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Abstract

:

The thermal state of the lithosphere and related geothermal heat flow (GHF) is a crucial parameter to understand a variety of processes related to cryospheric, geospheric, and/or biospheric interactions. Indirect estimates of GHF in polar regions from magnetic, seismological, or petrological data often show large discrepancies when compared to thermal in situ observations. Here, the lack of in situ data represents a fundamental limitation for both investigating thermal processes of the lithosphere and validating indirect heat flow estimates. During RV Polarstern expeditions PS86 and PS118, we obtained in situ thermal measurements and present the derived GHF in key regions, such as the Antarctic Peninsula and the Gakkel Ridge in the Arctic. By comparison with indirect models, our results indicate (1) elevated geothermal heat flow (75 ± 5 mW m−2 to 139 ± 26 mW m−2) to the west of the Antarctic Peninsula, which should be considered for future investigations of ice-sheet dynamics and the visco-elastic behavior of the crust. (2) The thermal signature of the Powell Basin characteristic for oceanic crust of an age between 32 and 18 Ma. Further, we propose (3) that at different heat sources at the slow-spreading Gakkel Ridge in the Aurora Vent Field region might explain the geothermal heat flow distribution. We conclude that in situ observations are urgently required to ground-truth and fine-tune existing models and that a multidisciplinary approach is of high importance for the scientific community’s understanding of this parameter.
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1. Introduction


Polar regions play a vital role in Earth systems because of their profound influence on planetary climate, ocean systems, support areas of pristine ecology, and geological processes. In situ temperature observations for deriving geothermal heat flow are extremely sparse in these regions, because of their remoteness and challenging climatic conditions characterizing these study areas. These observations however present crucial thermal boundary conditions for ice sheet or permafrost models, and related sea level rise predictions. Moreover, temperature measurements are urgently required to study geodynamic and tectonic processes, subglacial lakes, hydrologic networks and ecosystems beneath ice sheets or along mid-ocean ridges that remain largely unexplored.



During several RV Polarstern expeditions, a suite of in situ temperature measurements were collected for estimating geothermal heat flow in key polar regions, such as the western Weddell Sea in Antarctica and along the Gakkel Ridge in the Arctic Ocean.



The Scientific Committee on Antarctic Research (SCAR) formulated the most important scientific questions in a horizon scan, which includes the investigation of geothermal heat flow in Antarctica [1]. Recently, the scientific community has highlighted a strong need for a multidisciplinary and internationally-coordinated approach to tackle this complex problem [2]. However, geothermal heat flow remains poorly constrained, and there are large discrepancies in currently available glaciological and geophysical estimates.



RV Polarstern Expedition PS118 [3] targeted the Larsen C ice shelf in the western Weddell Sea (Figure 1a,b), which is part of the Antarctic Peninsula and among the fastest warming regions globally [4]. In July 2017, the ice shelf calved iceberg A68 [5], one of the largest icebergs ever recorded, with the resulting landward shift of the ice-edge having a profound effect on environmental factors and ecosystems in previously covered areas. Heavy sea ice conditions in the austral summer 2019 however forced RV Polarstern to abandon the target area and return to other areas of interest such as Larsen A and the Powell Basin (see ship track marked in yellow in Figure 1b).



Marine geothermal heat flow estimates and in situ temperature measurements are absent from the entire region, with glaciological measurements on James Ross Island [9] and the Antarctic Peninsula [10] indicating a large discrepancy between observations and existing indirect, regional, and continental models [11,12,13,14].



Ultraslow spreading occurs at Gakkel Ridge and at the Southwest Indian Ridge, both known to be seismically active, but little is understood about their hydrothermal vent systems. The lithosphere of ultraslow spreading ridges is expected to be significantly thicker than at faster spreading ridges [15] varying strongly along axis [16,17]. Conductive cooling of the upwelling mantle material reduces the amount of melt produced [18]. Little is known how anomalously frequent hydrothermal vent systems at ultraslow spreading ridges [19] can be supplied with heat under these circumstances.



Expedition PS86 targeted the Aurora hydrothermal vent field (Figure 1c,d), located near the southern end of the Western Volcanic Zone (WVZ, 82°53′ N, 6°15′ W) at over 4000 m water depth [20]. The vent field was discovered during the AMORE expedition in 2001, by detecting hydrothermal fluids in the water column, sampling sulfide chimneys during dredging and by recording seabed video footage [21]. The study area presents a unique location for investigating the interaction between solid earth and the overlying ocean, as well as with the biosphere living at the seafloor.



The aim of this study is to report geothermal heat flow estimates from the Weddell Sea, Powell Basin, and western Gakkel Ridge, compare them to existing indirect models, and discuss their implications.




