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NON-TECHNICAL SUMMARY

The Kermadec arc, off the north east coast of New Zealand, hosts numerous submarine
volcanoes. Many of these volcanoes are located at shallow depths, are highly active and are associated
with hydrothermal plumes. Plumes rise buoyantly through the water column and “settle out” at a depth
based on their density. The distribution of black smoker plumes can be mapped using a light scattering
sensor to detect anomalously high particle concentrations. Variability in vent source conditions and the
water column, in particular background currents, result in changes in plume distribution on short
temporal scales. Therefore, it is difficult to obtain an accurate picture of plume dynamics based on a
single “snapshot”. Rumble 111 volcano on the Kermadec arc has a shallow summit (310 m), and rising
hydrothermal plumes are strongly influenced by surface currents that vary over the tidal cycle. The
unique shallow depth of Rumble I11 was utilized in this study to more easily and accurately investigate
changes in plume distribution over the tidal cycle. Surveying occurred in March 2009, aboard the R/V
Thomas G. Thompson as part of a student field course in collaboration with New Zealand scientists,
Dr.Cornel de Ronde and Sharon Walker. Measurements with a conductivity-temperature-depth-optical
(CTD-0) package revealed some of the highest particle anomaly signals ever recorded in a
hydrothermal plume and were correlated with strong temperature anomalies. Background currents were
quantified at Rumble 111 based on acoustic doppler current profiler (ADCP) analyses and used together
with plume rise heights and temperature anomalies to document plume variability. The intensity,
location and structure of plumes varied with the tides, highlighting the inaccuracy of characterizing a
hydrothermal system based on one survey. Results have been used in concert with simple buoyant
plume models to estimate previously unknown vent source conditions at Rumble I11. The calculated
heat flux (107 +7 MW) is over an order of magnitude greater than previous estimates, emphasizing the

need to monitor hydrothermal vents to accurately estimate their contribution to the oceans heat budget.
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ABSTRACT

Hydrothermal plumes are highly dynamic features, whose distribution varies on a range of
temporal scales, from minutes to years. Plume variability can be caused by several mechanisms,
including changes in vent source, background ocean stratification and current field. In March 20009,
aboard the R/V Thomas G. Thompson, three conductivity-temperature-depth-optical (CTD-O) tow-yos
were conducted at Rumble I11 volcano (35.75° S, 178.5° E) on the Kermadec arc, New Zealand,
spanning different stages of the tidal cycle. The summit of Rumble 111 (310 m) places hydrothermal
plumes within active surface currents. A hull-mounted acoustic current doppler profiler (ADCP)
measured currents of 0.15 and 0.20 m s™* at 330 m during ebb and flood flows respectively.
Hydrothermal plumes were characterized by anomalies in nephelometric turbidity units (ANTU). This
study documents the highest ANTU ever recorded at Rumble 111, reaching 1.1 nephels. Three plume
layers were measured near the volcano summit at water depths of 245, 350, and 420 m, and significant
temperature (-0.38°C) and salinity (-0.11) anomalies were associated with the shallowest plume.
Advection of plumes to the north and northwest, and changes in plume rise height between repeat tow-
yo transects (~20 m), are consistent with oscillating tidal currents. Field measurements, combined with
buoyant plume model predictions, provide new estimates of total vent source radius (0.22-0.33 m),
temperature (200-400°C) and heat flux (107 +7 MW) at a source depth of 330 m at Rumble IIl. This
heat flux is two orders of magnitude higher than previous estimates. The short-term variability of
chemical and thermal fluxes suggests methods typically employed to characterize vent sites and

estimate their contribution to global ocean heat budgets inadequately resolve temporal fluctuations.
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INTRODUCTION
The Kermadec arc is part of the 2500 km Kermadec-Tonga arc-backarc complex formed by the

convergence of Pacific and Australian plates (de Ronde et al. 2005). It is the longest submarine arc on
Earth and submarine volcanoes have been documented along the entire length (Figure 1), many of
which support intense hydrothermal plumes. Because of their importance to biogeochemical processes
and heat and chemical transport (Lupton et al. 1995) hydrothermal vents are sites of considerable
importance to biotic and abiotic ocean dynamics. Hydrothermal plumes of the Kermadec arc are fed by
black and white smoker chimneys occurring at relatively shallow depths (~1650 to 200 m), which
contrast typical depths of mid-ocean ridges (MORs) of 2200 to 2600 m (de Ronde et al. 2007). Rumble
[11 (Figure 1) is one of these shallow volcanoes, with a summit that rises to approximately 310 m
(Dodge 2009) making it a unique and important site for the study of hydrothermal systems.

Hydrothermal vent sites have complex chemistries and, despite extreme conditions, can host
an abundance of life (Kelley et al. 2002). Plumes are a complex mix of dissolved chemical species and
particulates (de Ronde et al. 2001). The dispersion of plumes and the chemical evolution of these
systems over time have important implications for biological communities that are impacted by the
dissolved and particulate plume components (Cowen et al. 2001). An understanding of the changes in
plume dynamics and distribution therefore has a wider significance for the dispersion of chemical
species and the potential for biological communities to survive.

Hydrothermal plume dynamics can be described based on physical idealizations. The hot vent
fluid, up to 407 °C; (German et al. 2008), expelled from a vent, entrains cold water which dilutes the
vent fluid by factors of 10* — 10° (Lupton 1995). This entrainment increases the density of the plume as

it rises, ultimately determining the height at which the plume is neutrally buoyant (see Figure 2).
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Figure 1: Location of the study site at Rumble 111
(circled in red), near the Kermadec Ridge off the
NE coast of New Zealand (adapted from Wright

2001 and de Ronde et al. 2007).

Temperature and salinity characteristics of surrounding water strongly control the dynamics of
the rising plume (Speer and Rona 1989). In the deep Pacific, salinity increases with depth, however, a
salinity minimum occurs at 1000 m due to the presence of Antarctic Intermediate Water (Tomczak and
Godfrey 1994). Hence, the surface region, in which Rumble 111 is located, exhibits a decrease in
salinity with depth. A negative gradient of salinity in the ambient waters results in a neutrally buoyant
plume that is cooler and fresher than the surroundings (Speer and Rona 1989). This is because once the

rising plume has entrained enough cold water to remove the excess temperature the plume will be
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level of zero buoyancy (Turner 1973). Eventually the neutrally buoyant plume settles at a particular
density level determined by both the source and ambient conditions (Speer and Rona 1989).

