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Abstract 

High-quality maps of subsurface temperature and the geothermal gradient are essential when assessing 

the geothermal potential of a region. However, determining geothermal potential is a challenge when 

direct measurements of in-situ temperature and thermal property information are sparse. In addition, 

indirect geophysical methods are sensitive to a range of parameters, not solely temperature. We 

determine the geothermal gradient across Ireland by inverting seismic, in addition to other geophysical 

and petrophysical input datasets, directly for temperature. The multi-parameter output models of the 

joint, geophysical-petrological, thermochemical inversion fit the input data and reveal the thermal 

structure within the crust and mantle, including the upper-crustal geothermal gradient (20 to 40 °C/km). 

Variations in the lithospheric thickness influence the temperature gradient, with thinner lithosphere 

resulting in elevated geotherms. In some locations, the observed geotherms are elevated further due to 

high radiogenic heat production in granitic rocks. In Northern Ireland a thin lithosphere coupled with a 

weakly conductive basalt layer overlying warm crust, results in elevated temperatures which call for 

further geothermal exploration. These are the first temperature maps for Ireland that include uncertainty 

estimates, providing ranges for the subsurface temperature values, and demonstrate that the maps are in 

good agreement with available direct borehole temperature measurements, which are observed to fall 

within the model uncertainty. Our new methodology provides workflows for determining the 3D 

geothermal potential in areas with limited direct temperature measurements. The final temperature 

model provides useful constraints for geothermal exploration and utilisation on the island of Ireland.  

1 Introduction 

A crucial parameter when assessing a geothermal resource is the crustal geothermal gradient which, 

traditionally, is derived directly from borehole measurements. However, in areas with few deep 

boreholes (>1000 m), there is uncertainty and limited knowledge of the subsurface properties; Ireland 

being one such location with <10 deep boreholes with temperature measurements (Fellgett & 

Monaghan, 2024). When assessing an area’s geothermal potential and planning future projects for 

further exploration and development, a full 3D temperature model is required rather than disparate point 

measurements, because of rapid variations in subsurface geology making lateral interpolation highly 

uncertain. This 3D knowledge is required in order to develop renewable resources to meet Ireland’s and 
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Northern Ireland’s climate action plans, comply with the EU 2030 framework of climate and energy, 

and meet global climate targets (DECC, 2020, 2024; DfE, 2021; European Council, 2014). 

To overcome limitations in available direct temperature measurements, it is possible to use indirect 

geophysical methods to model the geothermal gradient. A coherent characterization of the geothermal 

gradient near the surface implies a bottom to top heat flow approach where knowledge of the thermal 

thickness of the lithosphere (or lithosphere-asthenosphere boundary, LAB), the crust-mantle boundary 

(Moho), and crustal lithology (thermal conductivity and radiogenic heat production) are essential 

(Afonso et al., 2008; Cammarano et al., 2003; Chambers et al., 2023; Fullea et al., 2021; Kassa et al., 

2022; Lebedev et al., 2024; Scheck-Wenderoth & Maystrenko, 2013).  

Seismic data can provide information on the layer boundaries within the Earth and recent deployments 

in Ireland have produced new surface wave velocity models which are sensitive to these boundaries 

(Bonadio et al., 2021; Chambers et al., 2023) (Figure 1e). Recent thermal property datasets have also 

been collated to produce laterally continuous models for thermal conductivity in sediments and the 

upper crust (Figure 1c) (Chambers et al., 2023) and RHP (Figure 1d) (Willmot Noller & Daly, 2015). To 

produce a subsurface temperature map for all of Ireland, input datasets are required to cover each point 

in the model across the island. This includes point measurements which have been interpolated in 

previous studies (e.g. surface heat flow, Mather et al., (2018)).  

The joint geophysical-petrological inversion workflow of Chambers et al., (2023) was used in this study 

to produce lithospheric temperature maps of Ireland with uncertainty and the resulting geothermal 

gradient. New maps of lithospheric and crustal thickness were also generated using this methodology. 

The new temperature maps suggest that subsurface temperatures at 2 km depth, are everywhere >60°C 

across the island of Ireland. The warmest temperatures are present in areas with large granitic bodies 

exposed at the surface with high radiogenic signatures, and in Northern Ireland beneath the basalts of 

the Antrim Lava Group, which is likely to act as an insulating blanket, and is coupled with the thinnest 

lithosphere on the island. The uncertainty analysis shows the variation in each point of the temperature 

maps providing ranges for the possible temperature values. The new temperature maps will be useful 

for future geothermal energy development in Ireland. This paper provides a proof of concept of the 

workflow and methodology that can be applied to other locations with sparse direct temperature 

measurements and limited subsurface datasets. 

1.1 Deep Geothermal Studies in Europe 
Previous studies have mapped lithospheric-scale thermal properties and the geothermal gradient using 

a variety of geophysical and geological datasets, and a range of modelling techniques across a variety 

of environments and scales (e.g. Anikiev et al., 2019; Békési et al., 2018; Cloetingh et al., 2010; Frey 

et al., 2022; Freymark et al., 2017; Lenkey et al., 2017; Majorowicz et al., 2019; Poulsen et al., 2015; 

Scheck-Wenderoth et al., 2014; Torne et al., 2023). The number of deep geothermal projects (exploiting 

geothermal resources from depths >400 m) is rising. Within Europe multiple projects are investigating 

the deep geothermal potential in areas such as Denmark (Poulsen et al., 2015, 2017), the Netherlands 

(Békési et al., 2020), the Upper Rhine Graben (Frey et al., 2022; Ledésert & Hébert, 2020), throughout 

the entirety of Turkey for both heat and electricity (Mertoglu et al., 2019; Serpen & DiPippo, 2022), and 

the Alpine–Pannonian transition zone (Lenkey et al., 2017). These are all well established geothermal 

areas, but not traditionally considered as typical geothermal settings when compared to volcanic 

regions. In Iceland, where geothermal is also an established high-enthalpy resource, improvements in 

technology now allow geothermal energy to be extracted from low enthalpy regions and from greater 

depths (Axelsson et al., 2010; Fridleifsson & Elders, 2005). Due to heat sources coming from both the 

crust and mantle, many studies model the subsurface temperature of a geothermal system at a 

lithospheric scale using thermal property data combined with geophysical datasets and various 



modelling techniques (Békési et al., 2018; Cloetingh et al., 2010; Limberger, van Wees, et al., 2018; 

Poulsen et al., 2017; Scheck-Wenderoth et al., 2014; Scheck-Wenderoth & Maystrenko, 2013). These 

models then provide information on suitable areas for further shallow investigations before deep 

drilling. Modelling the subsurface geotherms allows de-risking the elevated cost of drilling thus 

providing a more targeted approach for future investigations. 

Closer to Ireland, deep geothermal has been used sporadically for decades in Great Britain (GB) (e.g. 

Abesser et al., 2020; Busby, 2014; Downing & Gray, 1985, 1986; Younger et al., 2012). Since 1979 

Southampton has been producing geothermal heat, and combined heat and power, for the civic centre, 

surrounding businesses and >1000 residential properties (geothermal gradient of 38.5 °C/km, Downing 

& Gray, 1986; Raine & Reay, 2019). More recently, the Eden Geothermal and United Downs projects 

aim to extract geothermal heat from granitic rocks (Abesser et al., 2020; Gan et al., 2021; Reinecker et 

al., 2021) with the United Downs project successfully drilling 2 deep geothermal wells to 2.5 and 5 km 

depth (Reinecker et al., 2021), measuring temperatures of ~180 °C at 5 km depth (Abesser et al., 2020). 

