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S U M M A R Y 

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

assessing the geothermal potential of a region. However, deter mining geother mal potential 
is a challenge when direct measurements of in-situ temperature and thermal property infor- 
mation are sparse and indirect geophysical methods are sensitive to a range of parameters, 
not just temperature. Here, we produce subsurface temperature maps of Ireland using a joint 
geophysical–petrological inversion, where seismic and other geophysical and petrophysical 
data are inverted directly for temperature in 1-D columns and are collated into a pseudo 3-D 

temperature volume. Additionally, the inversion produces new models for Moho and LAB 

depth and for the average crustal radiogenic heat production. 
To assess the robustness of the resulting temperature model, an uncertainty analysis has been 

perfor med by inver ting all of the 1-D columns for a range of reasonable input parameters 
applicable to the Irish crust (rather than the ‘best’ input parameters). The resulting uncertainty 

model suggests temperature estimates at 2 km depth in our model could vary by ± 2 to 5 ◦C 

with an average of 3.5 ◦C in most locations. The uncertainty model can be used to assess 
confidence in different regions of the temperature model. In addition, 3-D forward modelling 

was performed to assess the lateral heat flow variations when compared to the purely 1-D 

inversion. The upper-crustal geothermal gradient ranges from 20 to 40 ◦C km−1 indicating a 
higher geother mal g radient for Ireland than previously reported with subsurface temperatures 
at 2 km depth > 60 ◦C everywhere, sufficient for residential and industrial heating purposes. 
The temperature gradient is typically higher in areas with thinner lithosphere. However, in 

some locations, the obser ved geother ms are elevated further due to high radiogenic heat 
production in granitic rocks. In Nor ther n Ireland, a thin lithosphere, coupled with a weakly 

conductive basalt layer overlying war m cr ust, results in elevated temperatures. 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 comparable to 

direct independent borehole temperature measurements, which are observed to fall within the 
model uncertainty. Our new methodology provides workflows for determining the geothermal 
potential in areas with limited direct temperature measurements. The final temperature model 
with uncertainty provides useful constraints for geothermal exploration and utilization on the 
island of Ireland. 
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1  I N T RO D U C T I O N  

An important parameter when assessing a geothermal resource is 
the subsurface temperature and geothermal gradient which, tradi- 
tionally, has been derived directly from borehole measurements. 
Knowing the depth to reach a certain temperature is a key issue 
in geothermal prospecting where greater drilling depth is often the 
costliest element of developing a geothermal site. However, in areas 
with few deep boreholes (defined as > 1000 m deep), there is un- 
certainty and limited knowledge of the subsurface properties. The 
island of Ireland (This includes both Nor ther n Ireland and the Re- 
public of Ireland) is one such example having ∼42 deep boreholes 
with only 25 of these having temperature measurements (Nor ther n 
Ireland: 17 total deep wells, 11 with temperature information, Re- 
public of Ireland: 25 deep wells with temperature measurements at 
14) (Goodman et al. 2004 ; Geological Survey Ireland 2020 ; Fellgett 
& Monaghan 2024 ). When assessing an area’s geothermal poten- 
tial and developing projects for future exploration and development, 
a 3-D temperature model is beneficial, rather than disparate point 
measurements, because rapid variations in subsurface geology can 
make lateral interpolation highly uncertain. This 3-D knowledge is 
useful in order to develop renewable resources to meet the Republic 
of Ireland’s and Nor ther n Ireland’s climate action plans, to comply 
with the EU 2030 framework of climate and energy, and to meet 
global climate targets (European Council 2014 ; DECC 2020 , 2024 ; 
DfE 2021 ). 

To overcome limitations in available direct temperature measure- 
ments, it is possible to use indirect geophysical methods to model 
subsurface temperature. A coherent characterization of the geother- 
mal gradient near the surface implies a bottom to top heat flow ap- 
proach where knowledge of the thermal thickness of the lithosphere 
(or lithosphere–asthenosphere boundary, LAB), the crust–mantle 
boundary (Moho) and crustal lithology [thermal conductivity (TC) 
and radiogenic heat production (RHP)] are essential (Cammarano 
et al. 2003 ; Afonso et al. 2008 ; Scheck-Wenderoth & Maystrenko 
2013 ; Fullea et al. 2021 ; Kassa et al. 2022 ; Chambers et al. 2023 ; 
Lebedev et al. 2024 ). 

Seismic data can provide information on the geological bound- 
aries within the Earth and recent deployments in Ireland have pro- 
duced new surface wave velocity models which are sensitive to 
these boundaries (Bonadio et al. 2021 ; Chambers et al. 2023 ). Re- 
cent ther mal proper ty data sets have also been collated to produce 
laterally continuous models for TC in sediments and the upper crust 
(Chambers et al. 2023 ), and for RHP (Willmot Noller & Daly 2015 ). 
To produce a subsurface temperature map for all of Ireland, input 
data sets are required to cover each point in the model across the 
island of Ireland. This includes point measurements which have 
been interpolated in previous studies [e.g. surface heat flow (SHF), 
Mather et al. ( 2018 )]. 

In this study we use the workflow of the joint geophysical–
petrological inversion described in Chambers et al. ( 2023 ). The 
previous work used six points across the island of Ireland which 
had reliable input data for SHF, TC, RHP and elevation, which were 
used to parametrize a joint geophysical–petrological inversion for 
temperature. Six additional points at the locations of deep bore- 
holes with temperature information were then inverted in the same 
way. The modelled temperature was compared to the measured 
temperature profiles, finding similar results between the model and 
observed data. 

Here, we advance the previous study by producing a temperature 
model by inverting 1-D columns across the island of Ireland at a 0.2◦

x 0.2◦ lateral resolution and 1 km in depth. The 1-D columns were 
collated to produce a pseudo 3-D temperature model with uncer- 
tainty (pseudo in the sense that 1-D columns have been separately 
inverted and collated rather than a full 3-D inversion) from the sur- 
face to the base of the lithosphere, in addition to new maps of the 
Moho, LAB and crustal RHP. The input data sets have been taken 
as a series of interpolated grids rather than relying on point mea- 
surements at locations with a borehole, as was done in the previous 
study of Chambers et al. ( 2023 ). A significant addition is the uncer- 
tainty analysis [not carried out in Chambers et al. ( 2023 )] to assess 
the possible variations in the final model, which was performed by 
running multiple 1-D inversions at every point to cover the ranges 
for the input parameters, rather than fixed values. The final pseudo 
3-D uncertainty model then indicates the likely variation at every 
point across the island of Ireland, allowing future users to assess the 
confidence of a value when using this resource. 

The new temperature maps suggest that subsurface tempera- 
tures at 2 km depth, are > 45 ◦C everywhere across the island of 
Ireland with most areas above 60 ◦C. The warmest temperatures 
are present in areas with large granitic bodies exposed at the sur- 
face with high radiogenic signatures, and in Nor ther n Ireland be- 
neath the basalts of the Antrim Lava Group, which is likely to act 
as an insulating blanket, and is coupled with the thinnest litho- 
sphere on the island of Ireland. The uncertainty analysis shows 
the variation in each point of the temperature maps providing 
ranges for the possible temperature values. The new temperature 
maps could be useful for future geothermal energy development 
in Ireland. This paper provides a proof of concept of the work- 
flow and methodology that can be applied to other locations with 
sparse direct temperature measurements and limited subsurface data 
sets. 

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 geo- 
logical data sets, and a range of modelling techniques across a vari- 
ety of environments and scales (e.g. Cloetingh et al. 2010 ; Scheck- 
Wenderoth et al. 2014 ; Poulsen et al. 2015 ; Freymark et al. 2017 ; 
Lenkey et al. 2017 ; Békési et al. 2018 ; Anikiev et al. 2019 ; Ma- 
jorowicz et al. 2019 ; Frey et al. 2022 ; Torne et al. 2023 ). The number 
of 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 (Ledésert & Hébert 2020 ; Frey et al. 2022 ), through- 
out 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 high-enthalpy geothermal settings when 
compared to volcanic regions such as Iceland and Italy. In Iceland, 
improvements in technology now allow geothermal energy to be 
extracted from a variety of locations including those with lower 
temperatures, from greater depths to access higher temperatures 
and from non-conventional reservoirs such as supercritical geother- 
mal (Fridleifsson & Elders 2005 ; Axelsson et al. 2010 ). Due to heat 
sources coming from both the crust and mantle, many studies at 
a regional scale, model the subsurface temperature of a geother- 
mal system at a lithospheric scale using ther mal proper ty data 
combined with geophysical data sets and various modelling tech- 
niques (Cloetingh et al. 2010 ; Scheck-Wenderoth & Maystrenko 
2013 ; Scheck-Wenderoth et al. 2014 ; Poulsen et al. 2017 ; 
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ékési et al. 2018 ; Limberger et al. 2018b ). These models, which are
sually at a national or regional scale rather than resource level, then
rovide information on suitable areas for further shallow investiga-
ions before development of a possible geothermal site development
nd drilling activities. Modelling the subsurface geotherms allows
e-risking drilling costs thus providing a more targeted approach
or future investigations. 