The maximum rise height of the plume can be predicted based on these physical characteristics
(Speer and Rona 1989); however, there are many complications to this idealized view. For example,
episodic activity causing variability in the vent source composition and flux will alter the rise of the
buoyant plume, leading to temporal changes in the plume rise height (Rudnicki and Elderfield 1992).

Another simplifying approximation of many buoyant plume models is the absence of, or
constant, crossflow. In contradiction to this assumption, studies have suggested tidal oscillations may
cause significant changes in the rise height of hydrothermal plumes (Rudnicki and German 2002; Veirs
et al. 2006). Rudnicki and German (2002) conducted continuous profiling of a nonbuoyant

hydrothermal plume on the Central Indian Ridge. Although they recorded changes in plume rise height,
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the plume was usually associated with a constant level of potential density. They suggest that bending
of the plume by tidal currents may account for the periods when the plume deviated from this potential
density level. Increased currents cause larger shear at the plume boundary and hence an increase in
entrainment. The consequent rapid dilution of the plume leads to a faster decrease in buoyancy flux,
and a lower maximum rise height (Middleton 1986). Currents effectively act to push the plume over,
leading to changes in the measured rise height as background current velocities change on temporal
scales of a tidal cycle (Rudnicki and German 2002).

Variability in plume position due to tidal currents is an area where extensive studies are lacking.
This is mainly due the difficulty of obtaining a synoptic view of the entire plume at different stages of
the tidal cycle. The deep locations of many submarine venting sites also introduce complexities into
current measurement, making study both time consuming and costly. Rumble I11°s shallow depth
provides an opportunity to easily collect accurate current velocity data at high temporal resolution,
allowing more comprehensive investigation than has previously been possible at most vent sites. The
shallow volcano summit also places hydrothermal plumes at depths that are influenced by variability in
the surface current system, with predicted M2 and S2 tidal current velocities of 5.0 cm s in the NW-
SE direction (Egbert and Erofeeva 2002). This study is therefore able to document the short-term
changes in the characteristics of hydrothermal plumes and examine the possible causes of variability.

Successful mapping of this short term variability requires real-time mapping of the plumes. A
well established measure of deep-sea hydrothermal plumes is their associated temperature anomaly
signals (Baker et al. 2003). However, temperature anomalies can be obscured by a non-linear
background structure of temperature and salinity (Wilson et al. 1996). This is particularly true at depths
shallower than 1200 m, as background temperature gradients of at least 0.01°C m™ are likely to conceal

temperature anomalies on the order of 0.1°C (Baker et al. 2003).
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Past studies at Rumble 111 have recorded hydrothermal plumes in the upper 300m of the water
column, but temperature anomalies have not been resolved and optical backscatter is utilized to
measure plumes (de Ronde et al. 2001; Baker et al. 2003). The plumes are enriched in both dissolved
and particulate species, causing high optical anomaly signals that are suggestive of active venting
(Baker et al. 2003). Particulate anomalies have been well correlated with other tracers of hydrothermal
plumes such as dissolved manganese and helium, allowing even shallow plumes to be detected
(Rudnicki and Elderfield 1992).

Although the location of hydrothermal plumes at Rumble 111 in the thermocline layer can inhibit
the ability to resolve temperature anomalies, their location provides an exciting opportunity to
investigate the effects of changing surface currents on the characteristics of a rising plume. The density
gradient in this region is strong and hence small changes in background properties and episodic vent
source activity could result in measurable changes in plume rise height. The objective of this study is to
measure the short-term, tidal scale variability in the Rumble 111 plumes in terms of structure and rise
height, and to determine the role of the ambient current profile on these changes. The buoyant plume
model of Speer and Rona (1989) provides a valuable tool for determining key controls on hydrothermal
variability. Each parameter can be changed in isolation and the resulting changes in the characteristics
of the hydrothermal plume can be detected. In this way the combination of model simulations with
field measurements allows for a more thorough and accurate investigation of hydrothermal plume

variability and the processes acting on it.

METHODS
Fieldwork

Surveying of Rumble 111, was carried out between 8-10 March 2009 aboard the R/V Thomas G.
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Thompson (cruise TN230). Three conductivity-temperature-depth-optical (CTD-O) tow-yo transects
(see Figure 3) were conducted at Rumble 111 to quantify characteristics of background ocean water and
plumes, and to examine temporal variability on the scale of a tidal cycle. Camera tow surveys (using
the TowCam system) were also conducted, in which the TowCam system was mounted with a CTD

allowing for the detection of temperature spikes associated with venting.
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Figure 3: Bathymetric map showing the locations of CTD-O tow-yos over the summit of
Rumble I11. Bathymetry from Dodge (2009).

178°32'E

CTD-O tow-yos were carried out at different stages of the tidal cycle (Figure 4) as predicted by
the OSU TPXO6 Tidal Model (Egbert and Erofeeva 2002). Temperature, and salinity data collected by
the CTD-O package provided potential density measurements along the tow-yo paths. A Light

Scattering Sensor (LSS) mounted on the CTD was used to define plume extent from the optical signal
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Figure 4: Predicted NW-SE tidal current velocities (cms-1) for the sum of tidal
constituents M2, and S2, at Rumble 111 volcano (Lat: 35.87 S, Lon: 178.43 E) derived from
the OSU Global Tidal Model (Egbert and Erofeeva 2002). Positive and negative values
represent northwest and southeast flow respectively, i.e. flood and ebb tidal stages.

of their high particulate anomalies (Baker et al. 2003). The LSS measures the strength of the plume in
terms of the arbitrary unit of nephelometric turbidity (NTU), or “nephels”. Voltage data from the LSS
was converted directly to NTU based on the calibration factor of the sensors after calibration with a
solution of formazine (Walker. S. L. pers. comm.). The CTD-O package followed a sawtooth path with
a wavelength of between 0.25 and 1.25 km depending on water depth and ship speed (~ 1.5 knots).
During all transects, the hull-mounted 75 kHz RD Instruments ADCP recorded currents from 25 m to
650 m depth. Current velocity profiles, averaged over 5 minute intervals and separated into 8 m depth
bins, were obtained from the ADCP using the University of Hawaii Data Acquisition System
(UHDAS).

An initial survey of the site, CTD-O tow-yo TO9AO05, was carried out in the NW-SE direction to
locate the position of hydrothermal plumes (Figure 1). The position of this CTD-O tow-yo was based
on transects carried out during the 2002 New Zealand American PLUme Mapping Expedition

(NZAPLUME) 1l cruise (Walker. S. L. pers. comm.). TO9AOQ5 was conducted during the ebb phase of
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the tide, for which the OSU Global Tidal Model predicted maximum tidal currents of 4.2 cm s™ to the
southeast, decreasing during the tow (see Figure 4). Following this, two repeat CTD-O tow-yos,
TO9A06 and TO9AO7 were conducted in the SW-NE direction at maximum flood and maximum ebb,

respectively (see Figures 3, 4).