2. Materials and Methods


2.1. Thermal Measurements


During RV Polarstern Expedition PS118 [3] in the Weddell Sea, temperatures were measured with miniaturized temperature data-loggers (MTL) mounted on a metal lance or gravity corer, with 0.001 K resolution and 0.1 K precision [22]. The mounting geometry (Figure 2b) allows inferring the temperature gradient. The deployment procedure for these lance or gravity corer based thermal probe is similar to gravity coring. Prior to deployment, the MTLs were calibrated for absolute temperatures with the ships SBE911plus CTD (conductivity, temperature, and depth) in the water column. After calibration, the offset between MTL and CTD was ±0.001 K, which is within the overall resolution of the MTL.



The thermal probe is lowered through the water column to the sea floor, where it enters the sediment by gravitational force due to its own weight (Figure 2a). Frictional heat is usually generated during this step, hence the probe is left in the sediment for up to 10 min, allowing in situ temperature to stabilize. An additional MTL was mounted above the probes weight to monitor the water column temperature (not shown in sketch).



We measured the thermal conductivity k of sediment samples onboard. The samples were taken with a gravity corer at the heat flow stations or in their vicinity. The gravity corer whole rounds were stored up to 24 h at stable ambient temperatures prior to the analysis and the casing opened with a drill for the measurements. We used the KD2 Pro Thermal Property Analyzer that has an accuracy of ±5% from 0.2 to 2 W m−1 K−1 [23]. The 6 cm length sensor is inserted into the sediment sample, applies a very small amount of heat to the needle, and calculates the thermal conductivity from heat dissipation.



The sampling strategy was determined to an extent by sea ice conditions, sedimentary cover thickness, water depth, and water column temperature stability. We were able to identify five suitable sites close to James Ross Island and the Antarctic Sound to measure in situ temperature measurements.



During RV Polarstern Expedition PS86 [20] to the Aurora Vent Field, geothermal heat flow observations were part of the multidisciplinary study of geophysical, geological, geochemical, and biological processes at the hydrothermal vents of the Arctic Gakkel Ridge. In situ sediment temperatures and geothermal heat flow were measured with a multithermistor “violin-bow” heat flow probe [24]. The sensor string is 6 m long and houses 21 thermistors with 1 mK precision. Similar to the MTL deployments, the heat flow probe was lowered to the seabed and inserted into the sediment by its own weight. A first, frictional heat pulse is then generated (see Figure 3), after an up to 10 min stabilization time, during which the frictional heat of probe entry into the sediments dissipates and sediment temperatures may be considered to reflect undisturbed levels. A heat pulse is then triggered, and from the recording of the thermal decay curves thermal conductivities (k) and diffusivities can then be estimated [24,25].



The principle behind both measurement types for obtaining geothermal heat flow remains similar. The geothermal gradient describes the rate of temperature increase with increasing depth. From the known sensor geometry and temperature readings, this gradient can be estimated (Figure 4). The resulting heat flow Q (mWm−2) has been formulated as an empirical relationship between the (negative) temperature gradient dT/dz in the direction of energy flow and the physical property of a material to transport energy [27], the thermal conductivity (k):


  Q = − k   δ T   δ z    



(1)







The figure demonstrates two cases for fictional stations. The temperature readings of station 1 represent a nearly ideal measurement, where the seafloor location can be approximated by the sudden gradient change. The sensor readings of the temperature in the sediment indicate stable conditions by a linear trend. In this case, all sensors can be used for calculating the temperature gradient. Station 2 shows a different example, where suspected thermal perturbations require certain sensors to be omitted (marked with circles) and not used for gradient estimation. Errors were estimated by calculating the minimum and maximum ranges of geothermal gradients, when temperature-depth readings showed ambiguous distributions.




2.2. Depth-to-Bottom of the Magnetic Source (DBMS) in the Arctic Ocean


When temperature increases with depth above the Curie temperature (~580 °C), ferromagnetic magnetization is lost [28]. The depth of this isotherm in the crust (the Curie point depth) is thus assumed to be the depth of the bottom of the magnetic source (DBMS) determined from magnetic survey data. The DBMS can be mapped based on magnetic anomaly spatial data and provides information of the thermal state of the lithosphere not accessible by other means [29]. Regions found to have a shallower DBMS (and thus an assumed shallower CPD) are expected to have higher average temperature gradients, and, therefore, higher GHF [30,31,32].



We apply the common spectral method [33,34] to the EMAG2 magnetic anomaly grid available for the Arctic ocean [35]. The prism-based method assumes that low wavenumber features in the power spectrum result from deepest magnetic sources (Figure 5). Top (Zt) and center (Z0) of the deepest magnetic body are then inferred from the slope of the power spectrum of the gridded magnetic anomalies and the bottom depth (ZDBMS) calculated from the geometric relationship of:


ZDBMS = 2 Z0 − Zt.



(2)







The power spectra of magnetic anomalies are computed within overlapping (50%) rectangular windows regularly spaced over the region of interest. The window size may, in some cases, need to be 10 times the DBMS, though larger window sizes may average tectonic regime detail. For the current study, we used a 200 km × 200 km window.