Closer to Ireland, deep geothermal has been used sporadically
or decades in Great Britain (GB) (e.g. Downing & Gray 1985 ,
986 ; Younger et al. 2012 ; Busby 2014 ; Abesser et al. 2020 ).
ince 1979 Southampton has been producing geothermal heat,
nd combined heat and power, for the civic centre, surrounding
usinesses and > 1000 residential properties (geothermal gradient
f 38.5 ◦C km−1 ; Downing & Gray 1986 ; Raine & Reay 2019 ).
ore recently, the Eden Geothermal and United Downs projects

im to extract geothermal heat from granitic rocks (Abesser et al.
020 ; Gan et al. 2021 ; Reinecker et al. 2021 ) with the United
owns project successfully drilling 2 deep geothermal wells to
.5 and 5 km depth (Reinecker et al. 2021 ), measuring temper-
tures of ∼180 ◦C at 5 km depth (Abesser et al. 2020 ). The is-
ands of Ireland and Great Britain have some similarities in their
eological histories, including the emplacement of granite se-
uences and the continuation of lithological units from Ireland
cross to Scotland (e.g. Dewey & Strachan 2002 ; Daly 2009 ;
oodcock & Strachan 2009 ). The two locations also have com-

arable surface heat flow values (Mather & Fullea 2019 ), mak-
ng it likely that geothermal resources can also be utilized in
reland. 

.2 Geothermal studies in Ireland 

ultiple geothermal studies have been conducted in Ireland includ-
ng an initial study in 2004 to produce subsurface temperature maps
f Ireland’s shallow subsurface (Goodman et al. 2004 ; Jones et al.
007 ). The IRETHERM project (2011–2016) sought to quantify Ire-
and’s geothermal energy potential through integrated lithospheric

odelling of geophysical and petrological data (Fullea et al. 2014 ;
ones et al. 2014 ; Farrell et al. 2015 ; Raine & Reay 2019 ) and mod-
lling magnetotelluric (MT) data with the aim of investigating sed-
mentary basins with elevated fluid temperatures (Campanyà et al.
015 ; Delhaye et al. 2017 , 2019 ; Vozar et al. 2020 ), identifying
uid circulation pathways of warm springs (Blake et al. 2016a ; b ,
021 ) and characterizing Irish granites (Farrell et al. 2015 ; Fritschle
t al. 2015 ). 

More recently the GEO-URBAN project focused on Vallès
Spain) and the Dublin Basin (Ireland) combining passive seis-
ic, MT and structural geology information to characterize low

nthalpy geothermal potential in an urban environment with major
ault structures acting as potential fluid pathways (Vozar et al. 2020 ;

aggio et al. 2021 , 2022 ). In addition, recent drilling by Geologi-
al Survey Ireland (GSI) at the Technical University, Dublin (TUD)
rangegorman campus in 2023, revealed a subsurface temperature
f 38.5 ◦C at 1 km depth (Blake, Personal Communication 2021 ). 

Through other projects, subsurface temperature maps have been
roduced for Ireland from 0 to 5 km depth by CSA for the
ustainable Energy Authority of Ireland (Goodman et al. 2004 )
nd the G.O.THERM.3D project (Mather et al. 2018 ; Mather &
ullea 2019 ) from 2 to 5 km depth. The study of Goodman et al.
 2004 ), used temperature data from 117 boreholes from 10 m up
o 2500 m deep and interpolated the geothermal gradient using a
atural neighbour interpolation to a 1000 m deep model. From 1000
o 5000 m the geother mal g radient was linearly extrapolated due
o limited measurements. Near-surface temperature effects in the
rst tens to hundreds of metres (e.g. solar irradiation) and paleocli-
ate effects in the first few kilometres, variations in rock thermal

roperties and deep lithospheric contributions were not considered.
he G.O.THERM.3D project modelled crustal layer thickness us-

ng receiver functions (Licciardi et al. 2014 ), controlled source seis-
ic data (Landes et al. 2005 ; Hauser et al. 2008 ), crustal magnetic

nomalies (Baykiev et al. 2018 ; Mather & Fullea 2019 ), lithospheric
hickness (Fullea et al. 2014 ) and surface heat flow from historic
ells in Ireland (Brock & Barton 1984 ; Brock 1989 ) and applied pa-

eoclimate corrections (Mather et al. 2018 ; Mather & Fullea 2019 ),
roducing temperature maps from 1 to 5 km depth. The data sets
nd models along with fixed crustal thermal property data (van den
erg et al. 2005 ), were inverted for crustal temperature with models

howing geother mal g radients > 20 ◦C km−1 ever ywhere matching
ell to global models of geothermal gradient (Limberger et al.
018a ). These models predicted exceptionally high temperatures in
or ther n Ireland beneath basaltic intrusions, which were as high as
agmatic high enthalpy geothermal settings. While Goodman et al.

 2004 ) and Mather et al. ( 2018 ) provided valuable information on
he subsurface temperatures and geothermal gradient in Ireland,
he models are limited by their use of fixed parameters for litho-
pheric thickness and for the crustal thermal parameters that directly
ontrol the subsurface temperatures. Fur ther more, the models have
o uncertainty associated with them. Estimating uncertainty in the
odels is crucial to initiate geothermal extraction as it allows the

etermination of risk associated with drilling and exploitation. 
Ongoing projects in Ireland include the De-risking Ireland’s

eothermal potential project (DIG) which is an interdisciplinary
roject from the full island scale to the local scale of the Mallow
arm spring region (O’Reilly et al. 2021 ; Kiyan et al. 2022 ). Geo-
hysical surveys including passive seismic and magnetotellurics,
n addition to geological field campaigns and hydrochemistry, are
eing combined to improve our understanding of a known geother-
al system (O’Reilly et al. 2021 ; Kiyan et al. 2022 ; Chambers

t al. 2023 ). Additionally, GSI’s National Geothermal Database
s currently being developed and Project InnerSpace (projectin-
erspace.org) has a focus on developing geothermal energy usage
n Nor ther n Ireland and globally. As part of the DIG project we
im to improve the previous subsurface maps of Ireland (Mather
 Fullea 2019 and Goodman et al. 2004 ), and provide associated

ncertainty with each point in the model. We have applied indirect
eophysical methods with variable thermal property data to model
he subsurface temperature and geothermal gradient as 1-D columns
nd collated to a pseudo-3-D volume. This output model was then
ompared to direct temperature measurements. These are the first
ncertainty maps for subsurface temperature in Ireland, and we also
roduce new crustal radiogenic heat production, LAB and Moho
epth maps. 

 G E O L O G I C A L  B A C KG RO U N D  

he geological evolution of Ireland’s crust began in the Precambrian
ra (Daly 2009 ) and culminated in the amalgamation of continental
nd island arc components during the early Palaeozoic (Mitchell
004 ; O’Reilly et al. 2006 ; Hauser et al. 2008 ; Graham et al. 2009 ;
oodcock & Strachan 2009 ). The convergence of the Laurentian

nd Avalonian continental domains represents the final major event
n the formation of Ireland’s continental lithosphere forming the
upercontinent Laurasia. During the closure of the Iapetus Ocean,
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the distribution of radiogenic heat-producing elements in the Irish 
crust was likely influenced by the process of continental suturing 
(van den Berg et al. 2005 ; Willmot Noller & Daly 2015 ; Herrington 
et al. 2018 ). 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, 2024). 

Transitioning from late orogenic pull-apart basins to mid-late De- 
vonian, 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 
et al. 2016a ; O’Reilly et al. 2021 ). Central Ireland is predomi- 
nantly covered by tropical shallow to deep-water Carboniferous 
limestones, with volcanic rocks locally, deposited in basins in re- 
sponse to marine transgressions. The distribution of carbonate facies 
is complex and controlled by extensional tectonics, which reacti- 
vated major faults in the accreted Caledonian basement. They also 
influence thermal conductivity values through variations in the mud 
and silica content (Somerton 1992 ; Clauser & Huenges 1995 ; Long 
et al. 2018 ; Förster et al. 2021 ; English et al. 2022 ). 