Data Processing

ADCP data were filtered using Common Ocean Data Access System (CODAS) software to
remove erroneous data. Where data have been removed, vertical interpolation using MATLAB were
carried out and added to the data set. To produce stick plots of current velocities at a particular depth,
an average was taken over ~25 m to further reduce any noise in the signal.

Particulate signals indicative of hydrothermal venting from LSS data were defined by the
nephelometric turbidity anomaly (ANTU), a nondimensional optical standard;
ANTU = Vg — V5.
Here, Vg is raw voltage from the LSS and Vg is the voltage of background ambient water, i.e. water that
has not been influenced by hydrothermal plumes (Baker et al. 2003). At Rumble 111, a background
value of 0.007 NTU was chosen based on the values recorded during the CTD-O tow-yos. Data were
then extrapolated using the mapping software Surfer to produce a visual representation of 2D plume

structure.

Temperature and Salinity Anomalies
Strong background gradients in temperature and salinity were recorded at the shallow depth of
the plumes. However, by analyzing plume data over a small potential density interval of ~0.5kgm~,

potential temperature and salinity values can be compared to the potential density by fitting a first order
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polynomial to the background signal. The relationship is near linear in these focused regions, allowing
temperature anomalies to be resolved. Only data with a ANTU <0.1 nephels were used to derive the
polynomial equation to prevent biasing of the “background” profile by waters with a high plume
signature. Temperature anomalies (A6) have been calculated using the following formulae;
AO=6,-0,,

where 6, is the potential temperature of plume, and @, is the potential temperature of the background

waters calculated as described above.

Computer Modeling

Model simulations using the Speer and Rona (1989) buoyant plume model were conducted to
constrain vent source characteristics at Rumble 111, based on field measurements. The buoyant plume
model of Speer and Rona (1989) is adapted from that of Morton et al. (1956) and solves the vertical
structure of potential temperature (), salinity (S) and vertical velocity (W) based on the effects of
background stratification. The calculated values are averaged horizontally over the cross-sectional area

(A) of the plume with A defined by the vent source area. The equations of the model,

SAW = S_EA%W,
OAW =0 EAAW ,
PAW?  =—g(p-Pp)A
are based on the conservation equations for mass, salt, heat and momentum, where g is the acceleration

due to gravity, z is the depth, p is potential density, and E is the entrainment coefficient (0.255). An

overbar denotes the background field, subscript O represents initial vent conditions, and the subscript z

10
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is the vertical derivative. The model makes some simplifications that include assuming a steady plume
and excluding the influence of background currents. The rise height (Znax) calculated by the model
satisfies;

Z,m =5B0"* N

where the buoyancy frequency (N), and buoyancy flux (Bo) are defined as;

N2 -9 a-rz—l—ﬁs_z
p H

Bo=—g|a T,-T +8 $,-5 |AW,.

Of the variables thus far undefined; « and £ are coefficients of thermal expansion and saline contraction
calculated from background hydrographic values (-2.0 x 10*and 7.5 x 10 respectively) and T is
temperature (Speer and Rona 1989).

To estimate source conditions at Rumble I11 using this model, a number of assumptions were
made based on current and previous studies. Background water stratification was estimated from the
first downcast of TO907A (35.7445 S, 178.4701 E) because this cast was conducted over 2 km from the
summit of Rumble 111, where there was no optical evidence of hydrothermal venting. Initial source
velocity was assumed to be 0.4 m s™ based on a black smoker vent system in the TAG area of the Mid-
Atlantic Ridge (Speer and Rona 1989). For simplicity, source salinity was assumed equal to
background salinity at the source depth. De Ronde et al. (2005) estimate venting of 225 — 305°C at
Brothers volcano on the Kermadec arc based on sulphide minerals at different sites (see Figure 1).
These temperatures were used as a reasonable starting range and as a measure of realistic values for
Rumble I11. Recorded plume heights and temperature anomalies constrained the buoyancy of the
emitted hydrothermal fluid and source depth, radius and temperature were varied to match field

measurements.

11
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To determine whether the recorded differences in current velocity could explain variability in
plume rise height, calculations were carried out using Middleton’s (1989) case for a point source of
buoyancy emanating into a stably stratified crossflow;

, —( 6 jlls FS 1/3
B% UN? )

Fs, U, and N denote the source buoyancy flux (m*s®), crossflow velocity (ms™), and buoyancy

frequency (s™) respectively. Middleton (1986) gives, (6/a%)*® = 3.8, based on laboratory observations.

Values for source buoyancy frequency and flux were calculated based on source conditions derived

from model simulations as described previously.

RESULTS
Current Profiles

ADCP data from TO9A05, TO9A06 and TO9AO7 show a variable background current field on
tidal time scales (Figure 5). Tides in the region oscillate in the NW-SE plane with northwestward flood
currents and southeastward ebb currents that reached peaks of 4.5 cm s™ during the survey period.
Subtracting tidal currents from the ADCP data using NIWA finite element tidal model (Walters et al.
2001) with software provided by Philip Sutton (pers. comm.), reveals a north to northwestward mean
background current flow. This agrees with OSCAR (Ocean Surface Current Analyses — Realtime)
satellite data (Bonjean and Lagerloef 2002) at the time of surveying.

Currents during TO9AO05, the NW-SE tow, were predominantly to the northwest except for a
region of southeastward flow close to the volcano flanks at ~ 450 m depth (Figure 5A). There is a
wedge of faster flowing northwestward currents in the upper 300 m of the water column, particularly to
the south of the volcano between 50 m and 150 m depth where flow reaches about 0.38 m s™. In the

region where plumes were detected, currents are on the order of 0.15 m s™.

12
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Higher current velocities were recorded during TO9A06 when tidal currents were in phase with
the northwestward mean flow (Figure 5B, C). Strong currents are evident in Figure 5B, in particular to
the west, in the top 100 m with maximum velocities of approximately 0.4 m s™ at 80 m. Flow
surrounding the volcano flanks appears to be quite vertically homogenous during TO9AO06, and
northwestward flow dominates at all depths shown. The area above the summit of the volcano where
plumes were detected (150-300 m) is characterized by northwestward currents of about 0.2 m s™.