3. Results


3.1. Heat Flow across the Western Weddell Sea Shelf


We present five marine temperature gradients in the western Weddell Sea across the continental shelf (see Figure 6 and Table 1), which are the first such measurements obtained from this remote area. The penetration depth of station HF1901 reached only 2 m into the sediment, which increases the error (±26 mW m−²) for estimating geothermal heat flow, but is within the overall range of the stations in the current study. CTD measurements recorded a stable temperature profile from 350 mbsl down to the sea floor at 450 mbsl. HF1902 was located at a water depth of 409 msbl and MTL readings showed varying temperatures in the bottom water between −1.08 and −1.6 °C, hence the upper meters of the sediment may contain a thermal overprint associated with changes in bottom water temperatures [36]. This effect in the upper sedimentary layers can also be seen in the temperature-depth profile obtained from station HF1903 at 415 msbl, which is located 1.9 km northwards of station HF1903. In general, only the measurements from depths greater than 4 mbsf were used to estimate geothermal gradients and subsequently geothermal heat flow. Station HF1905 and HF1906 are 2.5 km apart and present a nearly linear temperature-depth profile of the sediments at water depths of 355 and 426 msbl, respectively. The estimated heat flow values for the individual stations, listed in Table 1, range from 75 to 130 mW m−² and show a northward, decreasing trend towards the Powell Basin.




3.2. Heat Flow across the Powell Basin


Two transects (HF1908–HF1919) and a reference site (HF1904) were measured within the Powell Basin, aiming to cover the different crustal regimes. The northern transect with temperature-depth profiles and corresponding bathymetric profile is shown in Figure 7. On the flanks of the basin, the sedimentary cover did not support probe penetration. The sedimentary cover on the central rise was thin and coarse. Furthermore, Parasound data indicated coral-like structures, which typically require a hard substrate to settle on. Therefore, we were not able to retrieve measurements on the bathymetric high. Estimates of geothermal heat flow range from 16 to 86 mW m−². Highest penetration depths of the temperature probe were achieved in sedimentary basins on either side of the bathymetric high. At site HF1917, the influence of changing bottom waters can be traced in the upper sediment temperatures. Due to lower penetration depth and a non-linear temperature gradient in the upper sedimentary layers, the estimated error of this station is ±26 mW m−². The upper two sensors of site HF1919 recorded a contrary trend and a reversal in temperature gradients within the upper two meters below seafloor and were also not included in the geothermal heat flow estimates.




3.3. Heat Flow Along the Gakkel Ridge


Geothermal heat flow was investigated at 27 sites in the Western Volcanic Zone of the Gakkel Ridge with the violin-bow type heat flow probe (Figure 1, Table 1). At selected stations, a heat pulse was triggered to estimate in situ thermal conductivity. Highest geothermal gradients were obtained at Station H1401P01, -P02, and P04, with observed geothermal heat flow ranges between 734 ± 103 mW m−2 and 1825 ± 259 mW m−2. The large error estimates result from gradient variations, penetration depths, and thermal conductivity changes. A pronounced temperature anomaly seems to run through depths of 3 to 4 mbsf in the area of the HF1401 sites (see Figure 8). The temperature-depth profile of station H1401P01 does not show a strong lateral variation, which might be due to the shallow penetration depth.



Stations H1402P01-P03 generally show linear temperature gradients, which are indicative for thermally stable conditions. At sites H1403P01, -03P04, -04P03, -04P04, -05P02, -08P01, and -08P02 gradients showed intermediate to strong thermal perturbations, resulting in high uncertainties for the GHF estimate, besides the given error range. The sampling strategy was biased towards areas with a sedimentary cover sufficiently thick to allow for sufficient heat flow probe penetration.





4. Discussion


4.1. Weddell Sea and Antarctic Peninsula


The presented marine in situ temperature measurements HF1901 to HF1906 across the shelf are the first observations of their kind in the wide western Weddell Sea of the southern polar region.



The geothermal heat flow estimates show a decreasing trend from south of James Ross Island (HF1901: 139 ± 26 mW m−²) towards northeast of the Peninsula (HF1906: 78 ± 10 mW m−²). The only in situ temperature measurement in the vicinity of the current study stations is from a 363.9 m deep ice-borehole near the summit of Mount Haddington on James Ross Island, at an elevation of 1542 m drilled to the bedrock in 2008 [9]. The study found the basal temperature of the ice sheet (−8.5 °C) measured in the borehole to be consistent with a geothermal heat flow of around 50 mW m−² at the location. However, little detail is given about the heat flow estimate in the study.



The oceanic and continental heat flow average is 101 and 65 mWm−², respectively [38]. Hence, indirect models, for instance, models (67 mWm−²) from heat producing elements (HPEs) assigned to bedrock geology [39] (Figure 9a) and the borehole estimate (50 mWm−²) of geothermal heat flow, fall in the lower predicted range of geothermal heat flow. Magnetically-derived geothermal heat flow models [12] predict a range of 70 to 100 mW m−² for the region and show a decreasing trend from higher values south of James Ross Island towards lower values in the northeast (Figure 9b), these results fit well with our observations. In contrast, empirical, seismically-derived models [11,13] largely agree with each other (Figure 9c,d), but predict a reversed northerly trend from lower heat flow towards higher geothermal heat flow values. Whereas this trend is largely consistent with marine in situ data collected in the Bransfield Strait [40,41], it shows a large offset of ~40 to ~70 mW m−² for the Powell Basin region. Our results (75 to 139 mWm−²) therefore are indicative of a considerably higher geothermal heat flow and are mainly consistent with the seismically-derived models with respect of absolute values, but in terms of local trends, correlate more with magnetically-derived models.