The Variscan orogeny was most intense in the Munster Basin, 
where strong tectonic fabrics developed, inver ting nor mal 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 Ire- 
land, for ming the Kingscour t Outlier in Co. Cavan, and a number 
of basins across the NE of Ireland (Newtownards Trough, Larne 
Basin, Lough Neagh Basin, Rathlin Basin, Foyle Basin) (Naylor 
1992 ; Johnston 2004 ). In nor theaster n Ireland, Mesozoic to Ceno- 
zoic sedimentary rocks are present in extensional basins, offering 
geother mal reser voir potential in porous sandstones within basins 
like the Larne Basin (Raine & Reay 2019 ). The British and Irish 
Palaeocene Igneous Province was also deposited in northeast Ire- 
land with Palaeocene flood basalt formations (Antrim Lava Group), 
covering older sedimentary sequences and creating striking land- 
scapes like the Giant’s Causeway in Nor ther n Ireland (Cooper 2004 ; 
Cooper et al. 2008 , 2012 ). Uplift of the lavas and erosion during 
the Eocene, Alpine compression and development of localized pull- 
apart basins during the Oligo-Miocene deposited clays and lignite 
in NE Ireland (Quinn 2006 ). Significant intrusive activity also oc- 
curred 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  DATA  A N D  M E T H O D S  

3.1 Data sets and parameters in the inversion 

To produce detailed subsurface temperature maps across Ireland, 
multiple input data sets across the island of Ireland have been used 
(Fig. 1 , see Supplementary Fig. 1 for the input data sets at the 0.2◦

x 0.2◦ resolution used). The best data for the upper crust are direct 
borehole measurements with calculated SHF and measured TC and 
lithological information, though these are sparse in Ireland. 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 of 
the surface-wave data produced by Chambers et al. ( 2023 ). Other 
data sets such as heat production and thermal conductivity, have 
a finer resolution which are related to the underlying lithology. 
However we focus on the coarsest resolution first. In the future 
this could be improved by having areas of the model with finer 
resolution for certain parameters while leaving those with more 
uncertainty as they are. To carry out the inversion each point requires 
information on the Rayleigh and Love surface waves, elevation, 
Moho depth, surface heat flow, thermal conductivity and radiogenic 
heat production in order to determine the lithospheric boundaries 
and temperature structure detailed above. The input data sets which 
have been produced by previous studies are described below. 

3.1.1 Surface waves 

The surface wave data set was created from recent large-scale de- 
ployments of broad-band seismometers across Ireland using the 
permanent Irish National Seismic Network (INSN, www.insn.ie ) 
(INSN 1993 ; Blake et al. 2012 ) and Great Britain Seismograph 
Network (Baptie 2018 ) stations, as well as temporary networks in- 
cluding 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 (Landes et al. 2004 , 2007 ; Do et al. 2006 ; Wawerzinek et al. 
2008 ; O’Donnell et al. 2011 ; Polat et al. 2012 ), the SIM-CRUST 

project (Piana Agostinetti & Licciardi 2015 ) and Blacknest (Black- 
nest 1960 ). Data from 2010 to 2020 were focused on, in order to 
maximize coverage across Ireland because the surface waves were 
computed using pairs of stations present concurrently (Bonadio 
et al. 2021 ; Chambers et al. 2023 ). 

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

the networks listed above using the two-station and Automated 
Multimode Inversion methods (Meier et al. 2004 ; Lebedev et al. 
2005 ) 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, using by-linear interpolation. The Rayleigh-wave 
phase velocities ranged from 5 to 350 s period, sensitive to crustal 
and mantle depths, though not every column will have the same 
period range due to variations in coverage across the island of 
Ireland. Errors in the data come from instrumental errors including 
timing errors, response corrections and polarity reversal as well 
as source effects and systematic errors in the event location and 
origin times (Bonadio et al. 2021 ). The relative uncertainty assumed 
for the Rayleigh waves varies with period, with 0.3 per cent at 
periods < 20 s, 0.1 to 0.3 per cent for 20 to 50 s and 0.3 per cent 
for periods > 200 s. 

Love waves: The Love-wave dispersion curves and phase veloc- 
ity 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 produced in a similar way to the Rayleigh-wave dis- 
persion curves. A dispersion curve was extracted for each point from 

the dispersion maps at different periods (Fig. 1 a). The dispersion 
curves range from 10 to 250 s and, similarly to the Rayleigh-wave 
dispersion curves, not every column will have the same period 
range due to variations in coverage across the island of Ireland. The 
relative uncertainty assumed for the Love-wave phase velocities 
also varies with period and is estimated at 0.5 per cent for periods 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
http://www.insn.ie
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Figure 1. Input data sets used in the joint geophysical–petrological inversion. These include (a) 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), (b) Elevation from ETOPO1 (Amante 
& Eakins 2009 ), (c) Moho depth, which is a combination of the models of Licciardi et al. ( 2014 , 2020 ) and Bonadio et al. ( 2021 , (d) surface heat flow 

(Mather et al. 2018 ), (e) thermal conductivity (Chambers et al. 2023 ) and (f) surface radiogenic heat production (Willmot Noller & Daly 2015 ). The points and 
individual squares 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. Actual resolution shown in Supplementary Fig. 1 . 
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< 20 s, 0.2 to 0.5 per cent for 20 to 50 s and 0.5 per cent for periods
> 200 s. This data set covers all of Ireland but has a resolution for 
the phase velocity maps of 0.2◦ x 0.2◦ (Fig. 1 b). This is one of 
the coarser data sets with full lateral coverage across the island of 
Ireland hence we use this data set as our grid for 1-D columns in 
the inversion. This results in 703 1-D columns across the island of 
Ireland. 

3.1.2 Elevation 

Elevation data were taken from ETOPO1 (Amante & Eakins 2009 ) 
(Fig. 1 b). 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 initial 
uncertainty ± 10 m was assigned. The uncertainty of this parameter 
in the inversion is loose with moderate damping to account for the 
averaging of elevation within each grid square making this value 
closer to ±50 m. 

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 ) (Fig. 1 c). 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, though Bonadio 
et al. ( 2021 ) have more small -scale variations due to a larger input 
data set, with most variations < 1 km. Hence, we use an average 
of the two models in this work. The Moho models were re gridded 
to the 0.2◦ x 0.2◦ used for the inversion, and the average of the two 
models was taken at each point at 100 m depth increments, which 
in most instances was the same due to the similarity of the models. 
This parameter is inverted for in the joint geophysical–petrological 
inversion but the Moho depth input has an associated uncertainty 
of ± 2 km accounting for variations in the model (Fig. 1 c) and to 
match the upper end of uncertainty as determined by Licciardi et al. 
( 2020 ). 

3.1.4 Surface heat flow (SHF) 

Surface heat flow was taken from Mather et al. ( 2018 ) who interpo- 
lated 22 paleoclimate corrected heat flow estimates for the island of 
Ireland using an inverse distance weighting kernel that accounts for 
the uncertainty of each point to produce an island-wide map. In this 
study the values were subsequently regridded from the original map 
to the 0.2◦ x 0.2◦ grid used to parametrize the 1-D columns in the 
inversion. The map ranges from 45 to 100 mWm−2 . SHF is an input 
data set that the inversion tries to fit within uncertainty. The SHF 

assigned uncertainty is conservatively ± 5 mWm−2 (Fig. 1 d) based 
on the best measurements of Mather et al. ( 2018 ). However, in the 
sensitivity analysis we test increasing the uncertainty in these input 
data to ± 15 mWm−2 (compensating for the highest uncertainty 
in Mather et al. 2018 ) due to the limited number of points used to 
produce the map. 

3.1.5 Thermal properties 

Thermal conductivity (TC) values for the upper crust layer were 
taken from the map in Chambers et al. ( 2023 ) where a total of 122 
TC measurements from different studies (Brock & Barton 1984 ; 
Brock 1989 ; 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 un- 
certainty estimate based on Chambers et al. ( 2023 ) (Table 1 ). Values 
for TC were taken at each point on the 0.2◦ x 0.2◦ grid (Fig. 1 e). TC 

values of 2.75 and 2.5 W m−1 K−1 were assigned for the middle and 
lower crustal layers in the inversion based on continental averages 
(Artemieva & Mooney 2001 ; Fullea et al. 2014 ; Limberger et al. 
2018a ) and were kept constant in the inversion within the crust. 
It should be noted that TC in nature, is dependent on temperature 
and pressure with TC typically decreasing with increasing depth 
in the upper crust, and remaining relatively constant in the middle 
and lower crust. Chambers et al. ( 2023 , Supplementary Fig. 2 and 
Section 3.5) forward modelled a constant crustal TC and a temper- 
ature dependent TC in the upper crust. The resulting temperature 
differences were relatively minor if the constant value is taken as 
the average of the temperature (and pressure) dependent expression, 
and would be further moderated by variations in other parameters if 
a full inversion was performed. What was more crucial was the av- 
erage value of TC and its match to subsurface lithology. Therefore, 
a constant crustal TC that is not inverted for, is reasonable to use 
in the inversion for the crust, which we do here. In the uncertainty 
analysis, we explored a range of input values for TC in the upper 
crust, with the ranges dependent on the lithology as defined by the 
previous TC map from Chambers et al. ( 2023 ) (Table 1 ). At man- 
tle depths TC is temperature and pressure dependent (described in 
Section 3.2.1 ). 

