4

s1) than in the Pacific (N=15x10 s-1), where most of

the non-buoyant plume has a positive temperature anomaly. For EM2 maximum heat

flux values are at 10-30% of the maximum plume rise. Below this point, the values drop
to about half their maximum value. This important result shows that even centerline

observations of Tbp will underestimate the heat flux calculation if not at the optimum
altitude above the vent. The maximum value is taken as the 'correct value because
previous comparisons between heat flux values from the different models used the

maximum values from EM2 and £M3. These height dependent heat flux values are
consistent with the application of IEM2 to field measurements [Little et al., 1987; Bemis

et al., 1993; Rona et aL, 19931 which have all shown maximum heat flux values at

altitudes 20-30% of the total plume rise, shown in Figure 4.5.
The EM3 heat flux profiles (Fig. 4.4b) differ from those of EM2 in that the
maximum heat flux values occur directly out of the source. The EM3 heat flux decreases

rapidly to 70% of its maximum value in only the first 10% of the plume rise. After this
point, values continue to decrease but much more slowly with height within the plume.
Different stratifications do not effect this model in the upper portion of the plume, and
heat flux drops to zero at the maximum plume rise.

The apparent failure of EM2 and EM3 is a consequence of using them under

situations which violate their underlying assumptions. In this case, EM2 and EM3,
which both assume a uniform background, clearly do not give unique heat flux values

when applied to a stratified background. This point is illustrated in Figure 4.6, which
compares temperature anomaly (47) and velocity (TV) profiles generated by the JM to

those which produce a constant heat flux value from EM2 and EM3. The latter set of
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Figure 4.5 Field measurements of EM2 heat flux from three different hydrothermal
areas. The field based values are shown as dots, and the solid line represents EM2
calculations based on input from the EM. Data is from (a) Rona et al [1993] (b) Bemis et
al. [1993] and (c) Little et al. [1987].
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Figure 4.6 Profiles of (a) zT and (b) W that give unique values in EM2 and EM3
compared to TM profiles. Values from TM are in black, the values required by EM2 and
EM3 are in gray. The height within the plume has been normalized to the final rise
height. Entrainment coefficient is 0.45, C2 is 5.5, and C3 is 2.5. Only runs with
AW=0. 1 m3s-1- have been shown. The three sets of lines represent different N values.

profiles was obtained by setting Equations 4.9 and 4.10 to the TM heat flux value and

solving for AT and W. In the upper half of the plume, AT and W gradually decrease to
zero in a stratified background. However, plume rise in a uniform background can
theoretically rise indefinitely, with AT and W decreasing more slowly with height and

never reaching zero values. This difference between a uniform and a stratified
background is clearly illustrated by the divergence of the profiles in the upper half of the

plume on Figure 4.6. The failure of the models in the lower 20% of the plume is not
immediately apparent from the profiles. Although the IM and EM profiles appear quite
similar in the lower portion of the plume on the logarithmic scale, the largest absolute
differences between them occur in this region. These differences are the result of the

background stratification. Directly above the source, the vertical velocity of the plume is
the greatest, consequentially this is where the most entrainment of the density stratified

background water occurs.

Other Factors Affecting Plume Dynamics
The above work focused on models that have been applied the most to

hydrothermal plumes. The relative simplicity of these models has resulted in their

frequent usage, however, important factors are neglected in the process. For example,
the behavior of hydrothermal plumes is also effected by factors such as cross-currents
and planetary rotation.

Background Currents
Plumes rising into an environment with an existing cross-current will be pushed
over and prevented from rising as high as in the absence. of a current [Slawson and

Csanady, 1971; Middleton and Thomson, 1986]. The equation for the plume rise with a
background current can be obtained from dimensional analysis [Turner, 1973 see

Appendix for derivation]:
=1821

F

'i

1 (Nsf U)

(4.17)

This rise height will occur at x=itU/N, further downstream the plume will not rise as

high [Slawson and Csanady, 1971], reaching a final height of:

(4.18)

= l.53[NF2J3
which is 84% of the maximum rise.

By introducing Equation 4.5 into Equation 4.17 the cross-current rise height is
written as a function of the rise height in the absence of current:

=0.76

(FN)"2

Z

(4.19)

Examples given in Middleton and Thomson [19861 indicate an approximate decrease in

the plume height of 40% for a current of 20 cm/sec. This current is higher than those
encountered at depths of hydrothermal venting which typically range between 1-5 cm/sec

[Cannon and Pashinski, 1990; Thomson et aL, 1990].
The effect on plume rise for a range of currents, buoyancy fluxes and

stratifications is shown in Figure 4.7. This figure clearly illustrates a break down in
Equation 4.19. Currents that are less than 5 cmlsec, the range encountered by
hydrothermal plumes, are predicted to significantly increase the plume rise. The equation

obviously will not work with a zero velocity, as it is discontinuous at this point. The
failure of the equation at small velocities is a consequence of approaching the

discontinuity.
While it is clear that background currents can have a significant impact on the

hydrothermal plumes, decreasing the rise height by as much as 50%, current
measurements typically are not included in hydrothermal plume studies, especially those

exploring new sections of ridge crest. For example, the consisent non-symmetry of the
Rainbow plume on the Mid-Atlantic Ridge [German et al., 1996] indicates that it is

experiencing background currents. However, even armed with information on
background currents, quantifying their impact on plume rise will not be possible with the
present models if the currents are too small. Additionally, lack of experimental data in
stratified conditions makes it difficult to develop alternative models.
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Figure 4.7 The proportion of plume rise with a background current relative to plume rise
in the absence of a crossflow, using equation 4.17. The gray shaded area represents
where the plume rise in a current is less than the rise height for the same conditions
without a background current.

Models with Planetary Rotation
One of the least studied aspects of plumes is the effect of planetary rotation.

