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Abstract Geothermal heat flow (GHF) data provide important constraints for ice-sheet flow dynamics as
GHEF affects sliding conditions at the ice-bed contact and englacial temperatures. However, marine
measurements of the geothermal gradients can get distorted down to ~3—10 m below seafloor by annual bottom
water temperature variations. First-ever geothermal data from the Bellingshausen Sea shelf, West Antarctica,
are presumably affected by temperature variations in the modified Circumpolar Deep Water (mCDW) over
annual and multidecadal periods. As magnitude and resolution of temperature data are low in the Bellingshausen
Sea, we test a 1D water-sediment model on Baltic Sea data, which includes long-term water temperature and
semiannual GHF measurements. The model approximates the measured sub-bottom temperatures satisfactorily,
although sparse data in Antarctica lead to uncertainties in reconstructed bottom water temperatures. Distortions
in the geothermal gradients of the Bellingshausen Sea can be modeled using annual water temperature variations
of £0.03-0.15°C. However, the spatial heterogeneity of mCDW temperatures, recorded by heat flow lance
sensors, shows no connection to geothermal gradient distortions. Therefore, the mCDW temperature variations
are likely not strongly seasonal but are local changes of similar magnitude. Higher-resolution water temperature
records are needed to quantify uncertainties through annual water temperature variations in the current
measurement-derived GHF of 47-84 mWm™ in Ronne Entrance and 21-57 mWm ™~ in Eltanin Bay.
Multidecadal ocean warming reduces the geothermal gradient by 16%—55% in the Bellingshausen Sea and leads
to a reversed geothermal gradient in the Baltic Sea. This highlights the need to correct marine GHF for
environmental factors.

Plain Language Summary Geothermal heat flow provides important constraints for ice-sheet flow
dynamics as it affects the sliding conditions at the ice-bed contact and the temperature profile of the ice.
However, subseafloor temperature gradients can be distorted down to 3—10 m below seafloor due to the annual
variations in water temperature. First-ever geothermal data from the Bellingshausen Sea could be affected by
temperature variations in the modified Circumpolar Deep Water (mCDW) over annual and multidecadal
periods. A vertical 1-D model including water and sediment temperatures was tested on Baltic Sea data, as these
contain a 66-year bottom water temperature time series and semiannual subseafloor temperatures. Model
outcomes for the Bellingshausen Sea demonstrate that water temperature variations of £0.03-0.15°C can
explain the observed distorted geothermal gradients. Spatial analysis of the mCDW indicates that these water
variations are likely local temperature variations and not a clearly defined seasonal water temperature signal.
The model shows that uncertainties in measured geothermal gradients of the Bellingshausen Sea cannot be
resolved due to low-resolution annual water temperature data, and thus, uncertainties remain in heat flow
estimates of 21-84 mWm™2. Additionally, bottom water warming recorded over the last decades further
contributes to a reduction in the measured geothermal gradient.

1. Introduction

Geothermal heat flow data provide insights into tectonic and magmatic developments, or contribute to ice-sheet
models through the heat flow's influence on basal melt and ice rheology (e.g., Jordan et al., 2018; Larour
et al., 2012; Reading et al., 2022). However, seasonal temperature variations in the bottom water can influence
sub-bottom temperatures down to ~10 m below seafloor (Miiller et al., 2016). Due to technical limitations, marine
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Figure 1. Mooring locations in the Amundsen Sea, heat flow stations, and locations of sediment cores with available thermal
conductivity measurements from cruise PS134 in the Bellingshausen Sea. The map is based on the Quantarctica package
(Matsuoka et al., 2021) and the IBCSO map (Dorschel et al., 2022).
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heat flow lances are usually 5-6 m long. Therefore, the measured geothermal gradient represents the transient
state rather than the linear, steady-state geothermal gradient, subsequently affecting the derived heat flow esti-
mates. The Bellingshausen Sea of West Antarctica is an example in which a connection between bottom water
variations and distorted geothermal gradients is suspected. Here, Circumpolar Deep Water (CDW) upwells from
the depths of the continental rise and slope, mixes with the shelf water (then named modified CDW—mCDW),
and intrudes into glacial troughs of the continental shelf as (near-)bottom water, causing subglacial melting of ice
shelves (e.g., Smith et al., 1999; Talbot, 1988).

Within the Latady Trough on the eastern shelf leading from Ronne Entrance to the shelf break and the Belgica
Trough on the central shelf from Eltanin Bay to the shelf break (Figure 1), a cyclonic current system could be
detected (Zhang et al., 2016). This is represented by warmer mCDW in the eastern part of the troughs flowing
onshore (Schulze Chretien et al., 2021). These temperatures are >1.4°C at 300400 m depth in the eastern Latady
Trough and >1.2°C in the eastern Belgica Trough. While circulating in the trough, the mCDW layer thickness
reduces and cools (Schulze Chretien et al., 2021). Melting processes near the coast contribute to cooling to
~1.1°C and freshening of the mCDW, which flows back to the shelf break on the western side of the troughs
(Schulze Chretien et al., 2021). A perpetual difference in the mCDW temperatures between the eastern and
western Bellingshausen Sea can be found with 0.22°C warmer waters in the eastern part (Schubert et al., 2021).

Adjacently, better-studied Amundsen Sea moorings revealed seasonal variations with a thinner and colder
mCDW layer in austral spring and summer (October—December) near the shelf break and further on the shelf in
Pine Island Bay (Assmann et al., 2013; Webber et al., 2017). Amplitudes of the mCDW temperature variations
range between 0.3 and 1.0°C with the maximum amplitude at 500 m, decreasing with greater water depth (Webber
et al., 2017). The signal of these bottom water variations can influence the upper 3 m of the sediment temperature
measurements and has impacted GHF data (Dziadek et al., 2019).
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In the current research, it is invested whether the mCDW in the Bellingshausen Sea can be a pendant to the
Amundsen Sea. First information about the temporal evolution of the mCDW temperature changes and its spatial
distribution on the Bellingshausen Sea shelf was gathered by seal-borne tags (Schubert et al., 2021; Zhang
et al., 2016). However, the seal tag data show little evidence of seasonal variations. Only in the eastern Bel-
lingshausen Sea, small mCDW temperature variations can be noticed with cooler water in summer (Schubert
et al., 2021). Nevertheless, data sets with direct measurements for the Bellingshausen Sea still have significant
spatial and temporal heterogeneities (compare Schubert et al., 2021). A modeling study by Oelerich et al. (2022)
found evidence for irregular changes between cold and warm periods of the mCDW that occur in correlation with
variations in the position and intensity of the Amundsen Sea low (ASL) pressure center as recorded in the
Amundsen Sea (Jenkins et al., 2018; Thoma et al., 2008; Webber et al., 2017). Changes in wind and water regimes
can cause temperature differences in the mCDW near the seafloor of 1.5-2°C in the Bellingshausen Sea (Oelerich
et al., 2022).

