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INTRODUCTION 

Anomalous geological structures, such as salt domes, can locally enhance subsurface temperatures in 
overlying shallow aquifers through increased heat flow caused by the large thermal conductivity of halite-rich 
formations. This 'chimney effect' (Fig. 1) allows heat from deeper strata to be conducted upward more efficiently, 
potentially resulting in elevated temperatures near and above the crest of salt structures (Daniilidis & Herber 
2017; Raymond et al., 2022). The Onstwedde salt dome in NE Netherlands (TNO-GDN, 2014) is a prime candidate 
for evaluating shallow geothermal potential due to its proximity to the surface. It was expected that this structure 
could provide direct heat for local applications such as swimming pool heating and residential systems. 
However, borehole temperature measurements (Kombrink, 2022) yielded a temperature of only 15.7 °C at 295 
m depth—significantly lower than expected (25–35 °C). This result necessitated a reinterpretation of seismic 
data and the performance of numerical modeling studies in which the effect of stratigraphic heterogeneity, 
variations in thermal rock properties and the influence of groundwater flow on the temperature of the aquifer 
were assessed. 

 

1 GEOLOGICAL BACKGROUND 

The Onstwedde salt dome, located in the NE Netherlands (Fig. 2), comprises Zechstein evaporitic salts 
deposited during the Late Permian (TNO-GDN, 2014). Through halokinetic processes, the salt has intruded 
overlying Triassic and Jurassic sediments to form a near-cylindrical diapir. The dome base lies between 3550–
4000 m, and the crest rises to approximately 215 m below surface (Fig. 2b). Overlying formations include mostly 
Tertiary Upper North Sea Group sediments, and Quaternary deposits of the Peelo Formation. A pronounced 
glacial incision valley (Fig. 2d) cuts directly over the dome and is filled with Peelo Formation coarse sand and 
gravel at its base, capped by clay (Kluiving et al., 2003).  

Rock salt has a high thermal conductivity of around 6 Wm−1K−1, with the exact value dependent on pressure 
and temperature (Hsieh, 2021) compared to 1-4 Wm−1K−1 for sandstone and shale, dependent on pressure, 
temperature, porosity and mineralogy (Abdulagatova et al., 2009; Gabova et al.,2020; Sun et al., 2017). Water, 
present in the pores of the rock, has a thermal conductivity of less than 1 Wm−1K−1. The thermal conductivity of 
rock salt (halite) is known to vary significantly with temperature, decreasing from approximately 9.9 Wm−1K−1at 
−75 °C to below 3 Wm−1K−1 at 300 °C (Urquhart & Bauer, 2015). This reduction in conductivity at higher 
temperatures affects the internal heat transfer within salt domes, resulting in lower predicted temperature 
anomalies at their crests. Consequently, temperature-dependent thermal conductivity must be incorporated 
into numerical models to achieve realistic predictions.  
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2 METHODS 
Three methods were employed: (1) seismic interpretation and 3D geological modelling using Petrel1; (2) 

steady-state thermal modelling using TNO’s in-house developed Basin3D software (Bonté et al., 2012, Bekesi et 
al., 2020); and (3) coupled groundwater flow-heat transport modelling using the reservoir simulator Eclipse1. 

Using the Dutch national geological model DGM-Deep4 as a starting point, regional 3D seismic data was 
reinterpreted by Van den Berg (2023) to obtain a more detailed 3D geological model of the Onstwedde salt dome 
and surrounding areas (Fig. 3a). The VelMod-4 velocity model (TNO, 2020) was used to convert the 3D 
stratigraphic model from time to depth. Data from several nearby boreholes was used for calibrating the depth 
of the stratigraphic horizons. 

