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Abstract

This thesis assesses the dispersal of the hydrothermal plume at the Au-
rora Vent Site in the Arctic Ocean, based on observational data and com-
plemented by a numerical ocean model. The theoretical background of
hydrothermal plumes in the Arctic is presented and the methods used
are explained. This includes the processing of data acquired froma CTD
probe, water samples and an oceanographic mooring with respect to the
hydrographic setting and to the tracers for identi cation of the hydrother-
mal uid. In addition a setup for simulating the plume dispersal with the
Regional Ocean Modelling System is described. The observational results
reveal a plume that ascends up to a height df200 mand spreads later-
ally to atleast a distance 02500 m although a strong core is con ned to
much smaller area. The plume dispersal is highly inhomogeneous for the
di erent investigated tracers. This, as well as the small horizontal extent
is explained by the presence of slow currents that are altered by tidal or
inertial oscillations. A similar vertical extent can be obtained from the
model simulation. However in regards to the currents and horizontal ex-
tent, the simulation shows large discrepancies compared to the observa-
tions, therefore suggestions for improving the model setup are presented.
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Chapter 1.

Introduction
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Figure 1.1.: Schematic of a hydrothermal vent system. Water gets entrained into the upper crust,
where itis heated by magma sources, which often occur along spreading ridges. When
the uid exits, it is hotter and carries a variety of chemical species. As it rises it mixes
with surrounding water and cools down until it reaches a layer of the equilibrium
density. There it spreads out laterally and particles can precipitate. Modi ed from

[5].

Hydrothermal venting is a key process for investigating sea oor-ocean interactions. It de-
scribes the process by which seawater is entrained into the crust and forced out again by
heat sources, often occurring at oceanic ridges. Hydrothermal venting plays an important
role for the ux of heat and chemical species such a3He from the lithosphere to the ocean
[9][3]]. The discharged hydrothermal uid features a very di erent composition than the
surrounding seawater, reacting with the host rocks and becoming enriched in dissolved
minerals and gases. Due to its higher temperature, it is less dense than the surrounding
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seawater and rises, forming the hydrothermal plume. As it mixes and cools during its
ascent, the uid reaches a density equilibrium and spreads horizontally with the ocean
currents. This process is illustrated in Figurel.1. The hydrothermal plume also modi-
es classical oceanographic properties/]Jand the uids can be the basis for vent speci c
ecosystems based on microbial communities that feed on the dissolved gased.|

In the past the abundance of hydrothermal venting was attributed to the spreading rate of
oceanic ridges []. However, discoveries on ultra-slow spreading ridges proved otherwise
[19]. With the plume rise height being dependent on the heat ow from the vent, obser-
vations of the plume can provide further insight into into this question, as well as into the
geologic environment, such as the host rock composition or geologic activity. One such
slow-spreading ridge is the Gakkel Ridge in the Arctic Ocean. It hosts the Aurora Vent
Field, one of the few con rmed hydrothermal vents in the Arctic, making it a highly in-
teresting target. A selection of ventsin this eld are displayed in Figure..2 The vent eld,
discovered in 2014, covers the ank of a seamount within the axial valley of the ridge. It
has been already targeted by several expeditions but is di cult to access due to year-round
sea ice cover.

e,

Arctic -Fox (left) & Narwhal

Figure 1.2.: Selection of di erent vents at the Aurora Vent Field. The images were taken during a
Remotely Operated Vehicle (ROV) dive at the expeditioRS137 Figure from [49].
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With all this in mind, this thesis aims to

" asses the dispersal of the Aurora hydrothermal plume in vertical and horizontal di-
mensions,

" estimate the heat ux of the Aurora Vent Field,
" and investigate its interaction with the hydrography on longer time scales

Itis mainly based on observational data, collected during the research crui®&137aboard
RV Polarsterrin 2023. To complement these observations, a numerical ocean model is uti-
lized, which together with data from a one-year mooring deployment on site, allows for a
longer time period to be investigated. The plume dispersal is simulated with the Regional
Ocean Modelling System (ROMS}{4], inspired by a similar study at the Endeavour seg-
ment of the Juan de Fuca Ridge{q].



Chapter 2.
Background

2.1. Hydrography of the Arctic Ocean and Gakkel Ridge

180°

Canada Basin

Figure 2.1.: Overview map of the major bathymetric features of the Arctic Ocean. Figure front].

The water column in the Arctic Ocean can be divided into a surface layer (approximately
Om 200 m), anintermediate layer 00 m 800 m) and a deep layer800 mto the bottom)[54].
The properties of the surface layer are controlled by ocean-ice and ocean-atmosphere in-
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teractions while the intermediate layer, separated by the Arctic halocline, is in uenced
by Atlantic water in ow through the Fram Strait into the Eurasian Basin. Strati cation in
the Arctic Ocean is governed by salinity. Sills, separating the Arctic from the other oceans,
cause the deep water to be highly isolated and homogenous(]. Near the Gakkel Ridge,
which divides the Eurasian Basin into the Nansen and Amundsen Basins, there is even
evidence of a lower layer of water that is also highly homogeneous but warmer than most
of the deep layer (see gure2.2). This e ect is caused by geothermal heating, where also
hydrothermal venting plays a role [LZ][56]. Horizontal transport in the Arctic basins is
mostly constrained by the height of the ridges separating the basins, such as the Gakkel
Ridge with a minimum water depth of 1350 m[17] or the Lomonossov Ridge separating
the Eurasian and Canadian Basins with a minimum water depth ofi700m The same
basins shape mostly cyclonic circulation patterns in the respective depthsd].
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Figure 2.2.: (a) Salinity and (b) potential temperature versus pressure at various stations in the
Arctic Ocean. Water masses in the di erent Arctic basins are highly homogeneous in
the deep and bottom layers belowl700 m Measurements at stations in the Nansen
(NaB, blue) and the Amundsen Basin (AmB, green) next to the Gakkel Ridge show
also a small increase in potential temperature towards the sea oor due to geothermal
heating. The other stations are denoted as following: Canada Basin (CaB), Makarov
Basin (MaB), North Pole (NP), West Spitsbergen Current (WSC), Greenland Sea (GrS),
Iceland Sea (IcS) and Norwegian Atlantic Current (NaC). Figure from6).

The hydrography within the valleys of mid-oceanic ridges such as the Gakkel Ridge is
poorely studied, with only sparse hydrography observations available. This is especially
true for the Arctic Ocean and the Gakkel Ridge. Investigations at the Mid-Atlantic Ridge
revealed complex current systems that are strongly impacted by the topography. Observed
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featuresinclude mean ows along the valley axis and subsequentrecirculation, in ow into
the valley across the anks, enhanced diapycnal mixing through topography interactions
and oscillations at tidal and near-inertial frequencies$4][ 5¢], which in principle can also
be expected to play a role at the Gakkel Ridge.

2.2. Hydrothermal Plume Structure

When the hot hydrothermal uid enters the ocean, it has a higher temperature and there-
fore a lower density than the surrounding water. This density di erence causes the uid
to ascend. In the most idealistic model with a constant density ocean it would rise perma-
nently, but several factors in uence the propagation, which can be described as irB{):
First, the shear stress at the boundary between the plume and the surrounding water cre-
ates turbulence that entrains more dense water into the plume as shown in Figur2.3.
This dilutes the plume and reduces the overall density of the uid as it rises. Second, in
a realistic ocean the surrounding water is strati ed, so the density changes with depth.
The plume therefore reaches an equilibrium at a certain depth, where the density of the
horizontal layer is equal to the density of the (already mixed) plume and stops rising. The
momentum of the ascending uid can cause an overshoot above the equilibrium layer
and a subsequent fall back. Finally, cross- ow currents can modify the entrainment rate
and therefore the density change and also the general propagation direction of the plume
[35]. The ascending part of the plume is often referred to as the rising or buoyant plume,
while the part which already reached a density equilibrium is the e uent or non-buoyant
plume. In the non-buoyant part, the plume spreads laterally along isopycnals by horizon-
tal advection and can extend over large distances.

The maximum rise heightz,,, of the plume allows the calculation of the heat ux as a
measure for the amount of energy leaving the sea oor by hydrothermal venting as shown
in[ 39 and summarized in [16]. It can be measured with reasonable e ort. The rise height
Zmnax Can be described based orvf] as

F 14
Zoax =5 021 N™3-4 (2.1)

where 5 is an empirical constantF is the buoyancy ux and N is the Brunt-Vaisala fre-
guency. N describes the stability of a uid parcel in a strati ed medium. When the uid
is vertically displaced, it experiences a restoring force resulting in an oscillation with the
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Figure 2.3.: Schematic of the entrainment of surrounding water (white) into the rising plume
(black) by turbulence at di erent states of time (T1-T3). The upward arrows repre-
sent the resulting horizontal structure of the momentum. Figure from [39).

frequencyN. Itis given by

gd .z/
0 dz

N2 =* (2.2)
with g as the gravity acceleration factor, ; as the background density near the source
as the reference density ané’f as the change of density with depth. In this work, the
density gradient is not expressed as the in-situ density but the potential density anomaly

. Itis now possible to calculate the heat uxH of the vent from the buoyancy ux F, as
described in [50] by

H = 2P (2.3)
g

wherec, is the speci ¢ heat capacity ofthe uidand is the thermal expansion coe cient.
This results in the heat ux being
% Z 4

0Zmax 7 N3 (2.4)

H= 5

d .z/

and depending on the measurable quantities,, z,,, and -
z
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2.3. Hydrothermal Plume Tracers

The detection of hydrothermal plumes and their intensity and dispersion can be observed
by several tracer quantities, which are brie y described in this section. All of these tracers
can vary for di erent vent sites and their observability depends on the composition of
the surrounding water mass. In most cases, the di erences between the plume uid and
the surrounding water mass decrease with the distance from the ori ce towards small
di erences to no di erences in the equilibrated, non-buoyant part due to entrainment
and mixing. Therefore it can be useful to examine these quantities as the deviations
from the expected water mass without plume in uence.

Temperature, Density and Salinity

Since the buoyant part of the hydrothermal plume is exerted with a higher temperature
T and lower density than the surrounding water, these two quantities can be used as
plume tracers, as shown in §7]. Salinity S o ers the same possibilities for some sites, but
may also be lower in the plume. The potential temperature denotes the temperature
of a uid parcel that is moved adiabatically to a reference pressure (usually sea surface
pressurep,). This allows for a better comparison of temperatures at di erent pressures
and therefore di erent depths.

The water density is a function of salinity, temperature and pressure:
= .S;T;p (2.5)

For itis often convenient to subtract the density of pure water and present the density
anomaly :

=. *1000kg_m?¥ (2.6)
A similar correction as for the temperature can be applied to density, resulting in the poten-

tial density anomaly, which is the density anomaly calculated from potential temperature

= .S, :pd (2.7)
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This does not take into account the pressure e ect on salt and temperature expansion
coe cients, which leads to the dependence

,= .S;;p/ (2.8)

with p as a value in the pressure range of interest.

The salinity Sis derived by comparing the measured conductivity of the sample with the
conductivity of a standard solution and is often given in practical salinity units PSU
which is a dimensionless quantity. The calculations for these properties can be found
in the TEOS 10 standard 9. It is important to note, that some software modules used
for processingSeaBirdCTD data still use the old standard, EOS 8([).

Electron Reduction Potential

Hydrothermal uids can be characterized by an increased amount of reduced chemical
species. Their reactive potential can be measured as the electron reduction potential, in
short E;, [6]] (also called ORP). Sensors fdE,, are subject to strong drift and hysteresis
e ects, as well as long response and relaxation times, which presents challenges when
comparing di erent measurements. It is useful to analyze not only the direcE, values
but the time derivative [1(], denoted in here asdE;,_dt. This allows for a better compar-
ison, because the in uence of drift and and partially hysteresis can be countered. For an
increase in reduced species in a uid, such as in a hydrothermal plumek,, decreases,
resulting in negative values indE,/dt.