Bottom water temperature changes over longer timescales have also been observed in the Bellinghausen Sea.
Schmidtko et al. (2014) found a 0.01°C yr~' warming over the last 30 years of available records, which is ex-
pected to contribute to a reduction in the geothermal gradients.

To invert the imprinted signal of bottom water temperature fluctuations on a yearly and multidecadal time scale, a
1D heat transfer equation and a water-sediment temperature model according to Miesner et al. (2015) are
implemented. Applying the model to the Bellingshausen Sea is challenging due to the magnitude and resolution of
the temperature data. Therefore, the approach is first tested on data from the Baltic Sea, where numerous long-
term water temperature records and high-resolution semiannual GHF measurements are available.

2. Data
2.1. Bellingshausen Sea

For the Bellingshausen Sea, in total, 22 heat flow stations were available of which 9 stations are located in Ronne
Entrance and 13 in Eltanin Bay (Figure 1). The measurements were obtained in January and February 2023 during
the RV Polarstern expedition PS134 (Gohl, 2023).

For the sediment temperature measurements, a 5 m long lance with a weight head was used. Five miniature
temperature loggers were attached to the lance through fins, and one logger measuring the water temperature was
attached to the weight head (Figure 2). After penetration of the seafloor, the lance was left for 8 min in the
sediment until the frictional heat from the penetration dissipated. The MTLs recorded the temperature in an
interval of 1 s. The resolution of the temperature loggers is 1 mK, and after calibration with high-precision
thermometers, an absolute accuracy of several mK to 1 mK is reached (Dziadek et al., 2019; Pfender & Vil-
linger, 2002). For calibration, the MTLs were mounted on a CTD rosette and lowered to 2000 m water depth
(Gohl, 2023). The MTLs measurements were then corrected for their offset relative to the CTD readings. The
time-temperature measurements by the heat flow lance were converted to stable sediment temperatures in depth
using the HFred code, a heat flow reduction algorithm by Villinger and Davis (1987).

The steady-state geothermal gradient g (or %) (°C m™") was determined by fitting a linear regression model to the

measurements (Figure 2). The error of g is given here as the standard error of prediction A, where g £ A cor-
responds to the 68% prediction interval and g = 2A to 95% prediction interval (The MathWorks Inc, 2023).

The thermal conductivities were measured on split sediment cores using the KD2 pro thermal properties analyzer
with a 30-mm dual needle. The KD2 obtains the parameters with an accuracy of +10% (Decagon Devices
Inc, 2016). The measurements were corrected for the ambient laboratory temperature. This was done following

o]
A% ;Lwater(4°C)

[
A water(20°C)

}’sedimem(4 °C) =

with l&wdwo = 0.6 W m~' K™ (thermal conductivity of water at 20°C) (Ramires et al., 1995) and
lCD

water(4°

(Dziadek et al., 2019). For split sediment core PS134_73-2 and PS134_83-2, the Ag)aler(ZO“C) was changed to the

o =057TW m~" K~! (thermal conductivity of water at 4°C) assuming ® = 60% (porosity of the sediment)
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Figure 2. Schematic drawing of the measurement principle, the heat flow lance, and the water-sediment model after Miesner
et al. (2015).

thermal conductivity of water at 7°C ﬂffalemo o= 0.5715Wm™ ' K™! (Ramires et al., 1995), because the sediment

cores stored at 4°C did not adjust to the laboratory temperature fully.

For the water-sediment model and the heat flow calculations, thermal conductivities were assigned to temperature
measurements within a 10-km proximity with a similar geological setting. For all other temperature measure-
ments, the mean thermal conductivity of each region was calculated. Using these conductivities and the
geothermal gradient g, the heat flow Q was estimated as follows:

0=-1g(mWm?).
The uncertainty of Q is given by

Ag A
AQ=Qx g_f+,1_2

with A1 being the standard deviation.

For investigating the influence of possible bottom water variations, a selection of stations with deviations from the
assumed linear temperature gradient and distortions with respect to the water temperature measurements were
chosen (Figure 3). These include PS134_18, PS134_24, PS134_25, PS134_74, and PS134_86.

As no continuous long-term monitoring of the water masses in the Bellingshausen Sea exists, mooring data from
the Amundsen Sea were used to gain a first idea of possible water temperature variations. The moorings recorded
between 2009 and 2014 and were positioned at the shelf break and in Pine Island Bay at water depths between 513
and 1,465 m. For the purpose of our work, only the lowest sensors were used, which were mounted 24-31 m
above the seafloor (Azaneu et al., 2023). The mooring program was supported by the iStar oceanographic pro-
gram of the UK Natural Environment Research Council (iStar) (2018) and conducted during the Nathaniel B.
Palmer expedition NBP0901 (BSR) (Huber & Jacobs, 2020).
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Figure 3. Measured sub-bottom temperatures (*), bottom water temperatures (o) (left), and measured thermal conductivities (right) of Ronne Entrance (top) and Eltanin

Bay (bottom) in the Bellingshausen Sea.

2.2. Baltic Sea

Baltic Sea data were obtained during RV Alkor cruises AL584 and AL591 in Eckernforde Bay, revisiting the sites
in November 2022 and April 2023 (Figure 4). During the two cruises, different lance types and measurement
configurations were used (Table 1). At the two heat flow stations VH002/HF002, and VHO06/HF006, temper-
ature, thermal conductivity A, thermal diffusivity «, and heat capacity ¢ were determined. The temperature-time
and conductivity measurements of cruise AL591 were converted to temperature-depth profiles and conductivity-
depth profiles, respectively, with software by FIELAX based on an algorithm by Hartmann and Villinger (2002).

Long-term water temperature data were obtained from Boknis Eck (54.536°N, 10.040°E, water depth 28 m) for
the period 30 April 1957-3 May 2022, with monthly measurements since 1957 (Bange & Malien, 2015;
GEOMAR Helmbholtz Centre for Ocean Research Kiel, 2023). Only measurements >25 m water depth were used
to represent the bottom water.

3. Methods
3.1. Forward Model

To understand the water-sediment temperature interaction, we implemented a forward model that follows the
work by Miesner et al. (2015) and Miesner (2018). The forward model uses a water temperature curve and a
steady-state geothermal gradient, both approximated from data, to model the transient geothermal gradients,
which represent geothermal gradients under the influence of bottom water temperature variability. For this model,
some prerequisites were made. A 1D horizontally layered space was set to represent the seafloor (z = 0) and the
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Figure 4. Selected heat flow stations of AL584 and AL591 and the location of water temperature measurements at Boknis
Eck in the Eckernforde Bay, Baltic Sea. Bathymetry based on GEBCO (2023) grid.

sub-bottom sediment layers (Figure 2). The advection term of the heat transfer equation, heat sources, and other
(lateral) fluid transports were neglected (Miesner et al., 2015). For modeling signals with the maximum time
tmax = 365 days, a mesh size of d, = 0.025 m and a time step d, = 0.05 days were used. In premodeling tests by
Miesner et al. (2015), these settings were proven to result in a model accuracy below the heat flow lance mea-
surement accuracy (1 mK). The maximum modeling depth z,,, was set to 20 m to capture the penetration of a 1-

year thermal signal, which is affecting the sediment temperature downto 8.7m (! = \/4_1<t (Irene, 2005) assuming
Kmax = 61077 m* s™") (compare Miesner, 2018). For modeling temperature signals of a 30- and 66 year-period,
Zmax Was set to 100 m, as a maximum penetration depth / of the thermal signal up to 70 m is expected. Due to
computational capacities, the mesh size needed to be set to dz = 0.25 m.