Unlike TO9AO06, surface current velocities measured during TO9AQ07 were not significantly
elevated over deeper currents; with typical velocities of about 0. 1 m s in a northward direction. The
water column within 200 m of the summit (where optical plume signatures were detected) is
characterized by currents of about 0.15 m s™. This is 0.05 m s™ lower than those recorded in the same

region during tow TO9AO06.

Plume Distribution

Nephelometric anomaly (ANTU) values of greater than 0.004 NTU (a reasonable threshold for
the plume boundary; (Walker. S. L. pers. comm.) were recorded during each of the CTD-O tow-yos.
Three plume layers were apparent at Rumble 111 but there was variation in both the plume strength and
structure between tow-yos (Figure 6). Extrapolation of these data has caused some dampening of the
high ANTU values and regions where data are lacking must be viewed critically. Extrapolation does
however provide a tool for visualizing the plumes. One feature that is common among all three tows is
the presence of a high optical backscatter layer in the top 200 m due to euphotic production (Baker et
al. 2003). Background ANTU decreases to a mid water column minimum before increasing again to a
bottom nepheloid layer associated with the bottom topography. High optical backscatter signals

associated with hydrothermal venting are overlain on this background profile. When interpreting

14
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profiles it is important to note that suspended sediment near the volcano flanks results can give the
false impression of plumes. The use of a log scale means these anomalies appear more prominent
above the background ANTU, but these regions can be identified by their proximity to the topography

and by a low optical anomaly.

TO9A05

This NW-SE tow shows evidence of a strong plume signature above the summit, with two
strong centers of high optical backscatter at ~ 250 m and 270 m (Figure 6A) but elevated plume signals
between 310 m and 210 m depth. The plume centers sit at potential density levels 26.35 and 26.41
respectively. This pattern could be explained by the rising of a single plume downstream. The
maximum ANTU recorded was 0.234 nephels at a depth of 265 m, approximately 45 m above the
volcano. A weaker plume signature, 0.04 nephels, was detected just to the southeast of the summit at
about 325 m depth, at the 26.54 potential density contour. During the initial part of the survey the CTD

was not raised above a depth of 450 m (Figure 6A); however, it is likely that a plume signature would
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Figure 6: Zoomed in sections of CTD-O tow-yo transects carried out at Rumble I11. A) Transect
TO9AO05, carried out in a NW-SE direction, B) transect TO9A06, carried out in a SW-NE direction
during flood tidal currents, C) transect TO9AQ7, a repeat of TO9A06 but conducted during ebb tidal
currents. Light-scattering measurements have been plotted as, log ANTU due to the wide range of
light-scattering values that were measured. Typically a ANTU of 0.004 nephels (a log ANTU of -2.39)
is a reasonable threshold for the plume boundary (Walker. S. L. pers. comm.), and is indicated by an
arrow on the color scale. The upper panels display the measured light-scattering results, whereas the
lower show extrapolation of these data. Lines of potential density have been plotted at 0.25 intervals,
the CTD-O tow-yo track line plotted in white and underlying bathymetry (Dodge 2009) in black.
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Short-term hydrothermal plume variability

have been recorded here, advected by prevailing northwestward currents (Figure 5A). Although
extrapolation of the tow-yo data agrees with the presence of the plume north of the summit, the
extrapolation is not based on any physical current data and no conclusions can be drawn as to whether

a plume exists here.

TO9A06

The profile of TO9A06 (Figure 6B) shows three distinct patches of high optical backscatter
centered at about 245 m, 350 m and 420 m depth, to the west of the summit. A maximum ANTU of
0.655 nephels is apparent at a depth of 245 m. This shallow plume is associated with a potential density
level of 26.35, but an elevated particle anomaly is present up to the 26.30 potential density level. The
middle and deep plume layers are centered at potential densities of 26.55 and 26.63 respectively. The
plumes spread to the east and west of their maximal centers at their level of neutral buoyancy,
following isopycnals. The upper plume layer exhibits a rise height of about 60 m above the summit.
Conversely the lower layer is located below the summit at a depth of 420 m on the western flank,

suggesting a deeper source.

TO9AO07

The presence of a strong, more continuous plume layer over the summit is suggested by a large
patch of high optical backscatter between 220 m and 330 m depth. The plume layers measured during
TO9AO6 are still apparent, with centers at potential density levels, 26.30 and 26.54 respectively. The
base of the plume layers lie 20m below the summit, and rise 110 m above the summit (Figure 6C). A
high ANTU (1.11 nephels) was recorded at 242 m depth, with two smaller (but still high) peaks in

ANTU of 0.89 and 0.68 nephels at 330 m and 220 m respectively. A raised optical backscatter signal at
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about 420 m depth was also noted during TO9AOQ7 but a comparatively lower ANTU of 0.025 nephels,

means this plume is dwarfed by the intense plume at a depth of 242 m.

Temperature and Salinity Anomalies

The maximum temperature anomaly of -0.38°C and maximum salinity anomaly of -0.11 were
measured in TO9AOQ7 at a depth of 236 m, during the downcast at Rumble 111 summit (longitude
178.497 E on Figure 6C). Temperature and salinity anomalies were only apparent in this section of the
tow where ANTU values were highest (Figure 7).

There is a strong relationship between temperature anomaly and ANTU for the region above the
summit where high plume signatures were recorded (Figure 8A). Two trend lines have been plotted for

temperature anomaly and ANTU data from TO9AOQ7 between potential density levels 26.0 and 26.6, see
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Figure 7: Relationship between potential density and A) potential temperature and B) salinity for
TO9AO07. Large red triangles highlight regions with a hydrothermal plume signature (ANTU >0.1
nephels). The trend line was fit to the background data with ANTU <0.1 nephels. This value was
chosen to isolate the stronger plume signals and exclude any small ANTU that may be due to
sediment near the sea floor. The relationship was calculated for the density layer between 26 and
26.6, to isolate the regions of plumes and remove the upper thermocline layer. Potential density lines
on Figure 6C show where this section of the tow occurs. The standard deviation of background
values from the trend line (0.02°C) was calculated as a tool to determine significant temperature
anomaly values.
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plume anomalies detected over the summit of Rumble
111 during TO9AOQ7. B) Linear trends of temperature
anomaly (°C) against ANTU for TO9AO07 for upper (240
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Figure 8B. Data points below 300 m
have been used to compute the trend
line for the 330 m plume and data
points above 300 m for the 240 m
plume. These depths were chosen
based on Figure 8A. Linear
regression analysis of temperature
anomaly versus ANTU (Figure 8B)
returns a correlation coefficient of
-0.98 for the shallow plume and
-0.80 for the deep plume, both with a
>99% confidence. Only values with
a temperature anomaly greater than
the calculated error (0.02°C) were
used to compute the trend line in
order to test only data with a
significant temperature anomaly. The
same trend was detected with salinity
anomalies in the region of maximum
plume signal.