Turbidity

Turbidity is a measure for the amount of particles in the water. Hydrothermal uids often
carry dissolved matter and transport them during their displacement, where they eventu-
ally precipitate out as particles. Turbidity can be measured with a nephelometer, which
consists of a light source and a light detector. The more particles there are in the water in
front of the source, the more light is scattered back to the detector. The amount of light
scattered back is expressed in nephelometric turbidity units (NTU).
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Helium Isotope Ratio

Helium in the Earth system can be characterized by the rati® of the stable isotopesHe
and “He with R, as the characteristic ratio of atmospheric helium. As described in’f],
helium uxes into the ocean that alter the equilibrium between oceanic and atmospheric
concentrations consist mainly of the uptake of atmospheric heliumR = R,) by turbulence
at the surface, the decay of tritium from anthropogenic sources to tritiogeniéHe and
the supply of primordial 3He from the crust and mantle material. Therefore the isotope
ratio is altered by the later two in the deep sea and one can utilize increased ratios as a
tracer for primordial helium supply if the tritiogenic contribution is known. Primordial
helium uxes to the ocean occur at discrete locations which can be volcanic hotspots or
mid-oceanic ridges. On these ridges hydrothermal circulation is a part of this ux and
the hydrothermal uid is enriched with primordial 3He so the isotope ratio of the uid is
changed. This di erence is described by the quantity *He with
s, _  He ‘He

He = HT 11 100 (2.9)
The helium isotope ratio is not altered by chemical or biological processes in the ocean,
making it an inert tracer for hydrothermal uids, that can also be used as a dilution factor.

2.4. The Gakkel Ridge and the Aurora Vent Field

The Gakkel Ridge as an ultra-slow spreading ridge features a spreading ratd 46 mm_y
135mm_y in the area of interest, the western volcanic zone45]. Previous studies at-
tributed the frequency of hydrothermal vent sites per ridge kilometreF, linearly to the
spreading rate of the ridge but these studies were mostly based on medium to fast spread-
ing ridges [7][8]. However, research about the Gakkel and the South West Indian Ridge
(SWIR) show that this relationship does not hold for ultra-slow spreading ridges, when
the magmatic delivery rate is also considered: WheR, is normalized by the magmatic
delivery rate, the very low magmatic heat supply at the Gakkel Ridge leads to a high nor-
malized site frequency as can be seen in Figu24. This implies that ultra-slow spreading
ridges are much more e cient at sustaining hydrothermal venting and suggests that the
abundance of venting is controlled not only by the spreading rate, but by also other, par-
tially still unknown factors [ 8][ 9].
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Figure 2.4.: (a) : For the site frequency in relation to the spreading rate, the ultra-slow spreading
ridges align in the linear trend. The gray squares mark individual ridges or ridge seg-
ments with 10.1 and 10.2 as the South West Indian Ridge and 11 as the Gakkel Ridge.
For the blue and red markers, the data are categorized by spreading rate categories,
with the solid symbols as mean values and the open symbols as maxima and minima,
where available. The solid line shows a least squares regression t with the dashed
lines as95 ~ con dence intervals.

(b): The site frequency normalized by the magmatic heat budget is much higher

for ultra-slow spreading ridges, suggesting that factors other than the spreading rate
alone control the abundance of hydrothermal venting at ultra-slow spreading ridges.

Figures from [].

The Aurora Vent Field is located at the southern part of the Gakkel Ridge in the Arctic
Ocean (see Figure?.6), on the southeastern slope of the Aurora Seamount, which lies
within the ridge valley. The deepest point of the ridge valley next to the seamount is at
4390 m while the ridge anks reach up to 1000 mdepth on the east side and®700 mon
the west side, as can be seen in Figutz5s.

With rst evidences documented in 2003 during the AMORE expedition 19, the rst
hydrothermal vent at Aurora was discovered by a combination of dredge hauling, CTD
measurements and observations by the Ocean Floor Observing System (OFOS) during
the PS86expedition at 82:897 166 N, 6:255 333 W at a depth of approximately3900 m
[13]. Further expeditions returned to the vent eld, discovered more vents at the site and
retrieved oceanographical, biological, chemical and geological samples with ROV support

[49].
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Figure 2.5.: Bathymetry along the latitude of 82897 168 at the location of the Aurora Vent
(marked with a red star). Data based onZq].
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Figure 2.6.: Location of the Aurora Vent Site (red) discovered during the expedition PS86§] and
other observed hydrothermal plume signals along the Gakkel Ridge from the AMORE
expedition [19]. Figure from [47].

Although several expeditions have already targeted the Aurora Vent Field, data on the hy-
drothermal plume dispersal are still sparse. Seaice covers the location year-round, making
it di cult to conduct instrument work on a xed location. The ship's manoeuvrability

is limited by drift direction and speed of the ice, which leads to short observation time
frames for instruments such as ship-borne CTDs, ROVs and camera sleds. To counter the
low temporal resolution of measurements (ship expeditions are also only possible in sum-
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mer) a mooring consisting of CTD logging instruments and acoustic current meters was
deployed at the vent site between summer 2022 and 2023].

Previous observations of the Aurora plume revealed di use venting with clear, shimmer-
ing water associated with low temperature venting as well as high temperatureg (300YC)
uid colored dark by metal sul des. Water samples contained elevated amounts of hy-
drothermal tracers such as primordial helium, methane and manganese at depths between
2800 mto 3700 m[27].
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Observational Methods

3.1. CTD Operations
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Figure 3.1.: (a) Principle of Tow-Yo operations. As the ship moves forward and the CTD is lowered
and heaved a larger area is covered, resulting in a cross-section-like pro le. MAPRs,
which are mounted on the cable above the CTD, increase the vertical resolution.
The chance to measure the hydrothermal plume is increased, especially for the non-
buoyant part, which spreads horizontally over larger distances. Based o[

(b): Recovery of the CTD rosette. Operation may be restricted by the presence of ice
cover, which can limit the ships maneuverability or cause sudden stops of deploy-

ments.

One of the the main strategies to investigate hydrothermal plumes is the use of a ship-
borne probe, measuring conductivity, temperature and depth (short CTD). The principals

14



Observational Methods 15

of operation as used on the cruis®S137are described in this section and are fully doc-
umented in [49). The CTD surveys aimed to assess the spatial distribution of the plume
in horizontal and vertical dimensions, as indicated by the tracers described in Secti@n3
and to subsequently allow conclusions about the hydrothermal activity at this part of the
Gakkel Rigde. Additionally the surveys guided the collection of water samples for further
biogeochemical analysis such as for’He.

Instrument Setup

The CTD probe is a multi-sensor package that can be lowered from a research vessel and
provides real-time data as well as the option to collect water samples with the so-called
rosette. Additional sensors can be mounted on the system, where the relevant for hy-
drothermal plume research are the sensors for electron reduction potentialgf) and tur-
bidity. The CTD sensor setup is documented in Tablé.1. The CTD features two sensor
groups providing independent measurements of temperature and conductivity, which are
the basis of the derived quantities for plume anomaly detection. These can be compared to
verify the basic functionality. If the results are similar for both sensor groups itis su cient

to base the investigation in this work on one of these groups alone.

The CTD is complemented by Miniature Autonomous Plume Recorders (MAPR)[which
also measure temperature, pressure, turbidity anB,, but are self-contained and mounted
on the cable above the CTD for each deployment. This increases the vertical spatial reso-
lution. The CTD-based sensors measure with a resolution @4 Hzwhile the MAPRs were
set t00:2 Hz due to battery limitations. The MAPRs and theE,, sensor for the CTD during
PS137wvere provided by Sharon WalkerPaci ¢ Marine Environment Laboratory (PMEL)
The turbidity sensor on the CTD was not operational during cruis€®S137 so only turbid-

ity measured by the MAPRs is considered in this work. The sensors were sete gain
which corresponds to a measurement range @00 NTU. The underwater position of the
CTD rosette was georeferenced by an acoustic position tracker. Additionally, at some CTD
stations a self-contained acoustic current metemNortek Aquadopp) was mounted on the
rosette for current measurements. At one of these stationBS137-028-0%he CTD rosette
was stationary in the vertical for a duration of approximately?2 h and 20 min. Only for this
station the current measurements of the Aquadopp instrument are used.
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Observation Strategy

When searching for plumes, the CTD is deployed in a special way: As the ship moves
forward at a speed of0 to 3kn, the CTD is lowered and heaved repeatedly like a yo-yo,
travelling along zig-zag fashioned pattern across the area of interest. Because it is towed
behind the ship, this operation is called "Tow-Yo" or, if the ship movement (and CTD oper-
ation) is restricted by the surrounding ice oes, a "Floe-Yo". Tow-Yos increase the chance
of intersecting the plume compared to a stationary CTD cast, as sketched in Figusel
The area of interest can therefore be surveyed systematically for hydrothermal plumes.
The tracks of CTD Floe-Yo's orPS137are shown in Figure 3.2
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Figure 3.2.: Tracks ofthe CTD stations at the Aurora Vent Field during cruiséS137 The numbers
denote the station number (see Tabl&.1) and the downward (O ) and upward (E )
pointing triangles indicate the start and end points of the track. Tracks with positions
from the acoustic tracker are represented as solid lines, where these are not available
the ship's position is shown as a dashed line.

The presence of di erent water masses and thus of hydrothermal uid can be detected in
real time by the change in the measured quantities. Turbidity, as the amount of particles
in the water is expected to increase, as well as the potential temperature anomaly .
The electron reduction potential E;,) also changes, but can only be measured as a relative
guantity, without comparison to a reference point.
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Figure 3.3.: Overview of the vent site marked by the red star and the background statidAS137-
018-01to the south of it marked by the black star and its locations along the Gakkel
Ridge northeast of Greenland. The bathymetry data are taken from2{).

The data from the CTD stations listed in Table3.1 are presented and evaluated in the
following chapters. StationPS137-018-OWas intended as a background measurement
at a location where no hydrothermal plumes were expected, abodi7:5 NM (or 325 km)
away from the Aurora site, as can be seen in Figuré.3.

3.2. Helium Isotope Sampling

To determine the helium isotope ratio, water samples are collected using the water sam-
pling system attached to the CTD rosette. The helium isotope ratio is the most inert and
therefore the most reliable tracer of hydrothermal uid, so 3He results from discrete wa-
ter samples can complement the real-time CTD data to assess the spatial distribution of
the plume. Niskin sample bottles can be closed remotely, with the time of closure usu-
ally guided by the real-time measurements of the other quantities. Immediately after the
rosette arrives back on deck, water is sampled from the Niskin bottles into airtight cop-
per tubes and analyzed post-cruise at thelelium Isotope Laboratory BremenThere the
concentrations of3He and *He are measured in a mass spectrometer which givesHe
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Station Location MAPR Aqua- Helium Position Comments
dopp data
Lena Trough intended as
PS137-018-01 82609672N | X X X
) background
5:886 912W
PS137-022-01 Aurora
PS137-026-01 Aurora X X X
PS137-028-01 Aurora X X X X
PS137-033-01 Aurora X X X X
PS137-036-01 Aurora X X X X
PS137-041-01 Aurora X X
PS137-054-01 Aurora X X X X
PS137-055-01 Aurora X X X X

Table 3.1.: Overview of the CTD stations and their measurements. Stations that had to be aborted
are already excluded. StatioPS137-018-0Otvas intended as a background station with
a large distance to the Aurora site. Based onl].

3
as the deviation of the4:—e ratio from air in percent. The principle of the analysis is de-
e

scribed in detail in [55]. The in uence of tritiogenic *He and possible deviations from the
atmospheric ratio are not considered in this quantity and have to be discussed separately.