Overview of Instruments and Methods Used During Cruise AL584 and AL591 for Measuring the Sub-Bottom Temperatures and Thermal Parameters A, k, ¢

AL584—November AL591—April
Position of station and water depth VHO002: HF002:
10.027000°E, 54.509540°N, 10.027006°E, 54.509608°N,
259 m 26.0 m
VHO006: HF006:
10.028433°E, 54.497883°N, 10.028153°E, 54.497932°N,
25.7m 26.8 m
Lance type (company) Vibrocorer (MSH) with parallel mounted heat flow probe Lance (GEOMAR) with outside mounted sensor string
Lance length 375 m 6 m
Channels (spacing) 22 (15 cm) 22 (25 cm)
Measurement time 45 min 40 min
Resolution sensors 1 mK 1 mK
Accuracy sensors 2 mK 2 mK

4, k,c measurement tool (method)

Accuracy of A, k,c measurements

KD2 Decagon Thermal Properties Analyzer
(measurement every 15 cm on sediment core)

+5% to £10% (Decagon Devices Inc, 2016)

In situ (monitoring the decay of emitted heat
pulse by heat flow probe)

1%-3% (Hartmann & Villinger, 2002)
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The model by Miesner et al. (2015) consists of two main equations, the heat transfer equation and the bottom
water temperature time series. The water temperature equation is described by a cosine function, representing a
symmetrical temperature profile with a seasonal minima and a maxima as follows:

Tewr(t) = A + B+ cos(wt + @)

To approximate nonsinusoidal water temperature variations, Tpwr(f) was expressed as a Fourier series (compare
Miesner et al., 2015) as follows:

n
Tewr(t) =A+ ) B, xcos(nw=t+g,)

i=1

2n
365°

¢ = phase delay with ¢ = w(d), where d = day of annual temperature minimum. When using the forward model
(without inversion), the parameters of Tgy Were approximated from the measurements by minimizing the sum of
squared error between Tgwr and the water temperature time series using the Nelder-Mead simplex algorithm
implemented in the fminsearch Matlab solver (Lagarias et al., 1998; The MathWorks Inc, 2023).

with Tewr(#) = water temperature (°C), A = average temperature (°C), B = amplitude (°C), @ = period of and

To incorporate the effect of constant ocean warming on the temperature gradients, the forward model was run to
simulate 66 years for the Baltic Sea, which covers the time span of the Boknis Eck water temperature time series.
From this time series, a linear trend in bottom water warming AAgecaqa (°C s™") was calculated and added to

Tawr(?). In the Bellingshausen Sea, AAgecaqa is Tepresented by a warming of 0.01°C yr™!

over 30 years of
available observations from Schmidtko et al. (2014). As determining annual water temperature variations is more
challenging in this area, the seasonal temperature components B and ¢ have been set to zero to focus solely on the

multidecadal water temperature variations.
The sediment temperature is described as a sum of the temperature field # and the geothermal gradient g as
follows:

T (z,1) = u(z,1) + g2

Usually, the geothermal gradient can be determined from the measurements itself, except for the Baltic Sea, where
due to a massive measurement distortion, the literature value of 0.03°C m™" is used for the forward model (Fuchs
et al., 2023).

The temperature field u consists of the heat transfer equation as follows:
du(z.1) = 9, (k(2)0.u(z.1)) =0

with x = thermal diffusivity (m* s~"). Thermal diffusivities were determined in situ or on split cores for the Baltic
Sea. In the case of the Bellingshausen Sea, x was calculated using a volumetric heat capacity of
3,400,000 J K=" m™, typical for water-saturated clay/silt (Andujar Marquez et al., 2016), and the following
relation of x = ﬂic (mzs"). The resulting thermal diffusivities were interpolated to fit the model mesh and

implemented as a piecewise constant function.

As the numeric model requires an initial sediment temperature field for + = 0, the analytical solution after
Carslaw and Jaeger (1939) is used as follows:

w [0
T(z,t)=A+g+z+Bxexp|—, [ =—<z|*cos|lwt—[—z+¢
(2x) 2k

The upper boundary of the model, z = 0 m (seafloor), is described by the water temperature equation and its
interaction with the sediment temperature as follows:
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K(@0.u(0.1) = L0, = Tyr())
pe,

with & = the heat transfer coefficient (W m~2 K1), pc, = volumetric heat capacity (J K~! m™3). The heat transfer
coefficient is set to &4 = 150 W m™2 K™ for all simulations, following the setup by Miesner et al. (2015). This
value is typical for the Baltic Sea, and variations of the parameter have little influence (Brakelmann & Stam-
men, 2006; Miesner et al., 2015). For pc,, we use 3,692,618 J K™' m™ for station VHO02/HF002 and
3,602,319 J K™ m™ for station VHOO6/HF006 in the Baltic Sea, and 3,400,000 J K~! m~ for the Belling-
shausen. The water-sediment boundary is a Robin boundary condition that allows heat to flow toward the cooler
space (Miesner et al., 2015).

At the lower boundary, only the (linear) background geothermal gradient with respect to the average water
temperature prevails as follows:

0, U(Zmaxs ) = A + & * Zyax

This is implemented using a Neumann boundary condition.

The partial differential equations of the model are solved by the pdepe solver of Matlab (Skeel & Berzins, 1990;
The MathWorks Inc, 2023). The time integration is performed by the ode15s solver (Shampine & Reichelt, 1997,
The MathWorks Inc, 2023).

3.2. Inverse Model

The measured transient geothermal gradients were inverted to reconstruct the bottom water temperature and the
steady-state geothermal gradient. For this, we used the delayed rejection adaptive Metropolis algorithm (DRAM)
developed by Haario et al. (2006), which was already tested for the water-sediment model by Miesner (2018). The
DRAM algorithm uses the Markov Chain Monte Carlo (MCMC) method and combines a delayed rejection with
an adaptive MCMC. First, a candidate, y;, is drawn from a Gaussian proposal distribution with a covariance
matrix. The initial covariance matrix C, is set based on available data information from, for example, mea-
surements (Haario et al., 2006).