The new geological model was used by Van den Berg (2023) to build an initial Basin3D thermal model with 12 
lithostratigraphic layers. The thermal boundary conditions for the top and bottom of the model were constant 
temperatures of 10 °C and 120 °C, respectively. The rock properties of the layers were based on Hantschel and 
Kauerauf (2009). Changes in porosity and density with depth due to compaction were accounted for. The base 
model assumed a constant thermal conductivity of 6.5 W/m/K for salt and 1.6-4.0 W/m/K for shale and 
sandstone. Additional Basin3D model calculations by Van den Berg (2023) investigated the influence of 
temperature-dependent thermal conductivity and the presence of the glacial incision valley porosity. Sensitivity 
tests were performed to evaluate the impact of varying thermal properties in the upper layer. The conductivity of 
the Peelo Formation, the Upper North Sea Group, and the Chalk Group was varied by ±30% relative to the 
baseline values of Hantschel & Kauerauf (2009) to assess how lithological uncertainty influences surface 
temperature predictions. 

Seelen (2024), using more detailed Basin3D models with 31 stratigraphic layers and improved horizontal and 
vertical grid resolutions (Fig. 3b), investigated paleotemperature corrections (Gies et al., 2021) and the presence 
of a gypsum salt dome cap. Seelen also probed the use of lithological data from the Zeerijp borehole, located 40 
km northwest of Onstwedde, instead of the rock property data set of Hantschel & Kauerauf (2009).  

 

1 Petrel and Eclipse are marks of SLB/Schlumberger. 
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Finally, groundwater flow modeling was used to investigate the influence of regional groundwater flow and 
local small-scale thermal convection on the temperature above the salt dome. Modelling of haline convection 
(Fig.1b) was not yet included at this stage. The northwards directed regional groundwater head gradient is 0.4 
mm/m. This results when combined with hydraulic conductivities of 10-25 m/day obtained from REGIS (TNO-
GDN, 2024) in an estimated flow velocity of 0.5-3 cm/day within the Peelo formation. The horizontal hydraulic 
conductivity was assumed to be four times greater than the vertical conductivity. 

 

3 RESULTS 
The Basin3D simulations by Van den Berg (2023) and Seelen (2024) consistently predict elevated 

temperatures around the top of the salt dome. For the base model (Fig. 4a), the presence of the salt dome results 
in a temperature increase of ~20 °C at the top and a decrease of ~3 °C at the base (Fig. 4b). When the 
temperature-dependent thermal conductivity of halite is introduced, the modeled temperatures at the top 
decrease by 2-3 °C compared to runs with constant conductivity, while the basal zones of the salt dome become 
slightly warmer (Fig. 4c). This reflects the lower conduction efficiency of halite at higher temperatures. The lower 
conductivity sediments of the Peelo Formation filling the glacial incision valley above the Onstwedde salt dome 
have an insulating effect. Without this valley, crestal temperatures would have been 2–3 °C lower (Fig. 4d). 

 

Using more detailed stratigraphic layering and a finer grid resolution in the Basin3D models, Seelen (2024) 
predicted a temperature decrease from 34 to 31 °C in the Onstwedde borehole at a depth of 300 m. The 
introduction of a 25-50m thick gypsum caprock reduced the temperature at the top by another 1-2 °C, while a 
correction for the effects of the Saale glaciation (~200-100 ka bp) reduced the modeled temperature by less than 
1 °C. The use of presumably more realistic data on the properties of rock from another borehole in the 
northwestern Netherlands had the greatest effect, reducing the borehole temperature by ~5.5 °C. In summary, 
after model refinement and parameter calibration and when using regional rock property data, the Basin3D 
simulations predicted a decrease in borehole temperature from ~34 to ~23 °C. 
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3.1 Groundwater flow 
Eclipse model simulations (Seelen, 2024) show that at a depth of 200 m, significant regional flow occurs 

only in the incision valley (Fig. 5a), most likely due to the presence of coarse sand with higher hydraulic 
conductivity. The flow velocity in the valley is ~15-20 mm/d, with a maximum of ~25 mm/d directly above the salt 
dome. The accelerated transport of heat away from the top of the dome results in a temperature decrease of up 
to 8 °C at a depth of 200 m above the dome (Fig. 5b). A small temperature increase of ~1 °C is modeled along the 
flanks of the incision valley immediately north of the dome, where also the Onstwedde borehole is located. This 
is possibly due to lateral heat flow out of the incision valley. 