Radiogenic heat production (RHP): Values of RHP from the 
sedimentar y/upper cr ustal rocks are taken from the map of Willmot 
Noller & Daly ( 2015 ) at each point on the 0.2◦ x 0.2◦ grid (Fig. 1 f) 
and assigned to a specific lithology based on the GSI bedrock geol- 
ogy map (Geological Survey Ireland 2020 ). This is used as a prior 
value for the average RHP of the whole crust as the inversion can use 
only 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, it is intended 
to assign RHP to individual geological units. 

3.2 Joint geophysical–petrological inversion 

Here we use a joint geophysical–petrological inversion scheme to in- 
vert different data sets for the lithospheric thermochemical structure 
using a thermodynamic framework (Afonso et al. 2008 ; Fullea et al. 
2009 , 2021 ; Chambers et al. 2023 ; Lebedev et al. 2024 ). The de- 
tails on the integrated geophysical–petrological forward modelling 
and inversion scheme are presented in Afonso et al. ( 2008 ), Ful- 
lea et al. ( 2009 ) and Fullea et al. ( 2021 ), respectively. The model 
is parametrized in terms of mantle temperature and composition 
and the secondary physical parameters in the mantle (seismic ve- 
locities, density) are determined within a self-consistent thermody- 
namic framework as a function of the primary parameters [e.g. pres- 
sure, temperature and bulk mineralogical composition (Connolly 
2005 )]. 

3.2.1 The geothermal gradient 

The lithospheric geotherm is computed by solving the 1-D heat con- 
duction transfer equation, considering constant and prescribed TC 

in the upper, middle and lower crust, and a P-T dependent TC in the 
lithospheric mantle (Afonso et al. 2008 ; Fullea et al. 2009 , 2021 ), 
with the Dirichlet boundary conditions fixed as the temperature at 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
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Table 1. TC ranges for each rock type. The average TC is taken from Chambers et al. ( 2023 ) where the lithologies are taken from the GSI bedrock viewer and 
ranges were from previous measurements of TC in Ireland (Geological Survey Ireland 2020 ). 

Rock type 
Average TC 

(W (m K)−1 ) 
Range TC 

(W (m K)−1 ) 

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 mélange 3.40 3.20 to 3.40 
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he Earth’s surface [for Ireland 11 ◦C; Goodman et al. ( 2004 )] and
he base of the lithosphere. The LAB is characterized as a ther-
al boundary here, and separates the lithospheric mantle (with its

ased pre-defined as the 1300 ◦C isotherm) and the sublithospheric
antle. 
A thermal buffer of variable thickness is defined between the

ublithospheric and lithospheric mantle by a superadiabatic gra-
ient. The sublithospheric mantle geotherm (below the thermal
uffer) is computed assuming a reference adiabatic gradient and
epartures from the reference gradient are allowed as required
y the data with some bounds. The temperature at the base of
he thermal buffer Zbuff = ZLAB + �ZLAB is defined as Tbuff =

Ta + 100 ◦C . The prior/reference values for Tsublit 1 , Tsublit 2 and Tbot 

or each lithospheric column based on a reference adiabatic
radient ( γref = 0 . 5 K km−1 ) are defined as: Tsublit 1 ref = Tbuff +
ref ((Zbot − Zbuff ) / 3 , Tsublit 2 ref = Tsublit 1 ref + γref ((Zbot − Zbuff ) / 3 .
he sublithospheric temperatures can deviate from their reference
alues by up to 100 K. The main control for temperature in the inver-
ion is the seismic data (surface wave dispersion curves) which are
ostly sensitive to Vs variations and the surface heat flow (Fullea

t al. 2021 ). Synthetic surface heat flow values are computed from
he temperature gradient at the surface of the model and the crustal
C in each model column. 

.2.2 Mantle compositional parametrization 

e define the Earth’s mantle compositional space within the major
xide system CFMAS (CaO–FeO–MgO–Al2 O3 –SiO2 ) which ac-
ounts for > 98 wt per cent of the Earth’s mantle. The major oxides
re accommodated in the four main upper-mantle mineral phases:
livine, pyroxenes and an Al-bearing phase. Secondary phases are
resent but represent on average < 5 per cent of the total assemblage
e.g. Pearson et al. 2003 ). Under the assumption of thermodynamic
quilibrium (temperature > 500 ◦C), stable mineral assemblages in
he mantle are determined using a Gibbs free energy minimization
pproach using Perple X software (Connolly 2005 ) and the ther-
odynamically self-consistent data base of Stixrude & Lithgow-
ertelloni ( 2011 ). The bulk physical properties of interest in this

tudy (density, seismic velocities) are dependent upon the modal
istribution of the main mineral phases and their individual compo-
itions (Connolly & Kerrick 2002 ; Afonso et al. 2008 ). 

.2.3 Crustal parametrization 

n contrast to the mantle, large parts of the continental crust are
her modynamically metastable. Therefore, the cr ust is not defined
ased on thermodynamic equilibrium in our model: we adopt an
d hoc parametrization in terms of the relevant physical properties
iven the constraining input data sets. The crust is divided into three
ayers of variable thickness. Within each layer, the model parameters
re Vs and density. Crustal P -wave velocities are computed from
he Vs values from the inversion and fixed Vp/Vs assumed ratios.

oho depth is a free parameter which can vary within the defined
ncertainties described in Section 3.1.3 . TC is fixed within the crust
ith the upper crust assigned a value of TC as described in Section
.1.5 , and the middle and lower crust assigned TC values of 2.75
nd 2.5 W m−1 K−1 , respectively. 

.2.4 Forward models 

he synthetic phase velocity dispersion curves used in our inversion
re computed using a version of the MINEOS modes code (Masters
t al. 2007 , http://geodynamics.org/cig/software/mineos ) adapted

http://geodynamics.org/cig/software/mineos
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Table 2. Model parameters for each crustal layer in the inversion. We include the ranges used for TC and RHP in the upper crust which are based on previous 
studies (Brock & Barton 1984 ; Brock 1989 ; Long et al. 2018 ; Mather et al. 2018 ; ShallowTHERM 2021 , Willmot Noller et al 2015). TC and Vp/Vs are fixed in 
the inversion to the input value whereas we invert for the average RHP, layer thickness, Vs and density. We assign variable weighting depending on confidence 
in the input parameter with the Moho depth allowed to vary ± 2 km, whereas the upper and middle crustal boundaries can vary ± 5 km. The RHP is loosely 
damped and is linked to the SHF which is assigned a lower uncertainty as we have more confidence in its value. The density is allowed to vary ± 200 kg m−3 . 
All variations are defined by regularization factors and in some cases (such as RHP) are also tied to the assigned uncertainty in other parameters. For more 
details see the text. All parameters are variables in the inversion. ∗Range is less than Fig. 1 (f), due to averaging of the map to a 0.2 × 0.2◦ grid. 

Layer Thickness (km) Vs (km s−1 ) Density (kg m−3 ) Vp/Vs TC W (m K)−1 RHP μW m−3 Depth to base of layer (km) 

1.Upper crust 10 ± 5 3.52 ± 0.25 2750 ± 200 1.75 1.7–3.4 0.5–4.0 ∗ 10 
2. Middle crust 10 ± 5 3.71 ± 0.25 2900 ± 200 1.75 2.75 0.7 20 
3. Lower crust 10 ± 2 3.94 ± 0.25 3050 ± 200 1.75 2.5 0.4 24–34 

, 
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for the travelling wave decomposition, appropriate for surface waves 
(Nolet 2008 ). Below 660 km depth, the reference model AK135 is 
assumed for all the relevant parameters (Kennett et al. 1995 ). In 
the mantle transition zone (410 km < depth < 660 km) only the 
density, Vp and attenuation parameters are taken from AK135, with 
the S -wave velocities at the 410 and 660 km discontinuities being 
inversion variables inverted for. 