3.3. Vent Sampling

The Nereid Under Ice (NUI) deep submergence vehicle from th&/oods Hole Oceano-
graphic Institution (WHOI) sampled a high-temperature vent uid and measured temper-
ature directly from the ori ce of a vent in the Aurora Field, providing a less ambiguous
description of the plume uid properties than compared to CTD surveys. The uid sample
was taken with a uid sampler developed by Je SeewaldyWHOI and analyzed post-cruise
for the helium isotope ratio in the Helium Isotope Laboratory Bremersimilar to the water
samples described in Sectioi.2. The measurements from this sampling are not the focus
of this work, but are used for discussion in Chapteb.
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(@) (b)

Figure 3.4.: (a) NUI vehicle being recovered after a dive.
(b) NUI vehicle sampling the exiting hydrothermal uid next to the Lander site.
Pictures courtesy of the PS137 NUI team. Copyright WHOI.

3.4. Mooring

Y Aurora Vent Site
—— 512 at 3064m
506 at 3215 m
—— Aquadopp at 3220 m

—2000 { —— 569 at 3366 m
— 474 at 3572 m

—1000 A

Inm

Depth

—3000 A

—4000 A

—10 -9 -8 -7 -6 -5 -4 -3 -2
Longitude

Figure 3.5.: Depth of the four current meters of the mooring and the Aquadopplmeasurement of
the CTD in relation to the bathymetry along the latitude 0f82:897 168 at the position
of the Aurora Vent (marked by the red star). Data based orvf].

Vessel-based methods such as the CTD system are limited to a short time period, during
the visit of the site. Therefore they were complemented by a series of moored instruments
that measured hydrographic properties at the vent site more continuously for almost one
year, providing a long-term context for the CTD observations and more data on the general
hydrographic conditions. The mooring was deployed between 25/07/2022 and 02/07/2023
at the site at82:897 766 N and 6:250 716 W and consisted of four acoustic current meters
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and ve CTD loggers (setup in TableA.2). The position of the four current meters relative
to the a bathymetry cross section is shown in Figur8.5. For more documentation see$”]
and [49).

3.5. Data Processing

The data collected from the observations were processed in di erent ways, depending on
the device used. The complete software documentation can be found il

CTD & MAPR Data

The data collected with theSBE 911plusCTD were rst processed using theSeaBirddata
processing software according to the manuab[] with the following modules:

A

Raw les were converted to ASCII readable les.

All measurements except turbidity andg,, were Itered with "Wild Edit" based on
the departure from the standard deviation.

All measurements except turbidity andg,, were ltered with "Filter” with a low pass.

A correction to the conductivity measurements was applied to both conductivity sen-
sors with "Cell Thermal Mass".

The measurements during each sample bottle closure were extracted into a separate
le with "Bottle Summary".

" All measurements were averaged ta sintervals with "Bin Average".

Additional data processing was done irPython This includes the merging of the CTD
measurements with position data from the ship's navigation system and from the acous-
tic position tracker based on timestamps. In the acoustic tracker data timestamps were
corrected manually and outliers in the position were excluded based on the interquartile
range. The position data and the helium data from the laboratory analysis were merged
with measurements during bottle closure based on the timestamp.
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For the MAPR data, binary les were converted to ASCIlI-readable les, the pressure was
corrected by a reference pressure before deployment and data before and after the deploy-
ment was removed. Again, position data was merged based on timestamps.

Various hydrographic properties such as potential temperature and potential density
derived from the in-situ measurements were calculated with th& SW-Pythortoolbox [24].
Since the MAPRs are not equipped with conductivity cells and therefore cannot measure
salinity, their and 540, results are calculated based on an averaged salinity pro le over
all stations conducted at the vent site. For the plume tracer quantities several methods
were employed which are described below in Chaptes.5.

While conducting stationsPS137-018-0and PS137-028-0the CTD rosette was stationary

in the vertical at 3200 mfor about 2 h and attached pumps for microbiological experiments
were run (see [19)). This sections are excluded from the CTD data and discussed separately
due to possible measurements errors and are further referenced@§13-018-01-levahd
PS13-028-01-levedspectively.

Plume Anomalies

Two di erent approaches to calculate the potential temperature anomaly were investi-
gated, where the rst is based on measurements from a reference station far away from
the vent site and the second based onthe relationship. The background statiorPS137-
018-01was located aboutl 7.5 nm south of the vent site, where no hydrothermal activity
was expected. The -depth relationship from this station is tted with a polynomial of a
high order (here an order ofl0was used) excluding shallower layers with high variabil-

ity (here above2000 m). This tis evaluated on the depth values of the station at the vent
site and the result is subtracted from resulting in the potential temperature anomaly

This approach will be referred to later as the background comparison.

The second method, based or], does not rely on such a background station. Here the-
s relationship in the deep layer (below2500 m) of the cast with the smallest anomaly in
each station is used as the basis for a third-order polynomial t. If a increase is neverthe-

less visible, that range is excluded from tting, as described in the example in Figur@.6.
The coe cients are used to calculate another -depth pro le which is again subtracted
from the original ,yielding . This will be referred to as the in-station comparison later
on. The most important aspects here are, that for the rst approach no plume in uence
at the background station and no other strong di erences in the compared pro les are
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assumed, while for the second method already the t can be modi ed by some plume
in uence in the measurement.

(@) (b)

Figure 3.6.: Example ts for the determination of utilizing the in-station comparison method
for station PS137-028-01
(a) Polynomial t (black) ofthe - zgggrelation (red). For the highest density values,
a positive temperature deviation is visible marking the in uence of the plume. For
stations with similar increases, this range is excluded from tting.
(b) Evaluatingthe tonthe pro le (red) results in anidealized pro le (black) with-
out the in uence of the increase visible in Figure3.6a The deviation is de ned as
the resulting potential temperature anomaly . Itis visible, that not all plume in u-
ence could be removed from the idealized pro le, causing the increase in between
3000 mand 3600 m

To useE;, measurements from thek,, sensor as a plume tracer, the discrete di erence for
the last30 sis calculated. Thisis equivalent to 30 values for the CTD and six for the MAPR
data. The di erence divided by30gives the averagedE,/dt in mVs .

Anomaliesin 3He were calculated by subtracting the mean a&146 ~of all samples at the
background station below900 m, because shallower samples are often altered by surface
processes.

Finally the turbidity anomaly is also calculated in two ways: First, as the di erence to the
background station and second, as the di erence from the mean of each pro le and per
instrument in the range of 1000 mto 2700 m Water masses above this layer are assumed
to be in uenced by surface and photic zone processes and below by possible vent uid.



Observational Methods 23

Outliers were removed based on the interquartile range and then the data were smoothed
with a Savitzki-Golay Iter before averaging.

Agquadopp Data

The current data of the stationary measurement conducted with the rosette-mounted Aqua-
dopp were merged with the position data of the acoustic position tracker based on time
stamps. The horizontal velocity componentsl and v were then corrected by the velocity
calculated from the position change of the CTD rosette.

Mooring Data

The speed and direction data from the four RCM11 acoustic current meters were exported
from the instruments as binary values and then scaled to the the instruments resolution
range. Gaps in the timestamp data were lled by linear interpolation. For some sections of
the analysis theu and v components were ltered with a 24-point Hanning window. The
spectral analysis was performed using J. Lilly's Ocean / Atmosphere Time Series Analysis
toolbox [36]. Positive and negative rotating components were ltered with the multitaper
method as implemented in [16] with the time-bandwidth product P = 16 as the parameter
controlling the number of adjacent frequencies used for the lter. The tidal frequencies

f riges @re taken from [2€] and the Coriolis frequencyf ¢ is calculated based on a latitude
of 82%.



Chapter 4.

Regional Ocean Modelling System

The Regional Ocean Modeling System (ROMS){] is a numerical primitive equation
ocean model, that uses terrain-following vertical and orthogonal-curvilinear horizontal
coordinates. The ROMS model o ers a variety of di erent con gurations and adjustments
as well as coupling with other models such as icel[5] or biological ones [23]. Input les
such as the grid con guration and boundary forcings can be supplied by commonetCDF
format les.

This section describes aspects that are central to the simulation of the dispersal of the Au-
rora plume. The con guration of the model framework was guided by a study about the
plume dispersal at the Endeavour segment of the Juan de Fuca Ridg&] and in corre-
spondence with its author. It is important to note that this is neither a documentation
of all the options and capabilities of ROMS nor a complete description of the test setup,
as that would go beyond the scope of this work. For the former, thROMS Wiki and the
ROMS forum provide extensive information, for the latter, the model setup can be found
in the appendixB.2.

4.1. Time-Stepping and Output

For this work the setup is run with a time step length of1 sfor 669 600steps corresponding
to 31 days The data is written to an output le averaged over900time steps resulting in
744time steps in the output data.

24
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4.2. Modeling Domain and Bathymetry

The construction of the grid is documented in this section. The grid construction is done
using the MATLAB toolbox GridBuilder [31].

The location of the domain is chosen in a way, that main bathymetric features are included
but also that the edges don't intersect with steep sea oor changes. The grid is orthogonal
with a resolution of 256+« 256 cells, with each cell having a side length c80m « 83 m
with the location of the domain being shown in Figure4.1a

The bathymetry datais taken from 5] and was collected using a ship-based echosounder.
This bathymetry data is the basis for the ROMS terrain-following verticab coordinate,
showninFigure4.1 To avoid steep changes between grid cells, the bathymetry is smoothed
by negative adjustment. This is controlled by the grid sti ness parameterx ,, which is a
measure of the change in the topography relative to the mean water depth for adjacent
cells [11]. The chosen target value forx, here is0:2.

The distribution of the vertical layers is controlled by several parameters: The number
of vertical layers as chosen by the user, the vertical transform algorithi¥, 4,storm » the
vertical stretching algorithm Vcn, the surface stretching parameter g and the bottom
stretching parameter . Viansiom transforms the depth coordinatez to the ROMS own
S-coordinate, while Vgecn CONtrols the depth-dependent stretching for each cell. For
Viansiorm » the transformation described in (5] under (2) is the ROMS default option (op-
tion 2) and for Vg,«cp the function described in [41] (option 4) and are the settings also
used here. The non-dimensional vertical coordinate in the model,, which has values be-
tween*1 andOis transformed accordingly to water deptle for the analysis if the results.
For an overview of the di erent options see also $5].

sand g control how much the cells near the surface or bottom are stretched. For this
grid, the properties are setto s = 0 and g = 3, to achieve a high vertical resolution near
the bottom. The distribution of vertical levels can be characterized by the Haney number
rx,. It describes how consistent a hydrostatic regime between the grid cells would be,
with values less then 6 being considered as usabl&d]. The grid properties for the grid
are summarized in Table4.1and Figure4.2
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(@)

(b)

Figure 4.1.: (a) The location of the modeling domain within the Arctic Ocean is marked by the
red square. Bathymetry data are taken fromZq].
(b) Bathymetry inside the domain based on§3]. The Aurora Vent Field is marked by

the red star. The domain consists of 256 256 orthogonal cells with a side length of
83me+80m.
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Vertical layers | 30

Vtransform 2
Vstretch 4

s 0

B 3
Orthog. error | O
Xo 0.2
X4 0.443

Table 4.1.: The main grid Figure 4.2.: Distribution of vertical layersin the
parameters. grid. Figure generated with [31].

4.3. Initial and Boundary Conditions

ROMS can start the simulation with initial conditions in the domain, which can be pro-
vided by analytical functions or by anetCDF le. While the rst option is useful for testing
purposes, in this case data from the 3-hourly time-averaged Global Ocean Physical Multi
Year reanalysis product 1] is used and interpolated to the ROMS grid.