Most of the work done has come out recently in studies specifically oriented towards

hydrothermal plumes [Speer, 1989; Helfrich and Battisti, 1991; Lavelle, 1995; Speer and

Helfrich, 1995; Lavelle and Smith W, 1996]. Because the time of rise of the buoyant

part of the plume is much quicker (-lhr) than the inertial period (> 12 hr), it is unaffected
by planetary rotation [Speer, 19891. However, the smaller velocities, and thus time
scales involved with the lateral spread of plumes makes the non-buoyant portion

susceptible to rotation. This dynamic results in a cyclonic motion in the buoyant plume
and an anti-cyclonic motion in the non-buoyant plume. Rotation of the plume causes the
nonbuoyant plume to spread vertically, decreasing the background stratification and thus
increasing the maximum rise height [Heifrich and Battisti, 1991].

Bifurcation
Plume bifurcation, the breakup of the plume into two separate lobes, has been
observed in laboratory studies and in volcanic eruptions [Abdeiwahed and Chu, 1978;

Crabb et aL, 1981; Ernst et al., 1994]. While this phenomena has not been observed in
hydrothermal plumes, typically the presence of multiple hydrothermal plumes has been

attributed to multiple venting sites. There is some debate on what the causes of
bifurcation are, and how often it occurs. Experiments with plume rotation have indicated
that two separate plumes will develop when N/f, the ratio of the stratification to the

Coriolis frequency (f=2sin4, where 1 is 7.29x105 rad/sec and

is latitude), is less

than or equal to 2.5. However, N/f values lower than 2.5 will only be found when N is
less than 4 xlO-4 sec-1. smaller than typical deep-ocean stratifications. Other studies

have shown that plumes bent-over by cross-currents wifi bifurcate at certain plume-tocrossflow velocity ratios (using source plume velocity) [Ernst et al., 1994; Lavelle,

1995]. Using laboratory studies Ernst et al. [1994] found the ratio where bifurcation
occurs to be between 2-6. Lavelle [1995] came up with range of 1-3 using a numerical
plume model, and he also noted that separate lobes of the bifurcated plume could have

different rise heights. Typical magnitudes of ambient cross-currents and exit velocities

of hydrothermal venting fall within this ratio range, suggesting that bifurcation of
hydrothermal plumes could be common.

Conclusions
Optimal agreement in the observed relationship between initial buoyancy flux and
maximum plume rise occurs with an entrainment coefficient of E=O. 128-0.135

(E-0455-0.48) in the IM. Agreement between the IM and the empirical models EM2
and EM3 takes place with C2 and C3 values between 5.3-5.7 and 2.3-2.5 respectively,

the low end of ranges found in the literature. Use of these lower constants increases
hydrothermal heat flux estimates previously made up to a factor of 6. This increase
brings them closer into agreement with higher hydrothermal heat flux estimates calculated

from other methods. However, the assumption of a non-stratified background in EM2
and EM3 causes the heat flux estimates from these models to be height dependent when

applied to density stratified conditions. This dependence is particularly obvious for EM2
where in the lower part of the plume calculated values are as much as 60% lower. If
these models are to be applied to hydrothermal plumes, a good vertical resolution is
necessaiy to insure determination of the maximum heat value which best represents the

actual value. Cross-currents will appreciably reduce the rise height of plumes, however
quantifying the difference in rise height given the magnitude of the cross-current is not

simple. There is need for experimental data on the rise of plumes in a stratified
environment and with a background current.
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Chapter 5: Hydrography within the Central and East Basins
of the Bransfield Strait, Antarctica
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Abstract
The Bransfield Strait is a volcanically active back-arc basin located between the

northern tip of the Antarctic Peninsula and the South Shetland Islands (see Fig. 5.1). In
the fall of 1995 the RVIB

Nathaniel B. Palmer

systematically surveyed the Bransfield for

hydrothermal activity. A sled package, equipped with a CTD and particle and chemical

sensors, was deployed along a 340 km long track through the strait. The hydrographic
results from this survey shed new light on the distribution of Circumpolar Deep Water
within the Bransfield and deep water formation in this region.
Previous descriptions of the Circumpolar Deep Water (CDW) within the

Bransfield has shown it entering between Smith and Snow Islands and being absent or
only weakly present in the Strait itself. In contrast, during the Palmer study the CDW
was seen though out most of the Central Basin and the western East Basin. At the
western part of the Central Basin the CDW is present as a narrow band near Deception

Island with strong thermal gradients at its southern boundary, which is consistent with
earlier observations. In addition to its western entrance the CDW also apparently entered
into the Bransfield in the east between King George and Elephant Island.
The waters of the Bransfield Strait are uniquely stratified due to confining

topography in an area of deep convection. The Bransfield is comprised of three separate
basins, the West, Central and East Basins, which are cut off from the surrounding ocean
by relatively shallow sills. Each basin has bottom water properties which are distinct
from the surrounding deep waters outside of the Strait. The bottom water of the Central
Basin, with a minimum potential temperature of -1.76°C at CY4= 46.28, is the coldest and

densest bottom water in the entire Southern Ocean. Although the East Basin is roughly
500 m deeper than the Central Basin, its bottom water is warmer by -P0.5°C, fresher by
0.4, and has a more complex stratification, which must be the result of multiple sources.

A model presented here explains the deep water of the East Basin as a mixture between
the sill waters and the deep waters from both the Central Basin arid the Weddell Sea.