The islands of Ireland and Great Britain have some similarities in their geological histories, including 

the emplacement of granite sequences and the continuation of lithological units from Ireland across to 

Scotland (e.g. Daly, 2009; Dewey & Strachan, 2002; Woodcock & Strachan, 2009). The two location 

also have comparable surface heat flow values (Mather & Fullea, 2019), making it likely that geothermal 

resources can also be utilised in Ireland.  

1.2 Geothermal studies in Ireland 
Multiple geothermal studies have been conducted in Ireland including an initial study in 2004 to produce 

subsurface temperature maps of Ireland’s shallow subsurface (Goodman et al., 2004; Jones et al., 2007). 

The IRETHERM project (2011-2016) sought to quantify Ireland’s geothermal energy potential through 

integrated lithospheric modelling of geophysical and petrological data (Farrell et al., 2015; Fullea et al., 

2014; Jones et al., 2014; Raine & Reay, 2019) and modelling magnetotelluric (MT) data with the aim of 

investigating sedimentary basins with elevated fluid temperatures (Campanyà et al., 2015; Delhaye et 

al., 2017, 2019; Vozar et al., 2020), identifying fluid circulation pathways of warm springs (Blake et al., 

2021; Blake, Henry, Muller, et al., 2016; Blake, Henry, Murray, et al., 2016) and characterising Irish 

granites (Farrell et al., 2015; Fritschle et al., 2015).  

More recently the GEO-URBAN project focussed on Vallès (Spain) and the Dublin Basin (Ireland) 

combining passive seismic, MT and structural geology information to characterise low enthalpy 

geothermal potential in an urban environment with major fault structures acting as potential fluid 

pathways (Maggio et al., 2021, 2022; Vozar et al., 2020). In addition, recent drilling by Geological 

Survey Ireland (GSI) at the Technical University, Dublin (TUD) Grangegorman campus in 2023, 

revealed a subsurface temperature of 38.5 °C at 1 km depth (Blake, Pers. Comm). 

Through other projects, subsurface temperature maps have been produced for Ireland from 0 to 5 km 

depth by CSA for the Sustainable Energy Authority of Ireland (Goodman et al., 2004) and the 

G.O.THERM.3D project (Mather et al., 2018; Mather & Fullea, 2019) from 2 to 5 km depth. The study 

of Goodman et al., (2004), used temperature data from 117 boreholes from 10 m up to 2500 m deep and 

interpolated the geothermal gradient using a natural neighbour interpolation to a 1000 m deep model. 

From 1000 to 5000m the geothermal gradient was linearly extrapolated due to limited measurements. 

Near-surface temperature effects (e.g. paleoclimate effects), variations in rock thermal properties and 

deep lithospheric contributions were not considered. The G.O.THERM.3D project modelled crustal 

layer thickness using receiver functions (Licciardi et al., 2014), controlled source seismic data (Hauser 

et al., 2008; Landes et al., 2005), crustal magnetic anomalies (Baykiev et al., 2018; Mather & Fullea, 

2019), lithospheric thickness (Fullea et al., 2014) and surface heat flow from historic wells in Ireland 

(Brock, 1989; Brock & Barton, 1987) and applied paleoclimate corrections (Mather et al., 2018; Mather 



& Fullea, 2019), producing temperature maps from 1 to 5 km depth. The datasets and models along with 

fixed crustal thermal property data (van den Berg et al., 2005), were inverted for crustal temperature 

with models showing geothermal gradients >20 °C/km everywhere matching well to global models of 

geothermal gradient (Limberger, Boxem, et al., 2018). These models predicted exceptionally high 

temperatures in Northern Ireland beneath basaltic intrusions, which were as high as magmatic high 

enthalpy geothermal settings. While Goodman et al., (2004) and Mather et al., (2018) provided valuable 

information on the subsurface temperatures and geothermal gradient in Ireland, the models are limited 

by their use of fixed parameters for lithospheric thickness and for the crustal thermal parameters that 

directly control the subsurface temperatures. Furthermore, the models have no uncertainty associated 

with them. Estimating uncertainty in the models is crucial to initiate geothermal extraction as it allows 

the determination of risk associated with drilling and exploitation 

Ongoing projects in Ireland include the De-risking Ireland’s Geothermal potential project (DIG) which 

is an interdisciplinary project from the full island scale to the local scale of the Mallow warm spring 

region (Kiyan et al., 2022; O’Reilly et al., 2021). Geophysical surveys including passive seismic and 

magnetotellurics, in addition to geological field campaigns and hydrochemistry, are being combined to 

improve our understanding of a known geothermal system (Chambers et al., 2023; Kiyan et al., 2022; 

O’Reilly et al., 2021). Additionally, GSI’s National Geothermal Database is currently being developed 

and Project InnerSpace (projectinnerspace.org) has a focus on developing geothermal energy usage in 

Northern Ireland and globally. As part of the efforts to improve the previous subsurface maps of Ireland 

within the DIG project, we have applied indirect geophysical methods with variable thermal property 

data to model the geothermal gradient, and benchmarked the models against direct temperature 

measurements. We provide the first uncertainty maps for subsurface temperature in Ireland, and new 

Radiogenic heat production, LAB and Moho depth maps. 

2 Geological Background 
The geological evolution of Ireland's crust began in the Precambrian era (Daly, 2009) and culminated 

in the amalgamation of continental and island arc components during the early Palaeozoic (Graham et 

al., 2009; Hauser et al., 2008; Mitchell, 2004; O’Reilly et al., 2006; Woodcock & Strachan, 2009). The 

convergence of the Laurentian and Avalonian continental domains represents the final major event in 

the formation of Ireland's continental lithosphere forming the supercontinent Laurasia. During the 

closure of the Iapetus Ocean, the distribution of radiogenic heat-producing elements in the Irish crust 

was likely influenced by the process of continental suturing (Herrington et al., 2018; van den Berg et 

al., 2005; Willmot Noller & Daly, 2015). However, detailed knowledge regarding radiogenic heat 

production values and their depth distribution across different tectonic terranes remains limited (Lee et 

al., 1987; Mather et al., 2018), although new HPR values for lower crustal xenoliths have recently been 

acquired (Daly, personal communication). 

Transitioning from late orogenic pull-apart basins to mid-late Devonian, extensional sedimentary basins 

marked a significant change in plate-tectonic configuration (Hauser et al., 2008). These basins, 

particularly the Munster Basin, are a particular focus of recent geothermal projects due to the presence 

of warm springs (Blake, Henry, Muller, et al., 2016; O’Reilly et al., 2021). Central Ireland is 

predominantly covered by tropical shallow to deep-water carbonates, deposited in basins in response to 

marine transgressions. The distribution of carbonate facies is complex and controlled by extensional 

tectonics, which reactivated major faults in the accreted Caledonian basement. They also influence 

thermal conductivity values through variations in the mud and silica content (Clauser & Huenges, 1995; 

English et al., 2022; Förster et al., 2021; Long et al., 2018; Somerton, 1992). 



The Variscan orogeny was most intense in the Munster Basin, where strong tectonic fabrics developed, 

inverting normal faults into steep-dipping reverse faults with widespread folding, faulting and 

metamorphism in southern and eastern Ireland (Meere et al., 2013; Shannon, 2018). Following the 

Variscan orogeny a period of rifting ensued in the Permian and again in the Early Triassic and was 

responsible for a number of grabens that developed across Ireland, forming the Kingscourt Inlier in Co. 