The usage of boundary conditions is somewhat similar: it is possible to choose between
boundary conditions that act with or without external values. For the rst option, an ex-
ample would be a closed boundary. For the second option, external values have to be
provided as anetCDF le, like for the initial conditions. Here they are inferred from the
same data product as the initial conditions £ 1]. Ocean-atmosphere uxes for all variables
are setto zero as a simpli cation representing permanentice cover. The les forinitial and
boundary conditions were generated with daMATLAB script provided by G. Xu (see Ap-
pendix B.2). The vertical boundaries of the domain are speci ed as radiative and nudging
boundaries [40]. This allows property uxes in both directions across the boundary. The
properties inside the domain can radiate outwards and in the opposite direction the grid
cells at the boundary are nudged, i.e. in uenced by the speci ed boundary conditions
from the reanalysis data.
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4.4. Bottom Flux Forcing

ROMS can include additional forcingnetCDF les, that can be used to simulate the ux
input from a hydrothermal vent. For simplicity, the input is treated as a point source (e.g.
from one grid cell) and volume-less. The heat ux from the Aurora vent is estimated to
be 180 MW as inferred from the observed maximum rise height of the plume, based on
the plume tracerdE,,_dt measured by the CTD. The corresponding results are shown in
Section5.3 and the calculation is described in Sectior2.2. An additional forcing le is
used to describe the input of a passive tracer. This tracer represents the input of inert
3He through the vent system and is only advected between the grid cells but does not
interact with other properties. The amount of®He is quanti ed in this work in terms of
the 3He ratio (see Sectior2.3) but passive tracers in the model can only be described as
mass particles in the unit ofkg_m?3. Since this simulation focuses on the passive tracer
as a visualization aid for the plume uid dispersal, it is assumed for simplicity thatl ~ of
3He can be represented byt kg_m? of the passive tracer. Based on measurements at an
active chimney the amount of 3He which is delivered by the vent is assumed to b&50 ~.

Both forcings are prescribed as an input to the grid cell associated with the vent location for
each time step of the simulation, representing a continuous supply from the vent system.
The forcing les were generated using aMATLAB script provided by G. Xu (see Appendix
B.2).

4.5. Tidal Forcing

ROMS is able to infer the in uence of tidal forcing and incorporate it as a lateral force.
It is calculated from the gradient of the di erence between the sea surface and the sea
surface, if it were in equilibrium with the tide generating forces, go. The resulting accel-
eration of the water massa can then be described as

) s
)X

The equilibrium sea surface is calculated for each tidal constituent according t&].

a=*g

eo (4.1)

The tidal constituents are provided by the output of the Arctic Ocean Tidal Inverse Model
[20]. It is an assimilation and forward model on a polar stereographic grid withs km
resolution and provides gridded data for sea surface height and depth-integrated currents
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for the tidal constituents. For the assimilation, data from tide gauges and satellite radar
altimetry is used. The tide model output is written to ROMS input les in netCDFformat
using the otps2frc_v5.nscript provided by the ROMSVIATLAB suite [2].
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Results

The basis of this chapter is the evaluation of CTD measurements. Figusel shows exem-
plarily some of the plume tracers at one station at the Aurora Vent Field. As the properties
of seawater vary greatly near the surface and the shallower layer is not of interest here, itis
neglected for better presentation, as in most of the gures in this section. The depth curve
in black follows the lowering and heaving of the CTD rosette from the surface to the bot-
tom, then yoyo-ing in the suspected plume depth and back to the surface. The potential
temperature and potential density anomaly 3y, match this pattern, with di erent am-
plitude and orientation. Here 5,4, is calculated with the reference pressure 3000 dbar

In dE;,_dt there is an independent behavior: while it mostly varies around mVs™, at
one point the amplitudes become larger with a strong negative peak and a slow return
to the original level. This can be interpreted as a clear signal of a hydrothermal plume.
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Figure 5.1.: Depth, potential temperature , dE,_dt and potential density anomaly g0 Vversus
time. The measurements show the data belo@000 mfor station PS137-036-01

30



Results 31

For the other quantities, this depiction shows no such clear sign. If there are any in this
station, their magnitude appears to be too small to be visible in here, so they need to be
investigated in more detail.

5.1. Water Masses

The data measured by the CTD sonde can be analyzed in terms of the relationship between
practical salinity S and potential temperature , which allows for the characterization of
water masses by their potential density anomaly,, Figure5.2displays this relationship
for the data collected at the vent site while Figuré.2bis a close-up of the area of high 549
values. The characteristic relations of the di erent stations are mostly aligned with each
other with di erent levels of . The aforementioned high 554, region has the largest de-
viation between stations: For statiorPS137-041-01 increases relative to the overarching
curve between41:984 008 kg_m to 41:985 337 kg_mi, similarly for some data points of
station PS137-054-0but most strongly for stationPS137-033-03Some data points of the
stationsPS137-022-01PS137-026-04and especiallyPS137-028-04re located at higherS
values compared to the other stations.

Attributing the 3D geometric distance to the vent location to the data described above
shows, that some stations were conducted closer to the vent than others (Figused). But
the most interesting pattern can be observed in the close-up pf the highyyo,values: Here
the high S values correspond to measurements more thae000 mfrom the vent. Con-
versely, data points very close to the vent (less tha2b0 m) follow a similar distribution
with a curve of increased as those of stationPS137-041-0in Figure 5.2b The mea-
surements of stationPS137-033-08vith the strongest peaks are also close to the vent,
approximately 700 m In all gures the resolution of the sensor for determining salinity is
visible, as data points are distributed over some discrete x-axis values.
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@)

(b)

Figure 5.2.: (a) Practical salinity versus potential temperature with lines of equal potential den-
sity 3000 below 2500 mfor all stations at the vent site with the color indicating the

individual stations. The upper right corner shows the CTD tracks of Figure3.2 for
reference.

(b) Close-up of the high 35g¢region of Figure5.2a
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(@)

(b)

Figure 5.3.: (a) Practical salinity versus potential temperature with lines of equal potential density
3000 below 2500 mfor all stations at the vent site, where the color indicates the 3D
geometric distance to the vent.
(b) Close-up of the high 35g0region of Figure5.3a
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5.2. Vertical Extent

To investigate the vertical plume dispersal, the pro les of the plume tracers from the CTD
Floe-Yos are analyzed rst. The vertical extent or the maximum rise height,,,,, is also
important later to estimate the heat ux of the vent system as described in Sectioh.2.
The focus here is on examining the non-buoyant part of the plume and the usefulness of
di erent plume tracers.

The variation in the tracer quantities between di erent stations at the Aurora Vent Field,
as measured by the CTD sensor package, can be seen in Figbias vertical pro les plot-
ted against depth. In the potential temperature (Figures.4g variations are small except
between3000 mto 3700 mwhere some positive peaks are also visible. Interestingly, there
is no warmer bottom layer visible as described in SectioR.1. Variations in 3499 (Figure
5.4b) are also small compared to the overall change with the strongest at approximately
i3000 m and some small peaks around000 m dE,_dt in Figure 5.4calso shows a strong
variation, here between2800 mto 4000 mwith a maximum at i3300 m . The helium iso-
tope ratio 3He, determined from discrete samples and shown in Figurg.4d, has higher
values in a similar range adE,_dt with 2700 mto 3300 mand a maximum at approxi-
mately 3100 mwith over 13 ~.

The black lines in each of these plots in Figuré.4 show the measurements of the back-
ground pro le PS137-018-01The full background pro le is shown in Figure A.3. For

and 3y they roughly agree with the other stations, but there are some di erences:
The background curve between2500 mand 3100 mfollows the maximum temperature
curves atthe ventsite, butin deeper layers it follows the minimum curves, with di erences
of approximately0:01YC. A similar but inverted behavior is observed for g,0,Where den-
sities are lowest in the background fron2300 mto 3100 mand then higher than the other
pro les for depths below 3500 m The dE;,_dt background pro le varies mostly around
zero, with noise-like spikes in a range 00:01 mVs® and one large symmetric spike at the
lowermost measurement. The 3He background station features values betwee@~ to
8:5 ~ with a small maximum at 3100 m ThedE,,_dt background behaves similarly at the
deepest measurement.

Figure 5.5shows the same curves for the measurements of the three MAPR instruments
mounted on the CTD rosette cable. These contain about three times the amount of pro les
as the CTD measurements since for most stations three MAPRs were deployed. The po-
tential temperature pro le in Figure 5.5ais very similar to the CTD measurements, with a
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similar increase betweerB000 mto 3700 m 540 (Figure 5.5D) is also similar and follows
the background curve even more strictly . FodE,;,_dt in Figure 5.5cthere is also a similar
pattern with a strong decrease betweeB900 mto 3700 m But the pro les and especially
the background signal are much more spiky then in the CTD data. The background am-
plitudes are also larger. Turbidity data (Figures.5d) are only available from the MAPR
measurements. The data shown here have been smoothed and large outliers have been
removed. The signal here follows three di erent curves with di erent levels, the back-
ground curve follows two di erent curves. This corresponds to the di erent instruments
used, as most of the stations were conducted with three MAPRs while the background sta-
tion was conducted with only two. All curves follow a minimal baseline down to approx-
imately 2000 mand then increase to a higher baseline in the range &&000 mto 4000 m
Centered in this range at3100 mis a strong peak with up t00:057 NTU for the MAPRs
with the highest level. A similar behavior is visible in the background measurements, but
the central peak has a lower amplitude.

From these pro les can be concluded, thatdE,_dt, turbidity and 3He give strong hy-
drothermal plume signals in a similar range, which is not the case for and 3500 The
deviations in the rst three are clearly distinguishable from the rest of the pro le and
from the background pro le and give a plume signal with a maximum at approximately
3200 mand a minimum plume depth z,,,,, = 12800 m . Therefore,dE;_dt can be con -
dently used as plume tracers and also turbidity and®He with some adjustments, while
and 5g90need further detailed investigation.
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Figure 5.4.: (a) Potential temperature , (b) potential density anomaly 3qqq (C) dE;,_dt and (d)
3He versus depth of the CTD pro les. Measurements belo\2000 m(below 1000 m
for °He) from all stations at the Aurora Vent Field are superimposed. The black
curves show the pro les of the background stationrPS137-018-01
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Figure 5.5.: (a) Potential temperature , (b) potential density anomaly 3gq0 (C) dE;,_dt and (d)

turbidity versus depth of the MAPRs mounted on the CTD rosette wire. Measure-
ments below2000 mfrom all stations at the Aurora Vent Field are superimposed. The
black curves show the pro les of the background statiorPS137-018-01
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Plume Anomalies

To asses the deviations of the water column properties attributed to the plume in uence,
di erent methods need to be employed for di erent quantities:

The deviation in potential temperature is calculated by tting a polynomial function
tothe - jpogrelation, the in-station comparison method, resulting in an anomaly (see
Section3.5). In Figure 5.6these anomalies are shown for the measurements made by the
CTD and by the MAPR. Both show positive anomalies in the plume depth, up t0:005YC
and peaks up to approximately0:01YC. Above the plume depth, anomalies reach a min-
imum at 2900 mand increase again towards shallower depths. Below the plume depth,
the CTD data still feature some pro les with smaller anomalies, the MAPR data decrease
subsequently towards the sea oor.

Anomalies in ;g calculated by the background comparison show only small deviations
(see Figure5.7). They are in the order of,0 :001kg_n? in the expected plume depth.
Anomalies are also positive and negative around zero. In principle, density anomalies
would only be expected in the buoyant part of the plume and they should also be nega-
tive. Therefore 3449iS Not considered further in this section regarding the extent of the
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Figure 5.6.; Potential temperature anomaly measured by(a) the CTD and(b) the MAPR in-
struments at the Aurora Vent Field compared to the t of the background pro le. In
(b) the tis calculated for the pro le of the corresponding instrument taken at the
background station. The black line marks the level of zero deviation.
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Figure 5.7.: Anomalies in 3gggfor all CTD measurements at the Aurora Vent Field compared to
the t of the background pro le. The black line marks the level of zero deviation.

non-buoyant plume. 3yodata calculated from the MAPR temperatures is also neglected,
as it shows similar results (see Figuré\.1). In addition, the MAPRs lack salinity sensors
and 54g0is calculated using the salinity measured by the CTD, and is therefore not inde-
pendent of the CTD measurements.