Simulations of vertical fluid flow (Fig. 5c) show areas with rising and falling groundwater, which may indicate 
the presence of small thermal convection cells. The areas only reappear within the glacial incision valley and 
appear to be slightly more pronounced above and north of the dome. Their vertical velocity is approximately one 
order of magnitude slower than the modeled horizontal flow velocities (Fig. 5a) and their effect on temperature 
is therefore considered negligible. 

 

4 DISCUSSION 

The discrepancy between predicted and measured temperatures in the Onstwedde borehole highlights the 
complex interplay between stratigraphic heterogeneity, thermal conductivity calibration, and subsurface 
hydrology. While earlier simplified models overestimated conductive efficiency, the refined models 
incorporating detailed formation-level layering, paleotemperature corrections and groundwater flow produce 
more realistic values, reducing the temperature elevation induced by the Onstwedde salt diapir to approximately 
4-5 °C in the borehole at 200m depth. However, because the borehole is located at the flank of the Onstwedde 
salt dome, the temperature elevation in shallow aquifers above the dome center is expected to be larger.  

Groundwater flow further modifies the local heat field at Onstwedde. In the Peelo incision valley, regional 
groundwater flows predominantly from south to north, transporting heat laterally away from the dome. This 
advective cooling effect reduces the temperature above the dome by an additional 1–3 °C, depending on 
assumed hydraulic conductivity.  

In general, the integrated models suggest that the Onstwedde structure retains a positive but small 
geothermal anomaly that is only suitable for heat extraction at low temperatures (20-25 °C at a depth of 300 m). 
However, the remaining difference between the measured (15.7 °C) and predicted (~23 °C) borehole 
temperature remains unexplained. One possible explanation is that the temperature measured in the borehole 
was significantly influenced by the drilling process and the circulating borehole fluids (Bonté et al., 2012). 
Another explanation could be the presence of fractured and fragmented rocks along the flanks and above a 
diapir, created by the rise of the diapir. The resulting permeability of the fractures could lead to a significant 
increase in fluid flow and a decrease in temperature around the top of the dome. 
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5 CONCLUSIONS AND RECOMMENDATIONS 

• Combined seismic reinterpretation, 3D thermal modelling, and groundwater flow simulations showed that 
the temperature distribution of the Onstwedde salt dome (NE Netherlands) exhibits a measurable but 
smaller-than-expected thermal anomaly. 

• This discrepancy is attributed mainly to uncertainties in formation-scale lithological variability, thermal 
conductivity calibration, the insulating influence of the Peelo glacial valley, and the potential moderating 
effect of groundwater flow.  

• Despite these discrepancies, a positive thermal anomaly of approximately 7–10 °C remains robust.  

• The findings indicate that shallow salt structures such as Onstwedde hold potential for low-enthalpy 
geothermal energy extraction and small-scale, sustainable heating systems, but require additional 
borehole measurements and refined hydrogeological characterization (i.e. predictive transient 
groundwater-heat coupling modelling). 

 

REFERENCES  

Abdulagatova, Z., Abdulagatov, I. and Emirov, V.: Effect of temperature and pressure on the thermal conductivity 
of sandstone, International Journal of Rock Mechanics and Mining Sciences, 46(6), (2009), 1055–1071. [doi] 

Békési, E., Struijk, M., Bonté, D., Veldkamp, J.G., Limberger, J., Fokker. P.A., Vrijlandt, M., van Wees, J.D.: An 
updated geothermal model of the Dutch subsurface based on inversion of temperature data. Geothermics, 
88(11), (2020). [doi] 

Bonté, D., van Wees, J.-D., Verweij, J.M.: Subsurface temperature of the onshore Netherlands: new temperature 
dataset and modelling, Netherlands Journal of Geosciences, 91–4, (2012), 491-515. [doi] 

Daniilidis, A. and Herber, R.: Salt intrusions providing a new geothermal exploration target for higher energy 
recovery at shallower depths, Energy, 118, (2017), 658–670. [doi] 