Cavan, and a number of basins across the NE of Ireland (Newtownards Trough, Larne Basin, Lough 

Neagh Basin, Rathlin Basin, Foyle Basin) (Johnston, 2004; Naylor, 1992). In northeast Ireland, 

Mesozoic to Cenozoic sedimentary rocks are present in extensional basins, offering geothermal 

reservoir potential in porous sands within basins like the Larne Basin (Raine & Reay, 2019). The British 

and Irish Palaeocene Igneous Province was also deposited in northeast Ireland with Palaeocene flood 

basalt formations (Antrim Lava Group), covering older sedimentary sequences and creating striking 

landscapes like the Giant's Causeway in Northern Ireland (Cooper, 2004; Cooper et al., 2008, 2012). 

Uplift of the lavas and erosion during the Eocene, Alpine compression and development of localised 

pull-apart basins during the Oligo-Miocene deposited clays and lignite in NE Ireland (Quinn, 2006). 

Significant intrusive activity also occurred at this time emplacing granite complexes such as the Mourne 

granites. 

During the Pleistocene, Ireland experienced several glaciations, with a significant thickness of ice that 

cooled the crust (Mather et al., 2018) and removed much sedimentary cover and sculpted its landscape, 

leaving behind features like drumlins, eskers, and U-shaped valleys.  

3 Methods and Data 
A joint geophysical-petrological inversion scheme is used to compute seismic velocities and density in 

the mantle as a function of temperature and bulk composition within a thermodynamic framework 

(Afonso et al., 2008; Chambers et al., 2023; Fullea et al., 2009, 2021; Lebedev et al., 2024). Surface-

wave seismic data alongside elevation are primarily used to constrain the upper mantle thermochemical 

structure and lithospheric boundaries, while thermal property data, surface heat flow and Moho depth 

constrain the crustal thermal structure.  

Within the joint geophysical- petrological scheme the lithospheric geotherm is computed by solving the 

heat conduction equation in the lithosphere for a given distribution of thermal conductivity and 

radiogenic heat production parameters. The base of the lithosphere is the 1300 °C isotherm and is a 

boundary condition. The surface temperature of the model is also a fixed value boundary condition, 

which is taken as 11°C for Ireland based on Goodman et al., (2004). The detailed description of the 

methods used in this study can be found in Chambers et al., (2023) and Fullea et al., (2021), and are 

briefly summarised here along with the input datasets.  

3.1 Data 
To produce detailed subsurface temperature maps across Ireland, multiple input datasets across the 

island are required (Figure 1). The temperature maps are produced as a series of points at a lateral 

resolution of 0.2° x 0.2°, which is the minimum lateral resolution allowed by the surface-wave data 

produced by Chambers et al., (2023). Each point requires information on the Rayleigh and Love surface-

waves, elevation, Moho depth, surface heat flow, thermal conductivity and radiogenic heat production, 

produced by previous studies which are briefly described below. 

3.1.1 Surface waves 

The surface wave dataset was created from recent large scale deployments of broadband seismometers 

across Ireland using the permanent Irish National Seismic Network (INSN, www.insn.ie) (Blake et al., 

2012; INSN, 1993) and Great Britain Seismograph Network (Baptie, 2018) stations, and temporary 



networks including Ireland Array (Lebedev et al., 2012; Lebedev & The Ireland Array Working Group, 

2022), the Dublin Basin temporary network (Licciardi et al., 2014), WaveObs (Möllhoff & Bean, 2016), 

ISLE and ISUME (Do et al., 2006; Landes et al., 2004, 2007; O’Donnell et al., 2011; Polat et al., 2012; 

Wawerzinek et al., 2008), the SIM-CRUST project (Piana Agostinetti & Licciardi, 2015) and Blacknest 

(Blacknest, 2020). Data from 2010 to 2020 were focussed on, in order to maximise coverage across 

Ireland because the surface-waves were computed using pairs of stations present concurrently (Bonadio 

et al., 2021; Chambers et al., 2023). 

3.1.1.1 Rayleigh-waves 

The Rayleigh-wave phase velocity maps are from Bonadio et al., (2021). They were computed using 

data from the networks listed above, and were originally produced on a triangular grid. For each point 

in the regional grid used in the joint inversion of this study, the closest point in the Rayleigh-wave phase 

velocity maps was determined and the corresponding phase velocity dispersion curve was extracted. 

3.1.1.2 Love-waves 

The Love-wave dispersion curves and phase velocity maps used in this study are those produced by 

Chambers et al., (2023). These again used data from the seismic networks listed above and are at the 

chosen grid resolution of this study (0.2° x 0.2°, Figure 1a). A dispersion curve was extracted for each 

point from the dispersion maps at different periods (Figure 1e). 

3.1.2 Elevation 

Elevation data were taken from ETOPO1 (Amante & Eakins, 2009) (Figure 1a). For each point at the 

0.2° x 0.2° resolution in this study, the average of all points within a 10 km radius was taken and  an 

uncertainty ± 10 m is assigned in the inversion. . 

3.1.3 Moho depth 

The input Moho depth is taken from a combination of Bonadio et al., (2021) and Licciardi et al., (2014), 

2020). Bonadio et al., (2021) used Rayleigh surface waves to infer the Moho depth while Licciardi et 

al., (2014, 2020) determined Moho depth from receiver functions and reflection and refraction seismic 

data (Landes et al., 2005), which are more direct estimates of Moho depth. Both models are broadly 

similar in the large-scale structures, and hence we use an average of both models in this work. The 

Moho models were regridded to the 0.2° x 0.2° used for the temperature models here, and the average 

of the two models was taken at each point, which in most instances was the same due to the similarity 

of the models. The Moho depth has an associated uncertainty of ± 2 km accounting for variations in the 

model (Figure 1f) and to match the upper end of uncertainty as determined by Licciardi et al., (2020). 

This parameter is inverted for in the joint geophysical-petrological inversion. 

3.1.4 Surface Heat Flow (SHF) 

Surface heat flow was taken from Mather et al., (2018) who interpolated 22 paleoclimate corrected heat 

flow estimates for the island of Ireland. Values were subsequently interpolated at each point on the 0.2° 

x 0.2° grid. The SHF assigned uncertainty is ± 5 mWm-2 (Figure 1b). 

3.1.5 Thermal property data 

3.1.5.1 Thermal conductivity (TC) 

TC values were taken from the map in Chambers et al., (2023) where a total of 122 TC measurements 

from different studies (Brock, 1989; Brock & Barton, 1987; Long et al., 2018; Mather et al., 2018; 

ShallowTHERM, 2021), varying in location, depth and lithology, were assigned to 19 broad lithological 

units. Here, an average value from each group of TC values was used for each lithological unit together 

with an uncertainty estimate (Table 2). Values for TC were taken at each point on the 0.2° x 0.2° grid 

(Figure 1c). 



3.1.5.2 Radiogenic Heat Production (RHP) 

Radiogenic heat production (RHP) is both an input parameter and inversion parameter. Values of RHP 

from the sediments/upper crust are taken from the map of Willmot Noller & Daly, (2015) at each point 

on the 0.2° x 0.2° grid (Figure 1d) and assigned to a specific lithology based on the GSI bedrock geology 

map (Geological Survey Ireland, 2020). This is used as a prior value for the average RHP of the whole 

crust as the inversion only takes one value for crustal RHP (inversion variable) and is updated during 

each iteration of the inversion. There is minimal damping on this parameter allowing it to freely vary 

as described in Chambers et al., (2023). In future updates to the inversion code, assigning RHP to 

individual layers will be implemented. 

To automate the procedure, all of the datasets were gridded at the same lateral spacing as the final 

temperature maps.  

3.2 Joint Geophysical-Petrological Inversion 
The inversion is performed on 1D vertical columns (Located on Figure 2) due to the sensitivity of the 

input datasets being primarily to Earth’s 1D lithospheric structure, and  no explicit lateral regularisation 

is considered. . In contrast to Chambers et al., (2023) where six 1D columns with the most reliable 

geophysical, petrophysical and thermal input data were inverted, this study inverts data in a 0.2° x 0.2° 

lateral resolution grid across Ireland (703 columns in total) to produce laterally continuous temperature 

models, necessary for quantifying geothermal potential across the island. 