3He is expected to be mostly constant through the water column, except for the in uence
explained in Section2.3. Therefore, only the mean at the background station, excluding
surface samples, is subtracted. Tritiogenic components inHe are estimated to be ap-
proximately 6 ~ based on tritium samples taken at the site in 20145]. Figure 5.8shows

3He where a background mean of7:146 ~ is subtracted. Due to the increased accumu-
lation of tritiogenic helium since 2014 this background seems reasonable. Most of the
Aurora samples show some positive anomalies with approximately~ and for one sam-
ple 6 ~ above the background. Samples below the non-buoyant plume depth are close to
or even below the background.

Anomalies in turbidity can be seen in Figure5.9. As one can already suspect from Figure
5.5d itis necessary to distinguish between the three di erent instruments when calculat-
ing the turbidity anomaly. The direct comparison with the background station is neglected
here for the same reason, but is further discussed in Sectiéghl The reference used here
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Figure 5.8.: Anomaliesin S3He for all CTD measurements at the Aurora Vent Field compared to
the mean of the background pro le. The mean is calculated ag:146 ~. The black line
marks the level of zero deviation.

is the deviation from the mean per station and instrument in the layer above and below
the expected plume depth (for details see Chapt&5). Positive anomalies in turbidity are
visible between2200 mand 4000 mfor some measurements. The central peak from be-
fore is limited to 3000 mto 3500 m Most of the pro les have peaks of up to approximately
0:015 NTU and one up to0:03 NTU .

Plume Simulation

The results of the ROMS simulation in Figure5.10show the daily averaged tracer con-
centration at the location of the simulated vent. Above2600 mdepth the concentration is
zero but below this depth maxima at3500 mcan be observed for the rst six days of the
simulation period. This would correspond to a minimum plume depthz,,. of approxi-
mately 2600 mwith a non-buoyant plume forming below. The curve formed by this tracer
maximum extends from2500 mto the sea oor while decreasing. For the subsequent days
the concentration is always zero abov8700 mfrom where it increases sharply towards
the sea oor with the overall highest values. A similar behavior is shown in Figure5.11,
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Figure 5.9.: Anomalies in turbidity for all MAPR measurements at the Aurora Vent Field com-
pared to the mean above and below the plume depth per station and instrument. The
black line marks the level of zero deviation.

where the concentration change over time is more clearly visible. It is particularly inter-
esting that the tracer layer is more clearly pronounced four days after the start, rather than
right at the beginning. There it also reaches a larger vertical extent. After the rst of Au-
gust the accumulation of the tracer at the bottom starts and becomes weaker with time
except for two small peaks close to the end of the simulation period.
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Figure 5.10.: Tracer concentration from the ROMS simulation at the location of the simulated
vent versus depth. Each line represents a daily average, with the darkest lines at the
beginning and the lightest at the end of the simulation period.

Figure 5.11.: Tracer concentration below2800 maveraged per hour from the ROMS simulation at
the location of the simulated vent versus depth and time during th€1 day simula-
tion period.
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5.3. Heat Flux Estimate

The maximum rise heightz,,,, of the plume can be inferred from the minimum depth
Z,ume @t Which an anomaly is observed in the examined quantity. This minimum is chosen
based on the anomalies presented in the section above in a way that it is marked by the
depth, where an increase towards a maximum in the plume depth is visually recognizable
in the envelope of all stations. Itis then rounded tal00 m N? is calculated with the term
dp 2 as the density gradient between the vent depth and,,n. with the values from a
nearby CTD pro le, station PS137-055-01The heat ux can then be estimated according
to Chapter 2.2. In general, for a given strati cation, a larger rise height will result in a
larger heat ux, because more energy is required to make the uid ascend. Thisisre ected
in the results in Table5.1with the heat ux rounded to 10° Watt. One can also see, that
Zax @nd thus the heat ux varies strongly within a range 0f330 mor 330 MWrespectively,
depending on the quantity.

cro | AE,_dtcrp | °He | yapr | AE,_dtyapg | Turbidity yapr
Zyjume INM 2900 2800 2700 | 2900 | 2900 3000
Zmax IN'M 1000| 1100 1200 | 1000 | 1000 900
N2ins? «10™ | 3:09 | 401 5:06 | 3:09 | 3:.09 2:47
Heat uxin MW | 83 181 363 | 83 83 39

Table 5.1.: Minimum plume depth zpjyme, maximum rise heightz,,,,, buoyancy frequencyN?and
estimated heat ux of the plume inferred from the highest anomaly of the di erent
quantities. N? is calculated from a nearby CTD pro le, stationPS137-055-Q1 The
constants used are listed in Tablé.3.

5.4. Horizontal Extent

The horizontal distribution of the quantities varies, also with respect to the instrument
used. Figure5.12shows the distribution for  and dE,,_dt measured by the CTD and
3He samples. For all three, the strongest plume in uence is concentrated near the vent
site, for  and dE,_dt to the northwest, but also with maxima at di erent locations. The
3He maximum instead is located southeast of the vent but even closer. The westernmost
station PS137-028-0%hows only weak signalsin  and dE,,_dt, while no He samples
were taken there.
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A similar distribution is visible in the MAPR results in Figure 5.13for and dE,,_dt,
although the anomalies are smaller, especially for . But again the maxima are located
close northwest of the vent, while measurements further away show only small anomalies.
Turbidity values show two points with the strongest anomalies in the southeast very close
to the vent, similar to 3He. To the northwest turbidity anomalies are not particularly
strong and are also irregular. Notably statioriPS137-028-0fo the west features also high
values but with very little variation between it's data points. from the highest anomaly of
the di erent quantities.

The relationship between anomaly strength and distance from the vent site is displayed in
Figures5.14for the CTD measurements andb.15for the MAPR measurements. For the
former, all three tracers show strong peaks betwee8B00 mto 750 mwhile very close to the
ventonly 3He shows strong anomalies in two samples. A250 mthere is another strong
peak in  and dE,_dt but from 750 mto 1800 mthe = anomalies are weaker except
for occasional peaks andlE,, _dt is close to zero. Further out than1800 mthere are still
oscillating anomaliesin  but at a lower level. In the close-up of the rst800 min Figure
5.14bit is particularly visible, that the anomalies very close to the vent site, up t@50 m,
are quite low, except for the few 3He samples.

The anomalies in  of the MAPR data in Figure5.15are similar as in the CTD data.
For the part closest to the vent site, also shown as a close-up in Figusel5h anomalies
are small but there are strong peaks betweeBO0O mto 900 m For larger distances the
overall level decreases slightly with occasional peaks. Betwe2800 mto 2300 mthere is

a section with almost constant anomalies but also with two di erent levels. The turbidity
anomaly follows a very similar pattern as , except that very close to the vent there are
two very strong peaks, which are also the strongest overall. In addition, during the section
of constant  between1900 mto 2300 mthe turbidity anomaly is also constant and very
high. This is the section that was excluded in the CTD data and will be discussed later in
Chapter6.1. dE,,_dt also features some stronger peaks in the&00 mto 900 mrange but
then decays to zero for larger distances and is similar to the CTD data, but with generally
a low amplitude. There are also no notable peaks in the constant region.
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Figure 5.12.: (a) Potential temperature anomaly , (b) dE,_dt and (c) 3He of the CTD mea-
surements in relation to position and bathymetry. Temperature anomalies are cal-
culated using the in-station comparison method. Each circle shows the maximum
anomaly value per upcast or downcast belov2000 mdepth. The color grading is
chosen so, that darker colors indicate a stronger in uence of the plume uid. The
location of the vent eld is marked by the red star.
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Figure 5.13.: (a) Potential temperature anomaly , (b) dE,_dt and(c) 3He of the MAPR mea-
surements in relation to position and bathymetry. Temperature anomalies are cal-
culated using the in-station comparison method. Each circle shows the maximum
anomaly value per upcast or downcast belov000 mdepth. The color grading is
chosen so, that darker colors indicate a stronger in uence of the plume uid. The
location of the vent eld is marked by the red star.
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(@)

(b)

Figure 5.14.: (a) Potential temperature anomaly ,dE,_dt and 3He of the CTD measurements
versus geodesic distance from the vent position for measurements bel@900 m
The dashed black line marks the level assumed as the background.
(b) Close-up of5.14aup to the dashed line marking the800 mdistance to the vent
site.
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(@)

(b)

Figure 5.15.: (a) Potential temperature anomaly , dEy_dt and 3He of the MAPR measure-
ments versus geodesic distance from the vent position for measurements below
2900 m The dashed black line marks the level assumed as the background.
(b) Close-up of5.15aup to the dashed line marking the800 mdistance to the vent
site.
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Plume Simulation

The horizontal dispersion of the tracer in the ROMS simulation over time is shown in
Figure 5.16 To evaluate all tracer occurrences in a potential plume layer the tracer con-
centration is summed up betweer2500 mand 3900 m The gures 5.16ato 5.16eshow the
initial entrainment and subsequent dispersion of the tracer during the rst 10 days of the
simulation. The main propagation direction is to the north with a small westward compo-
nent in Figure 5.16e The tracer accumulation mostly propagates in one cluster and does
not disperse strongly before radiating out of the domain at the northern boundary. This
is even more the case for the box de ned by the gray crosses, which corresponds to the
observed area in the section above in Figurg.12. In this area the tracer accumulation
is even more concentrated. Representative for the rest of the simulation time (not shown
here), Figure5.16fshows the last day where almost no tracers are present. Only very low
concentrations relative to the initial entrainment are visible, but now to the east of the
simulated vent location. The direction of the plume dispersal shown here di ers strongly
from the direction observed in the data, which appeared to be westward if at all.
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(a) 2022-07-26 (b) 2022-07-28
(c) 2022-07-29 (d) 2022-07-31
(e) 2022-08-02 (f) 2022-08-25

Figure 5.16.: Daily averaged tracer concentration summed up over the plume laye2$00 mto
3900 m) for di erent days of the simulation period. The four gray crosses mark the
area displayed in Figure5.12 were observational data were collected. Note that the

shown time steps are not equidistant.
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5.5. Current Measurements

Current velocities at the Aurora Vent Site were measured by two separate strategies: The
Aquadopp acoustic current meter mounted on the CTD rosette was used at one station
where the CTD rosette was stationary in the vertical. The four RCM11 acoustic current
meters in the AURORA 1 mooring observed currents for a long-term time series of one
year at four di erent depth levels in the expected plume layer.

Aquadopp

The Aquadopp time series in Figures.17shows only negativeu and positivev values over
the measurement duration of approximately\2 h and 20 min. Around 02:00 there is a max-
imum visible in the v-component and less variation in theu-component, otherwise both
signals vary only betweert2 :5cms? to *9cms™ for u and 2:7 cms? to 122 cms? for v.
The meanu- and v components are*4 :5cms! and 2:6 cms?, respectively, resulting in
a northwestward mean ow. Compared to the mean velocities measured at the mooring
over a full year, the short-term mean ow measured by the Aquadopp is more northerly
and several times larger (see Table 2).
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Figure 5.17.: Time series ofu- and v components of the stationary Aquadopp measurement at
station PS137-028-01

RCM512 | RCM506 | Aquadopp | RCM569 | RCM474
Depthinm 3064 3215 3220 3366 3572
u-meanincms?® | -1.2 -1.3 -4.5 -1.2 -0.2
v-meanincms?® | -0.5 0.3 2.6 -0.4 0.1

Table 5.2.: Meanu- andv components for each current meter of the mooring AURORA 1.
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Figure 5.18.: Progressive vector diagram of the four di erent current meters in the Aurora 1 moor-
ing for one year of observations. The black cross marks the point of zero displace-
ment.