The predicted surface elevation is computed by integrating the 
crustal and lithospheric mantle densities assuming local isostasy, 
that is the pressure at the base of every vertical lithospheric column 
be the same when integrated down to a certain depth, known as 
the compensation level. The density integration is only over the 
lithosphere and we do not explicitly include sublithospheric loads as 
part of the isostatic equilibrium. Predicted surface heat flow values 
are computed from the surface temperature gradient and thermal 
conductivity. 

3.2.5 Inversion scheme 

The data sets that we invert for are mostly sensitive to tempera- 
ture variations which can be modelled in 1-D and consequently 
there is no explicit lateral regularization. Modelling in 1-D also 
speeds up the inversion scheme (see Section 5.5 for limitations 
on the 1-D assumption). The laterally independent nature of the 
physical forward problems allows for parallelization of the inver- 
sion, where different lithospheric columns can be treated separately. 

The data vector, dobs , is given by: dobs = [E , SHF , φ
Ray 
i , φLove 

j ] 
t 
i = 

1 , N Ray , j = 1 , N Love , where N Ray and N Love are the number of 
periods for Rayleigh and Love waves for each dispersion curve, 
respectively, E is the surface elevation and SHF is the surface heat 
flow (Fullea et al. 2021 ). 

We invert the Rayleigh and Love surface-wave dispersion curves 
along with SHF and surface elevation which are weighted based on 
the uncertainty in each measurement. We follow the procedure of 
Chambers et al. ( 2023 ) which is similar to Fullea et al. ( 2021 ) and 
references therein, with a modification: a vertical gradient damping 
is applied to radial anisotropy when inverting for shear-velocity to 
allow velocity to change more smoothly with depth. For density 
we invert for the upper, middle and lower crustal density using 
the reference parameters in Table 2 . The output from the inversion 
includes the lithospheric geotherm, lithospheric thickness and Moho 
depth, as well as cr ustal str ucture (seismic velocity, density and 
radiogenic heat production), and radial seismic anisotropy. 

The model vector, m includes crust and mantle inversion vari- 
ables: 

m = [ ρc 
i , Vs c i , Hc , Zc 

i , ZLAB , Tsublit 1 , Tsublit 2 , Tbot , Clit , Csublit , �ZLAB 

V s410 , Vs660 , Ani sk ]
t , i = 1 , 3 k = 1 , 13 , 
where ρc 
i and Vs c i are the crustal densities and S -wave velocities for 

a three-layered crust, Hc is the average crustal radiogenic heat pro- 
duction (RHP), Zc 

i is the depth of the base of each crustal layer; ZLAB 

is the depth of the LAB, Tsublit 1 , Tsublit 2 , Tbot are the sublithospheric 
temperatures at depths Zbuff + Zbot −Zbuff 

3 , Zbuff + 2(Zbot −Zbuff ) 
3 and Zbot 

respectively ( Zbot = 400 km, Zbuff = ZLAB + �ZLAB ), �ZLAB is the 
thermal thickness of the lithospheric buffer, Vs410 and Vs660 are the 
S -wave velocities at the 410 and 660 km mantle transition disconti- 
nuities, and Ani sk are the radial anisotropy values at the three crustal 
layers and at 56, 80, 110, 150, 200, 260, 330, 400, 410 and 660 km 

depths within the mantle, respectively and Clit , Csublit are the bulk 
amounts of Al2 O3 in the lithosphere and sublithosphere, respec- 
tively. Following Fullea et al. ( 2021 ) here we only invert for Al2 O3 

as the mantle compositional parameter, with correlated values of 
CaO–MgO based on global petrological data bases as described in 
Afonso et al. ( 2013 ). 

The misfit function is defined as: 

S ( m) = [ g ( m) − dobs ] 
t C−1 

D [ g ( m) − dobs ] 
t + [ m − mref ] 

t C−1 
M [ m − mref ] 

from Fullea et al. ( 2021 ), where g(m) is the nonlinear forward op- 
erator that maps the model vector ( m ) into the observational space 
( dobs ), in this case the joint geophysical–petrological modelling ap- 
proach. The first term of S(m) is a quadratic, corresponding to the 
square of the weighted data misfit L2-norm, including data un- 
certainties. C−1 

D and C−1 
M 

represent the inverse observational and 
model covariance matrices, respectively, here assumed to be diag- 
onal. The diagonal elements of CD are defined by the (squared) 
data uncertainties plus the model uncertainties, and are used to 
weight the contribution of the different data sets in dobs . The sec- 
ond term of S(m) regularizes the inversion problem. CM 

is a di- 
agonal matrix of squared weighting factors for the respective ele- 
ments of the reference (and regularizing) model vector, mref . For 
the crustal inversion parameters (velocity, density and thickness), 
radial anisotropy, lithospheric thickness and mantle composition 
the regularization term is explicit. The geotherm represents an ad- 
ditional regularization ter m: ther mal steady state in the lithosphere 
(heat conduction domain) and adiabatic gradient(s) in the sublitho- 
sphere (heat convection domain). The regularization term prevents 
the inversion from falling into non-physical solutions outside of 
the domain of the joint geophysical–petrological forward problem 

solver (Fullea et al. 2021 ). Finding an optimal balance between data 
fit and regularization is a complex, problem-dependent task that has 
to be adapted to the particular inversion problem one is dealing 
with. 

The inversion is performed on 1-D columns (703 in total) which 
are distributed in a 0.2 × 0.2◦ grid across the island of Ireland 
(Fig. 1 b), each reaching from the surface to 660 km depth, in con- 
trast to Chambers et al. ( 2023 ) who inverted six columns with reli- 
able geophysical, petrophysical and thermal input data. We assign 
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Figure 2. Subsurface temperature maps of the island of Ireland at 2, 5, 10 and 30 km depth. Data have 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 1-D columns shown in Fig. 4 . Acronyms 
are: B—Ballymacilroy, Ba—Barnesmore Donegal, CJ—Castle Jordan, EC—Eyres Court, G—Grangegorman, K—Kells (NI), L—Larne, M—Mallow, 
P—Portmore. 
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eference values with variable damping coefficients to regularize
ur inversion. For the three layers of the crust we assign an aver-
ged reference shear velocity, density and thickness for each layer
alculated from the reference seismic model BL21 in Ireland (Bona-
io et al. 2021 ) and specify a Vp/Vs value for each layer based on
eismic refraction studies (Hauser et al. 2008 ) which are shown
n Table 2 . The damping parameters for density, crustal thickness,
hear velocity and radial anisotropy were tested and allowed to
ary according to the confidence in each value. Previous studies
f Moho depth find results with uncertainties of ±2 km (Licciardi
t al. 2014 , 2020 ); Bonadio et al. ( 2021 ) suggesting strong damp-
ng can be imposed. In contrast, crustal velocity and density are
ess well-constrained beneath Ireland and Britain, so we allow these
alues more freedom to ensure a good misfit but not unreasonable
scillations. Similarly, TC was assigned to each of the three layers
n the crust: the TC map of Chambers et al. ( 2023 ) (Fig. 1 a) for the
pper crust, 2.75 and 2.5 W m−1 K−1 for the middle and lower crust,
espectively. 

 R E S U LT S  

03 1-D columns of Ireland’s subsurface were inverted and col-
ated to make a 3-D temperature model which was interpolated
o 1 km spacing in depth (interpolated to 10 m intervals for the
epth to the 30 ◦C, 60 ◦C and 90 ◦C isotherms). The output 1-
 temperature columns extend from the topographic surface to
60 km depth but the focus for this paper is from the surface (eleva-
ion/topographic height) to the base of the lithosphere (LAB) (Fig. 2
nd Supplementary Fig. 2 ). For presentation purposes we smooth
he models, but the original grid spacing can be seen in Fig. 1 (b)
nd Supplementary Fig. 1 . 

art/ggaf281_f2.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
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Figure 3. Geothermal Gradient map (a) and depth to the 30 ◦C, 60 ◦C and 90 ◦C (b–d) isotherms. Note variable colour scales. See Fig. 2 for symbol descriptions. 
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The new subsurface temperature maps (Fig. 2 ) range from < 50 
◦C to 90 ◦C at 2 km depth for all of the island of Ireland. The models 
suggest temperatures are warmest in the north and east of the island 
(75 ◦C 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 ◦C to 80 ◦C beneath the Leinster and Mourne granites at 2 km 

depth). Temperatures are cooler in the south and in the Midlands 
ranging from < 50 ◦C to ∼70 ◦C, at 2 km depth. 