Introduction
The Bransfield Strait lies south of the Drake Passage, between the northern tip of

the Antarctic Peninsula and the South Shetland Islands, as seen in Figure 5.la. The
Strait is comprised of three separate basins which are cut off from the surrounding ocean

by relatively shallow sills, shown in Figure 5. lb. As a consequence of this topography,
the waters within the Bransfield are uniquely stratified which has attracted the attention of

oceanographers since the early 1900's [Clowes, 1934].
More recently the Bransfield has attracted attention for its impact on biological

processes in Antarctica. Large numbers of Antarctic krill, Euphausia superba, are found
within the Strait which appears to be an important breeding ground for this specie

[Capella et aL, 1992a]. The life cycle of E. superba involves a descent-ascend pattern in
which embryos can sink to depths greater than 2000 m and ascend back up through the
water colunm after hatching into larvae. This cycle is temperature dependent and the
temperatures encountered by the embryos can affect their hatching potential [Hofxnann et

al., 1992]. As such understanding the biological dynamics within this area requires

knowledge of the physical environment. Several international programs, e.g.
BIOMASS, FIBEX, SIBEX, and RACER [Sievers, 1982; Grelowski and Tokarczyk,
1985; Huntley et al., 1991], have focused on the biological and physical dynamics
within the Bransfield.
The Bransfie.ld is also an area of geological interest, being a back arc spreading

area where active volcanism is occurring [Elderfield, 1972]. Basalts from this area have
a unique geochemical signature, setting it apart from other back arc basins [Keller,

1996]. Elevated levels of 3He observed within the East Basin and the eastern Central
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Figure 5.1 Map showing the (a) location and (b) bathymetry of the Bransfield Strait.
The Bransfield Strait is located between the Antarctic Peninsula and the South Shetland
Islands, outlined by a box in (a). The contour interval in (b) is 250 m. The scale
shading changes at 500 m, 1000 m and 2000 m. With the exception of the East Basin,
sills shallower than 500 m (shown in white) isolate the waters in the Bransfield Strait
from outside waters. The Palmer station positions are shown on (b) as the numbered
circles. The smaller symbols represent historic data from 1963 (circles), 1975 (squares)
and 1985 (diamonds).

Basin [Schiosser et al., 1988] have suggested that this region is hydrothermally active,
along with sediments showing hydrothermal alteration [Brault and Simoneit, 1990;

Whiticar and Suess, 19901.
Despite all this attention, published work on the hydrography of the Bransfield

remains sparse. The work by Clowes [1934] remains the most comprehensive study in
both spatial and temporal extent, although it has limited vertical resolution due to the

measuring techniques at that time. The more recent hydrographic study by Gordon and
Nowlin [1978], while having a better vertical resolution, consisted of only five stations
within the Bransfield. Whitworth et al. [1994] analyzed a historic compilation of data in

the Bransfield and surrounding areas. However they mainly focused on the differences
between the Bransfield and the adjacent waters and did not discuss differences within the
Strait. The biologically motivated studies have either concentrated on the upper water

column (0 - 500 m) [Sievers, 1982; Grelowski and Tokarczyk, 1985; Huntley et al.,
1991; Niiler et al., 1991] or on mainly coastal areas [Capella et al., 1992b].
In this chapter the hydrographic data from a survey looking for hydrothermal

activity within the Bransfield [Klinkhanimer et aL, 1995; Chin et at, 1996] by the RVIB
N.B.

Palmer in October-November of 1995 is presented and discussed. Thess data, in

conjunction with some historic National Oceanic Data Center (NODC) data, are used to
examine the distribution of Circumpolar Deep Water (CDW) within the Bransfield and to

analyze the deep water structure within Central and East Basins. A model is presented to
explain the complex structure of the East Basin as the result of a four end-member

mixing process. The temporal variability of both basins is examined using data spanning
a thirty year time span.
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Geographic Description
The Strait is roughly 120 km wide and extends approximately 460 km from
Clarence Island in the northeast to Low Island in the southwest. It is composed of three
basins, most commonly referred to as the West, Central and East Basins. In general the
basins deepen to the northeast, having a maximum axial depth in the West Basin of

1100 m near Low Island, and a maximum depth of 2700 m in the East Basin south of

Elephant Island. As can be seen in Figure 5. lb. sills shallower than 500 m (shaded
white) almost entirely encircle the Strait, restricting the inflow of deep water from the

adjacent Drake Passage and Weddell Sea. The East Basin has the deepest access to

outside water with sills deeper than 500 m around Clarence Island and northeast of the

tip of the Antarctic Peninsula. In contrast, there are no passages deeper than 500 m into
either the Central or West Basin. A passage of 400 m occurs in the southwest between
Smith and Snow Islands, and one of 500 m between King George and Elephant Islands
in the northeast. The Central Basin is isolated from the adjacent basins by sills of

1000 m and 1100 m at its western and eastern boundaries.
Also shown in Figure 5. lb are the station locations from the

RVJB N.B. Palmer

cruise, Nov.-Dec. 1995. Due to time constraints only the Central and East Basins were
sampled. One of the main objectives of the cruise was to systematically survey the
Bransfield for indications of hydrothermal activity [Klinkhamtner et aL, 1995; Chin et

al., 1996]. For this reason the station locations follow an intermittent ridge, which is
visible from the high resolution multibeam bathymetry collected during the Palmer cruise

[Lawyer et al., 1996; Sloan et al., 1996] and shown in Figure 5.2. The intermittent
ridge system transects the Strait in a line extending from Deception Island to Clarence

Island. The Central and East Basins have significantly different topography. The
Central Basin is characterized by a fairly smooth bottom bathymetry, marred

only by

the

ridges which do not span the width of the basin. In contrast the narrower Central Basin

,-

Livingston

ft.

King George I.

Elephant I.

Clarencej,

6'j

Figure 5.2 Multibeam bathymetry of the Central and East Basins collected during the
Palmer cruise. The East Basin is deeper and narrower than the Central Basin, with
topographic highs which separate the basin into three isolated sub-basins below 2000 m.
The contour interval is 200 m.

is broken up into three separate sub-basins which are isolated from one another below

2000 m.
Circumpolar DeeD Water (CDW
One of the distinguishing characteristics of the Southern Ocean is the subsurface

temperature maximum centered at about 500 m depth. While a salinity maximum is also
associated with this water it is most readily identified by its temperature maximum.