The explanation of high geothermal heat flow around James Ross Island remains subject to speculation. The thermal signature could be part of a wider regional trend indicative of a generally high geothermal heat flow across the Antarctic Peninsula. This could be a result from dynamic mantle processes related to ongoing subduction, given the late Paleozoic and viscous coupling of the back-arc with the subducting slab. Of further significance would be the tectonic and magmatic history, such as the emplacement of plutonic rocks and volcanic intrusions, which typically inherit high thermal conductivities. The thermal gradients of such a back-arc region are generally elevated [43]. Extensive Upper Jurassic to lower tertiary clastic sediments and tuff [44] could have additionally resulted in the accumulation of HPEs, which contribute significantly to geothermal heat flow.



Understanding the thermal signature of the crust and mantle in the region of the Antarctic Peninsula has important implications for ice-sheet models. The ice mass balance is negative and ice mass loss one of the highest in all of Antarctica [45]. Rapid changes in climate over the past decades have led to the collapse of major ice shelves, such as Larsen A in 1995 and Larsen B in 2002 [46,47]. As a response to ice unloading, the region experiences a rapid bedrock uplift [48]. A clue towards understanding the long-term evolution of the ice sheets in the region is associated with the visco-elastic behavior of the crust, which is coupled to temperature. The discrepancies and ambiguities of the different models heat flow predictions for the Antarctic Peninsula are amongst the highest (>50 mWm−²) in all of Antarctica [42]. Our findings support an elevated heat flow, which is consistent with the mean of the most common indirect studies presented in [42]. However, further in situ temperature constraints, for instance, from borehole campaigns that reach the bedrock below the ice sheet, are urgently required to ground-truth existing models and validate these hypotheses.




4.2. Powell Basin


The Powell Basin is a small oceanic basin bounded by continental blocks that fragmented during drifting of South America away from Antarctica [49]. The timing of its opening is poorly constrained due to low amplitude magnetic anomalies and proposed ages in the Late Eocene to Late Miocene vary from 32 to 18 Ma ([37] and references therein). The basin is bound by the South Scotia Ridge, which is a complex system of structural highs, small basins, and narrow depressions [37]. The western and eastern margins are conjugate passive margins with a transitional crust in the continent-ocean boundary (Figure 10). The eastern margin represents the overplate, and it also shows significant faulting which seems to be active until recently [50]. Towards the north and south, the basin is characterized by a transcurrent margin.



The highest geothermal heat flow value of 96 mW m−2 in the Powell Basin nearly overlies a basement high, which might represent an extinct spreading center [51]. At Station HF1910 to HF1912 along Profile 2 that superpose the oceanic crustal segment, heat flow estimates are 74 and 71 mW m−2, respectively (Figure 10). At station HF1911, close to a normal fault confining the basement high, a low heat flow of 16 mW m−2 was calculated. The probe penetration at these stations was overall very good, with sensor depths in the sediment at ~9.7 mbsf. Profile 1 covers the transitional and continental crustal part and shows low to normal heat flow. The lowest values are found close to the normal faults and on the continental shelf of the South Orkney micro-continental block.



Faults present pathways for fluid migration, which could lead to localized distorted signatures in the thermal gradient. Submarine landslides, that typically occur at submarine slopes, can also serve as an explanation for non-linear temperature gradients as in e.g., HF1919 as the temperature-depth profile shows an abrupt change in a depth of 2 mbsf. The relocation of sediment from a different thermal regime to the site could cause such a thermal gradient distortion.



Around the bathymetric high, deposits from the entry of the Weddell Gyre into the semi-enclosed Powell Basin might have an influence on sedimentation and internal temperature gradients.



Sediments, in general, are deposited at the bottom-water temperature, depressing the geothermal gradient and in turn the heat flow [52]. Initially the effect of sedimentation on geothermal heat flow is negligible, but grows with time [52]. The ongoing sedimentation in the Powell Basin is non-linear as a result of glaciation cycles, on average up to 100 mMa−1, and built sedimentary cover with a thickness of ~2300 m [53]. Age models place the oldest sediments in the late Oligocene at 24.3 Ma. At these high sedimentation rates, geothermal heat flow is likely reduced by ~10% at 10 Ma [52], which would, for instance, result in a maximum reduction of 18 mW m−2 at Station HF1910. Such an elevated geothermal heat flow (92 mW m−2) is anomalous, yet consistent with a recently proposed heat flow model based on magnetic data [54]. A high-density channel characterized by high heat flow described in the study could not be verified by the presented data set, due to the data gaps and difficult measuring environment, such as hard substrate on top of the bathymetric high as the center region of channel. On comparison with global models [55], the presented heat flow values in the oceanic crustal domain fall in the predicted, normal range (see Figure 11).