The adaptive Metropolis component of the DRAM updates the covariance matrix as the MCMC chain progresses,
with the proposal distribution centered around the current chain position (Haario et al., 2006). The covariance
matrix C, is defined as follows:

Co, n<ngy

=
s4Cov( Xy, ..., X_1) + s4el;, n>ny
with n = the time index of the initial nonadaptation period, s, is a parameter dependent on the dimension of the
state space on which the distribution is chosen, and /; d-dimensional identity matrix; parameter € ensures that the
covariance matrix is not singular (Haario et al., 2006). For the proposal of a new state, C! is a scaled version of the
first stage C}q (Haario et al., 2006):
i 1
Ciz = inn

In the principal of the delayed rejection, the first-stage candidate, y;, is accepted with probability a;:

@ () = mm(l, M)

7(x) q; (x.y1)

where ¢, (x,-) = first-stage proposal distribution and = = distribution of current candidate (Haario et al., 2006).
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If the first-stage candidate is rejected, a new second-stage proposal relies on the current chain position and
rejected proposal distribution (Haario et al., 2006). The proposal of the second stage is then accepted with the
probability a, as follows:

R 2(y2) dy (2:31) @ (2:31:9) [1 = a1 (v231))] )
a (5 y1.32) = m1n<1, 2(X) g1 (% 31) g2 (% v1,32) [1 = e (x.31)]

with y, = second-stage candidate, and g, (x, yl,-) = second-stage proposal (Haario et al., 2006).

This delayed rejection can be iterated for multiple stages of proposals (Haario et al., 2006). The combination of
delayed rejection and adaptive Metropolis increases the efficiency of the DRAM compared to other MCMC/AM
algorithms if no good initial proposal distribution can be given (Haario et al., 2006). The DRAM algorithm was
implemented in the water-sediment model by adapting the DRAM code for Matlab and MCMC toolbox by
Laine (2011, 2018).

4. Results
4.1. Model Test on Baltic Sea Data

The water temperature time series from Boknis Eck reveals large interannual deviations with differences in the
mean annual water temperature of ~1.7°C, temperature amplitude of ~1.4°C, and a variance of the day of
minimum temperature of 14 days for the years 2020-2021. The simple cosine water temperature function, as used
by most studies (e.g., Miesner et al., 2015; Neumann et al., 2017), shows relative errors between the approximated
curve and the water temperature measurements of >16% (Tgwr(f), n = 1). The best fit is obtained by fitting a
summation of cosines with three different periods to the average water temperature time series of 2019-2021
(relative error of 8.57%; A = 8.35°C, B; = 4.04°C, B, = 0.53°C, B; = 0.12°C, and ¢ = 1.74) (Figure 5a).
The single measurement time series of 2021 could not be approximated with a relative error better than 37%
(Figure S1 and Table S1 in Supporting Information S1).

The parameter values from the best curve approximation (mean temperature 2019-2021, n = 3) were used as
input for the forward water-sediment-temperature model. For station VHOO6/HF006, this results in a maximum
relative error between the sub-bottom temperature measurements and the modeled solution on the day of mea-
surement of 10.52% (AL584, November) and 7.69% (AL591, April) (Figure 5a). The relative error decreases to
8.07% (AL584, November) and 4.94% (AL591, April) when changing the mean annual temperature to 8.6°C.

The inversion tested on station VHO06/HF006 shows high standard deviations for the reconstructed amplitudes
B,,B,,B;, and the geothermal gradient (Table 2). The amplitudes do not fully represent the water temperature
measurements (Figure 5b) and their mean estimates deviate by 30%—100% from Tgwr that has been approximated
to the Boknis Eck measurements using fminsearch. The mean annual temperature A shows a lower standard
deviation that is below 4% of the mean estimate (Table 2) and deviates from the average water temperature
measurements from 2019 to 21 by only 1% (Table 2). Overall, the inversion yields a relative error between
measurement and modeled sub-bottom temperature on the day of measurement below 10%. The lowest water
temperatures are in January/February, which is consistent with the measurements of the Boknis Eck time series.

4.2. Heat Flow Lance Recordings in the Bellingshausen Sea

The temperature and thermal conductivity measurements exhibit differences between Ronne Entrance and Eltanin
Bay, which result in a generally lower GHF in Eltanin Bay than in Ronne Entrance (Table 3).

The mCDW (>1.0°C) recorded by the heat flow lance has a temperature maximum of 1.20°C in Eltanin Bay and
1.30°C in Ronne Entrance at around 550 m in both locations (Figure 6). Deviating from that are stations
PS134_86, PS134_87, and PS134_88 in the western Eltanin Bay, which show a shallower onset of the mCDW. In
Ronne Entrance, the northeasternmost station PS134_18 indicates a deeper mCDW onset.

The mCDW temperature decreases to 1.06-1.16°C close to the seafloor in Eltanin Bay, whereas in Ronne
Entrance, water temperatures decrease to 1.14-1.18°C (Figure 6). The coldest bottom water temperature in
Eltanin Bay can be found at the deepest station PS134_88. The deepest measurement of Ronne Entrance on the
other hand shows a slightly warmer mCDW of 1.16°C than other measurements in the area.

BRAND ET AL.

9 of 21

85UBD1T SUOWILIOD 9AITER1D) 3|qedijdde ayy Aqg pausenob afe Sape YO ‘9sh Jo Sajn 10} AkeiqiauluQ 8|1\ UO (SUOIIPUCD-pUR-SWLS)/W0D" A3 1M AReiq Ul U0/, SdNY) SUORIPUOD pue SWS | 8y} 39S *[G202/80/Sz] Uo ARigiauliuo A8|IM 911UD aueIy0D Ag ¥£022000202/620T OT/I0p/wod A |1m Aiqiputiuosgndnbe//sdiy wolj papeoumod ‘8 ‘520z ‘16266912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2024JC022034

L

Temperature [°C]

Forward Model

Depth [m]

Baltic Sea

e

1 1 1 1 1 | 1 1
100 125 150 175 200 225 250 275 300 325 350
Days

—model equation —2015 —2017 2019 2021

—2014 —2016 —2018 2020 #*x day of heat flow measurement
Temperature [°C] Thermal Diffusivity [m?s™"]
13 1 5 10 *107

0 0 -
11 ]
21 1 2
3 [ 1 —_—
4+ - E 4

L 4 K =
A 5
6 - 86
4 +++ April (modelled)
8 — — November (modelled) 8

* November (measured)

9 * April (measured)
0 . : . 10

O
S

Temperature [°C]

Inversion Model

Depth [m]

100 125 150 175 200 225 250 275 300 325 350
Days

—model equation —2015 —2017 2019 2021

—2014 —2016 —2018 2020 # x day of heat flow measurement
Temperature [°C] Thermal Diffusivity [m23'1]
o 1 5 10 *107
0 T 0
o — ALs84
N 5l AL591
3 =
4 £ 4
5 =
& 6
6 . g6
7t ++ April (modelled)
8 — — November (modelled) 8
x November (measured)

9- + April (measured) 1
ol . . . A 10!