North of the Bransfield, in the Drake Passage, the core reaches a temperature of 2°C

[Sievers and Nowlin, 1984]. The name of this water mass varies; it has been called
warm deep water [Clowes, 1934; Carmack, 1977], Circumpolar Deep Water (CDW)
[Gordon and Nowlin, 1978; Niiler et al., 1991; Hofmann et aL, 1992; Capella et al.,
1992b], and upper Circumpolar Deep Water [Sievers and Nowlin, 1984; Whitworth et

al., 1994]. Within the Bransfield this water mass, referred to here as CDW, is
shallower, being centered at 300-400 m, and rarely reaches temperatures > 0.5°C
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[Clowes, 1934; Capella et aL, 1992b]. However typically the CDW is absent or only
weakly present within the Bransfield [Clowes, 1934; Gordon and Nowlin, 1978]. The
strongest indication of the CDW in the Strait was from the study by Capella et al.
[1 992b] which observed a narrow band of the CDW along the southern coast of the

South Shetland Islands. In general the greatest amount of CDW has been observed in
the western portion of the Strait near its entrance point between Smith and Snow Islands

[Clowes, 1934; Niiler et al., 1991; Capella et al., 1992b].
The spatial distribution of the CDW within the Bransfield area is evident in the

temperature distribution at 300 m from the NODC data, shown in Figure 5.3. This data
set encompasses data from 1926 to 1990 and represents a seasonal and annual average.
Outside of the Bransfield the CDW is clearly visible as the 2°C water north of the South

Shetland Islands. Within the Bransfield the CDW, indicated by temperatures of 0.5°C, is
visible along the southern coast of the South Shetland Islands and in small patches in the

central axis of the Strait.
Sections of potential temperature, salinity, and potential density sections through

the Central and East Basins from the Palmer cmise are shown in Figure 5.4. The CDW
is present throughout the Central Basin as seen by the prominent subsurface temperature

maximum. This strong presence is in contrast to previous studies which described a

weak CDW within the Strait [Clowes, 1934; Gordon and Nowlin, 1978], or which
observed it only along the southern flank of the South Shetland Islands [Capella et al.,

l992b]. The CDW is strongest in two locations: the western-most part of the Central
Basin (sta. 31) and over the sill between the Central and East Basins, where it appears

bifurcated. The CDW is virtually absent in the eastern East Basin (stas. 7, 10, 6 and 9).
The CDW can also be seen from the salinity section, Figure 5.4b, although it is not as
strong. A subsurface salinity maximum is only present at stations with a large
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Figure 5.3 Temperature distribution at 300 m depth from the NODC dataset showing
the occurrence of the CDW within the Bransfield. This dataset encompasses data from
1926-1990 and represents a seasonal and annual average. Circumpolar Deep Water
(CDW) is visible as the water> 1°C north of the South Shetland Islands. Within the
Bransfield the CDW is represented by water near 0.5°C, visible along the south flanks of
the South Shetland Islands and in isolated patches within the strait. The white areas are
shallower than 300 m. The temperature distribution is overlaid on the bathymetry
contoured at 250 m.

temperature maximum, and it does not extend as a continuous band across the Central

Basin.
The strong CDW signal seen at sta. 31, the mouth of Deception Island, is

consistent with previous descriptions of an entrance into the Bransfield west of Snow

Island [Clowes, 1934; Niiler et aL, 1991; Capella et aL, 1992b]. Directly east of sta. 31,
the CDW strength decreases considerably (stas. 29, 30 and 32). This change can be
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seen even more clearly from the individual profiles shown in Figure 5.5. In the 15 km
between sta. 31 and sta. 32, the temperature maximum of 0.6°C at 300 m decreases
>2°C to a local minimum of -1.5°C at sta. 32. Nliler et al. [1991] observed a similar
front in this area, having vertical isotherms at 200 m that changed from -0.1°C to-O.7°C

over 20 km. These sharp thermal gradients are consistent with the CDW flowing into
the Bransfield in a narrow tongue circling Deception Island as described by Capella

[1992b].
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Figure 5.5 Temperature profiles extending east from Deception Island delineating the
sharp boundary of the CDW.

The subsurface temperature maximum between 56°- 57°W, coinciding with the

deepest passage between King George Island and Elephant Island, indicates that during
the Palmer study the CDW was entering the Bransfield from both the east and the west.
While the eastern entrance into the Bransfield is certainly wider than the nanow passage

between Smith arid Snow Islands (see Figure 5.lb) and would topographically provide
easier access into the Strait from the Drake Passage, this passage has not previously been
described as an entrance point for the CDW.
However, there is some evidence within the literature indicating an eastern

entrance of the CDW. For instance, the horizontal contours in Capella [1 992b] show an
intrusion of warm water between King George Island and Elephant Island, although it
does not appear to penetrate into the Central or East Basins. The sections of Gordon and
Nowlin [19781 show an interleaving of warm water and a salinity maximum at 400 m

depth at Sta. 60, the eastern side of the Central Basin. Although they attributed this
feature to eastward advection, it could also be explained by entrance of Drake Passage

water between King George Island and Elephant Island. Sections across the Central
Basin (north-south) in November 1929 indicated a decrease in the 300 m temperature
maximum from the eastern to the western Central Basin [Clowes, 1934] again
suggesting an eastern entrance of the CDW into the Bransfield.