A 3-layer crust, with a prior 10 km thickness for each layer, was used, which is a reasonable assumption 

in Ireland based on previous geophysical and geological studies (e.g. Gómez-García et al., 2023; Hauser 

et al., 2008; Landes et al., 2005; Licciardi et al., 2020; O’Reilly et al., 2010, 2012). A Vp/Vs value for 

each layer was assigned based on Hauser et al., (2008). The damping parameters for density, crustal 

thickness, shear-velocity and radial anisotropy were tested in Chambers et al., (2023) (Table 1) and were 

kept the same for this study. 

The seismic surface-wave phase-velocities were calculated using MINEOS (Masters et al., 2007) with 

an averaged reference shear-velocity, density and thickness assigned for each layer in the mantle, 

calculated from the reference model BL21 (Bonadio et al., 2021) and a 10 km thick layer for the upper, 

mid and lower crust as described above. Vertical gradient damping was applied to the radial anisotropy 

when inverting for shear-wave velocity to allow velocity to change smoothly with depth. For density, a 

reference model of 2750, 2900, 3050 kg/m3 for the upper, middle and lower crust was used based on 

Fullea et al., (2014). The inversion model was discretised in 2 km depth increments for temperature, 

velocity, anisotropy and density.  

3.3 Uncertainty Analysis 
To determine uncertainty for the final best temperature model, further tests were carried out on nine 

representative columns. TC (an input parameter) and key inversion variables controlling the temperature 

distribution (RHP, Moho depth, LAB depth) (Table 1 & Table 2) were fixed to a range of plausible 

values in the inversion, in order to estimate their uncertainty and the overall trade-off between the 

parameters. The ranges for each parameter/variable used in the uncertainty analysis are summarised in 

Table 1. Thermal conductivity was varied for sensible ranges for the expected bedrock geology at each 

point based on the TC map of Chambers et al., (2023) and the GSI bedrock viewer (Geological Survey 

Ireland, 2020) (Table 2). The nine columns were selected based on the availability of reliable 

constraining data. This included locations with direct temperature measurements and SHF values 

calculated from the borehole TC. The columns in Mallow and Co. Donegal, were selected due to the 

presence of warm springs and granite bodies, respectively, rather than from the input data. 



The procedure is as follows: for each of the 9 columns additional inversions were run fixing the key 

input parameter/inversion variables while the rest of the variables were free to vary and inverted for as 

normal (Table 1 & Table 2).  

While the selected parameters are the ones that most affect our crustal temperatures in the inversion, 

these parameters are also correlated with one another. Therefore fixing all parameters independently of 

each other will likely select combinations of output models that do not make sense physically. Varying 

all key parameters/variables together within sensible ranges is also computationally expensive so 

another uncertainty test was run where only one parameter/variable was kept fixed at a time and changed 

for each inversion while the rest were inverted for as normal. The results indicate that the minimum and 

maximum temperature range is larger at lithospheric depths when every key input parameter/variable 

is kept fixed for each inversion and allowed to change between inversions, as expected. The RMS and 

STD are smaller when just one parameter/variable is changed (Figure 8 and Supplementary Figure 2). 

However, the best model and the mean models all fall within the STD bands for both tests. We proceed 

with the tests varying 1 parameter/variable for several reasons. First, the parameters are correlated with 

one another in the inversion meaning changing 1 parameter will modify the output of another, which 

can’t happen if we fix the variables. This produces unrealistic models which arbitrarily increase the 

uncertainty. Also modifying all variables is compute intensive. We conclude running uncertainty tests 

where only one parameter/variable is modified at a time, is representative for the full inversion and is 

sufficient to produce reliable uncertainty plots at every point in our model for the 0.2° x 0.2° grid (Figure 

6 & Figure 7).  

Once all possible inversions had been run, we inspected the output data misfit parameter for both tests. 

The data misfit parameter is the average misfit from all the inversion variables including SHF, phase 

velocity, RHP etc. (Figure 8) and further information can be found in Fullea et al., (2021),Section 5.1). 

The spread of the data misfit was analysed and the misfit ratio (misfit new model / misfit best 

temperature model) were compared. Based on the distribution of the output models, a misfit ratio of 

1.05 was chosen. This allowed us to keep a sufficient number of models to assess uncertainty while 

removing those that are unrealistic. 

The overall uncertainty of the accepted models is then calculated as the RMS of the difference between 

the acceptable output temperature models 𝑇𝑚, and the best temperature model 𝑇𝑖: 

𝑅𝑀𝑆 = √(𝑇𝑖 − 𝑇𝑚)
2 

In addition to the 9 locations used for testing uncertainty, inversions were performed at every point in 

the 0.2° x 0.2° grid by changing one input parameter/variable within a range of plausible values and 

keeping this value fixed for the inversion, (Table 1 & Table 2). Points that were in the sea were removed 

as the input datasets cover the land area only. Additionally, columns that were predominantly offshore 

were removed as our parameterisation of the inversion requires onshore crust with positive elevation. 

Models with a misfit >5% larger than the original best model were removed (Figure 7).  

Parameter TC  

(W/(m K)) 

RHP (µW/m³) Moho depth 

(km) 

LAB depth 

(km) 

Range *  ± 0.5 (0.1 µW/m³ 

intervals) 

± 5 (1 km 

intervals) 

± 30 (5 km 

intervals) 

Table 1 Parameter/variable ranges used for the testing of the uncertainty in the temperature models. 

For parameters with ±, this means the values tested were ± the range from the best model parameters 

for each point. * Thermal conductivity was varied within specific lithological rages as listed in Table 

2 with 0.1 W/(m K) increments. 



 Rock Type Average TC 

(W/(m K)) 

Range TC 

(W/(m K)) 

1 Palaeozoic basic intermediate volcanics 1.80 1.80 to 2.10 

2 Palaeocene basalt 1.90 1.80 to 2.10 

3 Cambrian greywacke, slate and quartzite 2.00 1.90 to 2.10 

4 Carboniferous volcanics/ Devonian volcanics/ Ordovician 

granite/ Silurian-Devonian granite and appinite 

2.10 1.90 to 2.20 

5 Mesoproterozoic gneiss 2.15 2.05 to 2.35 

6 Cretaceous chalk flint glauconitic sandstone 2.20 1.60 to 2.80 

7 Mesoproterozoic and Paleoproterozoic Annagh gneiss 

complex,  granitoid orthogneiss 

2.27 2.05 to 2.35 

8 Ordovician Silurian marine greywacke and mudstone 2.40 2.10 to 2.80 

9 Neoproterozoic metasedimentary rocks (Dalradian) 2.50 2.20 to 2.80 

10 Silurian-Devonian conglomerate and mudstone (Old Red 

Sandstone) / Devonian sandstone and mudstone 

2.60 2.20 to 3.40 

11 Viséan limestone and calcareous shale 2.70 2.30 to 3.10 

12 Jurassic mudstone and limestone 2.75 2.30 to 3.10 

13 Tournaisian limestone 2.80 2.30 to 3.10 

14 Oligocene clay, sand and lignite 2.90 2.70 to 3.40 

15 Permian sandstone conglomerate evaporite / Tournaisian 

sandstone, mudstone and limestone/ Triassic sandstone, 

mudstone and evaporite 

3.00 2.70 to 3.40 

16 Ordovician siltstone, sandstone greywacke and conglomerate / 

Namurian shale, sandstone, siltstone and coal / Silurian marine 

sandstone, siltstone and conglomerate / Westphalian shale, 

sandstone, siltstone and coal 

3.07 2.60 to 3.40 

17 Permian sandstone, conglomerate and evaporite / Tournaisian 

sandstone, mudstone and limestone / Triassic sandstone 

mudstone and evaporite 

3.10 2.70 to 3.40 

18 Viséan sandstone mudstone and evaporite / Silurian deep 

marine mudstone, greywacke and conglomerate 

3.20 2.80 to 3.40 

19 Serpentinite and sedimentary melange 3.40 3.20 to 3.40 

Table 2 TC ranges for each rock type. The average TC is taken from Chambers et al., (2023). 