Figure 5. The forward model (a) and the inversion model (b) for the station VHO06/HF006, Baltic Sea. Top panel of (a):
Tgwr(f) with parameters approximated from measurements of 2019-2021. Top panel of (b): Tgwr(f) with parameters
obtained by the DRAM inversion. Bottom left of (a and b): Modeled geothermal gradients. The colors represent a transient
geothermal gradient at a certain time of the water temperature time series. Bottom right of (a, and b): The measured (*) and
model-interpolated (—) thermal diffusivities. Both models only consider the thermal diffusivities of cruise AL584.

4.3. Forward Modeling of the Bellingshausen Sea Data

Fitting Tgwr to the moorings in the adjacent Amundsen Sea yields a phase delay with a variable value (¢ = 2.4,
2.9, 3.9, 4.7), resulting in minimum temperatures between October and February, depending on the mooring
station and year. The amplitudes of the water temperature variations are relatively low at £0.03°C and +0.05°C.
The simplex search method of the fminsearch solver smoothed a lot of outliers and does not approximate high
temperature events (Table S2 and Figure S2 in Supporting Information S1).
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Table 2

Results of the Forward Model and Its Inversion (Run With 50,000 Chain Members) for the Baltic Sea and the Bellingshausen Sea

Station

A (°C)

B, (°C)

B, (°C)

B; (°C)

@ (d)

g(°Cm™)

Max. rel. error

Baltic Sea
Forward ~ VHO006/HF006
Inversion  VHO06/HF006
Bellingshausen Sea
Forward"
PS134_18
PS134_24
PS134_25

PS134_74

PS134_86
Inversion

PS134_18

PS134_24

PS134_25

PS134_74
PS134_86

8.35
8.438 (0.311)

1.200
1.160
1.095

1.175
1.180

1.225 (0.041)
1.126 (0.028)
1.102 (0.042)

1.182 (0.050)
1.174 (0.053)

4.04
5.081 (1.521)

0.030
0.050
0.050

0.050
0.050

0.081 (0.071)
0.061 (0.020)
0.046 (0.070)

0.041 (0.068)
0.058 (0.070)

0.53
0.937 (1.847)

0.12
1.816 (2.460)

Ronne Entrance

Eltanin Bay
Ronne Entrance
Eltanin Bay

1.74
1.697 (0.263)

4.700
4.700
4.700

4.700
3.900

2.556 (1.531)
5.356 (0.631)
1.997 (2.597)

2.821 (2.124)
2.008 (2.167)

0.026 (0.049)

0.059 (0.010)
0.097 (0.008)
0.084 (0.010)

0.014 (0.013)
0.027 (0.013)

10.52% (AL584), 7.69% (AL591)
3.06% (AL584), 9.17% (AL591)

1.72%
0.83%
1.22%

0.67%
1.24%

0.91%
0.83%
1.51%

3.08%
1.69%

Note. The inversion result of each parameter is given as the mean (standard deviation). “Parameters are the approximations to the Amundsen Sea mooring time series that
lead to the lowest relative error fitting the geothermal gradients.

To represent the temperature records from the moorings in the Amundsen Sea, amplitudes of +0.03, +0.05, and
+0.15°C (based on 0.3°C from Webber et al. (2017)) with phase shifts of 3.9 and 4.7 were tested as input for the
forward model. Because annual water temperatures in the Bellingshausen Sea are expected to be warmer than in
the Amundsen Sea between 2009 and 2014, the mean annual temperature is fitted to match the data (Table 2). For
station PS134_86, the best fit is obtained using ¢ = 3.9 with a day of temperature minimum in December, whereas
for all other stations, ¢ = 4.7 with a temperature minimum in October yields a closer fit (Table 2, Figure 7).
Solutions with amplitudes of £0.03 and +0.05°C give similar results. The relative model error increases up to
6.4% for all stations when using a larger amplitude of +0.15°C (Table S4 in Supporting Information S1).

As in situ thermal properties could not be measured for each station, further sensitivity tests were made to test the
influence of using average thermal conductivities and resulting diffusivities for the Bellingshausen Sea data (Text
S2, Figures S7 and S8 in Supporting Information S1). The estimation of « has only a small, negligible effect on the
model accuracy (<0.74%).

4.4. Inversion of the Bellingshausen Sea Data

The mean parameter estimates from the inversion obtain a model solution that is in accordance with the mea-
surements as the relative errors stay below 4% (Table 2). The mean annual temperatures have overall values of
1.10-1.23°C (Table 2). Their standard deviations remain low and are less than 4.5% of the mean estimate. The
reconstructed water temperature amplitudes are between +0.04-0.08°C with large standard deviations above
100% from the mean estimation (Table 2). The phase shifts of the possible water temperature variations show
rather large standard deviations, which are up to >100% of the mean estimated value (Table 2). Except for
PS134_24, the phase shifts lead to a temperature minimum from January to March (Figure 8, Figure S3-S6, Table
S5 in Supporting Information S1). Nevertheless, the inversion statistics indicate that the inversion did not
converge and did not reach a stable solution. Consequently, the results are subject to greater uncertainty.

The reconstructed geothermal gradients differ by 2%—10% from the measured geothermal gradients. Subse-
quently, heat flow values differ by 1-8 mWm™2 (compare Tables 2 to Table 3). The reconstructed bottom water
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The Geothermal Heat Flow for All Stations in the Bellingshausen Sea as Determined From Measurements During Expedition PS134
Water
Longitude Latitude depth +Ag (0] +AQ
Station (°W) °S) m) gCCm™ (Cm™) AWm'K™) £AA(Wm'KH) mWm™) (mW m~?)
Ronne PS134_16 —72.6754 —72.8940 680 0.083 0.021 0.929° 0.283 77 2
Entrance  pg134 17 729171 —72.6516 768 0.051 0.001 0.929* 0.283 47 1
PS134_18 —73.0912 —72.6005 657 0.065 0.017 0.821 0.068 53 2
(PS134_19)°
PS134.20 —72.9467 —72.8686 674 0.052 0.001 1.066 0.411 55 1
(PS134_20)°
PS134_21 —73.0086 —72.8659 667 0.083 € 1.014 0.311 84 =
(PS134_21)°
PS134_24 —72.7431 —72.9289 723 0.088 0.014 0.929° 0.283 82 1
PS134.25 —73.2874 —72.8754 752 0.086 0.015 0.929° 0.283 80 2
PS134.26 —73.5224 —72.8468 761 0.052 0.008 0.929° 0.283 48 2
PS134.27 —74.0578 —72.9214 1,099 0.077 0.006 0.923 0.284 71 1
(PS134_27)°
Eltanin Bay ~ PS134_70 —83.2532 —73.5988 798 = = = = =
PS134_74 —81.5220 —73.6160 605 0.015 0.001 1.378 0.205 21 2
(PS134_73)°
PS134_75 —81.8706 —73.6371 752 0.022 0.019 1.511° 0.374 33
PS134_76 —82.1374 —73.5651 920 0.038 0.004 1.511° 0.374 57
PS134_77 —81.9038 —73.5210 1,016 0.027 € 1.511° 0.374 41 =
PS134_78 —81.6082 —73.3688 931 0.030 =€ 1.511° 0.374 45 =
PS134_79 —82.3029 —73.4236 695 0.017 0.007 1.511° 0.374 26 5
PS134_80 —82.7445 —73.4961 559 =8 = = = = =
PS134_81 —82.9588 —73.5881 852 . = 1.643 0.462 = =
(PS134_83)°
PS134_82 —83.2425 —73.6076 824 = = = = = =
PS134_86 —83.3226 —73.3632 711 0.028 0.007 1.511° 0.374 42 3
PS134_87 —83.5347 —73.3935 639 0.020 0.005 1.511° 0.374 30 4
PS134_88 —83.9528 —73.1944 1,148 0.038 0.010 1.511¢ 0.374 57 3