Deep Water Structure
The deep waters of the East and Central Basin are significantly different. The
Central Basin bottom water is cold and dense, reaching a minimum potential temperature

of-i .76°C at 34= 46.28. This water is colder and denser than the extreme bottom water
of the Weddell Sea (-1.2°C and

= 46.25), which is often described as the coldest and

densest bottom water in the Southern Ocean [Carmack, 1977]. Although the East Basin
is roughly 500 m deeper than the Central Basin, its bottom waters are wanner by
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-0.5°C, and fresher by 0.4. The East Basin is also much more homogeneous than the
Central Basin, having a nearly uniform salinity below 1000 m.
One of the features of the Bransfield is that the deep water of all of its basins is

colder and fresher than water outside the Strait. The bottom water in the Central and East
Basins is

>10C colder and 0.08 fresher relative to water at the same depth outside the

Strait in the Weddell Sea. The absence of water of comparable temperature and salinity
outside of the Strait indicates that the Bransfield bottom waters are formed locally within

the Strait [Clowes, 1934; Gordon and Nowlin, 19781. Gordon and Nowlin [19781
suggested winter shelf water formed on the northern tip of the Antarctic Peninsula was
the likely contributor to the deep water within the Bransfield Strait. Extrapolating the TS
properties of the deep East Basin water to freezing temperatures, they suggested that a

winter shelf salinity of S=34.62 formed the observed Bransfield bottom water. While
this shelf water would also be a source for deep water outside of the Strait they surmised
that the absence of the warm, salty Circumpolar Deep Water in the Bransfield results in

the colder, fresher water observed within the Strait.

An alternative hypothesis was put forth by Whitworth et al. [1994]. They
concluded that the deep Bransfield water is a mixture of Weddell Sea water, Antarctic

Circumpolar Current water, and northwest Weddell Sea shelf water, which is advected

northward and sinks along isopycnals. This process can occur year round, and therefore
removes the need to infer a winter shelf salinity to account for the observed bottom

water. By this hypothesis the Bransfield bottom water has the same source as waters in
the Weddell and Scotia Seas, but has a much higher shelf water component.
However, neither of these explanations addresses the variation between the deep
waters of the Central and East Basins of the Bransfield. Clearly there must be multiple
sources which lead to the differentiation of the bottom waters of these two basins.
Gordon and Nowlin [1978] touched on this problem; citing more complex stratification
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in the Central Basin relative to the East Basin, they surmised that additional, unknown,

processes contribute to the formation of deep water in the Central Basin. Here the TS
distribution within the deep Central and East Basins is examined in an attempt to resolve

this issue.
The potential temperature-salinity (TS) diagram for all of the Palmer stations is

shown in Figure 5.6. The data has been separated into three different regional

categories: the Central Basin (Figure 5.6b), the East Basin (Figure 5.6c) and the
western most part of the Central Basin (Figure 5.6a), which is distinguishable from the
rest of the Central Basin by its higher surface temperature, due to the influence of the

adjacent Bellingshausen Sea. For comparison, the TS space of the warm surface water
from the Bellingshausen Sea [Read et al., 1995] is shown as the irregular shaped gray
area. The subsurface temperature maximum, indicative of CDW, is present throughout

all three domains with a maximum of 0.5°C at a=27.74. The front marking the edge of
the CDW near sta. 31 discussed previously is evident in the separation of data below

ae=27.6 in Figure 5.6a.

Central Basin
Figure 5.7 is a blow up of all the data within the gray boxed areas on Figure 5.6.
An upper temperature of -1°C was chosen so as to include deep East Basin data, however

it should be noted that this isotherm, reaching 1400 m in the East Basin, shoals to near

300 m in the western Central Basin (see Figure 5.4a). There are two types of TS
profiles from the Central Basin: one with a fairly tight relationship (black), and one
showing considerably warmer, saltier water above this smooth curve at densities

<i=32.58 (gray).
The warmer, saltier profiles are found in either the western Central Basin

(stas. 28-32) or the eastern Central Basin (stas. 3, 23 and 24). The eastern
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Figure 5.6 Potential Ternperature-salithty diagrams for all stations within (a) the western
Central Basin (b) the central Central Basin and (c) the East Basin. Lines of constant Y
are drawn on the plot. The gray irregular shaped area represents the TS properties of
surface water (in November) from the Bellingshausen Sea, taken from Read et al.
[1995]. The line at the bottom of the plot indicates the freezing point. The gray box
outlines the portion blown up in Figure 5.7.
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inhomogenuities lie above the ai=32.S6 isopycnal which is at about 1000 m depth, the
depth of the sill between the Central and the East Basins. Below the sill depth the TS
data within the Central Basin converge into one curve. However, two distinct types of
depth profiles exist below the sill depth in the Central Basin, as illustrated in Figure 5.8.
Five profiles, all taken around Hook Ridge (the eastern-most ridge feature in the Central

Basin, see Figure 5.2) are 0.05°C warmer and 0.02 fresher than the rest of the Central
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Figure 5.7 Potential Temperature-salinity diagrams for the deep portion of the Central
and East Basins. Anomalous profiles from the eastern and western Central Basin are in
gray, the central Central Basin and the East Basin are in black. Lines of a are shown.
The Central Basin data has a wide depth span relative to the East Basin data. As seen in
Figure 5.4a the -1.0°C isotherm varies from -300 m in the western Central Basin to
1400 m in the East Basin.

Basin profiles. This difference is also evident in Figure 5.4b and 5.4c by the sharp
dipping of isohalines and isopycnals that occurs just west of Hook Ridge.

East Basin
Gordon and Nowlin [19781 described the Central Basin stratification as being

more complex than that in the East Basin. Although the Central Basin is obviously more
stratified than the East Basin, the East Basin clearly has a more complex stratification

(see Figure 5.7), While there are two types of TS curves present in the Central Basin
(Fig. 5.7), these merge and become more or less uniform at the sill depth (a1>32.58).
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Figure 5.8 Profiles of (a) potential temperature and (b) salinity within the Central and
East Basins. Some stations, marked in gray, from the eastern part of the Central Basin
are fresher and warmer than the rest of the Central Basin profiles. The dashed line at
1100 m marks the maximum depth of the sill between the Central and East Basins.
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In contrast the East Basin profiles never achieve a tight TS relationship despite their

greater depths. This inhomogenuity is partially due to complicated topography within the
East Basin, which is comprised of three small basins isolated below -2000 m (see

Figure 5.2).
The differences between the Central and East Basin have ramifications on the
ability to detect hydrothermal temperature anomlies. While hydrothermal temperature

anomalies have been observed in the Central Basin, it is obvious from Figure 5.7 that
the lack of a linear TS curve in the East Basin will mask hydrothermal temperature

anomalies. This situation is similar to the Lucky Strike segment of the northern MAR
[Wilson et at, 1995] and highlights the importance of using chemical tracers in searching

for hydrothermal sources within the East Basin.