Mooring

The current velocities of the mooring show a di erent behavior at the di erent depths,
as can be seen in Figur&.18 It shows the displacement a particle would experience if
it were a ected by the measured velocities for the one year of measurement. The data
from the bottommost instrument 474 di ers signi cantly from the other three. Here the
displacement is rst oriented to the northeast and then varies in an east-west direction.
The ow at the next current meter 569 is directed towards the northwest while the two
topmost (506 and 512) show a displacement towards the southwest, but of a similar mag-
nitude. Especially when considering the three uppermost current meters, the mean ow
is orientated towards the west, as shown in Tablg.2.

If one examines the time series shown in Figur&.19 a notable feature is the low ampli-
tude. The maximum varies betweer0 cms? and 6 cms! depending on the instrument.
The mean ow directions from Figure 5.18are also visible: For 512, 506 and 569 the
component is almost completely negative resulting in the westward ow while the mean

v component is closer to zero. The data from the 474 current meter is closer to zero ex-
cept for a few peaks. While the data has a high variability in general, the amplitude of the
peaks increases during Arctic winter for all four instruments.
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Figure 5.19.: Time series of theu and v components of the four di erent RCM11 current meters

(d) 474 at3572m

in the Aurora 1 mooring. The data are Itered with a 24-point Hanning window.
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(@) (b)

Figure 5.20.: Spectral estimates of the positive (blue) and negative (orange) rotating components
of the most lowest current meter 474 fofa) the full frequency range and(b) a close-
up of the peaks at 1 and 2 cycles per day. Itis Itered using the multitaper method
with P = 16, while the gray background represents the un Itered components.
Seven tidal frequencies are marked by the dotted and dashed-dotted lines and the
Coriolis frequencyf ¢ as well as its multiples by the dashed lines. Tidal frequencies
are based on ?¢].

The spectral estimates of the current data displayed in Figur® 20reveal distinctive peaks

in the Itered signal in both the positive and negative rotating components. These peaks
align with characteristic frequencies: The rst peak is located close to the diurnal tidal
frequencies ofK;, O; and P;. From approximately 0:2cycles per day up to this peak the
positive rotating component has a higher amplitude than the negative rotating component
while they level again afterwards. The second peak, which is also the strongest, corre-
sponds to the Coriolis frequency . and the semi-diurnal tidal frequencies ofK;, M,, S,,

N, and K,. With increasing frequency, it is followed by a very small peak independent of
tidal or Coriolis frequencies and two other peaks with a decreasing amplitude af t and

2f - respectively. The same peaks appear in the measurements of the other current meters
with only some di erences in amplitude, as shown in FigureA.2.

Plume Simulation

The currents in the ROMS simulation are analyzed at the location corresponding to the
mooring and at the depth levels corresponding to the four acoustic current meters as de-
scribed above. Figur®.21shows this data as a progressive vector diagram similar to Figure
5.18but now only for the simulation period of 31 days All depth levels feature a strong
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Figure 5.21.: Progressive vector diagram at the mooring location based on the ROMS simulation
foraduration of 31 days The four depth levels correspond to the depth of the current
meters as shown in Figure5.18 The black cross marks the point of zero displace-
ment.
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Figure 5.22.: Time series of theu and v components at the mooring location based on the ROMS
simulation at the depth of 3572 mcorresponding to the current meter 474.

northward component (v) and an east-west componenty) that changes its orientation
with time. The four di erent depth levels show a very similar trajectory with a variation
of 0:2 km in the northward transport. The dominant northward component is consistent
with the horizontal tracer dispersion in Figure 5.16but contradicts the results from the
mooring measurements which were governed by westward currents. The displacements
in the model are two orders of magnitude smaller when compared to the mooring mea-
surements during the rst month. However, when comparing the time series, where Fig-
ure 5.22shows it exemplarily at the depth of the 474 current meter, it can be seen that the
raw velocities are one order of magnitude larger in the model with maxima of approxi-
mately 40 cms! . The dominant northward and the smaller, varying east-west component
are also clearly visible here.



Chapter 6.

Discussion

6.1. Plume Anomaly Determination

Temperature, Density & Salinity

Figure 6.1compares the two sensor groups for temperature and conductivity which are the
basis for the derived plume tracers. The two sensor groups follow the 1 to 1 relationship
marked by the black line for both quantities, except for some outliers. Giventhe agreement
of the two sensor groups, it is reasonable to base the analysis in this work on the primary
sensor group.

During stations PS137-018-0and PS137-018-01he CTD rosette was kept at a constant
depth as described in ChapteB.5. During both periods spikes were observed in the pri-
mary CTD temperature sensor with a maximum spread d:0038’C and 0:0109’C respec-
tively. Similar spikes are measured by the second CTD sensor but not by the MAPR instru-
ments (see Figures.5). The amplitude of these spikes is of a similar order of magnitude as
the temperature anomalies near the vent, resulting in  anomalies up t00:013'C. Due

to the distance to the vent and the absence of strong anomalies in the MAPR temperature
data and also in the other plume tracers, these peaks were excluded from the main analy-
sis, but only for the CTD data. A possible reason for this could be, that the measurement
was a ected by the exhaust heat from the microbiological pumps. While these are the
only periods, when the pumps were running for such a long time, they are also the only
ones with constant depth, making it challenging to discuss the in uence of the pumps.
Also at least one MAPR for each of the two periods was mounted next to a pump on the
CTD wire, and should therefore also record similar spikes.

59
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@) (b)

Figure 6.1.: (a) Temperature and(b) conductivity of the primary and secondary sensors of the
CTD for all measurements below20 m at the vent site, with the black line as the 1
to 1 relationship. The limit of 20 mis chosen because the equilibration stops at the
beginning of each cast are always above this depth.
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Figure 6.2.: (a) Temperature measurements of the two CTD sensors and two MAPRs during the
constant depth period of stationPS137-018-01
(b) Temperature measurements of the two CTD sensors and one MAPR during the
constant depth period of stationPS137-028-01
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In this work, two di erent approaches were tested to determine a plume anomaly for the
potential temperature, : the background comparison and the in-station comparison as
explained in 3.5. For the rst approach, station PS137-018-Oas intended as the back-
ground pro le, against which each measurement at the vent site should be compared.
This method assumes similar strati cation pro les without plume in uence in the rele-
vant quantities for the compared pro les. As can be seenin the Figures.4afor and5.4b
for 5900this assumption seems weak, especially since the di erences are not only due to
a constant o set but vary with depth. Therefore the background method was discarded
for  and the in-station comparison method (as explained in Chaptes.5) based on []
was implemented. Here one up- or downcast is used as the reference pro le. This cast
is chosen as a compromise between being close enough to the vent site to feature a simi-
lar strati cation and far away enough to minimize possible deviations caused by plume
inuence in the - ;5 relationship. While for some of the casts, the - 54390 t has al-
ready been adjusted to exclude this bias, its in uence on the resulting pro le cannot be ne-
glected, as can be clearly seen in Figui®6. Therefore the in-station comparison method
in this work gives conservative results with  values being lower than they should be
for the casts, where the plume in uence could not be completely excluded. Figuré.3
shows the comparison between both methods exemplarily for the statioRS137-033-01
One can observe that they agree well belo®100 meven for single spikes. In general the
in-station method gives slightly higher results. But abov&100 mthe curve for the back-
ground method decreases, which occurs at a similar depth level as the turning point from
minimum to maximum for the background temperature in Figure 5.4a Therefore it can
be assumed, that the in-station method is better suited in this case, as itis less dependent
on the assumption of similar strati cation and also gives higher  even considering its
conservative nature. The high variability in the resulting  curve is caused by the vari-
ability in the idealized depth- t, which is even increased due to the subtraction. This
high variability makes it necessary to use only the envelope for determining the vertical
plume extent (described in Sectior®.2). Hence this method would bene t from improved
processing beforehand.

For and 340 results based on the MAPR measurements it is important to keep their
dependence on the CTD data in mind, as explained in Sectich5, which is why the results
based on the CTD data will guide the discussion in this chapter and the MAPR results will
only be considered complementary. With regard to their suitability as plume tracers, the
salinity Sand ;ppopro les were also investigated. However, for both quantities only minor
variations were observed in the plume depth, with magnitudes 0®:002 PSUin practical
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Figure 6.3.: Example comparison of the potential temperature anomaly for the in-station and
the background comparison for stationrPS137-033-0below 2500 m

salinity and 0:003 kg_n? for 54, Therefore, in this work, they are only considered as
secondary and the focus is on the other quantities.

The uncertainties of the di erent sensors are only partially known (see Tablé\.1). Also
due to the lack of error propagation in the implementation of the derived quantity calcu-
lations, they can only be discussed in relation to the uncertainties of their original mea-
sured quantities. The accuracy of the CTD temperature measurementss:001YC, which
would be one order of magnitude smaller than the largest temperature anomalies. But for
the subtraction the accuracies compensate, resulting in only half the resolution as the un-
certainty, which is ,0 :0005'C. Therefore the plume anomalies in potential temperature
are much larger than the associated uncertainty, while neglecting the error propagation
and the in uence of the other quantities.

Electron Reduction Potential

The behavior of theE,, sensor is displayed in Figures.4: It shows the relation between
the measuredE,, and the calculated plume anomalydE,, dt for an exemplary station. For
E;, two strong decreases at approximately 16:30 and 17:30 are visible. After the local min-
imum the signal increases again with several smaller peaks along the way. This can be
explained by the sensor being lowered through a very strong plume layer and it's subse-
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Figure 6.4.: E;, and calculateddE;, dt versus time for stationPS137-033-0below 1000m The
gray horizontal line marks the level ofdE,,_dt =0 mVs L

guent relaxation to the original level, superimposed by multiple weaker plume layers. The
relaxation of the sensor is slower than the initial response, resulting in the second mini-
mum starting at the level of the rst minimum. This behavior is accounted for by using
the backward time derivative over30 secas the plume anomaly tracer, to detect decreases
in E;, on the order of 10 mV to 100 mV.

Turbidityand ~ °He

As can be seen in Figures.9, all turbidity pro les follow roughly three separate curves.
Figure 6.5ashows that these three levels are grouped by the three di erent MAPR instru-
ments. This is most likely due to the di erent roughness of the translucent surfaces of
the sensor, which a ects the intensity of the transmitted light and therefore the measured
result. These di erent levels are accounted for by calculating the turbidity anomalies rel-
ative to each instrument as described in SectioB.5.

Figure 6.5balso shows that even the background statioRS137-018-0Ofeatures elevated
turbidity values below 2000 mand even peaks in the plume depth. This leaves three pos-
sibilities: First, the background station could have been inadvertently carried out close
to a hydrothermal vent. Second, the turbidity signal was advected over a long distance
without mixing from a distant source. Finally, that these are just general background val-
ues in this part of the Arctic Ocean. In [L9] a background of approximately0:04 NTU was
measured along the Gakkel Ridge which would attribute all values except the strongest
peak to the general background. When inspecting the background values fofHe there
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Figure 6.5.: (a) Turbidity measurements at the Aurora Vent Site grouped by the three di erent
MAPR instruments used, with the serial numbers 72, 73 and 74.
(b) Turbidity anomaly and 3He vs depth for the background statiorPS137-018-01

are two slightly elevated samples at a depth of approximately200 mcorresponding to
the turbidity peaks. This two phenomenons suggests the possibility, that there is indeed a
plume in uence present at the background station and supports the need for background-
independent anomaly calculations.

The interpretation of the anomalies for 3He in Figure 5.8 must also be adjusted with
this assumption, although they would only be reduced by the o set depending on the
true background value. In [57] the non-hydrothermal 2He background is estimated to be
approximately 6 ~ based on results from PS86, which is consistent with the background
values here. In principle, a higher background would also be reasonable because over
time more tritiogenic helium would accumulate in deep water masses without ventilation.
However, tritium measurements revealed much higher concentration in the plume depth,
with approximately 0:1 TU for PS68 andd:6 TU to 0:7 TU for the recent PS137 cruise (see
Figure A.4 and Figure A.5). This contradicts this hypothesis and needs to be investigated
further outside of this work.