*Average thermal conductivity from split sediment cores measured in Ronne Entrance. "Station number of split sediment cores where thermal conductivities were
measured. “Standard deviation could not be determined because only two loggers penetrated the seafloor. 9Heat flow lance presumably tipped/not penetrated subsurface.
°Average thermal conductivity from split sediment cores measured in Eltanin Bay.

variations can theoretically cause deviations of 64% in the geothermal gradient within the upper 5 m below
seafloor over the course of a year (Table 4).

4.5. Multidecadal Ocean Warming

In addition to annual bottom water variations, multidecadal water temperature increases can be determined. The
Boknis Eck measurements in the Baltic Sea show an increase of 0.0285°C yr~' from 1957 to 2022 (compare
Figures 5 and 9, upper panels; Figure S1 in Supporting Information S1). For running the water-sediment model,
A = 6.53°C was set as determined from the initial measurement period of 30 April 1957-10 April 1958. With this
bottom water warming over 66 years, the geothermal gradient changes from 0.03 to —0.063°C m™"
reversal of the gradient in the upper 5 m of the sediment and the same negative trend as the temperature mea-

, showing a

surements of station VH002/HF002 (Figure 9). For this station, the maximum relative error between the model
solution on the measurement day and the measurement itself is 7.49% for November (AL584) and 11.76% for
April (AL591). The thermal signal [ of the constant water warming extends down to 41 m in the sediment
(assuming k = 2 * 107" m2%7Y.
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Figure 6. Water column temperatures measured by the heat flow lance during deployment in Ronne Entrance (left) and Eltanin Bay (right) in January/February 2023.
With the winch speed, the water depth could be reconstructed from the heat flow logger recording time with an uncertainty of ~50 m. Colormaps by Crameri (2018).

The multidecadal bottom water warming has also been observed in the Bellingshausen Sea with an increase of
0.01°C yr~! over 30 years (Schmidtko et al., 2014). In Ronne Entrance, the constant warming in bottom water
temperature leads to a 20%—-37% change in the measured geothermal gradients and, in Eltanin Bay, to a 39%—
127% reduction in geothermal gradients (Table 4, Figure 10). The heat flow values, after correction of the constant
water warming, are 16-26 mWm ™2 lower than heat flow values obtained from the measurements.

5. Discussion
5.1. Model Accuracy

The forward and inverse models of the Baltic Sea result in modeled geothermal gradients with a 9% relative error
to the sub-bottom temperatures. In fact, the high accuracy of the heat flow measurements, 2 mK for sub-bottom
temperatures and, for example, 0.5% for thermal parameters from cruise AL591, would allow an approximation of
the sub-bottom temperature measurements with a lower model error. However, sensitivity tests by Miesner
etal. (2015) showed that adding 8% noise to the water temperature increases the mean reconstruction error by 5%.
Considering the interannual variability, noise in the Baltic Sea temperature, and the residual misfit of the
approximated water temperature curve to the Boknis Eck measurement, the model solution can sufficiently
replicate the temperature-depth profiles.

The Baltic Sea model tests demonstrate that input parameters derived from water measurements can achieve close
fits of modeled transient sub-bottom geothermal gradients. Therefore, using Amundsen Sea mooring data as the
Tewr(?) input for the forward model can be a good tool to demonstrate how mCDW variations in the Belling-
shausen Sea would affect the heat flow measurements. Nevertheless, the mooring data in the Amundsen Sea, as
such data from the Bellingshausen Sea shelf, reveal a noisy mCDW temperature signal (Figure 8, top), affected by
interannual variations in the onset of the cooling phase, tidal currents, and currents induced by local atmospheric
pressure variations (Assmann et al., 2013; Schulze Chretien et al., 2021; Webber et al., 2017). Additionally,
Tewr(?) is described as a simple cosine as the Baltic Sea inversion shows that more complex water equations are
challenging to reconstruct, especially when considering the unknown long-term behavior of the Bellingshausen
Sea waters. The consideration of both aspects introduces some inaccuracies to the model. The forward model,
using mooring data from the Amundsen Sea, sufficiently approximates the measured sub-bottom temperatures
(Table 2, Table S4 in Supporting Information S1). However, the approach describing water temperature varia-
tions by a cosine causes high standard deviations in the inversion results for the Bellingshausen Sea, as sensitivity
tests show (Text S1, Tables S6 and S7 in Supporting Information S1).
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5.2. Spatial Heterogeneity of the mCDW Temperature

Before investigating the effect of potential mCDW temperature variations, it is necessary to analyze the spatial
heterogeneities in the recorded mCDW temperatures. Data sets acquired by seal tags or CTD casts provide some
information about the mCDW's pathway, but there are still some gaps in the spatial coverage that need to be
addressed (Schubert et al., 2021). The seal tag data recorded an east-west difference across the Bellingshausen Sea
of 0.22°C warmer mCDW in the east (Schubert et al., 2021). The analysis of the heat flow sites shows a smaller
difference of 0.1°C in the maximum temperature of the mCDW between Ronne Entrance and Eltanin Bay
(Figure 6; ~400-600 m water depth). Further, the stations PS134_74 and PS134_75, closer to the coast in Eltanin
Bay (15-20 km, 1.0°C), show a 0.1°C cooler mCDW than records with a 30 km costal distance. This maybe
indicative of the cooling and erosion process toward the coast observed earlier at mid-depth temperatures (~300—
500 m, >1.2°C) in the Belgica Trough (Zhang et al., 2016).