The TS diagram for just East Basin stations is shown in Figure 5.9. Overlain on
Figure 5.9a is a TS curve from the Central Basin (sta. 11) for reference and four endmembers which could produce the East Basin bottom water: Central Basin sill water,
Weddell Sea sill water, Central Basin bottom water and Weddell Sea bottom water.
Figure 5.9b is an enlargement of the deepest data,

Central Basin sill water
One of the end-members contributing to East Basin bottom water is clearly water
above the sill depth between the Central and East Basins. This input is evident in

Figure 5.9b by the sharp kinks in the East Basin TS curves near the i=32.55
isopycnal. Profiles 7, 8 and 9 turn abmptly towards the Central Basin TS relationship
following lines of constant a. These profiles are the deepest profiles within each subbasin. The input of Central Basin sill water into the East Basin is also manifest by the

pooi of cold, dense water in the western most sub-basin (-.56.2°W) in Figure 5.4. This
pooi is visible on the potential temperature and potential density sections as the -1.2°C
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isotherm and the a2=32.55 isopycnal, which are not present in the East Basin outside of
this depression. The only other presence of these water properties is just above the sill
depth (600-800 m) which indicates that Central Basin water has spilled over the sill and
settled into the deepest parts of each sub-basin.

Due to sparse sampling in the East Basin this input has not been seen before.

Clowes [1934] did not discuss the East Basin. The two East Basin stations in Gordon
and Nowlin [1978] were both within this depression and they assumed that the
topographic high at 56°W did not isolate the East Basin. However, multibeam data
collected during the Palmer cruise [Sloan et al., 19961 and shown in Figure 5.2 clearly
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indicates that waters below 1900 m in the East Basin are isolated by this topographic

high.
There are two possible mechanisms that can physically explain the spillover of

Central Basin sill water into the East Basin. The addition every year of locally formed
bottom water to the deep Central Basin must, by mass conservation, be balanced by an

outflow of water of the same magnitude. This oufflow would occur at the deepest
passage out of the Central Basin, which is the sill into the East Basin. The other possible
mechanism is that hydrothermal activity within the Central Basin [Schiosser et al., 1988;
Klinkharnmer et al., 1995; Chin et al., 19961 acts as a basin pump. This idea was used

by Gargett [1988] to explain the circulation within the Panama Basin. Geothermal
heating within this enclosed basin results in vertical upwelling which is sufficient to drive
the observed influx of water through the deepest passage into the basin [Gargett, 19881.
These two mechanisms, that water is forced out of the Central Basin by the addition of
bottom water every winter, or by geothermal pumping, are not mutually exclusive.
Bottom water formation is seasonal, while hydrothermal activity is more or less constant
at this time-scale. Moored current data above the sill separating the Central and East

Basin are essential to assessing the magnitudes of these two processes.

WeddeH Sea sill water
There obviously must be an input of relatively warm, fresh water into the East

Basin which does not contribute to the Central Basin waters. A significant difference
between these two basins is that the East Basin is not isolated below 500 m, as can be

seen in Figure 5.lb. Sills of 700-800 m provide access to warmer Weddell Sea water
which could be one component of East Basin deep water. Temperature and salinity of
NODC data from the southern passage into the East Basin (54.2°W, 62°S) was taken to

represent the Weddell Sea sill water end-member which, as seen on Figure 5.9a, is

considerably warmer and fresher than most Central Basin deep water. Below the
a2=32.5

isopycnal (500-600 m) the East Basin data approach the Weddell Sea end-

member supporting the supposition that this water contributes to the makeup of the East

Basin bottom water. Data from the central and eastern sub-basins, the closest to the
passage into the Weddell Sea, show the most influence of this water type.

Central Basin and Weddell Sea deep water
It is clear from Figure 5.9a that the East Basin deep water can not simply be a
mixture of Central Basin sill water and Weddell Sea sill water- there must be an

additional sakier component. Central Basin bottom water and Weddell Sea bottom water
both have appropriate TS properties to be the additional end-member. Obviously neither
of these water masses directly enters the East Basin due to topographical barriers,
however both these water masses are formed by deep convection of surface shelf water
which could enter into the East Basin. While both probably contribute to the East Basin
bottom water, without a third variable it is not possible to solve a quaternary mixing

scenario. Therefore to represent the amount of each of these four end-members within
the East Basin proportions were calculated from two tertiary mixtures one with Central

Basin bottom water and one with Weddell Sea bottom water. Central Basin sill water
and Weddell Sea sill water were the other two end-members in both scenarios.

Shown in Figure 5.10 are the proportions of each end-member from the two
tertiary calculations. The most noticeable difference between the use of Central Basin

bottom water as an end-member (Figure 5.10 a-c) versus using Weddell Sea bottom
water (Figure 5.10 d-f) is in the distributions of Central Basin sill water shown in
Figure 5. lOa and 5. lOd. In Figure 5. iQa the maximum percent of dense Central Basin
sifi water is in the upper (1000-1800 m),

eastern

half of the East basin, and actually

decreases towards the Central Basin sill. In comparison the distribution of Central Basin
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sill water in Figure 5.lOd is greatest in the deepest portions of each sub-basin and is
fairly uniform in the upper portion of the basin outside of a minimum in the middle of the

basin, the result of the strong input of Weddell Sea sill water. The distribution generated
by the tertiary mixture ensemble with Weddell Sea bottom water is thus more credible

and while Central Basin bottom water can not be ruled out as a contributing to East Basin
bottom water, this analysis suggests that Weddell Sea bottom water exhibits a much

greater influence. As seen in Figure 5. lOc and 5.lOf neither of these end-members,
taken separately, contribute more than 30% to the East Basin bottom water. In reality the

proportion shown for one end-member is probably shared between these two endmembers.
The predominate end-member of the East Basin deep water is the Weddell Sea sill

water. Its distribution is unaltered by the choice of a deep end-member, though its
relative proportion increases by 10-15% when Weddell Sea bottom water is used as the
end-member. In either scenario Weddeil Sea sill water contributes more than 40%
throughout the entire upper portion, with a maximum of 60% in the central portion of the
East Basin, coincident with the location of the passage into the Weddeil Sea.