Lithologies are taken from the GSI bedrock viewer and ranges were from previous measurements of 

TC in Ireland (Geological Survey Ireland, 2020). 

3.4 Sensitivity Analysis 
SHF was not included in the uncertainty analysis as it is input data with associated prior uncertainty. 

Given the inversion is trying to fit this as data, any modifications to the input datasets that the inversion 

is trying to fit will cause large changes to the output temperature and is not representative of an actual 

uncertainty in the resulting models, as we have to assume the input data is correct. However, the SHF 

map contains, in places, high uncertainty from interpolation between limited data points to make the 

final input map in the 0.2° x 0.2° grid (Mather et al., 2018). Given the variation in uncertainty for the 

input SHF values, we also tested the sensitivity of the model when the input SHF is modified. 

First, we tested the case of high uncertainty. We increased the uncertainty in the SHF to ±20 mW/m2, 

allowing the inversion more freedom to fit the SHF from the original ±5 mW/m2 (green line Figure 9). 

The second test was to fix the SHF to a specific value and reduce the uncertainty to near 0 (the inversion 

requires an uncertainty >0 so we chose 0.0001 to keep this as small as possible). The purpose of this 



test is to see how the inversion changes when we have confidence in our input data. Three inversions 

were then run on each of the 9 columns: 1. with the expected best SHF value (orange line) and 2. & 3. 

±20 mW/m2 difference from this value (blue and red lines)(Figure 9).  

4 Results 
703 1D columns of Ireland’s subsurface were inverted and collated to make a 3D temperature model. 

The heat conduction equation is parameterised in 2 km depth increments which were interpolated to 1 

km spacing (10 m for the depth to the 30, 60 and 90 °C isotherms). The output temperature models 

range from the surface to 660 km depth but the focus for this paper is from 0 km sea level to the base 

of the lithosphere (LAB) (Figure 2 and Supplementary Figure 1). For presentation purposes we smooth 

the models, but the original grid spacing can be seen in Figure 1a.  

The new subsurface temperature maps range from <50 to 90 °C at 2 km depth for all of Ireland. The 

models suggest temperatures are warmest in the north and east of the island (75 to 90 °C at 2 km depth) 

and in areas with surface granite exposure (>85 °C for the Co. Donegal and Galway granites, and 75 to 

80 °C beneath the Leinster and Mourne granites at 2 km depth) (Figure 2). Temperatures are cooler in 

the south and in the Midlands ranging from <50 to ~70 °C, at 2 km depth. 

The geothermal gradient (Figure 5a) is computed from the modelled temperatures at 1 km and 2 km 

depth and the upper crustal TC value assigned based on lithology. We only average the first km as the 

gradient is broadly linear for the first 10 kms as shown in Figure 8 and Supplementary Figure 2. The 

geothermal gradient ranges from <20 °C/km in the south and Midlands, before increasing to > 30 °C/km 

for the Leinster granite and east coast of Ireland. The geothermal gradient increases northwards to 35 

°C/km beneath much of Northern Ireland, reaching a maximum of ~40 °C/km beneath the Donegal and 

Galway granites (Figure 5a). In addition, the depths to the 30, 60 and 90 °C isotherms were extracted 

from the 3D temperature volume (Figure 5b-d). These show a similar pattern to the temperature maps 

with areas of warmer temperature having shallower depths to the isotherms and cooler regions being 

deeper and having the coolest geothermal gradient, as expected. The depth to the 30 °C isotherm ranges 

from 450 m to 1.1 km depth whereas the 90 °C is located between 2 and 3.8 km depth (Figure 5).  

The output RHP ranges from 0.5 to 2.0 µW/m³ (Figure 4) with the highest values in the northwest 

beneath the Donegal granite, and in the Iapetus suture zone, extending from county Clare to the Mourne 

granites. The lowest RHP values are in Co. Galway and the south of the island of Ireland. Moderate 

RHP values are found beneath the Antrim basalt sequences (~1.0 µW/m³). The area of the Leinster 

granites have higher RHP than the surrounding rocks by +0.2 µW/m³.  

The uncertainty analysis suggests the temperature uncertainty is ~3.5 °C at 2 km depth, presented in 

Figure 6 & Figure 7. The uncertainty analysis also indicates we have confidence in most areas of our 

model with low RMS values. Supplementary Figures 3 and 4 show the misfit for 1 column when 

changing Moho depth and LAB depth, and how the RMS changes based on each fixed input parameter. 

The largest source of temperature uncertainty in our models is the RHP (average RMS at 2 km depth ~ 

± 5 °C), whereas Moho and LAB depth show the lowest contributions (average RMS at 2 km depth of 

~ ±1 °C) (Supplementary Figure 4). We also included SHF to show the variation in the RMS if this was 

included as an inversion parameter rather than data. This produces the highest overall RMS values and 

we investigated the SHF through a series of sensitivity tests. 

The SHF sensitivity tests for increasing the uncertainty produced a reduction in the misfit value and 

suggest future studies should use a larger uncertainty for SHF data in Ireland. The tests for fixed SHF 

produced significantly higher misfit values and modified the resulting geotherms significantly (Figure 

9 and Supplementary Figure 5). show the requirement to know your data. The temperature at 2 km 



depth changed by ±35°C in the most extreme case (Kells) and ±15 °C in the most minor case, and the 

RHP changed by a maximum of 0.8 µWm-3. These values are a lot higher than the variations we expect 

from our model and highlight the importance of using the best input data possible and providing a 

realistic uncertainty value for any input datum. 

As independent validation, (Chambers et al., 2023)(Figures 12 & 13) compared modelled temperature 

from the integrated inversion with measurements in six boreholes, finding that all temperature values 

were reproduced within ± 2 °C at 2 km depth for RHP and TC ranges based on the local bedrock geology 

for the upper crust, providing confidence in the models. This is also within the RMS value computed 

above as shown in Figure 6. Another test carried out at the Tallaght GT1 well found that our model 

predicted a depth of 900 m to the 30 °C isotherm (model interpolated to 100 m depth increments) with 

the measured value at 749 m for the 30 °C isotherm (Personal communication GSI and GeoServ). Given 

no prior petrophysical information was used in the inversion at this location, the closeness of fit with 

our model shows this procedure gives a good starting point for further local scale studies to refine the 

geothermal gradient. 

As a by-product of the thermal modelling we have derived new maps for the depth to the Moho and 

LAB (Figure 3a & b). The new Moho model ranges from 25 to 33 km, with thicker crust in southern 

and central Ireland at 30 to 33 km thick, and thinner crust in counties Galway, Mayo, NE Ireland and 

eastern Co. Donegal (25 to 29 km thick). The crust ranges from <26 km in the northeast of the island, 

increasing to >32 km in central Ireland with average values of 29.5 km for the island (Figure 3a). The 

obtained LAB depth (Figure 3b) shows similarities to the Moho depth map with the thickest lithosphere 

in central Ireland (112 km) and southwest Ireland (108 km), thinning to 76 km in northeast and average 

values of ~94 km thick. Broadly both the Moho and LAB maps thin from southwest to northeast. Both 

the LAB and Moho depth maps show a clear change between north and south of the Iapetus Suture 

Zone with thicker crust and lithosphere south of this boundary and thinner to the north. 