The geothermal gradient (Fig. 3 a) is computed from the mod- 
elled temperatures at 1 and 2 km depth and the upper crustal TC 

value assigned based on lithology. We only average the first km 

as the gradient for the model is broadly linear for the first 10 km 

as shown in Fig. 4 and Supplementary Fig. 3 . This is due to lim- 
itations in the parametrization of the model as having a 3-layered 
crust rather than variations for each lithological unit. The geother- 
mal gradient ranges from < 20 ◦C km−1 in the south and Midlands, 
before increasing to > 30 ◦C km−1 for the Leinster granite and east 
coast of Ireland. The geothermal gradient increases northwards to 
35 ◦C km−1 beneath much of Nor ther n Ireland, reaching a maxi- 
mum of ∼40 ◦C km−1 beneath the Donegal and Galway granites 
(Fig. 3 a). In addition, the depths to the 30 ◦C, 60 ◦C and 90 ◦C 

isotherms were extracted from the temperature volume (Figs 3 b–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 (Fig. 3 ). 

The output RHP ranges from 0.5 to 2.0 μW m−3 (Fig. 5 ) with 
the highest values in the northwest beneath the Donegal granites, 
and in the Iapetus Suture Zone, extending from county Clare to the 
Mour ne g ranites. 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 m−3 ). The area of 
the Leinster granites has higher RHP than the surrounding rocks 
by + 0.2 μW m−3 . 

As an independent comparison, (Chambers et al. 2023 , figs 12 and 
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 
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TC =1.8 to 2.1 W/(m K)
SHF = 87 mW m-2

LAB depth = 84 ± 30 km
Moho depth = 29.99 ± 5 km
RHP = 1.99 ± 0.5 μW m−3 

TC =2.6 to 3.4 W/(m K)
SHF = 57 mW m-2

LAB depth = 102 ± 30 km
Moho depth = 32.26 ± 5 km
RHP = 0.76 ± 0.5 μW m−3 

TC =2.2 to 2.8 W/(m K)
SHF = 96 mW m-2

LAB depth = 94 ± 30 km
Moho depth = 30.04 ± 5 km
RHP = 2.31 ± 0.5 μW m−3 

TC =2.3 to 3.1 W/(m K)
SHF = 86 mW m-2

LAB depth = 109 ± 30 km
Moho depth = 31.9 ± 5 km
RHP = 2.01 ± 0.5 μW m−3 

TC =1.8 to 2.1 W/(m K)
SHF = 53 mW m-2

LAB depth = 81 ± 30 km
Moho depth = 26.09 ± 5 km
RHP = 0.59 ± 0.5 μW m−3 

TC =1.8 to 2.1 W/(m K)
SHF = 72 mW m-2

LAB depth = 85 ± 30 km
Moho depth = 23.99 ± 5 km
RHP = 1.54 ± 0.5 μW m−3 

TC =1.8 to 2.1 W/(m K)
SHF = 60 mW m-2

LAB depth = 78 ± 30 km
Moho depth = 26.43 ± 5 km
RHP = 0.86 ± 0.5 μW m−3 

TC =2.3 to 3.1 W/(m K)
SHF = 70 mW m-2

LAB depth = 93 ± 30 km
Moho depth = 30.43 ± 5 km
RHP = 1.24 ± 0.5 μW m−3 

TC =2.3 to 3.1 W/(m K)
SHF = 83 mW m-2

LAB depth = 118 ± 30 km
Moho depth = 32.04 ± 5 km
RHP = 1.86 ± 0.5 μW m−3 

Figure 4. Uncertainty analysis for nine 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 the text for further details. The best tempera- 
ture always plots within both standard deviations. The RMS and standard deviation are similar to one another so only standard deviation is shown 
here. 
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C ranges based on the local bedrock geology for the upper crust,
roviding confidence in the models. This is also within the RMS
alue computed described in Section 5.1.3 and as shown in Fig. 6 .
nother comparison between our model and the recently drilled
allaght GT1 well, found our model suggested a depth of 900 m

o the 30 ◦C isotherm (model interpolated to 100 m depth incre-
ents) with the measured value at 749 m for the 30 ◦C isotherm

 Personal communication GSI and GeoServ ). The direct tempera-
ure measurement was taken within the first week after drilling and
as not corrected to account for paleoclimate effects which could
ary by up to 3 ◦C (Mather et al. 2018 ) to add to the uncertainty
nd limitations of our modelling. Given no prior petrophysical in-
ormation was used in the inversion at this location, the closeness
f fit, though relative, shows this procedure gives a good start-
ng point for further local scale studies to refine the geothermal
radient. 

As a by-product of the thermal modelling we have derived new
aps for the depth to the Moho and LAB (Figs 7 a and b). The

ew Moho model ranges from 25 to 33 km, with thicker crust
n southern and central Ireland at 30 to 33 km thick, and thin-
er crust in counties Galway, Mayo, NE Ireland and eastern Co.
onegal (25 to 29 km thick). The crustal thickness ranges from
 26 km in the northeast of the island, increasing to > 32 km in

entral Ireland with average values of 29.5 km for the island of
reland (Fig. 7 a). The obtained LAB depth (Fig. 7 b) shows sim-
larities to the Moho depth map with the thickest lithosphere in

art/ggaf281_f4.eps
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Figure 5. Radiogenic heat production (RHP) map derived from the inversion results for Ireland. The highest RHP is beneath areas with thicker crust which 
may reflect more felsic crustal compositions or are granitic regions. In contrast the lowest RHP values are within the Iapetus Suture Zone and the south of 
Ireland where we also have lower SHF and cooler temperatures. See Fig. 2 for symbol descriptions. 
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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 be- 
tween north and south of the Iapetus Suture Zone with thicker 
crust and lithosphere south of this boundary and thinner to the 
north. 

5  U N C E RTA I N T Y  A NA LY S I S  A N D  

L I M I TAT I O N S  

5.1 Uncertainty analysis 

We carried our two uncertainty tests in order to determine the final 
temperature uncertainty at every 1-D point across the island of Ire- 
land. This is the uncertainty based on the pseudo 3-D temperature 
model and is a lower bound of the real uncertainty. The approach 
followed here to estimate the inversion model uncertainties is based 
on the idea of sampling projections of the multidimensional model 
space (e.g. Bartzsch et al. 2011 ; Lebedev et al. 2013 ). In this way 
we construct a multidimensional grid for the key inversion vari- 
ables/parameters and run inversions for every fixed combination of 
values with the rest of the model variables free to vary and evaluate 
the misfit function. 

The resulting multidimensional misfit surface is the projection of 
the total model space onto the chosen key variables/parameters sub- 
space containing information on the resolution and possible trade- 
offs between them. The key variables/parameters controlling the 
temperature distribution analysed in this work are TC (an input pa- 
rameter) and inversion variables RHP, Moho depth and LAB depth. 

The two uncertainty analyses were performed on nine represen- 
tative columns to save on computational costs in this exploratory 
phase. The nine columns were chosen as columns with the most 
reliable input data, locations with direct temperature measure- 
ments and/or in areas of interest such as granitic regions or Mal- 
low, an area of geothermal interest where the warm springs are 
currently exploited. Four of these overlap with the columns used 
for testing in Chambers et al. ( 2023 ) (Mallow, Eyres Court, 
Bar nesmore/Donegal, Kells/Nor theast Ireland) and the remain- 
ing five are locations with borehole temperature measurements 
which were used as comparisons to direct temperature measure- 
ments in Chambers et al. ( 2023 ) (temperature profile lengths for: 
Grangegorman 0.997, Ballymacilroy 0.85 km, Larne 2 km, Port- 
more 1.482 km and Castle Jordan 0.79 km. Note, the total bore- 
hole length for each location exceeds 1 km). For test 1 the key 
inversion variables/parameters were all fixed, whereas in test 2 
only one of the key inversion variables/parameters was fixed in 
the inversion, to allow trade-off with the other variables. The 
values for the key inversion variables/parameters were selected 
as ranges suitable for Ireland. Each variable interval was split 
into discrete equally spaced points (Table 3 ) for the uncertainty 
analysis. 
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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 Fig. 2 for symbol descriptions. 
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.1.1 1-D uncertainty analysis on nine columns—test 1: keeping 
ll four key parameters/variables fixed within plausible ranges 

o deter mine uncer tainty for the final best temperature model, an in-
ensive analysis was carried out on the nine representative columns.
C (an input parameter) and key inversion variables controlling the

emperature distribution (RHP, Moho depth and LAB depth) (Ta-
le 1 and Table 3 ) were fixed to a range of plausible values with
ll other parameters being free to vary in the inversion, in order
o estimate their uncertainty and the overall trade-off between the
arameters. The ranges for each parameter/variable used in the un-
ertainty analysis are summarized in Table 3 . Thermal conductivity
as varied in plausible ranges (Table 1 ) for the expected bedrock ge-
logy at each point based on the TC map of Chambers et al. ( 2023 )
nd the GSI bedrock viewer (Geological Survey Ireland 2020 ). This
esults in the maximum temperature variation of the output model
Fig. 4 , blue lines and Supplementary Fig. 3 ), suggesting TC is
ne of the main controls on temperature in the upper crust. The
ariations were large and resulted in many unrealistic models (e.g.
ery high SHF but negligible RHP and a thick Moho) with high
ariability, however the mean was similar to the best model. 