Temporal Variability
It should be noted that these calculated end-member proportions are not

necessarily constant over time. Winter-time convection of bottom water likely varies

from year to year. Furthermore, the residence time for the Bransfield is on the order of
30 years [Schlosser et al. 19881 which is extremely short by deep ocean standards, and

allows the possibility of temporal variability over a measurable time-scale. Gordon and
Nowlin [1978] briefly discussed the temporal variability within the Bransfield,
comparing their 1975 data from the Central and East Basins to 1963 data from the USNS
Eltanin

[Friedman, 1964] and to data from 1929 and 1932 from Clowes [1934]. Here
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we extend that study by examining these same datasets (excluding the Clowes data) in

addition to data from 1984 and 1985 [Schlosser et aI.,19881 and our 1995 data.
Information about this data is summarized in Table 5.1.

Table 5.1 Information on the historical data used.

Date

Jan. 1963
Feb.-Mar. 1975
Nov. 1984 Jan. 1985
Nov. 1985
Nov.

-

Dec. 1995

Ship

Reference

EIta.nin
Freidman [19641
Conrad. Melville Gordon and Nowlin [19781
Polarstern
Schiosser et al. [1988]
Polarstern
Schiosser et al. [19881
N.B. Palmer
this work

Data

Source
NODC
NODC
Reference
Reference
this work

In Figure 5.11 the deep TS data from the Palmer cruise (1995) is shown
alongside historic data back to 1963. Over the 30 year time span of the data the slope of
the Central Basin TS relation has undergone a systematic change. The water above the

sill (750-900 m) is steadily getting colder and fresher, resulting in a change from the
nearly vertical TS relationship in 1963 to a nearly horizontal one in 1995. In contrast the
bottom water has not changed that much. Relative changes of temperature and salinity

are easier to see on the profiles given in Figure 5.12. Central Basin deep water was
colder in 1995 than any previous measurements in the last 30 years. However the deep
water has not been steadily losing heat, evidenced by the warming seen between 1975

and 1985. Except for in 1984 and 1985, when there were considerable fresh salinities,
the deep salinity has remained fairly constant.
Changes in the East Basin bottom water over the last 30 years are markedly

different than those observed in the Central Basin. The general slope of the East Basin

TS relation in Figure 5.1 lb has remained constant over the 30 year period. The greatest
difference is seen between the 1963 data and subsequent data, which is 0.04 fresher and
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0.4°C colder. Although slightly saltier, data from both 1975 and 1985 are much more
similar to the 1995 data. The 1963 data is of interest as it lies outside of the tertiary

mixing diagrams outlines in Figure 5.9a. Even using the warmer and saltier properties
of 1963 Central Basin sill water, can not produce the East Basin bottom water observed

in 1963. To obtain the 1963 TS values requires that one of the other two end-members,
Weddell Sea sill water or Weddell Sea bottom water, be warmer or saltier than in the

model presented here.
The data from 1975 and 1984 however, do fall within the mixing triangle

presented earlier. End-member proportions were calculated for these data and and are

shown with the 1995 data in Fig. 5.13. Station 8 of the 1995 data is shown because this
station is geographically closest to the positions of the 1975 and 1984 data. The
properties of the Central Basin sill water were adjusted to reflect changes observed in this

water mass. The end-member proportions calculated for the 1984 data are virtually
identical to those of the 1995 data. In 1975 there appeared to be a 20% increase in the
proportion of Central Basin sill water, balanced by a 10% reduction in the amount of
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Figure 5.13 Profiles of proportions of (a) Central Basin sill water (b) Weddell Sea sill
water and (c) Weddell Sea deep water in 1975, 1985 arid 1995 in the East Basin.
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both Weddell Sea sill water and Weddell Sea deep water. It is not possible to quantify
exactly how the end-member compositions to the East Basin have changed without

knowing how temperature and salinity of both the sill water and the bottom water of the
Weddell Sea have varied over the past 30 years.

CONCLUSIONS
The CDW within the Bransfield has traditionally been described as absent or only

weakly present, with an entrance between Smith and Snow Islands in the west. In
contrast, during the Palmer study the CDW extended throughout most of the Central
Basin and appeared to enter the Bransfield in two entrances, west of Deception Island

and also in the east between King George and Elephant Island. At the western part of the
Central Basin the CDW is present as a narrow band near Deception Island with strong

thermal gradients at its southern boundary. This front, marking the southern boundary
of the CDW, is consistent with previous observations.
The Bransfield Strait is an area of unusual stratification due to its confining

topography in an area of deep water formation. The basins within the Bransfield have
unique properties, distinct from the surrounding waters outside of the Strait. The Central
Basin bottom water is more stratified than East Basin bottom water, but lacks its

complexity and can be viewed as the product of a single process. In contrast, the East
Basin bottom water is clearly a mixture of multiple water masses. A model presented
here explains the East Basin bottom water as a ternary mixture of Central Basin sill
water, Weddell Sea sill water and Weddell Sea bottom water and/or Central Basin bottom

water. Weddell Sea sill water is the predominate end-member, comprising 40-60%

throughout most of the deep East Basin. Central Basin bottom water and Weddell Sea
bottom water together contribute less than a third within the deepest parts of the sub-

basins, with Weddell Sea bottom water probably dominating this component. Central
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Basin sill water contributes the most to the deep sub-basins, where it reaches 50%. This

model appears to work for data spanning the past twenty years. However, data from
1963 can not be explained by this model which suggests that the Weddell Sea sill water
was warmer at that time.
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Chapter 6: Conclusions
In an effort to expand our knowledge of the global distribution of hydrothermal
activity, and its variation with tectonic processes, my group at OSU has conducted two
searches for hydrothermal activity: one on the northern segment of the Mid-Atlantic