Gabova, A., Popov, Y., Savelev, E., Romushkevich, R., Chekhonin, E., Plotnikov, V., Emelyanov, D., and 
Akhmadishin, A.: Experimental investigation of the effect of temperature on thermal conductivity of 
organicrich shales, Journal of Petroleum Science and Engineering, 193, (2020),107438. [doi] 

Gies, C., Struijk, M., Békési, E., Veldkamp, H., and van Wees, J.D.: An effective method for paleo-temperature 
correction of 3d thermal models: a demonstration based on high resolution datasets in the Netherlands, 
Global and Planetary Change, 199, (2021), 103445. 

Hantschel, T., and Kauerauf, A.I.: Fundamentals of Basin and Petroleum System Modeling, Springer Science & 
Business Media, (2009). [doi] 

Hsieh, W.P.: High-pressure thermal conductivity and compressional velocity of NaCl in b1 and b2 phase, 
Scientific Reports, 11, (2021), 21321. [doi] 

Kluiving, S., Bosch, J.H.A., Ebbing, J.H.J., Mesdag, C.S., Westerhoff, R.S.: Onshore and offshore seismic and 
lithostratigraphic analysis of a deeply incised Quaternary buried valley system in the Northern Netherlands, 
Journal of Applied Geophysics, 53(4), (2003), 249–271. [doi] 

Kombrink, H.: Drilling into the top of a salt dome results in unexpected temperatures, GEOExPro, (2022). [link] 
Raymond, J., Langevin, H., Comeau, F-A., Malo. M.: Temperature dependence of rock salt thermal conductivity: 

Implications for geothermal exploration, Renewable Energy, 184, (2022), 26–35. [doi] 

Seelen, M.: Temperature modelling around the Onstwedde salt dome in Groningen, the Netherlands: Utrecht 
University internship report, (2024), pp 47. 

Sun, Q., Chen, S.-e., Gao, Q., Zhang, W., Geng, J., and Zhang, Y.: Analyses of the factors influencing sandstone 
thermal conductivity, Acta Geodyn. Geomater, 14(2), (2017), 186. [doi] 

Ten Veen, J., Vis, G.J., De Jager, J., Wong, T.: Geology of the Netherlands, 2nd edition, Amsterdam University Press, 
(2025), pp. 914. [link] 

TNO: VELMOD-4, Dutch Oil and Gas Portal, (2020). [link] 

TNO: Information sheet Onstwedde salt dome (in Dutch), Dutch Oil and Gas Portal, (2014). [link] 

Urquhart, A. and Bauer, S.: Experimental determination of single-crystal halite thermal conductivity, diffusivity 
and specific heat from- 75° C to 300° C, International Journal of Rock Mechanics and Mining Sciences, 78, 
(2015), 350–352. [doi] 

Van den Berg, M.: Do salt diapirs promote the geothermal potential of shallow depth aquifers? Utrecht University 
master thesis, (2023), pp. 26. 

https://doi.org/10.1016/j.ijrmms.2009.04.011
https://doi.org/10.1016/j.geothermics.2020.101880
https://doi.org/10.1017/S0016774600000354
http://dx.doi.org/10.1016/j.energy.2016.10.094
https://doi.org/10.1016/j.petrol.2020.107438
https://doi.org/10.1007/978-3-540-72318-9
https://doi.org/10.1038/s41598-021-00736-2
https://doi.org/10.1016/j.jappgeo.2003.08.002
https://geoexpro.com/drilling-into-the-top-of-a-salt-dome-results-in-unexpected-temperatures/
https://doi.org/10.1016/j.renene.2021.11.080
https://dx.doi.org/10.13168/AGG.2017.0001
https://library.oapen.org/handle/20.500.12657/100510
https://www.nlog.nl/en/velmod-4
https://www.nlog.nl/sites/default/files/e4c746d3-0948-4625-b6f8-47bd55b0074d_onstwedde_2014.11.07.pdf
http://dx.doi.org/10.1016/j.ijrmms.2015.04.007