4.3. Aurora Vent Field and Western Gakkel Ridge


The Gakkel Ridge located in the Arctic Ocean separates the Amundsen and Nansen Basin and stretches 1800 km from the continental margin of the Laptev Sea in the east towards the Fram Strait in the west, where the plate boundary passes through Lena trough into the Knipovich ridge (see Figure 1c,d) [7]. The Gakkel Ridge has been characterized as the northern-most ultra-slow (less than 20 mm yr−1 full rate) ocean ridge [56,57]. Asymmetric spreading, with higher rates towards the south, vary from 14.6 mm yr−1 (full rates) in the western part to 6.3 mm yr−1 in the Laptev Sea [57,58], thus the Gakkel Ridge spreads more slowly than any other mid-ocean ridge. Studies at (ultra-) slow spreading ridges have found significantly more volcanism and hydrothermal venting than expected, unique amagmatic segments along the ridge (SMZ, Figure 12b), and thin seismic crust between approximately 1 and 4 km [7,57,59].



The Aurora Vent Field is located in the Western Volcanic Zone (WVZ Figure 12), where strong magnetic anomalies and dredged basalts indicate a high robust melt production in the mantle [63]. Further to the east, the Eastern Volcanic Zone likewise only yielded basalt on dredgings, but volcanism occurs in isolated volcanic centers when compared to extended axial volcanic ridge systems in the Western Volcanic Zone. The Sparsely Magmatic Zone exposes mantle rocks at the seafloor and magmatic activity occurs only in few locations. The WVZ shows extended areas of shallow (<5 km) DBMS, whereas the EVZ exhibits more patchy locations of shallow DBMS. The amagmatic SMZ in contrast shows a wider distribution of increased magnetic crustal thickness (5–10 km). The area of shallow DBMS in the WVZ extends well into the SMZ across the sharp bathymetric boundary around 3° east which separates both segments over short distances. We assume that this overlap is due to the spatial sampling of 200 km × 200 km, preventing sharp boundaries to be resolved accurately.



As the DBMS maps the thickness of the magnetized crust and hence the depth of the Curie temperature, it serves as a proxy for geothermal heat flow. Although studies have usually confirmed high GHF in regions of shallow DBMS (e.g., [31,64]), some uncertainty surrounds the method. The Curie temperature of 580 °C neglects the compositional variety of different mineralogical assemblages, but remains the best approach, without further validation. Further, the effects of serpentinization of the upper mantle have been discussed, as potentially influencing the magnetic signal [65] and the importance of this impact on DBMS estimates remains unknown. However, investigations at the ultraslow spreading Southwest Indian Ridge found that basalt is the main carrier of magnetization and serpentinized peridotites do not contribute significantly to the magnetic anomaly pattern along that ridge, at least [66].



Therefore, our DBMS estimates serve as a general guide map for geothermal heat flow in the region and is largely consistent with the global DBMS models [32]. The localized areas of high geothermal gradients, as indicated by shallow DBMS, are consistent with comprehensive models of young oceanic crust [55]. The few existing in situ thermal estimates show elevated values of heat flow in the EVZ [67] compared to considerably lower values for same crustal age at the eastern margin of the SMZ. Along the axis in young ocean crust, a considerable variety in heat flow estimates was found (Figure 11a), with many values below expected heat flow values for zero age crust. This could be interpreted in terms of low heat production, but regional variability due to hydrothermal circulation and variability in crustal composition contributes to this complexity.



The recently proposed mechanisms of high-temperature hydrothermal circulation at the Southwest Indian Ridge could serve as an analogue for the processes behind Aurora Vent Field [68]. Hydrothermal circulations beneath vents or along faults can locally distort thermal gradients and lead to extreme variations of geothermal heat flow distribution at the seafloor.



Estimates of geothermal heat flow at the vent field presented in this study show a wide range characteristic for effects of hydrothermal circulation (Table 1, Figure 13). High geothermal heat flow is found north of the volcanic mount, whereas the vent field region is characterized by low heat flow estimates, which could be a bias due to the sampling strategy, since the presented in situ temperature measurements require a sedimentary cover. Stations, where low or reversed heat flow (H1408) was detected, also indicate thermally unstable conditions of the sediment. These could be a result of charging zones, where colder seawater enters the seafloor and potentially circulated to lower depths in the crust.



Our results (ensembles: H1401, -06, -07) indicate that a heat source might not be located directly beneath the mount but with distance from it towards the rift center in the north and west. Near visually identified discharge areas, we find areas with comparably lower heat flow (ensembles: H1403, -04), which could be indicative for a nearby recharge area, where colder seawater might enter the sub-seafloor. Studies from fast spreading ridges [69] predict two interacting flow components and describe warm, shallow on-axis and hot, deep off-axis hydrothermal circulation. Our data suggest that interacting flow components could also be existent for Aurora Vent Field.