6.2. Vertical Extent and Heat Flux

Determining the exact extent of the non-buoyant plume presents a challenge due to the
many phenomena in the di erentinstruments for the di erent quantities described above.
Maxima in the respective plume tracers are easy to de ne but to derive a more or less bi-
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cro | AE_dtcrp | °He | yapr | dE,_dtyapg | Turbidity yapr
Zpyme iIN'M 3400 3400 3100 | 3400 | 3200 3200
Zmax IN'M 500 | 500 800 | 500 | 700 700
NZ2in 1s? «10™® | 0:75 | 0:75 205 | 075 | 1.73 173
Heat uxinMW | 1 1 18 1 8 8

Table 6.1.: Minimum plume depth zyyme, maximum rise height z,,,, buoyancy frequencyN?
and estimated heat ux of the plume inferred from the di erent quantities, based on
the maximum anomaly as in [54]. N? is calculated from a nearby CTD pro le, station
PS137-055-01The constants used are listed in Tablé.3.

nary condition for plume presence is strongly dependent on the choice of a threshold. A
large fraction of the anomalies are above a zero level, so an additional threshold would be
required. For the vertical extent this is done by the general curve of the envelope and then
rounded to 100 mto account for the uncertainties of this method (see Sectioh.3). Never-
theless the maximum rise heightz,,,,, for the di erent plume tracers agrees well. It also
seems reasonable that the®He values are the highest and the turbidity values the lowest,
since its concentration can be assumed to be the most inert tracer fofHe and the least
inert for turbidity. [ 64] inferred a rise height of 800 m based on the turbidity maximum
at approximately 3100 mdepth and calculated a heat ux of17 MW with a strati cation

of N2=2:5+ 10" s based on measurements from th®S86cruise. Compared with the
heat uxes in Table 5.1they are larger overall, but a recalculation with the depth of the
maximum anomalies gives lower results (see Tablke 1). Thus the vertical plume extent
seems to be smaller than for thé®S86measurements. Since both approaches lead to quite
di erent rise heights and heat uxes, it is necessary to compare the maximum-based re-
sult. Nevertheless in principle the rise height should be related to the anomaly signal that
reaches the highest depthz,, ., although this depth is less recognizable, because it is the
maximum depth to which the energy of the vent carries its tracers against the strati ca-
tion.

While the minimum plume depth z,,. was inferred from the envelope of all upcasts
and downcasts, the maximum of a plume tracer has the advantage, that it can be easily
analyzed in regard to the distribution per depth. This is shown in Figures.6for the CTD
and the MAPR data for the continuously measured plume tracers. The maxima per cast
are more concentrated to a smaller depth range than fatE,,_dt which reaches shallower
depths. The CTD data also show some maxima at a depth@300 m these are most likely
caused by the buoyant plume. The turbidity anomaly maxima from the MAPRs are even
more concentrated than . The di erent results for each tracer discussed in this section
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(@) (b)

Figure 6.6.: Distribution of the maximum anomaly per upcast or downcast binned to depth inter-
vals of 100 mfor (a) the CTD data and(b) the MAPR data.

could be explained by vent uids exerted at di erent temperatures, which therefore rise to
di erent heights, assuming di erent tracer compositions. This is clearly visible in Figure
6.7, which shows two maxima in  at di erent depths for station PS137-033-Qlwhich

is also the station identi ed with high anomalies in Figure 5.2a This behavior would
result in not one homogenous bulk of plume uid but a vertically heterogenous plume
with di erent layers. ROV observations at the vent site con rm the presence of uids
with widely varying initial temperatures as described in {19).

Setting the results of the plume simulation in relation to the observed vertical extent based
on 3He, the rise height and also the maximum anomaly agrees well for the rst days of
the simulation period (see Figure5.10. The minimum plume depth z,,,. of 2600 mis
very close to the observed one &700 mwhile the maxima are further apart from each
other with 3500 mfor the simulation and 3100 mfor the observation. For the later sim-
ulation period the tracer seems to precipitate very quickly and then accumulates only at
the bottom. A possible explanation is the naive representation of*He as a concentra-
tion in kg_m?3 leading to unrealistically high concentrations 0f1000 kg_n¥. Reducing the
tracer input in the bottom forcing to realistic levels could easily lead to a much more con-
sistent behavior. In addition, Figure5.11suggests that the tracer input is not continuous
although it is speci ed as such in the forcing le. In principle it is also still an open ques-
tion, when the uid dispersal in the simulation would reach a stationary state. While
this is assumed for all interpretations in this work, it is unclear on which time scales it
would reach this state or even if it would happen at all in the simulation. Figure5.8shows
the time evolution of the vertical potential temperature pro le, similar to the tracer con-
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Figure 6.7.: Potential temperature anomaly interpolated along latitude for stationPS137-033-
01 The dots represent the CTD position obtained from the acoustic tracker, the solid
line the bathymetry and the red star the vent location.

centration in Figure 5.11before. While the pro le initially agrees with the theory (see
Figure2.2), almost all vertical gradients are erased during the simulation time. The ini-
tial strati cation is imposed by the reanalysis data but it is not maintained by the model
itself. Because of these inconsistencies, the interpretation of these results with respect to
the plume dispersal should focus on the beginning of the simulation period only. However
for this beginning it is shown that the setup can simulate realistic rise heights and that it
can be employed for further investigations of the plume dispersal and heat ux.
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Figure 6.8.: Potential temperature from the ROMS simulation at the location of the simulated
vent versus depth. Each line represents a daily average, with the darkest lines at the
beginning and the lightest at the end of the simulation period.

6.3. Horizontal Extent

The assessment of the horizontal extent of the plume is limited by the measurement loca-
tions, which were ultimately constrained by the sea ice drift determining the ship move-
ment, visible in the the patterns in Figure5.12and Figure 5.13 Nevertheless it can be
seen, that high anomalies in the measured tracers are mostly con ned to the immediate
vicinity of the vent site, especially at the northwest ank of the Aurora seamount. This is
also represented in Figuré.14and Figure5.15where most of the strongest anomalies are
within 900 mof the vent. The majority of the measurements conducted on the southeast-
ern side give only weak anomalies even close to the vent, similar as for the samples taken
uphill at the top of the seamount. An exception are the *He and turbidity samples directly
adjacent to the vent in a distance of up t&50 m A strong transport of hydrothermal uid
with an eastward component cannot be ruled out due to sparse measurements on that
ank from this results alone. But the current observations from the mooring support a
westward transport, matching the observed tracer distribution.
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An interesting feature are the high turbidity anomalies in the westernmost station, station
PS137-028-04isible in Figure 5.13cand Figure 5.15in the section with roughly constant
values. This section corresponds to the time period, when the CTD was kept at a con-
stant depth with the microbiological pumps running, and which was removed from the
CTD data set due to unreasonable temperature spikes. However, Figurel5now clearly
shows, that there is a high turbidity anomaly in the MAPR data, also in both deployed
instruments. Therefore it remains unclear whether the data in this period could be in u-
enced by hydrothermal plume uid or not. If so, this would require either a more con-
centrated plume uid to be advected up to2300 mwithout a ecting the measurements in
between or another source at a closer location.

The di culties in inferring the horizontal extent from the plume tracer signals can be dis-
cussed exemplarily with the 3He distribution of the CTD samples compared to the ROV
sample taken directly at the vent, as shown in Figur®.9. Compared to the vent samples
with an average 3He = 674:02 ~, the CTD samples are one to two orders of magnitude
lower, suggesting that most of the dilution of the vent uid occurs less thanl00 maway
from the vent and that the dilution is far from linear with distance. The closest sample was
also taken at a depth 08205 m approximately700 mabove the vent and thus at the depth
of the non-buoyant plume layer. The 3He value here, which is already much smaller then
the sample at the ori ce, is therefore consistent with the theory, which says that the uid
is heavily diluted as it ascends in the buoyant plume. With the assumption ofHe as
an inert tracer, a dilution factor can be calculated for each ®He sample starting from the
average of three high temperature vent samples with approximately’He = 674 ~ repre-
senting 100 ~ plume uid. This results in the dilution shown by the right axis in Figure
6.9with values between0:7 ~ and 2:1 ~ for all samples. It also shows that the relationship
of increasing dilution with distance is weak if only inferred from these data alone, due to
the small number of samples and the large variation for similar distances.

The same applies to the samples taken during the previou3S86cruise (also shown in
Figure 6.9) where the larger number of samples supports the initial results by matching the
overall distribution. The single strong peak is located at a similar distance for both cruises
and the other samples also vary in similar ranges. Concerning the relation of the dilution
with distance, itis interesting to note that the values at even greater distances up3000 m

do not decrease compared to samples closer to the site, which supports the assumption
that the plume is already strongly diluted very close to the vent and then spreads out with
a more or less constant dilution. Finally, the comparison also shows that the observations
from PS137Avere taken too close to the site to de ne a maximum horizontal extent of the
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Figure 6.9.: 3He and dilutionfor samples below2500 mfrom the cruisesPS137and PS86versus
geodesic distance from the vent. The dilution is the fraction between the average of
three ROV samples taken at high temperature vent outlets being®He = 674:02 ~
and the CTD sample.

plume, since samples from the®S86cruise at a distance even greater thah000 mshow
similar values.

Calculating a similar dilution based on the temperature anomaly foPS137 which is not
inert in principle but which was also measured directly at the vent, gives a maximum
dilution of 0:002 ~for a distance of600 mand 0:0012 ~for a distance 0f2475 m the latter
being the sample taken farthest away from the vent site. The lower order of magnitude is
reasonable given the less inert nature of this tracer.

When interpreting the results, especially for horizontal dispersal, another important un-
certainty is the exact location and area of the vent eld. The reference location used in
this work is the location of the rst discovered active chimneys. During thePS137expe-
dition several additional chimneys were found, which also increases the area of possible
plume uid sources. These additional chimneys are located further down the seamount
ank to the South-East [3(]. This example shows that an exact location of the source is
already a simpli cation and undiscovered chimneys could easily extend the area of uid
sources to hundreds of square meters, although the recent discoveries do not t with the
location of the maximum anomalies shown above. Figur®&.14ashows the highest tem-
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perature anomalies more thar00 mfrom the assumed vent location. This also supports a
larger extent of the vent eld, especially since the highest of these anomalies is located
close to the sea oor and is therefore most likely part of the buoyant plume. It has also to
be mentioned that the acoustic position tracker used for georeferencing the CTD rosette
is assumed to give the true position, although the system is known to be prone to errors.
While some of them are corrected as described in Secti@n5, it can not be proven that the
remaining measurements are correct.

The horizontal dispersal of the plume resulting from the simulation is very di erent from
the observational data. The di erent behavior of the model tracer, the accumulation at
the sea oor as described above, is one likely cause. However, the most notable deviation
here is the rapid advection of a concentrated plume to the north, leaving only very low
tracer concentrations near the vent site. This does not match the di use, unconcentrated
presence of plume tracers in the observational data, which gave the strongest anomalies
to the northwest close to the vent. Most likely an unrealistic representation of the circu-
lation causes the contradictory dispersal in the simulation, which will be discussed in the
following section. Again, it is important to investigate the reason for the tracer accumu-
lation at the bottom on longer timescales further and whether the tracer input is actually
continuous as speci ed.