TO9A06 showed a

temperature and salinity anomaly of
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-0.07°C and -0.02 respectively. However, temperature anomalies of this order were also noted near the
seafloor in the absence of other indicators of hydrothermal plumes. Considering the strong background
gradient and a standard deviation of 0.04°C calculated for this tow, these anomalies cannot be
considered significant.

Results of camera tow surveys did not locate the source of venting at Rumble 111 and hence
source conditions are not known. Camera tow surveys did however reveal temperature spikes of ~1°C

at about 330 m and 420-460 m depth which imply proximity to a source of venting.

Computer Modeling

The discovery of a temperature anomaly within the plume region during TO9AOQ7, the recorded
rise height of 125 m (see Appendix, Table 1), and bathymetry data provide some constraint on the
characteristics of the venting source and estimates have be made here using the buoyant model of Speer
and Rona (1989). Initially the vent source radius was fixed at a value of 0.1 m (Speer and Rona 1989)
but early model simulations revealed that a source of this size could not produce the recorded rise
height, even with unrealistically high (>500°C) source temperatures. Consequently source radius,
source temperature and source depth were varied in model simulations to identify a range of potential
source conditions that are consistent with field measurements. These trial and error experiments (see
Appendix, Tables 2, 3 and 4), agree with other studies (Speer and Rona 1989) in that higher rise
heights are obtained with a larger source radius and/or a greater source temperature. A source height of
330 m, just below the summit, was used for initial calculations based on the location of temperature
spikes recorded during camera tow surveys. As Table 3 of the Appendix shows, increasing the source
depth to 450 m did not yield the measured temperature anomalies. The measured anomalies were also

not obtained assuming a source depth at the summit. Results are in agreement with Rudnicki and

20



Short-term hydrothermal plume variability

Elderfield (1992) in that the same maximum rise heights and anomalies can be modeled based on
different source radii. In this case a change in source radius is balanced by a change in source
temperature so the buoyancy flux remains approximately the same.

A range of source conditions were consistent with measured plume characteristics, and
judgments are made here based on past studies to suggest which are the most plausible for Rumble I11.
Modeling produced the most similar results for a source of venting at a depth of 330 m, with a
temperature of 200-400 °C and radius of 0.22-0.33 m. These conditions constrain the buoyancy flux to
arange of 4.5-4.9 x 102 m*s™.

Calculations using the Middleton (1986) model for a plume in a crossflow show the effect of
introducing a crossflow. Using the ambient potential density gradient at 330 m depth, a source
temperature of 300°C, and a radius of 0.26 m (based on the modeling results above) the model predicts
a rise height of 91 m in a crossflow of 0.15 m s, and a rise of 83 m with 0.2 m s™ crossflow. In no

flow (using Speer and Rona’s (1989) model) a rise height of 127 m is predicted.

Heat Flux
By constraining plausible vent source parameter ranges it was possible to estimate the heat flux
at Rumble 11 using the calculated buoyancy flux,

_ pcho.
go

Here Q is the heat flux and p is the density of the background water. The value for c, (the specific heat
capacity of water) has been taken from Rona and Trivett (1992) (4.5x10° J g™ °C™) for a source

temperature of 300 °C. Heat flux calculations based on exit conditions and the range of modeled
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buoyancy flux of 4.5-4.9 x 102 m*s®, indicate a heat flux of 107 +7 MW from a source of venting at

330 m (see Appendix, Table 2).

DISCUSSION
Plume Variability

Repeat transects at different stages of the tidal cycle, as well as data collected at Rumble 111 in
the past 10 years, allow for different scales of variability to be examined. The results of this study
provide strong evidence for variation of hydrothermal plume distribution on temporal scales of that of a
tidal cycle. This makes it difficult to compare tow-yo results to previous years based on just one survey
without knowledge of the background currents, especially considering that subtidal flow will also vary.
Despite this, simple comparisons can be made.

The 2002 NZAPLUME I cruise noted plumes at about 250 m and 300 m (Walker. S. L. pers.
comm.), whereas in 1999 plumes were detected at 170 m and 220 m (Baker et al. 2003), which shows
some agreement with measured plumes between 200 m and 420 m during this study. In addition, the
peak ANTU of 1.11 nephels recorded during TO9AOQ7 is the highest ever recorded at Rumble II1, and is
over an order of magnitude larger than the maximum of ~0.03 nephels recorded during the 2002
NZAPLUME Il cruise (Walker. S. L. pers. comm.). Backscatter anomalies of this study indicate three
patches of plumes located at different potential density levels, whereas past studies show two. The deep
plume (420 m) could be a new feature or the location of previous surveys may have been such that this
plume was missed. There is uncertainty as to the exact location of transects with respect to the source
of venting and hence proximity to the core of the plume. The dramatic change in summit height that
has occurred over the past 2 years of study at Rumble 111 suggests intense activity (Dodge 2009) and

concurrent changes in source characteristics may explain altered plume distributions.

22



Short-term hydrothermal plume variability

Differences in optical backscatter values between repeat transects TO9A06 and TO9AO7 display
the inherent variability of hydrothermal plumes on time scale of tidal cycles. The optical data imply
three plume layers centered at different levels of potential density. Rudnicki and Elderfield (1992), who
noted layering in the plume structure at the TAG vent field on the Mid-Atlantic Ridge, offer three
theories for this. First, the plume may be a broad plume which is divided into layers by convection
within the plume, second, that there may be vertical diffusion from the neutrally buoyant plume, and
third, multiple sources may be present. The plume layers in TO9AQ06 appear quite distinct based on the
ANTU with clear centers at 245 m, 350 m and 420 m depth. This is more consistent with multiple
sources rather than convection or diffusion processes. TO9A07 shows a more continuous plume
structure extending from the summit of Rumble 111 to 200 m depth but layers are still discernible. If this
pattern was caused by vertical diffusion of one large plume close to the summit, it seems unlikely that
the strongest ANTU would occur 140 m away from the base of the plume. However, it is important to
note the uncertainty in the exact location of the survey with respect to the plume core; strong
particulate anomalies may have indeed occurred closer to the base of the plume in regions not
surveyed. The different plume structure of TO9AQ7 is perhaps indicative of the merging of plumes
from different sources through mixing, convection and diffusion.