5 Discussion 

5.1 Temperature models and Radiogenic Heat Production 
Temperatures in Ireland range from <50 to 90 °C at 2 km depth (Figure 2 and Supplementary Figure 1). 

The warmest temperatures are located beneath areas with known granitic intrusions and areas of thinner 

crust such as the NE of Ireland. At 5 km depth the Galway and Donegal granitic regions exceed 180°C 

similar to some of the highest temperatures observed in the UK which are being explored for future 

electricity generation (Abesser et al., 2020).  

Most of the RHP values are within the typical ranges for bulk crustal RHP (0.74 μW m−3 to 1.38 μW 

m−3 (Jaupart et al., 2016; Vilà et al., 2010)). The radiogenic heat production is closely tied to the input 

SHF with areas of high SHF having high RHP predicted in our models. However, there are some 

variations such as the Mourne granites which appear to have higher RHP than the SHF map. The RHP 

in the south of the island is low for continental Phanerozoic terranes (<0.7 μW m−3) and suggests that 

the low SHF value which comprises only a single data point is potentially inaccurate and additional 

temperature measurements should be taken. This low SHF and resulting RHP in the south will result in 

lower temperatures in the model, which in reality may be higher if more realistic crustal RHP values 

are considered. There are no boreholes in this region to verify the model but it is likely that the 

temperature could be higher than the models predict due to limited input data.  

The granitic regions have high radiogenic heat production both in our output model and in previous 

studies (Figure 4 & Figure 1d) which would result in elevated temperatures for the models. The RHP is 

variable for each granitic area, with high RHP beneath the Donegal Granite  and moderately elevated 



heat production for the Galway and Mourne granites. In contrast, the Leinster granites are ~1.2µW/m³ 

which is similar to crustal averages for RHP (Jaupart et al., 2016). Similarly, the edges of the Galway 

granite have some of the lowest RHP in the model. TC is also low in our models for areas with granite, 

compared to global averages (Cho et al., 2009; Clauser & Huenges, 1995; Long et al., 2018; Somerton, 

1992), due to the assigned TC being a combination of granite and other lithologies such as basaltic units 

which have a low TC. These would potentially be higher if TC had been split into a purely granitic unit 

which was not the case for (Chambers et al., 2023) who had too few TC measurements on granites from 

previous studies to make a separate sub-group. Crustal and lithospheric thicknesses are also variable for 

the individual granitic regions suggesting the radiogenic heat production is the primary driver for the 

elevated temperatures in these areas.  

The Leinster Granite is cooler than the Galway and Donegal granite sequences, suggesting a difference 

in the composition or thickness. The RHP for this granitic region is also the lowest for the model (Figure 

4). Previous studies reported a range of radiogenic heat production rates for the different granites, with 

the lowest in Leinster (Willmot Noller & Daly, 2015). This would result in cooler temperatures and a 

lower geothermal gradient, which matches well to the output RHP (Figure 4) and is consistent with the 

temperature maps in our models (Figure 2). The lateral extent of these bodies will be larger than this 

model as we take the surface extent of the bedrock geology to be the same for the whole upper crust, 

resulting in a minimum temperature estimate for the granite. The inversion is also performed on 1D 

columns which assume no lateral heat flow, though the SHF partly corrects for this by being higher over 

granitic bodies. The limited measurements for SHF reduce its influence, however (Mather et al., 2018). 

The subsurface extent from seismic, gravity and electrical resistivity models provides evidence for 

larger lateral extent than observed in these models (Delhaye et al., 2017, 2019; O’Donnell et al., 2011; 

O’Reilly et al., 2012; Yeomans, 2011) and therefore our temperature estimates for these areas are likely 

a lower bound. 

The Mourne granites are similar to the Leinster granites and are not hotter than average in this model, 

unlike the other granitic regions. There are several potential reasons for this. Firstly,  the surface extent 

of the granite has been averaged with mudstone and sandstone layers when selecting a 20 km area, 

which affects the assigned TC. The SHF data isn’t elevated, in contrast to the Galway and Donegal 

granites, which would also result in lower temperatures in the model. Previous studies of Irish granites 

have found compositional differences between the granites of the Mourne Mountain Complex and the 

Galway, Donegal and Leinster granites and this is reflected in the measured SHF (Mather et al., 2018). 

The latter granites are more acidic and are visible as negative gravity anomalies, in contrast to the 

Mourne granites which have a positive gravity anomaly signature and have been associated with the 

presence of a denser mafic body located beneath the exposed granitic rocks (Reay, 2004; Yeomans, 

2011). Given the high shallow RHP (some of the highest values in Ireland (Willmot Noller & Daly, 

2015)), it is likely this area is warmer than our model suggests or is volumetrically small and shallow. 

The Antrim Lava Group in Northern Ireland is located on top of some of the warmest temperatures of 

the model. Previous studies suggest this area has low surface heat flow (Mather et al., 2018) and the 

thermal conductivity of this unit is low, <2.0 W/(m K) (Chambers et al., 2023; Gebski et al., 1987; Raine 

& Reay, 2019; Wheildon et al., 1985). Similarly the RHP is low to moderate in the model (Figure 4). 

The basalt sequences range from 10’s to 100’s of meters thick (Delhaye et al., 2017, 2019; Raine & Reay, 

2019) and these overlie more thermally conductive and radiogenic limestone and sandstone units ( 

English et al., 2023; English et al., 2022; Raine & Reay, 2019). Therefore, the basalt units are likely acting 

as an insulating layer (cap rock), trapping heat rising from the mantle in a sandstone geothermal 

reservoir characterized by a thin and hot lithosphere.  



The coolest areas in our model are in the Midlands and the southwest of the island (<52 °C at 2 km 

depth, Figure 2). The Midlands of Ireland were modified during the Caledonian orogeny which left a 

thickened lithosphere with respect to the surrounding Irish terranes as an imprint. As the LAB is deeper, 

the mantle heat source is farther from the surface resulting in cooler geotherms as observed in this work 

and Chambers et al., (2023). A potentially surprising cool region is Mallow, Co. Cork (Figure 2, bottom 

right panel, indicated by an M). It is an area with thick lithosphere and there are extensive carbonate 

sequences which have a lower TC than the granites (Chambers et al., 2023; Long et al., 2018) and SHF 

& RHP measurements for the area are relatively low (Mather et al., 2018; Willmot Noller & Daly, 2015) 

which agree with the temperature models that this is a relatively cool region. However, this area is 

known for its warm springs and is already using geothermal heat from the warm springs to heat a 

swimming pool, suggesting the geothermal potential of an area is closely related to the ability to bring 

heat from depth up to the surface. Deep penetrating faults to allow fluid circulation are known in this 

area (Meere & Banks, 1997). Therefore, while our model suggests at 2 km depth, temperatures are 

everywhere sufficient for heating (60 °C for heating and >150°C for electricity generation (DECC, 

2020, 2024)). Future studies should focus on the availability of fluids and fluid pathways that bring heat 

to the surface which is an in progress part of the DIG project.  

5.2 Geothermal Gradient 
The geothermal gradient ranges from <20 °C/km to ~40 °C/km in the upper crust (Figure 5). In Northern 

Ireland where there are some of the highest gradients (>30 °C/km), formation fluids should be suitable 

for large-scale direct heating uses (Pasquali et al., 2010, 2015; Raine & Reay, 2019). These gradients are 

close to those in Southampton, and for the United Downs and Eden Geothermal deep geothermal 

projects in southwestern GB (Beamish & Busby, 2016; Farndale et al., 2022). The geothermal gradients 

we observe in Northern Ireland are significantly higher than the previously estimated averages for the 

area (Beamish & Busby, 2016; Busby, 2014; Busby et al., 2011; Farndale et al., 2022; Parkes et al., 2020; 

Raine & Reay, 2019; Wheildon et al., 1985).  