In general, lateral variations, particularly near discharge zones, are found to be 100s to 10,000s mW m−2 over a few meters [52]. Hydrothermal processes at oceanic spreading centers account for approximately 10% of all heat flow in the oceans, control the thermal structure of young oceanic plates, influence ocean and crustal chemistry, and therefore provide a crucial constraint for (chemosynthetic) ecosystems and global heat loss calculations [52,69,70]. The data presented in this manuscript are available on the pangaea data repository and in the Antarctic Geothermal Heat Flow database [42].





5. Conclusions


For three different geological settings, we have demonstrated that thermal in situ observations hold clues toward the development of a better understanding of the processes linking visco-elastic behavior of the crust, tectonic fragmentation and ocean basin formation, mantle dynamics, and hydrothermal venting (cooling of the lithosphere). Yet, a fundamental limitation for GHF estimation in polar regions is the lack of in situ data for validation of indirect models [2].




	
Geothermal heat flow models of and around the Antarctic Peninsula show high discrepancies. Our observations across the western Weddell Sea shelf, particularly around James Ross Island indicate elevated geothermal gradients. The estimated heat flow ranges from 75 ± 5 mW m−2 to 139 ± 26 mW m−2. We therefore suggest to consider these values for future heat flow models, analyses of ice sheet dynamics, and studies of the visco-elasticity in the region.



	
The northern part of the Powell Basin around the bathymetric high yields heat flow values within the expected range of oceanic crust with ages between 32 to 18 Ma (Figure 11). Maximum GHF values might reach up to 92 mW m−2, after considerations of a thermal blanketing effect induced by high sedimentation rates.



	
In situ thermal observations from the Western Volcanic Zone of the Gakkel Ridge, in particular around the Aurora Vent Field, reveal a complex distribution of GHF patterns, which are likely correlated to the hydrothermal activity. The distribution suggests varying heat sources and that the largest heat source might not be located directly beneath the volcanic mount, but towards the ridge center. The anomalous behavior of ultra-slow spreading ridges is not well represented in model predictions of seafloor age, depth, and heat flow (Figure 11). Ultra-slow spreading ridges might contribute stronger to global heat loss, than previously thought.