In addition to variability in the structure of the plumes, rise heights and levels of neutral
buoyancy also varied. The shallow plumes of TO9A06 and TO9AQ07 were centered at different potential
density levels (26.35 and 26.3 respectively) which correspond to a difference of ~20 m in the
maximum rise height. The plume detected just above the summit in TO9A06 and TO9AQ7, is located at
different depths (350 m and 330 m respectively) corresponding to the 26.55 and 26.54 isopycnals
respectively. These differences in potential density are significant but it is important to consider the

resolution of data when drawing conclusions. Potential density level estimates are made only where
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there is measured data, as extrapolated data is disputable, but there is a limit to the accuracy of
potential density level estimates, especially when plumes are broad and sampling points are sparse.
The fact that the plumes are equilibrating at different density levels on time scales as short as a
tidal cycle highlights the dynamic and turbulent nature of hydrothermal plumes. The effects of
background currents and source variability on hydrothermal plume distribution are discussed further in

the following sections.

Background Currents

The currents recorded in the regions of plumes (0.15-0.2 m s™) were stronger than those
typically associated with deep hydrothermal vent sites. For example, Garcia Berdeal et al. (2006)
record a mean flow of 0.01-0.04 m s™ at the Main Endeavour Field on the Juan de Fuca Ridge (situated
at a depth of about 2200 m). The shallow site of Rumble 111 exposes the plume to high surface currents.
Strong northwestward currents recorded during TO9AO06 are coincident with plumes to the west of the
summit, whereas the plumes pass directly above the summit with the more northward currents of
TO9AO07. Considering the strength of the measured currents, the change in plume location can be
explained by the advection of the plumes with the tidally changing currents. It is possible that some of
the measured lateral spread of the plumes is due to this advection. Studies using chemical tracers to
measure the age of the plume would allow this hypothesis to be tested.

Background currents in the plume region were 0.15 m s, 0.20 m s*and 0.15 m s for TO9AO05,
TO9A06 and TO9AO7 respectively. Tows TO9A06 and TO9AOQ7 are used here for comparison as they
were carried out along the same transect line and hence some of the variability associated with location
is avoided. TO9AO5 does however confirm the depths of the hydrothermal plumes at Rumble I11. The

lowest plume rise height (and highest potential density level of neutral buoyancy) was measured during
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TO9A06 when currents were strongest. Calculations using the Middleton (1986) model illustrate that
plume rise height is decreased by 8 m when increasing background current velocity from 0.15 m s™ to
0.20 m s Considering the limited resolution of both optical data and current data it seems reasonable
that variations in the background current field could explain the ~20 m change in level of neutral
buoyancy of the shallow plume. It is also important to consider whether the currents recorded at the
time of surveying are forcing the rise height of the plume or whether a time lag exists.

It is likely that changes in background currents also play a role in the small changes in the level
of neutral buoyancy of the plume located at approximately 330 m depth. The detection of only a weak
plume signal at 420 m during TO9AQ07 means that the potential density level of neutral buoyancy is
hard to accurately determine and subsequent comparison with the 420 m plume of TO9AQ6 has not

been made.

Source Variability

Temporal changes in the buoyancy flux at the source of venting on tidal time scales could also
be responsible for the changes in plume rise height. As the source radius, source velocity and source
temperature increase, the buoyancy flux increases and a greater rise height is attained. Results of
computer modeling place constraints on the characteristics of the venting at Rumble 111 and provide
additional evidence as to the major controls on plume variability. For simplicity, model simulations
were based on a fixed initial velocity (taken from Speer and Rona 1989), however, Crone et al. (2006)
note pulsating flow and tidal variations. Sensitivity analyses of this assumed source velocity value
show that model runs with increased source velocity can produce the measured plume characteristics if

balanced by decreases in source radius (Appendix, Table 4). Although this introduces greater
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uncertainty into the source conditions, the calculated buoyancy flux only changes by 5% for these
various source conditions and hence would not change heat flux values greatly.

The fact that buoyant plumes are known to integrate heat and chemicals from numerous vent
sources (Rudnicki and German 2002) means it is plausible that multiple sources are fueling the rise of
the plumes. Larger effective source radii, and hence source areas at Rumble 111, are representative of a
cluster of sources and give plume model predictions more consistent with measurements. Multiple vent
chimneys at Rumble 11 are also consistent with arguments put forward here for the multiple plume
layers discernible in tow-yo surveys. The different magnitudes of particulate anomalies in the plume
layers suggest multiple sources of different particle forming potentials (Rudnicki et al. 1994).
Variability in the activity of these multiple vents could account for some of the variability in rise height
and particulate anomalies recorded between repeat transects of this study. Model results suggest a
source of venting at 330 m for the shallowest plume of TO9AOQ7, but the fact that a deeper plume (420
m) was also measured provides strong evidence for the existence of an additional deeper vent source.

Temperature spikes recorded during camera tow surveys at 440-460 m further support this hypothesis.

Temperature and Salinity Anomalies

The discovery of a cold, fresh plume signature aids the constraint of source conditions at
Rumble I11 as a smaller range of conditions are consistent with both measured rise heights and
measured temperature and salinity anomalies. Modeling experiments produce the recorded temperature
anomalies for a range of source temperatures and radii. However, a modeled rise height of 126-128 m
accompanies these initial conditions, which is 1-3 m higher than the measured rise of 125 m. This is the
maximum predicted rise height and does not include effects of background currents which, as

discussed, could explain changes of this magnitude.
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Although a range of source characteristics produced the observed anomalies (Figure 9), many
of these conditions are not deemed realistic. Table 2 (see Appendix) illustrates that low source
temperatures (100°C), can produce the measured temperature anomalies if the source radius is
increased to 0.5 m. A source temperature of 100°C seems low when comparing to estimates of vent
temperatures at nearby Brothers volcano ranging from 225 — 305°C (de Ronde et al. 2005).
Temperatures >500°C are also not realistic considering maximum vent temperatures found to date of
407 °C (German et al. 2008). Case B of Figure 9 is therefore considered most representative of venting

conditions at Rumble 111 volcano.

Case B Case C

200-400 °C >500 °C
Many vents Several vents Single vent
Low venting temperature Moderate venting temperature High venting temperature

Figure 9: Schematic illustrating the different source characteristics that are consistent with
measured plume distributions at Rumble 111 volcano. Of these three cases, case B is
considered to be the most plausible (see text).