.1.2 1-D uncertainty analysis on nine columns—test 2: keeping 
ust one of the key parameters/variables fixed 

hile the selected key parameters/variables are the ones that most
ffect our crustal temperatures in the inversion, they are also
orrelated with one another. Therefore, fixing all key parame-
ers/variables independently of each other will likely select com-
inations of output models that do not make sense physically, but
ere necessary to be systematic in the analysis. Varying all key
arameters/variables together within sensible ranges is also com-
utationally expensive so test 2 was run where only one parame-
er/variable was kept fixed at a time and changed for each inversion
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Figure 7. (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 of Ireland and at Mayo and Galway on the west coast. See 
Fig. 2 for symbol descriptions. 

Table 3. Parameter/variable ranges used for the testing of the uncertainty in the temperature models. For parameters 
with ±, each point of the best model was run within this range. ∗ Thermal conductivity was varied within specific 
lithological ranges as listed in Table 1 with 0.1 W (m K)−1 increments. 

Parameter TC (W (m K)−1 ) RHP ( μW m−3 ) Moho depth (km) LAB depth (km) 

Range ∗ ± 0.5 (0.1 μW m−3 intervals) ± 5 (1 km intervals) ± 30 (5 km intervals) 
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while the rest were inverted for. Test 2 is considerably less computa- 
tionally intensive compared to the test 1 in the uncertainty analysis, 
at the price of sampling fewer regions of the total model space. The 
results indicate that the minimum and maximum temperature range 
is smaller at lithospheric depths when only one key input parame- 
ter/variable is kept fixed at a time for each inversion and allowed 
to change between inversions within sensible ranges, as expected 
(Fig. 4 , red lines). 

Once all possible inversions had been run, the overall uncertainty 
of the accepted models is then calculated as the root mean square 
(RMS) of the difference between the acceptable output temperature 
models Tm 

, and the best temperature model Ti for an individual 
column: 

RMS =
√ 

( Ti − Tm 

) 2 . 

We inspected the data misfit for the first and the second uncer- 
tainty tests in the nine selected columns [see Section 3.2.5 for the 
definition of the misfit 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 tempera- 
ture model) were compared. Based on the distribution of the output 
models, a misfit ratio of 1.05 was chosen. This value was chosen as 
it kept a balance between having a low RMS in the accepted models 
and keeping sufficient models to assess uncertainty, while removing 
those that are unrealistic ( Supplementary Figs 4 and 5 ). Both tests 
showed the RMS uncertainty stabilizing beyond a certain misfit, 
though this was always a higher RMS for uncertainty test 1, with 
lower RMS observed for uncertainty test 2. For test 2, we selected 
the misfit ratio as the inflection point for the majority of columns 
which was 1.05 ( Supplementary Fig. 4 ). The RMS increases at 
lower misfit thresholds for test 2 due to insufficient number of mod- 
els included in the analysis. The misfit in the Love and Rayleigh 
waves was also plotted for test 1 ( Supplementary Fig. 5 a) and test 
2 ( Supplementary Fig. 5 b) for a range of misfit ratios, with 1.05 
a good balance between sufficient models and removing extreme 
misfit values. 

The RMS and standard deviation (STD) are smaller for test 1 
(Fig. 4 and Supplementary Fig. 2 ). However, the best model and 
the mean models all fall within the STD bands for both tests. 
We conclude that r unning uncer tainty tests where only one key 
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 (Fig. 6 and 
Fig. 8 ). 

5.1.3 Uncertainty analysis for all 1-D columns 

Finally we adopt the uncertainty analysis strategy of test 2, on all 
703 1-D columns to make a pseudo 3-D uncertainty volume at 
every point in the 0.2◦ x 0.2◦ grid (Table 1 and Table 3 ). Points 
that were in the sea were removed as the input data sets cover 
the land area only. Additionally, columns that were predominantly 
offshore were removed as our parametrization of the inversion re- 
quires onshore crust with positive elevation. Models with a mis- 
fit > 5 per cent larger than the original best model were removed 
(Fig. 8 ). 
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Figure 8. Uncertainty maps showing the temperature variation with increasing depth for our model. Depth slices at 2, 5, 10 and 30 km are shown. See Fig. 2 
for symbol descriptions. 
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.2 Sensitivity analysis: input SHF 

he SHF map contains, in places, high uncertainty from interpola-
ion between limited data points to make the final input map in the
.2◦ x 0.2◦ grid (Mather et al. 2018 ). In addition, SHF measure-
ents can in some cases be affected by local perturbing processes

ot accounted for in our model parametrization such as thermal
isequilibrium due to drilling. Given the variation in uncertainty
or the input SHF values, we also tested the sensitivity of the model
hen the input SHF is modified. 
First, we tested the case of high uncertainty. We increased the

ncertainty in the SHF to ±15 mW m−2 , allowing the inversion
ore freedom to fit the SHF from the original ±5 mW m−2 (green

ine in Fig. 9 ). The second test was to fix the SHF to extreme values
ithin the uncertainty range and force the inversion to fit the value.
he purpose of this test is to assess the effect of varying the input
HF and forcing the inversion to match that value. Three inversions
ere then run on each of the nine columns: (1) with the expected best
HF value (orange line) and (2) & (3) ±15 mW m−2 difference from

his value (blue and red lines)(Fig. 9 ). The tests for extreme SHF and
er y low uncer tainty (i.e. forcing the inversion to match the input
HF value) produced significantly higher misfit values and modified

he resulting geotherms significantly (Fig. 9 and Supplementary
ig. 6 ). These values are higher than the variations we expect from
ur model and highlight the importance of using the best input
ata possible and providing a realistic uncertainty value for any
nput datum. When using a high uncertainty for the input data, the
emperature model converged to a similar result as the best model
nd also within the modelled temperature uncer tainty, deter mined
y the uncertainty analysis described above. Fur ther more, if the
nput SHF is wrong or contains perturbations not accounted for
n the thermal modelling and the inversion is forced to match that
alue, then the output results are unrealistic with a poorer match to
he seismic data. 
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Figure 9. SHF sensitivity tests for each of the nine 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 15 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 −15 mW m−2 from the original and red + 15 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. 

Section 5.1 . 
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5.3 3-D lateral heat flow modelling 

The 1-D inversion assumes vertical conduction within a column and 
ignores lateral heat flow. To assess the potential effects of lateral 
heat flow we performed a 3-D thermal forward simulation using the 
integrated 3-D modelling software LitMod3D (Fullea et al. 2009 ). 
The 3-D input model was based exclusively on the output of the 
pseudo 3-D volume created from the collated 1-D inverted columns 
and was parametrized at a 10 km grid spacing. The inputs included 
boundaries for the crust, LAB and Moho depths, as well as the 
output crustal RHP and TC which were assigned to the three crustal 
layers. 

The output 3-D forward models for both temperature and SHF 

( Supplementary Fig. 7 ) are similar to the 1-D fields in the different 
columns and contain the same large-scale patterns. The 1-D to 3-D 

differences in most of the model points are within ± 4 ◦C, however, 
the 3-D temperature field is smoother than the 1-D, particularly for 
small-scale structures. The largest variation is 16 ◦C at the Galway 
granite which is still observed as a warm spot in the 3-D model 
though not as significant as the 1-D. For the SHF the largest differ- 
ence is ±15 mW m−2 with most points within ±6 mW m−2 . This is 
expected as the 1-D version has no information from neighbouring 
structures which would trade off with one another if the lateral con- 
trasts in thermal properties were large. In areas with large lateral 
changes in topography, such as at the coast, the vertical discretiza- 
tion may also influence the output for the 3-D model, however we 
kept it at 2 km vertical discretization to match the 1-D version. The 
variations between the 1-D model and a 3-D forward model based 
on the 1-D, are larger than the uncertainties based on the setup of 
the 1-D inversion which we describe in the uncertainty analysis in 
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.4 Results of the uncertainty analysis 

he uncertainty analysis suggests the temperature uncertainty is
3.5 ◦C at 2 km depth, presented in Fig. 6 and Fig. 8 . These un-

ertainties are lower bound estimates given the limitations in our
-D thermal modelling neglecting 3-D effects, and in the lateral
veraging applied to the upper crustal lithology (see Section 5.3 ),
hough all comparisons to direct borehole measurements are within
hese lower bounds, providing confidence in the uncertainty values.
he uncertainty analysis also indicates we have confidence in most
reas of our model with low RMS values. Supplementary Figs. 8
nd 9 show the misfit for one column when changing Moho depth
nd LAB depth, and how the RMS changes based on each fixed
nput parameter. In contrast, the choice of input RHP and TC have a
arger impact on the temperature uncertainty in our models (average
MS at 2 km depth ± 3 and 5 ◦C, respectively), whereas Moho and
AB depth show the lowest contributions (average RMS at 2 km
epth of ∼ ±1 ◦C) ( Supplementary Fig. 8 ). This is perhaps unsur-
rising based on the model setup and our focus on depths suitable
or future geothermal exploitation ( ∼ 2 km). At crustal depths the
emperature is mainly controlled by the thermal property informa-
ion (TC and RHP). The LAB depth will modify the depth of the
300 ◦C isotherm but will have less impact at 2 km depth. We also
ncluded SHF to show the variation in the RMS if this was included
s an inversion parameter rather than data. This produces the highest
verall RMS values and we investigated the SHF through a series
f sensitivity tests. 