At 2 to 3 km depth temperatures would be sufficient for combined heat and power generation, with the 

Rathlin Basin, Larne Basin, Lough Neagh Basin, western Donegal Granite and Galway Granite being 

the best candidates for this combined deep geothermal use. Previous studies suggested the Rathlin Basin 

would have the highest geothermal gradient when compared to Lough Neagh and Larne basins. 

However, the original geothermal gradients were calculated on temperature data taken directly after 

drilling as bottom hole temperature measurements, when the temperatures were likely cooler due to 

circulating mud (Pasquali et al., 2010, 2015; Raine & Reay, 2019). The geothermal gradient determined 

by our model of ~35 °C/km from the Ballinlea-1 well in the Rathlin Basin (English et al., 2023; English 

et al., 2022), is consistent with the previous studies suggesting the higher geothermal gradients at Lough 

Neagh (35 °C/km) and Larne (38.5 °C/km) are likely correct and significantly higher than the previous 

32 and 28 °C/km suggested (Pasquali et al., 2010). In any case, areas with the lowest geothermal 

gradients would still be sufficient for heating purposes as evidenced in Mallow. 

5.3 LAB and Moho depth 
The new LAB depth derived in this study (Figure 3b), ranges from 76 to 112 km deep. The new model 

suggests thicker lithosphere in southern, central and eastern Ireland which trends northwest – southeast. 

South of the Iapetus Suture Zone the LAB is deeper while to the north, the LAB is shallower. This 

thinning of the lithosphere from southwest to northeast may indicate the boundary between the 

Avalonian and Laurentian domains when the two supercontinents collided during the Caledonian 

orogeny. This is consistent with previous studies of seismic data and geological evidence (Bonadio et 

al., 2021; Chew & Stillman, 2009; Fullea et al., 2014; A. G. Jones et al., 2014). In contrast, Landes et al., 



(2007) didn’t find a thicker lithosphere beneath the Iapetus Suture Zone, though this may be due to a 

sparse input dataset producing smooth models capturing only the first order south to north lithospheric 

thinning trend. 

Previous estimates of LAB depth are variable, with depths of 55 to 85 km for a S-to-P receiver function 

study (Landes et al., 2007), 85 to 145 km thick from a joint modelling of gravity, magnetic and elevation 

data with a seismically derived Moho depth (Baykiev et al., 2018) and 95 to 105 km when the Moho 

was constrained by gravity rather than seismic data in the same study. 1D surface wave models for 

Ireland suggest the LAB ranges from 60 to 100 km depth in Ireland (Bonadio et al., 2021; Lebedev et 

al., 2024). The work of Landes et al., (2007) suggested the LAB was anomalously shallow everywhere 

in Ireland, either from thinning by thermal erosion from the proto-Icelandic plume head or from Ireland 

being the transition from oceanic to continental crust, though this boundary is expected far offshore to 

the west of Ireland. A joint inversion using gravity, elevation and mantle compositions produced an 

LAB map ranging from 85 km thick in the north increasing to 115 km in the south, consistent with the 

model shown here. The Landes et al. (2007) model required a minimum lithospheric thickness of 85 

km, otherwise topographic variations could not be reconciled (Jones et al., 2014). The model shown 

here has more detail and is less smooth than previous studies, which is due to the larger volume of input 

seismic data used in the inversions allowing us to more accurately map the lithospheric boundary.  

The thinnest lithosphere of the model is in the north of the island where the Antrim Lava Sequence is 

located and in the east beneath Belfast and the Strangford Lough region. The extensive volcanic 

sequences in the area suggest the lithosphere could have been thinned during their emplacement which 

previous studies have suggested was from thermal erosion in the past from the Icelandic plume (Bonadio 

et al., 2021; Landes et al., 2007).  

The new Moho map ranges from 25 to 33 km depth (Figure 3a) and shows similar trends to the LAB 

map suggesting comparable origins. The Moho map is similar to previous seismic and joint inversion 

models with greater detail and some differences (Baykiev et al., 2018; Bonadio et al., 2021; Fullea et 

al., 2014; Jones et al., 2014; Licciardi et al., 2014, 2020). 

The thinnest crust is in the north and west of the island. In Northern Ireland this thin crust coincides 

with an area with known warm temperatures from the Portmore (Figure 8) and Ballinlea-1 boreholes 

(Chambers et al., 2023). The elevated temperature in these boreholes reflects both the lithology (porous 

sandstone with a high TC, capped with a low TC basalt) and this study suggests these temperatures are 

also high due to the thin lithosphere. In addition, given the thin Moho occurs beneath the Antrim Lava 

Sequence, the shallower Moho depths likely reflect thinning induced by the Icelandic plume (Bonadio 

et al., 2021) and/or crustal extension of the Larne and Rathlin basins (Landes et al., 2005; O’Reilly et 

al., 2010). A shallower Moho is also observed towards the west in Connemara and Mayo which is visible 

on the input Moho map (Figure 1). Given limited evidence for basin extension or volcanic intrusive 

centres in this area, it is possible the thinner crust present in the input data is influencing the output.  

The deepest Moho is observed in central and southern Ireland following the broad trend of the Iapetus 

Suture Zone. We attribute this thickened crust to compression during the collision of the Avalonian and 

Laurentian terranes. Moho depths from Ireland derived from gravity data and isostatic modelling 

suggest the Moho is 27 to 30.5 km deep (Baykiev et al., 2018) showing a  smoothed pattern at odds 

with our results. However, when crustal seismic data (controlled source and receiver functions) was 

included the jointly inverted Moho ranges from 27 to 34 km, which is more similar to our model results 

(25 to 33 km).The new state-of-the-art LAB and Moho depth maps provide fundamental information 

for future studies investigating the tectonic evolution of the island and its geothermal and mineral 

resources.  



To improve the temperature models in the future, more refined crustal thermal property data should be 

used at a finer grid spacing, while keeping the surface wave data at the same resolution. For example, 

TC changes with lithology and could be varied at a finer resolution than the seismic datasets which are 

constrained to their own resolution. This would allow better matches to measured geothermal gradients 

in regions where there are rapid changes in lithology. In addition, better knowledge of the subsurface, 

including the depth extent of lithological units could be gained by utilising new gravity and MT datasets 

being gathered and processed in Ireland (Kiyan et al., 2023). This would improve assignment of thermal 

properties and crustal geometries and hence improve the robustness of the temperature model. These 

datasets should then be combined with a multi-layer crustal inversion, including sediment layers and 

additional gravity data constraints in a 3D framework, able to account for lateral heat flow. Finally, the 

thermal conductivity ranges were based on an averaged model for each rock type based on limited Irish 

rock measurements. More TC measurements should be taken, and the full range of values tested rather 

than an average for each lithological unit. Finally, more deep temperature measurements in deep 

boreholes are required to ground truth and improve the models 

6 Conclusions 
In this paper new subsurface temperature (Figure 2) maps with uncertainty have been computed for 

Ireland based on joint geophysical-petrological inversion of surface wave, SHF and petrophysical data 

sets. The models have also been verified by comparison with direct borehole temperature measurements 

where possible. The addition of uncertainty to the final temperature models provides a reliable resource 

that can be used for risk analysis in developing future projects and further exploration as uncertainty 

allows a definition of risk. The temperature and geothermal gradient maps (Figure 5) indicate a higher 

geothermal gradient for Ireland than previously reported, suggesting temperatures everywhere at 2 km 

depth are sufficient for residential and industrial heating purposes.  The warmest areas in Ireland 

according to our models  coincide with granites and the Antrim Lava Sequence. The hottest granites are 

in counties Donegal and Galway and likely reflect higher amounts of radiogenic elements compared to 

the Mourne and Leinster granites.  