Another factor to consider when comparing field observations to model results is the
assumptions made about the salinity of the ejected vent fluid. If in reality vent fluid is more saline, then
model estimates would predict higher rise heights than those measured because of a reduction in
buoyancy flux. Studies of vent fluid at the Endeavour segment of the Juan de Fuca Ridge document
vent salinities that are similar to that of ambient seawater (Lupton et al. 1985). McDuff (1995) gives a

range for stable vent sources from 20% of seawater, to roughly twice the seawater salinity. Coumou et
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al. (2009) state that vent salinities are controlled by the source depth and the depth of the phase

separation of seawater below the seafloor. Their results show that the bulk salinity of vent fluids
increases with increasing pressure. This suggests that the vent fluid at Rumble 111 is likely to be

towards the low salinity end of the range given by McDuff (1995) due to its shallow depth.

In the Speer and Rona (1989) model a 10% change in vent salinity results in a 1.6% change in
rise height assuming an initial source temperature of 300°C and a source radius of 0.26 m. This error is
small and decreasing source salinity to 10 only results in a 7% increase in rise height. The potential
inaccuracy in the source salinity increases the error of model calculations, but without additional
information on the vent source characteristics these assumptions are unavoidable. The model
predictions of total source radius of 0.22-0.33 m and source temperature of 200-400°C are considered
valid based on the available data, but accuracy is reduced by the uncertainty of assumptions. Further
constraints on the source temperature require more accurate knowledge of the vent site at Rumble 111,
which await more extensive camera tow surveys or the use of a Remotely Operated Vehicle (ROV).

The magnitude of temperature and salinity anomalies varied between TO9A06 and TO9AQ7,
being hardly distinguishable in TO9AQ6. Both a steep and more gradual increase in negative
temperature anomaly have been measured with increasing ANTU during TO9AOQ7 (Figure 8B). These
two patterns have emerged due to the difference in temperature anomalies of plume centers at 220 m
and 330 m. Although both areas are characterized by high optical anomalies, highly negative
temperature anomalies (colder than -0.1°C) are only apparent in the upper plume layer. This may in
part be due to the higher ANTU recorded in the upper plume layer, but may also reflect the presence of
multiple vent sources of differing chemical characteristics. It is expected that temperature anomalies
colder than -0.1°C should occur when ANTU exceeds 0.3 nephels (Figure 8B). Although this does not

explain the small temperature anomalies detected in the deeper plume, it does offer an explanation as to
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why temperature anomalies were not resolvable for TO9A06 where ANTU values were typically below
0.2 nephels, except for one peak of 0.655 nephels at 245 m depth. ANTU of <0.03 nephels were
recorded during the 2002 NZAPLUME 11 cruise (Walker. S. L. pers. comm.) and the results of this
study indicate that temperature anomalies would not be expected (Figure 8B).

One possible explanation for the significantly higher ANTU and temperature anomalies of
TO9AO7 is that the tow followed a recent strong plume event. Temporal variability in temperature
anomalies brings forward the question of how long temperature anomaly signals last following a period
of intense venting. TO9A06 and TO9AO7 were separated temporally by 30 hours and it is possible that a
burst of atypical (based on historic data) activity could have occurred in this time. More extensive
surveying of the site and further repeat transects would provide information as to the permanency of
the strong particulate signal. Anomalies from a mega plume event on the Carlsberg Ridge (the northern
portion of the Indian Ridge system) have been traced a year after the event but were an order of
magnitude lower (Ray et al. 2008). This could be due to a change in the source buoyancy flux, or the
buoyancy frequency determined by the background stratification. It will be of interest to see whether
future studies of Rumble 111 continue to detect elevated physical and chemical anomalies or whether
these will reduce with time back to past values. The higher ANTU recorded during TO9AQ7 could also
be due to advection of the plume core such that the core was not recorded in TO9AQ6. This highlights

the limitations of plume surveys in knowing their exact location with respect to the spreading plume.

Heat Flux
Heat flux calculations based on exit conditions and the predicted buoyancy flux indicate a flux
of 107 +7 MW from a source of venting 20 m below the summit of Rumble 111 (see Appendix, Table

2). Although the error range given here (based on the range of modeled buoyancy flux) is relatively
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small, the cumulative errors from model assumptions are much greater. The range of source conditions
that match measured plume distributions correspond to a small range in the calculated buoyancy flux,
and it is this parameter that has been used for heat flux calculations. Heat fluxes are difficult to measure
even when source data are available (Lupton 1995) and hence the degree of uncertainty of this
calculation is high. The value calculated here is comparable to estimates of 500 + 351 MW at the
southern segment of the Juan de Fuca Ridge, but fluxes of 1700 +1100 MW have been estimated at
the Endeavour segment (Bemis et al. 1993). The large error range of these fluxes highlights the
difficulty of making accurate heat flux calculations.

Baker et al. (2003) made minimum estimates of the source heat flux (Hs) at Rumble I11 based
on an estimated rise height (z°) of 40 m in 1999. They computed a value of 3 MW, assuming a
turbulent axially symmetric plume rising through a linearly stratified, motionless environment. This
method gives an estimate of 317 MW based on the rise height and ambient water properties of this

study. The difference in these estimates is predominantly due to the greater rise height (125 m) noted in
this study and that H_ oc (Z*)* in the model used by Baker et al. (2003). A heat flux of 317 MW is

however comparable to the 107 +7 MW calculated from buoyancy flux in this study. Ramondenc et al.
(2006) note that the method used by Baker et al. (2003) is not reliable in the case where several vent
sites contribute to the same coalesced plume. Also, the large power dependencies of the calculated heat
flux on the rise height mean that small errors in rise height result in a large change in the heat flux.
Calculations made using rise height, either directly or through buoyancy flux, inherently assume that
the plume is reaching its maximum rise height and is not being pushed over by currents. Strong
currents that reduce the rise height of the plume would therefore result in underestimates of the heat
flux. Subsequently the estimates made here should only be considered accurate on an order of

magnitude basis and serve to highlight the need for additional surveying at Rumble Ill. Estimates are
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however more constrained than previous estimates by Baker et al. (2003), due to the discovered

temperature anomaly. The thermal input to the oceans from hydrothermal venting is an area where data

are lacking (Helfrich and Speer 1995) and hence even the first order calculations made here contribute

to global ocean heat budget studies.

CONCLUSION

This study has found background current variability to be a likely contributor to the spatial

variability of hydrothermal plumes, consistent with previous studies (Rudnicki and German 2002;

Veirs et al. 2006). Modeling substantiates this, and despite model simplifications, results have been

used in combination with field measurements to draw the following conclusions about the Rumble 111

hydrothermal vent site:

Multiple plume layers exist above Rumble I11, centered at ~220-245, 330-350, and 420 m.
Hydrothermal plumes are advected to the north and northwest with changes in the direction
of background currents due to tidal variation.