6.4. Currents and Plume Dispersal in Time

The current observations at the Aurora Vent Site reveal some remarkable features. For
one theu and v components measured by the moored current meters are low, with all
values below7 cms! magnitude, while the Aquadopp measurements go up to approxi-
mately 12cms!. But the Aquadopp measurement period corresponds to only two data
points of the moored current meters, which are already 1-hour averaged values, which
has to be kept in mind when comparing the two. This 1-hour averaged already reduces
the maximum amplitude which can be measured by the mooring in principle. The dif-
ferent magnitudes indicate a higher variability in current speeds than the moored current
meters alone can capture. The mean current direction to the west is dominant for the
Aquadopp data, but for the moored current meters, a relevant fraction of approximately
15~ to 20 ~ of the values is also oriented to the east, except for the lowest moored cur-
rent meter 474. This can be clearly seen in the progressive vector diagram (Figiré.g).
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Therefore in terms of direction now the short-term Aquadopp measurement is unable to
capture this variability.

Due to the lack of direct current measurements in similar regimes nearby it is di cult to
set these results into context. The closest regular mooring observations in this region are
conducted south of the Gakkel Ridge in the Fram Strait. There, in the strong boundary
current, the velocities are an order of magnitude higher, as reported ir8[F] and [27]. This

at least leads to the conclusion that a strong, larger scale current is absent at the Aurora
site which is consistent with the main current direction being across the ridge valley and
not along it. A valley-based circulation pattern as described for the Mid-Atlantic Ridge
Valley in [ 34] can therefore be ruled out.

The 474 current meter, which is only328 m above the sea oor measured very di erent
currents than the others: It has a much less strong westward direction with approximately
40 ~ of the data points having an eastward component. The strong di erence and the
less clear direction could be explained by two separate ow regimes, where the upper
one is governed by a slow westward current but the one close to the sea oor is strongly
in uenced by topographic interaction, which breaks the westward current at the Aurora
Seamount.

The peaks in the spectrogram in Figur&.20indicate that the currents are modi ed by tidal
and inertial forces. Since the vent site is close to the critical latitude wherk: U f Tiges

it is not possible to distinguishing clearly between these two. The in uence of the tidal
motions has already been discussed irb{] based on the same dataset but here it is shown,
that their contribution to the spectrum is the dominant one, with the strongest amplitude
at the frequencies close to the semidiurnal and the inertial ones. Low current velocities
in combination with the tidal and inertial wave motion cause the plume to stay close to
the vent site and being only advected back and forth in a limited area. It also supports
the hypothesis presented in§ 7] that bottom trapped waves govern the plume dispersal to
some extent.

The representation of currents in the simulation falls short based on a rst analysis. The
mean direction and strength of the current at the location corresponding to the mooring
shows a very di erent direction and magnitude than the mooring data, also at the four
di erent depth levels. All of them show a strong westward component, while the sim-
ulation results show a northward displacement. The currents in the simulation are also
an order of magnitude larger. While the current system is very clearly not represented
realistically, it can explain the northward transport of the tracer well (Figure5.16. The



Discussion 73

high velocities are consistent with the rapid advection away from the area of interest and
out of the model domain. It has to be noted that the domain has only an area of approxi-
mately 20 km ¢ 20 km , where it is unlikely to simulate meso-scale to synoptic circulation
patterns if they are not imposed by the boundary conditions. The adaption of multiple
nested domains covering di erent scales as also employed irs§] would likely improve
the simulated hydrography. Additionally the mooring data could be used directly to nudge
the simulation at the corresponding location, in a similar ways as it is already used for the
boundary conditions. The absence of in uence of ocean-surface interaction does also not
necessarily has to hold true as is discussed iri{] and currently investigated. Regarding
the representation of topography-in uenced currents, it should also to be mentioned that
the bathymetry is heavily distorted by the smoothing during the grid generation. Compar-
ing the data in Figure3.2and the model domain in Figure4.1, shows that even the Aurora
seamount itself is no longer distinguishable.
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Conclusion and Outlook

The main results of this work with respect to the spatial plume dispersal are summarized
in Figure 7.1 The maximum anomaly per up- or downcast for each tracer as the clearest
plume signal is displayed and combines the information about the vertical and horizontal
extent. It shows that most of the strong anomalies are grouped over a nharrow depth range
of 3100 mto 3500 m corresponding to the depths of the maximum anomalies described in
Section5.2 This marks the core region of the buoyant plume, with the total plume extent
being larger, up to a depth 02700 m The order of magnitude of the estimated heat ux
from the vent system also depends strongly on choosing the depth of this core region or
the depth of the highest anomaly as the plume rise height, resulting in heat uxes between
1 MW and 181 MW based onE;, measurements. Similar results in respect to the vertical

Figure 7.1.: Depth and geodesic distance from the vent site for the maximum anomaly idE_dt,
and S3He per upcast or downcast for all CTD measurements belo@500m The
horizontal axis represents the mean distance of each cast from the vent side.

74
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extent are obtained by the simulation of the passive tracer in the ROMS model, although
they cannot be sustained by the dynamics in the setup used here. The visible o set be-
tween the vent location and the core of the buoyant plume can be explained by advection
as one possible cause. But the other possibility would be, that the main hydrothermal
uid out ow is actually not located at the assumed coordinates but approximately400 m

to 600 mto the north-northwest. This is supported by the one  maximum near the
sea oor which indicates, that the buoyant plume is also located there.

Several approaches have been investigated to derive the discussed plume anomalies, de-
pending on the characteristics of the available data. These methods can strongly in uence
the results and are a major source of uncertainty in the determination of the plume extent.
They could be improved by utilizing true background measurements free from hydrother-
mal plume in uence but also with a similar hydrography. Another strategy would be to
investigate the possible plume dispersal based on density pro les. The CTD rosette data
could be complemented by the data from additional long-term CTD probes that where also
deployed at the AURORA 1 mooring and which have not been analyzed yet. Together with
the density characteristics of the con rmed plume measurements from the CTD rosette,
the vertical extent could be constrained further.

The varying location of the anomalies with respect to the di erent tracers supports the hy-
pothesis of an inhomogeneous uid composition and hence also an varying spatial disper-
sal, resulting in an inhomogeneous, patchy, non-buoyant plume layer. Anomalies in the
horizontal plume were detected up tai2500 mfrom the vent site. Only a small-scale north-
westward advection was observed in the vicinity of the presumed vent location. Thus, the
plume is not spreading continuously in one direction but remains close to the vent site
and is diluted there over time. This is in agreement with the results from previous mea-
surements from thePS86expedition although a larger horizontal extent could be observed
there.

The horizontal dispersal of the plume can be explained by the observed currents: The non-
buoyant plume remains at the vent site due to very low mean velocities. Combined with
tidal or inertial oscillations with frequencies of one and two cycles per day the plume is
likely to move only back and forth in a limited area of a few square kilometres. Only the
inert 3He tracer can be detected at greater distances due to its long lifetime. However,
the simulation showed a very di erent behavior with strong northward currents causing

a rapid advection of the plume tracer, leaving only a very small amount of it near the vent
site. Thus, neither the current system nor the horizontal plume dispersal is realistically
represented in the simulation.
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It can be concluded that a more thorough investigation of the hydrographic conditions
at the Aurora Site is necessary to determine the plume dispersal more accurately, both
in terms of the observational data and the simulation results. While the acquisition of
more data requires a great deal of e ort, the simulation could be an easily accessible tool
with some improvements. This is very promising because the setup presented in this work
barely scratches the surface of ROMS' capabilities. The rst step would be to realistically
simulate the current system and scale the setup accordingly, but ultimately it could even be
extended to investigate biogeochemical question related to the dispersal of hydrothermal
plumes.



Appendix A.

Additional Figures & Tables

Serial Numbers | Accuracy , L
. ] Description
per instrument Resolution
CTD SBE 911plus
2460, ,0 :001YC,
Temperature ) SBE3plus
2417 0:0002C
- 2055, ,0:0003S_m
Conductivity SBE4c
2054 0:0003S_m
,0 :9m,
Pressure 0485 SBE9
0:105m
Turbidity 72,73,74 Seapoint Turbidity Meter
Electron Reduction
ORP 4,72,73,74 _
Potential, PMEL

Table A.1.. Sensor con guration of the CTD system and MAPR used on the cruisBS137with
the device name, the serial number, the accuracy if known and a short description.
Sampling frequencies for the CTD sensors equa®t Hz and for the MAPR sensors
0:2Hz. Based on {19 and [53].

1



Additional Figures & Tables 78

Device Depthinm | Heightinm | Designation | Serial Number
CTD logger 114 3759 SBE37 7729

Current meter | 3064 791 RCM11 512

CTD logger 3064 791 SBE37 10938
Current meter | 3215 640 RCM11 506

CTD logger 3215 640 SBE37 10935
Current meter | 3366 489 RCM11 569

CTD logger 3366 489 SBE37 10939
Current meter | 3572 283 RCM11 474

CTD logger 3572 283 SBE37 10936

Table A.2.. Setup of sensors in the mooring at the Aurora vent site. Depth is the depth below
sea surface and height is the height above the sea oor. The sampling frequency for
the CTD loggers and the current meter was set tb hour. The accuracies for the CTD
loggers are for conductivity,0 :0003 S_mfor temperature,0 :0002Y C and for pressure
,7m . The accuracy for the current meters isO :15cm_s The CTD loggers are not
used in this work. Based on pZ] and [1].
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Figure A.1.: Anomaliesin j3pgofor all MAPR measurements at the Aurora Vent Field compared
to the t of the background pro le. The black line marks the level of zero deviation.
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(@) (b)

(c) (d)

(e) ()

Figure A.2.: Spectral estimates of the positive (blue) and negative (orange) rotating components
of the current meters 512 (a) and (b)), 506 (c) and (d)) and 569 (e) and (f) ) for
the full frequency range (left) and a close-up on the peaks at 1 and 2 cycles per day
(right). Itis Itered with the multitaper method with P = 16, while the grey back-
ground represents the un ltered components. The dominant seven tidal frequencies
are marked by the dotted and dashed-dotted lines and the Coariolis frequenty: as
well as its multiples by the dashed lines. Tidal frequencies based of].
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Figure A.3.: S%He,dE, dt, and sggoversus depth for the background statiodlPS137-018-Q1

0 Cp g
1000kgm® | 3890 Jkg' K™* | 9:.8ms? | 1:3+10™ K™

Table A.3.: Physical constants used in the calculation of the heat ux.
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Figure A.4.: Tritium concentration based on thePS86¢ruise modi ed from [Siltenfuss, J., per-
sonal communication, Jan. 2025].
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Figure A.5.: Tritium concentration based on thePS137cruise modi ed from [Siiltenfuss, J., per-
sonal communication, Jan. 2025].
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Software

B.1. Data Processing

The SeaBirdsoftware was used in the version 7.26.2.14 and can be downloaded at
https://software.seabird.com/ The processing setting les are documented in43]. Fur-
ther processing and analysis was done iRython v3.11.11ising the SpyderIDE v6.0.and
Jupyter Lab The code is documented in two separated parts. THey-ventpackage [14]
contains the necessary functions for analysis and plotting. The code to create the speci c
results shown in this work is documented in [£3].

B.2. ROMS Application and Setup

The ROMS application as used in this work, is documented at'}]. ROMS was used in
the release version ROMS/TOMS 4.2 from 19/03/2025. The modi ed version of ROMS
including the passive tracer is documented at{]. The model was build and run on Linux
Ubuntu 22.04. LTS with thegfortran compiler v11.4.0 andGNU makev4.3.

The initial and boundary condition les, as well as the heat ux forcing le were created
with MATLAB scripts kindly provided by G. Xu. They can be made available on request.
MATLAB was used in the version 23.2.0.2515942 (R2023b) Update 7.

83
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B.3. Usage of Al based Applications

Al based applications were used in this work in the following way:DeeplL was used to
assist with spelling and wording mistakes as well as for translations from German to En-
glish. The Meta-llama model in the version Llama-3.3-70B-Instruct and previous ones
implemented atHuggingFacewas used to assist in code understanding and conception.
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