New high resolution LAB and Moho depth (Figure 3) maps have been produced with the most up-to-

date geophysical data and are the current state of the art with more detail than previous models. The 

coolest areas in the Iapetus Suture Zone and south of Ireland are also the areas with the thickest crust 

and lithosphere in our models. This thickening in the Iapetus Suture Zone is likely the result of the 

collision between Avalonia and Laurentia. Areas with thinner lithosphere typically have warmer 

temperatures. The Moho depth map also has areas of thinned crust in the north of the island, particularly 

beneath the Antrim Lava sequence and the Larne and Rathlin basins, suggesting extension has thinned 

the crust along with thermal erosion from a past mantle plume.  

New maps of crustal RHP from our inversion correlate well to the temperature maps suggesting, in 

general, areas with thicker crust have higher RHP, which may reflect more felsic crustal compositions 

in the midlands. Similarly, the RHP map shows variations within the granitic areas suggesting areas 

with higher SHF and consequently RHP are likely to have warmer temperatures such as in Co. Donegal 

and Galway. 

This work shows how parameterising the crust in great detail allows us to scale the workflow for  a 

whole region. This was possible by having large datasets used as input parameters/variables which were 

available as grids for the region. The uncertainty analysis is specifically tailored to shallow temperature 

estimates making it useful for the geothermal community and allows assessment of risk for the final 

temperature models. Future studies could utilise the workflow for areas with similar sparse datasets 

enabling a better understanding of the geothermal potential and determining areas suitable for further 



exploration and exploitation. This will be essential in the near future for energy self-sufficiency, meeting 

green energy targets and moving to green energy sources. 
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9 Figures 

 

Figure 1 Input datasets used in the joint geophysical-petrological inversion. These include Elevation 

from ETOPO1 (Amante & Eakins, 2009), surface heat flow (Mather et al., 2018), thermal conductivity 

(Chambers et al., 2023), radiogenic heat production (Willmot Noller & Daly, 2015), Love- and 

Rayleigh-wave phase velocities (Bonadio et al., 2021; Chambers et al., 2023) with Love-waves at 20 s 

shown here. Reference phase velocity is in the upper left corner. and Moho depth which is a combination 

of the models of Bonadio et al., (2021) and Licciardi et al., (2014, 2020). The red points on the elevation 

show the points used in the inversion with a grid spacing of 0.2° x 0.2° which is the same of the Love-

wave phase velocity resolution. 



 

Figure 2 Subsurface temperature maps of the island of Ireland at 2, 5, 10 and 30 km depth. Data has 

been cropped to the coastline and smoothed. The Iapetus Suture Zone marked by thick black lines, 

Basaltic bedrock as red polygons and granites by light blue line (Bedrock units taken from the GSI 

bedrock geology viewer (Geological Survey Ireland, 2020)). Orange points are locations referred to 

in the text and 1D columns shown in Figure 8. Acronyms are: B – Ballymacilroy, Ba – Barnesmore 

Donegal, CJ – Castle Jordan, EC – Eyres Court, G – Grangegorman, K – Kells (NI), L – Larne, M – 

Mallow, P – Portmore. 



 

Figure 3 a) Moho and b) Lithosphere Asthenosphere Boundary (LAB) maps of Ireland. The thickest 

crust and lithosphere is in central and southern Ireland whereas thinner crust and a shallower LAB are 

beneath Northern Ireland, the north of the island and at Mayo and Galway on the west coast. See Figure 

2 for symbol descriptions. 

 

Figure 4 Radiogenic Heat Production (RHP) map  from the inversion for Ireland. The highest RHP is 

beneath the granitic regions whereas the lowest are within the Iapetus Suture Zone and the south of 

Ireland. See Figure 2 for symbol descriptions. 



 

Figure 5 Geothermal Gradient map and depth to the 30, 60 and 90 °C isotherms. Note variable colour 

scales. See Figure 2 for symbol descriptions. 

 



 

Figure 6 Uncertainty analysis for every point at 2 km depth. Minimum, maximum and the mean 

temperature for all possible input parameters are plotted. Uncertainty for the 2 km temperature slice is 

shown in the bottom right panel. See Figure 2 for symbol descriptions. 



 

Figure 7 Uncertainty maps showing the temperature variation with increasing depth for our model. 

Depth slices at 2, 5, 10 and 30 km are shown. See Figure 2 for symbol descriptions. 



 

Figure 8 Uncertainty analysis for 9 columns with the best original input data from 0 to 5 km depth. 

The best temperature is plotted as a thick black line and the green dashed lines show the minimum 

and maximum temperature for 1 fixed input parameter/variable at a time, with the mean indicated by 

the thick green line and the shaded region the standard deviation either side of the mean. The blue 

lines are the same as the green lines but for all the key input parameter/variable fixed within plausible 

ranges, see text for further details.  The best temperature always plots within both standard 

deviations. The RMS and standard deviation are similar to one another so only standard deviation is 

shown here. 



 

Figure 9 SHF sensitivity tests for each of the 9 columns. The original best model is shown by the black 

line and the green line is the best model with uncertainty in the SHF data increased to 20 mW m-2 (HU 

= High uncertainty).  The Orange, blue and red lines are the second set of test for LU = Low 

Uncertainty, with orange the original SHF value, blue -20 mW m-2  from the original and red +20 mW 

m-2. Uncertainty in the input data was reduced to 0.0001. As expected, the best and LU best models 

are very similar with the HU best model also close to the original best model. 

 

 

 

Supplementary  



 

Supplementary Figure 1 Additional subsurface temperature maps from 10 km to 110 km depth in 10 km 

increments ending at 118 km. 



 

Supplementary Figure 2 Uncertainty analysis for 9 columns with the best original input data from 0 to 

115 km depth. The best temperature is plotted as a thick black line and the green dashed lines show 

the minimum and maximum temperature varying 1 input parameter/variable at a time, with the mean 

indicated by the thick green line and the shaded region the standard deviation either side of the mean. 

The blue lines are the same as the green lines but for all the key input parameter/variable fixed within 

plausible ranges, see text for further details. The best temperature always plots within both standard 

deviations. The RMS and standard deviation are similar to one another so only standard deviation is 

shown here. 

 



 

Supplementary Figure 3 Uncertainty analysis for column Ballymacilroy showing a) the variation in 

the misfit for changing LAB depth with fixed Moho depth and b) the contoured misfit for changes in 

Moho and LAB depth. Note the starting parameters are the output of the best temperature model.  

 

 

Supplementary Figure 4 Temperature uncertainty variation at 2 km depth associated with Moho, LAB 

(top row), RHP, TC and SHF (bottom row from left to right) uncertainties. Note variable colour scales 

for top and bottom plots. SHF is included to show the large variation when changing input data but 

overall the uncertainty is small and <±5 °C in most areas for individual input inversion parameters. 

See Figure 2 for symbol descriptions. 



 

Supplementary Figure 5 Same as Figure 9. SHF sensitivity tests for each of the 9 columns for all depths. 

The original best model is shown by the black line and the green line is the best model with uncertainty 

in the SHF data increased to 20 mW m-2 (HU = High uncertainty).  The Orange, blue and red lines are 

the second set of tests for LU = Low Uncertainty, with orange the original SHF value, blue -20 mW m-

2  from the original and red +20 mW m-2. Uncertainty in the input data was reduced to 0.0001. As 

expected, the best and LU best models are very similar with the HU best model also close to the original 

best model. 

 