Ridge and the other within the Bransfield Strait, Antarctica. This thesis has focused
mainly, but not exclusively, on the hydrography from these areas.
The influence of the Mediterranean Water (MW) plays an important role in the

waters above the northern MAR, particularly in the region near the Azores platform

where the ridge depth becomes shallow enough to intersect with the MW. Within the
MAR a strong front delineating the northern boundary of the MW was observed at 36.7-

37.4°N. This front is most likely guided by topography, as it occurs just south of the
Azores platform that acts as a physical barrier for the MW. The hydrothermally active
Lucky Strike segment lies within this front, which partially explains the difficulties in
detecting hydrothermal temperature and salinity anomalies in this area. Large ranges of

temperature and salinity on isopycnals are present in this segment, as well as temperature

inversions produced by lateral mixing on isopycnal surfaces. The known venting in this
segment produces barely detectable plumes. There is strong indication for additional
deeper venting occurring in this segment that has not been observed.
The Bransfield Strait is composed of three separate basins and local in-situ
convection produces dramatically different deep water in each one. A model is presented

which explains the properties of the East Basin as a mixture of four different end-

member water masses. This analysis appears applicable over the last twenty years.
Significantly different conditions in the East Basin in 1963 require warmer Wecldell Sea

end-members during that time.

119

The other part of this thesis compares several different models of estimating

hydrothermal heat flux. Au integral model (IM) which calculates plume parameters is
compared with dimensionally derived empirical modes models (EM1, EM2, EM3) that

have previously been used on hydrothermal plumes in the field. Agreement between the
TM and the empirical models EM2 and EM3 happens with C2 and C3 values between

5.3-5.7 and 2.3-2.5, which are lower than values used previously or quoted in the
literature. Use of these lower constants increases previous hydrothermal heat flux
estimates made with these models by as much as a factor of 6. The assumption of a nonstratified background in EM2 and EM3 causes the heat flux estimates from these models

to be height dependent. This dependence is particularly obvious for EM2, where in the
lower part of the plume calculated values are up to 60% lower. If these models are to be
applied to hydrothermal plumes, a good vertical resolution is necessary to insure
determination of a maximum heat value which will best represent the actual value.

Cross-currents can appreciably reduce the plume rise height. However, quantifying the
difference in rise height given the magnitude of the cross-current is not simple. The
dimensionally derived equation commonly used predicts higher plume rise at small

curents (less than 5 cm/sec) relative to the plume rise in the absence of a current. There
is need for experimental data on the rise of plumes in a stratified environment and with a

background current.
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Appendix: Derivation by dimensional analysis of equations used in
Chapter 4
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EM1
This model assumes the terminal plume rise is a function of only the initial
buoyancy flux and the background stratification:
Zma=f(Fo,N)

(Al)

Substituting units into the above equation yields:

(m

m=fI i,s
The equation is solved by setting F0 and N to powers of a and b respectively, and
solving the equations given by the numerator and the denominator:

m = m4a and

1=4a

and b=-3a

whichyieldsa=

and b=

4

and the solution to Equation Al is:
Z max

"F
ccl
or Zmax)
0

o

I

(A2)

which is equivalent of Equation 4.5:

EM2
This model assumes the buoyancy at any point within the buoyant plume is a
function of the initial buoyancy flux and the height within the buoyant plume:
Bbp = f(F0, Zbp)

(A2)
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Substituting units into the above equation yields:

m

(m

S

kS

The equation is solved by setting F0 and Zbp to powers of a and b respectively and
solving the equations given by the numerator and the denominator:

m = m4m'

and

s2

1 =4a+b

and

2= 3a

I=

41l + b

= s3

which yields

the 1atteryieldsa=
b=
3

and the solution to Equation A2 is:
BbP oc

FZb

or BbP cc [J

(A3)

If buoyancy is expressed as a function of the temperature anomaly only:

B=ogT
and substituted into Equation A3 the result is the equivalent of Equation 4.7:
I

i\Tbp ocI---

agZ

EM3
This model assumes the velocity at any point within the buoyant plume is a
function of the initial buoyancy flux and the height within the buoyant plume:
Wbp = f(F0, Zbp)

Substituting units into the above equation yields:

in
S

(m

(A4)
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The equation is solved by setting F0 and Zbp to powers of a and b respectively and
solving the equations given by the numerator and the denominator:

m

m4amb

l=4a+b

and
and

1 = 4('--') + b

I

l3a

which yields

\3J

the1atteryieldsa=b=
3

and the solution to A4 is:
3

or WbP

WbP o FZb

which is equivalent to Equation 4.8.

Plume rise with a cross-current
The plume rise in a cross-current is a function of background stratification and

the buoyancy per unit length, F:

F=
cc

where U is the background current and F0 is the source buoyancy flux. The plume rise
is expressed as follows:

f(-2-,N)

(A5)

Substituting units into the above equation yields:

m :rfi(ms
ms

,si

Setting F,fU and N to powers of a and b respectively and solving the equations given by
the numerator and. the denominator one gets:

m = m3a

and

s°

5-2a5b

which yields a = - and b =
3

3
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thus the solution to Equation A4 is:

zmaxcwT
which is equivalent to Equation 4.17.
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