The east-west gradient in mCDW temperatures and layer thickness across the Latady Trough and across the
Belgica Trough (Schulze Chretien et al., 2021; Zhang et al., 2016) cannot be found for our eastern and western
stations in Ronne Entrance or Eltanin Bay, likely due to the observed decrease in the temperature gradient closer
to the coast (Schulze Chretien et al., 2021; Zhang et al., 2016). Conversely, the shallower onset of mCDW be-
tween 300 and 400 m water depth at the western stations in Eltanin Bay is contrary to this east-west gradient in the
mCDW thickness determined by other studies (Schulze Chretien et al., 2021). As multiple and local processes,
such as meltwater, deep water formation, or tidal currents, play a role in the vertical water column structure
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Figure 8. Exemplary visualization of inversion result with the lowest model error, station PS134_24, Ronne Entrance, Bellingshausen Sea. Top: The reconstructed
Tgwr(?) in relation to mooring measurements. Bottom left: Modeled transient geothermal gradients in relation to the sub-bottom temperature measurements. The colors
represent a transient geothermal gradient at a certain time of the water temperature time series. Bottom right: Mean thermal diffusivity for Ronne Entrance. Visualization
of the inversion results for other stations can be found in Supporting Information S1.

(Schulze Chretien et al., 2021), depth uncertainties in the heat flow lance recordings remain, but the cause of this
deviation cannot be explained.

On average, the mCDW temperatures near the seafloor are 0.02°C warmer in Ronne Entrance than in Eltanin Bay,
as recorded by our heat flow lance sensors. In Eltanin Bay, the bottom water temperatures decrease slightly with
water depth (1.16°C at 829 m to 1.06°C at 1,150 m). In Ronne Entrance, the water depths of the heat flow stations
are comparable (680-768 m) and the bottom water temperatures show only minor temperature differences (1.14—
1.18°C), with no correlation to their location within Ronne Entrance.

The analysis of the water temperatures recorded with the heat flow lance shows that the mCDW can be detected in
the entire study area. The distribution of selected heat flow stations with the largest temperature distortions shows
no connection to trends in the mCDW temperature distribution.

5.3. Possibility of Seasonal mCDW Temperature Variations

In the Amundsen Sea, the amplitude of the seasonal mCDW temperature cycle varies with water depth. At 500 m,
the CDW changes by 1°C, at ~700 m by 0.3°C, and little variations were observed at 900 m water depth (Webber
et al., 2017). If the variations observed in the Amundsen Sea are considered comparable to the variations in the
Bellingshausen Sea, the inversion results should reconstruct amplitudes of £0.15°C, as the selected stations in the
Bellingshausen Sea are located between 585 and 748 m water depth. With a range of +£0.04-0.08°C, the
reconstructed amplitudes for the Bellingshausen Sea remain below comparable amplitudes from the Amundsen
Sea (Table 2). However, the forward model with the mooring data as input shows that using an amplitude of
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Table 4
The Influence of Annual and Multidecadal Water Temperature Variations on the Heat Flow Determination
Annual Multidecadal
gCCm™h Ag (°C m™") due to 0 (mW m~?) AQ MW m~%) dueto g (°C m~") before Q (mW m~?) before
determined from possible Ty determined possible 0.3° 0.3°
Station inversion variations from inverted g Tgwr variations C/30 yr warming C/30 yr warming
Ronne PS134_16 - - - - 0.101 94
Entrance  pgy34 17 - - - - 0.069 64
PS134_18 0.059 +0.013 (22%) 48 +11 0.084 69
PS134_20 - - - - 0.071 76
PS134_21 - - - - 0.102 103
PS134_24 0.097 +0.009 (9%) 90 +8 0.106 98
PS134_25 0.084 +0.009 (11%) 78 +8 0.105 97
PS134_26 - - - - 0.070 65
PS134_27 - - - - 0.096 89
Eltanin Bay PS134_70 - - - - - -
PS134_74 0.014 +0.009 (64%) 19 +12 0.034 47
PS134_75 - - - - 0.037 56
PS134_76 - - - - 0.053 80
PS134_77 - - - - 0.042 63
PS134_78 - - - - 0.045 68
PS134_79 - - - - 0.032 48
PS134_80 - - - - - -
PS134_81 - - - - - -
PS134_82 - - - - - -
PS134_86 0.027 +0.011 (42%) 41 +17 0.043 65
PS134_87 - - - - 0.035 53
PS134_88 - - - - 0.053 80

Note. Annual variations are represented by the reconstructed geothermal gradients obtained by inverting heat flow station measurements, which have distortions in water
and sediment temperatures from a linear trend. Uncertainties Ag are based on the transient gradients at minimum and maximum water temperatures over 1 year.
Therefore, the heat flow uncertainties represent the possible maximum error when determining the geothermal gradient at different times of the year. Further, calculated
geothermal gradients before a 0.3°C/30 years bottom water warming are shown.

+0.15°C increases the model error slightly, nevertheless within the accuracy that can be achieved (Table S4 in
Supporting Information S1). Therefore, the possibility of larger amplitude variations in the Bellingshausen Sea
cannot be excluded by the model analysis. A correlation between water depth and amplitude of a possible water
temperature variation, as observed in the Amundsen Sea, cannot be established as heat flow stations with and
without distortions in the geothermal gradient have similar water depths.

For most GHF stations, the best model solution has a phase shift in the water temperature curve with a minimum
temperature around the austral summer (October—March). That would be in line with the variability of CDW in
the Amundsen Sea, where, besides the northeastern part, lower temperatures have been documented during the
austral summer period from November to March (Assmann et al., 2013; Azaneu et al., 2023). In the eastern
Bellingshausen Sea, seal tag data confirm that mCDW temperatures are colder in the austral summer than in the
winter (Schubert et al., 2021). A more precise evaluation of the phase shifts in the water temperature curve is
prevented by interannual mCDW temperature variations (Assmann et al., 2013).

Some studies point out the different positions of the Amundsen and Bellingshausen seas relative to the ASL,
which is assumed to cause the mCDW temperature variations. In the Amundsen Sea, the changing position of the
ASL leads to changes in wind direction and wind strength over the shelf edge (Thoma et al., 2008). As the
Bellingshausen Sea is further east of the ASL, the influence of its changing position is reduced and the isobars
fluctuate less in space (Holland et al., 2010).
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geothermal gradients for station VHO02/HF002, Baltic Sea, after 66 years in relation to the sub-bottom temperature measurements. Bottom right: The measured (*) and
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Figure 10. Exemplary visualization of the geothermal gradient of station
PS134_86, Eltanin Bay, Bellingshausen Sea, derived from measurements
(red) and prior to 30 years with constant warming of 0.01°C yr™' (blue).