Changes in background currents of 0.05 m s between repeat tow-yo transects and short-
term variability in source vent conditions could account for the 20 m change in rise height
measured for the upper plume layers.

Temperature anomalies can sometimes be detected in the region of the thermocline; an
anomaly of -0.38°C was measured at 236 m during TO9AOQ7.

Multiple vent chimneys are likely, with sites at both 330 m and depths greater than 420 m.
Source temperature and combined source radius have been estimated allowing heat flux

calculations of 107+ 7 MW.
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The discovery of temperature and salinity anomalies at such a shallow submarine volcano
supports increased investigation of these parameters at other shallow vent sites. Although high (perhaps
atypically so) ANTU may be required for these anomalies to be resolved against strong background
gradients, the potential to provide information about source characteristics and temporal variability
should not be underestimated. These anomalies have allowed for further estimations of heat flux at
Rumble I11 which enables improved estimates of the total heat flux over the entire Kermadec arc and of
the hydrothermal contribution to the global ocean heat budget.

This study highlights the inherent variability of hydrothermal plumes and their distribution in
the water column. Significant differences were measured on time scales of that of a tidal cycle,
showing the need for caution when drawing conclusions about hydrothermal venting based on one
snapshot of the plume. Short-term variation in both chemical and physical anomalies, as measured in
this study, can lead to inaccuracies in calculations of, for example, heat flux or trace metal
concentrations, at a particular site. Calculations based on rise height are likely to underestimate the
hydrothermal heat flux where background currents are acting to push the plume over, and varying
currents will lead to variable estimates of the heat flux. It is therefore recommended that where
possible, future studies involve time series measurements, particularly when trying to determine the

contribution of hydrothermal venting to global ocean budgets.
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APPENDIX

Table 1: Measured characteristics of hydrothermal plumes at Rumble 111 during TO9A06 and
TO09AO07 with an assumed vent source at 330 m just below the summit of Rumble I11.

TO9A06 TO9AOQ7
Maximum rise height (depth) 100 (230) 125 (205)
of plume (Zmax) (M)
Height (depth)of maximum 85 (245) 94 (236)
anomaly (Zanom) (M)
Temperature anomaly (°C) -0.07 -0.38
Salinity anomaly -0.02 -0.11

Table 2: Modeled characteristics of hydrothermal plumes above Rumble 111 based on
calculations using the Speer and Rona (1989) buoyant plume model. The height of neutral
buoyancy has been determined based on where plume density is equal to ambient density. Where
model calculations are consistent with measured plume characteristics, values have been
highlighted in bold and buoyancy flux (m*s®), and heat flux (MW) have been calculated.
Calculations have been carried out based on a source depth of 330 m, for a range of source
temperatures (To) and total source radius.

Total Max rise Height of Temperature  Salinity Buoyancy Heat flux
source height (m)  neutral anomalyat  anomalyat flux (m*s®)  (MW)
radius (m) buoyancy (m)  Zanom (°C) Zanom

To=100°C

0.4 116 87 -0.50 -0.10

0.5 128 92 -0.38 -0.10 53x10% 124
0.6 140 102 -0.26 -0.10

To =200°C

0.3 122 90 -0.43 -0.10

0.4 140 102 -0.25 -0.10

0.35 131 121 -0.34 -0.10

0.33 128 92 -0.38 -0.10 4.9 x 10 114
To=300°C

0.2 112 85 -0.52 -0.10

0.25 124 91 -0.41 -0.10

0.3 136 100 -0.29 -0.10

0.26 127 92 -0.38 -0.10 4.7 x 107 106
To=400°C

0.2 120 90 -0.44 -0.10

0.25 134 99 -0.31 -0.10
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Table 2 continued:

Total Max rise Height of Temperature  Salinity Buoyancy Heat flux
source height (m)  neutral anomalyat  anomalyat flux (m*s®)  (MW)
radius (m) buoyancy (m)  Zanom (°C) Zanom

To =400°C

0.3 147 109 -0.17 -0.10

0.22 126 92 -0.39 -0.10 45x 107 100

To =500°C

0.1 94 71 -0.69 -0.11

0.2 127 92 -0.37 -0.10 4.7 x 107 102

0.3 156 115 -0.06 -0.10

Table 3: As for Table 2 but with source depths of 450 m and 310 m. Although a rise height of
245 m and 105 m respectively, (required to match field measurements) can be produced, the
modeled temperature and salinity anomalies are not consistent with field measurements, and
hence heat flux and buoyancy frequency have not been calculated.

Source Total Max rise Height of Temperature  Salinity

depth (m)  source height (m) neutral anomaly at  anomaly at
radius (m) buoyancy (m)  Zanom (°C) at Zanom

T =200°C

450 0.8 219 170 -1.27 -0.20

450 1.0 238 182 -1.11 -0.20

310 0.2 99 71 -0.34 -0.08

310 0.25 110 80 -0.22 -0.08

T =300°C

450 0.7 226 176 -1.20 -0.20

450 0.8 238 182 -1.10 -0.20

450 0.9 249 193 -1.00 -0.20

310 0.1 79 61 -0.51 -0.08

310 0.2 110 80 -0.22 -0.08

310 0.3 136 99 0.11 -0.08

T =400°C

450 0.7 240 184 -1.08 -0.20

450 0.8 253 196 -0.97 -0.19

310 0.15 103 74 -0.29 -0.08

310 0.2 119 89 -0.11 -0.08

T =500°C

450 0.6 237 181 -1.1 -0.20

450 0.7 252 195 -0.98 -0.19

310 0.1 90 68 -0.42 -0.08

310 0.2 127 94 -0.01 -0.08
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Table 4: As for Table 2 but with varying source velocity and source radius.

Total Source Max rise Height of Temperature Salinity Buoyancy
source velocity(m) height (m)  neutral anomalyat anomalyat  flux (m*s?)
radius (m) buoyancy (m)  Zanom (°C) at Zanom

To =300°C

0.25 0.2 106 81 -0.58 -0.10 2.2 x 102
0.25 0.4 124 91 -0.41 -0.10 43x10°
0.25 0.8 148 110 -0.16 -0.10 8.7x 107
0.18 0.8 125 91 -0.40 -0.10 4.5x 10
0.25 1 156 115 -0.06 -0.10 10.8 x 10
0.1 1 101 78 -0.62 -0.10 1.7x10%
0.16 1 125 91 -0.40 -0.10 4.4 x 107
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