The studies in geology, geophysics, and glaciology have sought to constrain geothermal heat flow, with a developing dedicated multinational and interdisciplinary community. Geophysical methods remain the most promising approach for estimation of GHF, but the largest in the models stem from uncertain composition and structure of the lithosphere and mantle. Borehole-derived estimates are therefore urgently required to validate and ground-truth existing models.
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Figure 1. (a) Overview map of Antarctica, Antarctic Circle, and the working area marked with a red box. Polarstern Expedition PS118 targeted the western Weddell Sea, which is bound by the Antarctic Peninsula to the west. (b) Close up of the working area and the ships track highlighted in yellow. Elevation is from BedMachine Antarctica [6]. (c) Overview map of the Arctic Ocean, location of the Gakkel Ridge, and the working area bound by a red box. (d) Close up of the working area in the Western Volcanic Zone of the Gakkel Ridge and locations of identified vent fields [7] marked by yellow triangles. The Aurora Vent Field is located in the western part of the volcanic zone towards Lena trough. Low-resolution bathymetry is the International Bathymetric Chart of the Arctic Ocean (IBCAO) [8] and high-resolution bathymetry from [7]. 
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Figure 2. (a) The different deployment stages are highlighted for a data example. The probe is lowered through the water column; frictional heat is created when the instrument enters the sediment. The steady-time allows for frictional heat decay. During the stabilization phase, temperature signal variations become relatively small and only occur near the sensor resolution range (±0.001 K). (b) Schematic drawing of the probe and sensor geometry. The sediment sensors are equidistantly mounted along the metal rod. The weight at the upper end enforces sediment penetration. A water sensor is fixed above the weight. Please note for simplification of this figure, they appear to be in line, whereas they were distributed around the rod to minimize the disturbance of the sediment. Measurements were conducted at 17 sites at the western Antarctic Peninsula Shelf, the South Orkney Shelf, and in the Powell Basin. 
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Figure 3. Temperature measurements and thermal conductivity estimate with a violin-bow heat flow probe. (a) Probe is lowered through the water column and (b) penetrates into the seabed, where frictional heat is generated. During the steady-time (c), the frictional heat dissipates, sediment temperatures equilibrate, and geothermal gradients are inferred from the sensor readings and the probe geometry. (d) A heat pulse rises sediment temperatures and from the recording of the thermal decay curve (e,f) thermal conductivities and diffusivities can be estimated. (g) Probe is pulled out of the sediment and retrieved back on board. The lower panel shows a typical temperature recording of six sensors exemplarily. Please note that the violin-bow configuration typically consists of a string with 21 sensors, but the lower graph shows only six sensor data curves. Sketch adapted and modified after [26]. 
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Figure 4. In situ temperature readings of the individual sensors with depth in the sediment for two example stations after the frictional heat decay. The temperature gradient is obtained from a linear transgression through the data points. Triangles mark sensor readings used for thermal gradient calculations and circles mark omitted sensors. 
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Figure 5. (a) Simplified sketch of the identification of the slopes of the intermediate and long wavelength magnetic anomalies from the power spectrum of magnetic anomalies within a single magnetic window (b). For illustration, small circular anomalies in the magnetic window (b) would correspond to shallow sources in the power spectrum, whilst larger anomalies would correspond to intermediate and deep sources. 
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Figure 6. Temperature-depth profiles from five in situ measurements across the western Weddell Sea Shelf. Note the scale bar indicating a range of 1 °C. 
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Figure 7. (a) Northern temperature-depth Profile 1 across the Powell Basin. (b) Location of the sea floor with reference to sea level and stations of the individual in situ temperature measurements indicated by colored circles. Crustal segments after [37]. 
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Figure 8. Relative temperature-depth profiles of the thermal investigations during RV Polarstern expedition PS86. Colored triangles indicate sensors that have entered the sediment. Black circles mark sensor readings in the water column above the inferred seafloor location (0 m). All profiles are shown in one figure for inter-comparability. Please note the scale of 1 °C. 
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Figure 9. (a) GHF model derived from heterogeneous crustal heat production [39]. (b) Magnetically-derived GHF model [12]. (c,d) Seismically-derived GHF models [11,13]. In situ data from the Antarctic Geothermal Heat Flow database [42] marked with color-coded circles. In situ measurements from this study marked with color-coded hexagons. Bathymetric map from shows bed elevation from BedMachine Antarctica [6]. 
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Figure 10. Major tectonic features and geothermal heat flow estimates of the Powell Basin region. HF19xx Profiles 1 and 2 indicated in magenta. Contour lines extracted from bed elevation of BedMachine Antarctica [6] at a 1000 m interval. Tectonic map adapted from [37]. 
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Figure 11. (a) Seafloor age versus seafloor heat flow from several models presented in [55] are shaded in grey. Black stripe-filled box marks where HF1910 and HF1912 approximately fall into range. Blue circles mark a selection of geothermal heat flow estimates obtain at the Aurora Vent Field. (b) Seafloor depth versus seafloor age from [55]. After reduction of the sedimentary cover (1500–2300 m) approximated ages and depths at station HF1910 (~2900 mbsl) and HF1912 (2780 mbsl) show a normal distribution. The Aurora Vent Field along the ultra-slow spreading Gakkel Ridge is located below predicted water depths for models of seafloor age versus depth. 
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Figure 12. (a) Bathymetric map of the Western Volcanic Zone (WVZ) of the Gakkel Ridge. Aurora Volcanic Vent Field [21] located in the ridge center towards Lena Trough. Oceanic crustal ages from [60], water column plume signatures from [21] and vent fields from [61]. Dashed white lines indicate assumed locations of detachment faults. (b) Larger overview of the Gakkel Ridge and the Western Volcanic Zone (WVZ), Sparsely Magmatic Zone (SMZ), and Eastern Volcanic Zone (EVZ) after [7]. The depth-to-the-bottom of the magnetic source (DBMS) is based on EMAG2 [35]. Color-coded circles mark geothermal heat flow (GHF) sites from [62] and this study (PS86). Small inlet map shows extents of panel (a). 
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Figure 13. Close up of the Aurora Vent Field region shown in Figure 12. Geothermal heat flow sites (Table 1) are strongly heterogeneous over a small area, which is characteristic for hydrothermal ventilation. 
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Table 1. Results of geothermal heat flow estimates from thermal measurements during RV Polarstern Expedition PS118 and PS86 (Supplementary Materials). Latitude and longitude are given in decimal degrees, thermal conductivity (k) for each station, the resulting geothermal heat flow (GHF). The GHF error estimate is based on minimum and maximum geothermal gradients and considerations of k for each station.
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Region

	
Station

	
Latitude

(Decimal Degree)

	
Longitude

(Decimal Degree)

	
k (W/mK)

	
GHF (mW/m²)

	
Error (mW/m²)