Nonetheless, the reanalysis by Oelerich et al. (2022) shows a changing water/
wind regime and smaller seasonal mCDW changes within the regimes. The
amplitudes of these mCDW temperature variations can be of the same order
of magnitude as those reconstructed by the inversion; however, they are
influenced by interannual variabilities of almost undetectable amplitudes up
to £1°C in 1 year (Oelerich et al., 2022). The variability of deep bottom
waters is suggested to be a locally variable process caused by sea ice coverage
and air-sea heat fluxes (Oelerich et al., 2022), as highlighted by similar
studies from the Amundsen Sea (Webber et al., 2017). Thus, the seasonal
mCDW behavior was only found within the coastal polynya (Oelerich
et al., 2022), in the same research area where the heat flow measurements
were carried out in Eltanin Bay. A recent version of the GLORYS12V1 global
ocean physics reanalysis model (E.U. Copernicus Marine Service Informa-
tion, 2023) shows 1 year prior to the PS134 measurements, bottom water
temperature variations with similar amplitudes (+0.10°C, £0.18°C) in Elta-
nin Bay as approximated by the water-sediment model, and two temperature
minima in austral spring and early austral autumn. In Ronne Entrance, the
reanalysis model shows negligible temperature variations (Figure S9 in
Supporting Information S1). The local variability of bottom waters would
provide a suitable explanation for why distortions in the heat flow mea-
surements are not omnipresent and do not follow certain mCDW pathways or
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bathymetric trends, but at the same time can be approximated by seasonal water fluctuations. The inversion results
further indicate that the mCDW temperature variations cannot be well represented by a cosine and thus most
likely do not exhibit a strong seasonal cycle. Year-round water temperature measurements and long-term
monitoring are missing to constrain the pattern of mCDW temperature variability.

5.4. Implications for Geothermal Heat Flow Measurements

The water-sediment temperature model indicates that the geothermal gradients in the Bellingshausen Sea are
affected by short-term water temperature variations. However, a sensitivity test with the artificially generated data
shows that the difference in reconstructed and measured geothermal gradients (2%—10%) falls within the range of
estimation inaccuracies due to the inversion (15%, Table S6 in Supporting Information S1). Therefore, it is not
possible to differentiate whether the deviations are caused by (seasonal) local water variations or by the uncer-
tainty of the inversion. This shows the model's limitation in resolving precise uncertainties in geothermal gra-
dients caused by short-term water temperature variations for areas with spatial and temporal gaps in the water
temperature records. However, the water-sediment model demonstrates a significant theoretical impact of sea-
sonal water variations when determining the transient geothermal gradients at times of minimum and maximum
water temperatures (Table 4).

Additionally, the continuous inflow of mCDW adds to the heat flow uncertainties and reduces the heat flow
values even further. In the Amundsen Sea, this is expected to contribute to a 20% reduction in the heat flow values
(Dziadek et al., 2019). As the Ronne Entrance has slightly warmer water than the Eltanin Bay, it could be assumed
that this effect leads to an even greater reduction in the geothermal gradient in the Ronne Entrance. Further, due to
the assumed rift extension reaching into Eltanin Bay (Bingham et al., 2012), higher heat flow values could be
expected for the western Bellingshausen Sea. However, looking at the trends in heat flow values, the opposite is
the case. In general, the heat flow values are ~27 mW m™> higher in Ronne Entrance than in Eltanin Bay
(Table 3). An aspect that could contribute to the different heat flow trends across the Bellingshausen Sea, is its
glaciation history. The inner Eltanin Bay deglaciated around 12.3 ka BP, which is 6 ka earlier than the inner
Ronne Entrance (Hillenbrand et al., 2010). This could give warm bottom water masses more time to contribute to
the reduction of the geothermal gradient in Eltanin Bay. It is difficult to pin down the exact onset of CDW
flooding the shelves, but evidence for present CDW in the adjacent Amundsen Sea can be found since at least
10.4 ka BP (Hillenbrand et al., 2017). A longer glaciation of the Ronne Entrance could lead to geothermal
gradients showing stronger thermal relics.

Another factor, that plays an important role in the spatial heterogeneity of heat flow, is the bathymetry and the
geology. In Ronne Entrance, elevated heat flow values are found in front of the topographic height suggesting
a possible connection between the heat flow and topographic, tectonic, or geological processes that affect the
thermal parameters. In Eltanin Bay, it must be considered that in areas of highly conductive basement rocks
and thick sediment cover, heat is refracted away from the thick sediments and follows the path of higher
conductivity (Beardsmore & Cull, 2001). As most of Eltanin Bay has a thin sediment cover over the hard
rock, the heat flow lance was deployed in depressions/pockets with at least 5 m of sediment, which could
introduce a bias. Thus, the topography and thermal properties of the subsurface may contribute to the low heat
flow values measured.

The measured geothermal gradients are also further influenced by the constant ocean warming. Multidecadal and
even annual water temperature disturbances are particularly significant for measurements in shallow or medium
water depths, for example, in the Baltic Sea or the Bellingshausen Sea shelf, as these are more susceptible to
oceanographic and atmospheric temperature events (Bilgili, 2025; Webber et al., 2017).

On the Bellingshausen Sea shelf, ocean warming over 30 years causes significant deviations of the measured
geothermal gradients from the steady-state gradient. In the Baltic Sea, constant water warming has impacted the
shallow sub-bottom temperatures to a point where a linear temperature increase with depth is no longer
observable within the upper meters of the sediment, making a heat flow estimation by lance-based probes
impossible. These cases highlight the need to correct marine geothermal gradients measurements for environ-
mental factors and external temperature disturbances to accurately determine heat flow values representative of
heat originating from the Earth's interior.
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6. Conclusions

The influence of annual to multidecadal bottom water temperature variations on the first-ever acquired
geothermal measurements from the Bellingshausen Sea was investigated. The forward model based on water
temperature records represents the sub-bottom temperature measurements with an acceptable error. How-
ever, uncertainties remain with the inversion results due to noisy and interannually variable water
temperatures.

The water-sediment model results demonstrate that mCDW variations with colder temperatures in the summer
and amplitudes of +0.03-0.15°C, with tendencies toward lower values, could explain the distortion of the
geothermal gradients. However, as distortions in the geothermal gradient are not present at all stations and there is
no correlation between the location of the distorted geothermal gradients and the spatial heterogeneity of the
mCDW temperature, it is likely that local bottom water variations play a key role.

The geothermal measurements from the Bellingshausen Sea shelf area reveal heat flow values between 47 and
84 mW m~? in Ronne Entrance and between 21 and 57 mW m™ in Eltanin Bay. Annual bottom water tem-
perature variations may account for 2%—10% uncertainty in the determined geothermal gradient. However,
higher-resolution records of the mCDW temperature patterns are needed to constrain this uncertainty. The longer-
term ocean warming could contribute to a 20%—127% deviation from the true gradient in the Bellingshausen Sea
and even lead to a negative geothermal gradient in the Baltic Sea. These results highlight the need to correct
marine GHF measurements for external temperature disturbances.

Data Availability Statement

Temperature and thermal conductivity data of the Baltic Sea project have been handed in to the PANGAEA
repository for publication via Dillon and Nehring (2023) and Nehring and Dillion (2024). Thermal conduc-
tivities, water, and sediment temperatures of cruise PS134, Bellingshausen Sea, are available from Brand
et al. (2025).
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