	
Antarctica




	
Weddell Sea Shelf 1

	
HF1901

	
−64.9855

	
−57.7694

	
1.33

	
139

	
26




	
Weddell Sea Shelf 1

	
HF1902

	
−64.0627

	
−56.1563

	
1.33

	
125

	
5




	
Weddell Sea Shelf 1

	
HF1903

	
−64.0497

	
−56.1361

	
1.33

	
126

	
3




	
Powell Basin 1

	
HF1904

	
−62.3226

	
−51.6758

	
1.05

	
86

	
0




	
Weddell Sea Shelf 1

	
HF1905

	
−63.0627

	
−54.3495

	
0.86

	
75

	
5




	
Weddell Sea Shelf 1

	
HF1906

	
−63.0812

	
−54.3276

	
0.86

	
78

	
10




	
South Orkney Shelf 1

	
HF1908

	
−60.9289

	
−46.5618

	
0.66

	
41

	
1




	
Powell Basin1

	
HF1909

	
−61.1236

	
−47.7338

	
0.95

	
69

	
6




	
Powell Basin1

	
HF1910

	
−61.1239

	
−48.2835

	
0.86

	
74

	
8




	
Powell Basin1

	
HF1911

	
−61.1224

	
−48.9201

	
1.05

	
16

	
4




	
Powell Basin1

	
HF1912

	
−61.1683

	
−49.7056

	
0.96

	
71

	
6




	
Powell Basin 1

	
HF1914

	
−60.8382

	
−49.8366

	
0.96

	
55

	
0




	
Powell Basin 1

	
HF1915

	
−60.8523

	
−49.6517

	
0.96

	
56

	
0




	
Powell Basin 1

	
HF1916

	
−60.8477

	
−49.3972

	
1.43

	
34

	
6




	
Powell Basin 1

	
HF1917

	
−60.8476

	
−48.5034

	
1.33

	
47

	
20




	
Powell Basin 1

	
HF1918

	
−60.8350

	
−48.2141

	
0.95

	
55

	
6




	
Powell Basin 1

	
HF1919

	
−60.8467

	
−47.6762

	
1.20

	
65

	
3.6




	
Arctic Ocean




	
Aurora Vent Field 2,3

	
H1401P01

	
82.9227

	
−6.2049

	
1.32

	
1825

	
259




	
Aurora Vent Field 2

	
H1401P02

	
82.9219

	
−6.1959

	
1

	
743

	
103




	
Aurora Vent Field 2

	
H1401P03

	
82.9194

	
−6.1667

	
1

	
39

	
5




	
Aurora Vent Field 2,3

	
H1401P04

	
82.9184

	
−6.1510

	
1.14

	
749

	
108




	
Aurora Vent Field 2,3

	
H1402P01

	
82.9083

	
−6.2292

	
1.06

	
199

	
0.4




	
Aurora Vent Field 2

	
H1402P02

	
82.9072

	
−6.2389

	
1

	
177

	
0




	
Aurora Vent Field 2

	
H1402P03

	
82.9059

	
−6.2362

	
1

	
144

	
4




	
Aurora Vent Field 2,3

	
H1403P01

	
82.8894

	
−6.2218

	
1.04

	
14

	
6




	
Aurora Vent Field 2

	
H1403P02

	
82.8881

	
−6.2240

	
1

	
70

	
4




	
Aurora Vent Field 2

	
H1403P03

	
82.8889

	
−6.2139

	
1

	
11

	
1




	
Aurora Vent Field 2

	
H1403P04

	
82.8886

	
−6.2022

	
1

	
8

	
0




	
Aurora Vent Field 2,3

	
H1403P05

	
82.8875

	
−6.1878

	
1.09

	
19

	
3




	
Aurora Vent Field 2,3

	
H1404P01

	
82.9060

	
−6.2675

	
1.06

	
133

	
5




	
Aurora Vent Field 2,3

	
H1404P02

	
82.9013

	
−6.2317

	
1.09

	
136

	
5




	
Aurora Vent Field 2

	
H1404P03

	
82.9013

	
−6.2085

	
1

	
47

	
2




	
Aurora Vent Field 2

	
H1404P04

	
82.9021

	
−6.1929

	
1

	
18

	
2




	
Aurora Vent Field 2,3

	
H1405P01

	
83.1094

	
−5.7635

	
1.16

	
224

	
10




	
Aurora Vent Field 2

	
H1405P02

	
83.1050

	
−5.7698

	
1.16

	
10

	
2




	
Aurora Vent Field 2,3

	
H1406P01

	
82.9036

	
−6.5432

	
1.12

	
371

	
5




	
Aurora Vent Field 2,3

	
H1406P02

	
82.9013

	
−6.5428

	
1.16

	
545

	
8




	
Aurora Vent Field 2,3

	
H1406P03

	
82.8986

	
−6.5391

	
1.05

	
395

	
0.5




	
Aurora Vent Field 2,3

	
H1407P01

	
82.9275

	
−6.3564

	
1.18

	
131

	
2




	
Aurora Vent Field 2

	
H1407P02

	
82.9238

	
−6.3975

	
1.16

	
230

	
7




	
Aurora Vent Field 2

	
H1407P03

	
82.9226

	
−6.4255

	
1.16

	
301

	
5




	
Aurora Vent Field 2

	
H1407P04

	
82.9209

	
−6.4711

	
1.16

	
455

	
0




	
Aurora Vent Field 2,3

	
H1408P01

	
83.1114

	
−2.4656

	
1.30

	
32

	
0




	
Aurora Vent Field 2,3

	
H1408P02

	
83.1099

	
−2.4490

	
1.33

	
-

	
-








1 Miniaturized temperature data-logger, 2 heat flow probe, 3 heat pulse.
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