The tests for extreme SHF and very low uncertainty (i.e. forc-
ng the inversion to match the input SHF value) produced signif-
cantly higher misfit values and modified the resulting geotherms
ignificantly (Fig. 9 and Supplementary Fig. 6 ). The temperature at
 km depth changed by ± 35 ◦C in the most extreme case (Kells)
nd ±15 ◦C in the most minor case, and the RHP changed by a
aximum of 0.8 μWm−3 . These values are a lot higher than the

ariations we expect from our model and highlight the impor-
ance of using the best input data possible and providing a real-
stic uncertainty value for any input datum. For our modelling,
sing a high uncertainty for the input data allows the temper-
ture model to converge to a similar result within the predicted
ncertainty. 

.5 Limitations 

ne of the limitations of this study is that while modelling in 1-D is
ppropriate for surface wave dispersion curve modelling and local
sostasy, we do not account for lateral thermal effects such as lat-
ral heat flow or heat refraction at individual bodies (as modelled
n Section 5.3 ). In areas containing granite, radiogenic heat pro-
uction will be higher and radiate in all directions from the body.
imilarly, heat refraction will take place at the boundaries between
eological units with very different thermal conductivities. We as-
ume 1-D vertical heat conduction in the crust so in areas with high
adiogenic heat production it is likely we underestimate the extent
f their influence by neglecting lateral heat flow. One way to ad-
ress these 1-D limitations is modelling the temperature field in 3-D
see Section 5.3 ), however this is computationally expensive and we
btain similar structures in both models. Given the limitations of
arametrizing our 1-D inversion as discussed, it is likely that the
ctual subsurface temperature lies somewhere between the 1-D and
he 3-D temperature models. Therefore, the uncertainty presented
or the parameters in the 1-D inversion is likely a lower bound.
uture work should include full 3-D integ rated ther mal modelling
sing gravity data in addition to the data sets already presented in
his work, although this will significantly increase computing time.

The input data sets used in the 1-D inversion also have significant
ncertainty, and while we try and account for a possible plausible
ange for input values within the uncertainty analysis, these could
e larger than what we account for in this study. For example, the
edrock is assumed to be suitable for the upper crustal layer of the
odel, however if the bedrock is thin, this is likely not representative

or this layer even though layer thickness (in a three-layered crustal
odel) is an inversion parameter. Unfortunately, without drilling or

xtensive geophysical surveys across the island of Ireland, we do not
now the 3-D lithological structure of the whole crust so averaging
he bedrock layer is a way to parametrize the upper crust layer. 

TC data are also inherently variable for certain lithologies, such
s limestone, with measurements on samples from the same unit
hanging by ±3 W (m K)−1 (Long et al. 2018 ). Studies often
rovide the average TC rather than the variation of TC along the
ample or with multiple measurements, with these having signifi-
ant variability (e.g. Popov et al. 2016 ). Providing ranges for TC
n the uncertainty analysis for each lithological unit allows us to
ee the typical variations. However, if the lithology is incorrectly
ssigned in a model column or if in a certain location the TC as-
igned to a particular unit is a significant outlier, then our predicted
ear-surface temperatures will be incorrect as well. 

TC will also vary with depth (pressure), rock type and tempera-
ure. However, Chambers et al. ( 2023 ) showed that if an appropriate
verage constant value is used, then the predicted geotherm is sim-
lar to the case where a temperature and pressure-dependent TC is
onsidered. Another problem with TC is that the lithologies cho-
en to assign TC are sometimes too broad in previous studies. For
xample, in Table 1 row 1, a unique value for all volcanic rocks is
sed. This will result in an increased TC for basalts (which typically
ave low TC) whereas TC for granites will be underestimated due
o averaging with other volcanic unit measurements. 

RHP is also significantly averaged with certain rock units likely to
e higher than others. As we average RHP for the whole crust in our
odels we cannot determine the depth extent of individual litholo-

ies such as granites, rather we can say they are likely thicker/thinner
r more/less radiogenic. Using a multilayered (i.e. upper, middle and
ower crust) value for RHP will make a difference to our output tem-
erature gradient in the crust. In Supplementary Fig. 10 we show
ests for a 3-layer model using the same RHP value for all the layers
i.e. uniform RHP as in our inversion setting) and then two further
ests where the average RHP is kept constant but the RHP in the
pper crustal layer is increased or decreased by 0.2 μW m−3 and the
iddle and lower crust are balanced to keep the same whole crustal

verage ( Supplementary Table 1 ). Assuming a higher RHP in the
pper crust and less in the middle and lower crust, the tempera-
ure increases almost negligibly ( < 1 K) in the upper crust but the
emperature in the middle and lower crust significantly decreases
7–8 K). In contrast, if the RHP in the upper crust is decreased
hile the middle and lower RHP is increased keeping the average

he same, we observe a reduction in temperature in the uppermost
rust but an increase in temperature in the middle and lower crust
 Supplementary Fig. 10 ). In future work, the crustal RHP should be
aried per layer not as one crustal average. 

Another source of uncertainty is in our comparison to borehole
emperature. The time difference between the borehole drilling and
he actual temperature measurement has an impact, and this infor-

ation is not included for most boreholes in Ireland. Both the time
aken to drill a borehole and the time since fluid circulation will
mpact so a simple value for time after drilling cannot be given,

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
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but this can be many months after drilling for the borehole to equi- 
librate. This can cause variations in excess of 10 ◦C for bottom 

hole temperatures (Deming 1989 ). Similarly, the subsurface tem- 
perature will have been affected by surface effects in the upper few 

hundred metres and paleoclimate effects down to a few kms. Al- 
though paleoclimate effects can be as much as 6 ◦C at 2 km depth, 
for the majority of temperature measurements in Ireland this ef- 
fect is only about 2 ◦C at 500 m, (Mather et al. 2018 ). Our model 
does not include paleoclimate effects as the input SHF data have al- 
ready been corrected. Some of the direct temperature measurements 
have been corrected for paleoclimate effects, though not all provide 
information on this, therefore the differences between the model 
and borehole temperatures could be larger than what we estimate 
in this work. Additionally, the borehole temperature measurements 
do not provide information on fluids and we do not correct for con- 
vection in the borehole which can vary by ± 3 ◦C in the upper 50 m 

though decreases to ± 0.05 ◦C beyond 200 m (e.g. Eppelbaum & 

Kutasov 2011 ). 

6  D I S C U S S I O N  

6.1 Temperature models, radiogenic heat production and 

geothermal applications 

Temperatures in Ireland range from < 50 to 90 ◦C at 2 km depth 
(Fig. 2 and Supplementary Fig. 2 ). 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 to 1.38 μW m−3 (Vilà et al. 2010 ; Jaupart et al. 
2016 )]. The radiogenic heat production is closely tied to the input 
SHF with areas of high SHF having high RHP predicted in our mod- 
els. 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 of Ireland 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 ad- 
ditional 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 deep boreholes in this 
region to compare the model to, 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 (Fig. 5 average of whole crust) and in previous 
studies (Fig. 1 f) which would result in elevated temperatures for 
the models. The RHP is variable for each granitic area, with high 
RHP beneath the Donegal granites and moderately elevated heat 
production for the Galway and Mourne granites. In contrast, the 
Leinster granites have RHP ∼1.2 μW m−3 , which is similar to the 
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 (Somerton 1992 ; Clauser & Huenges 1995 ; Cho 
et al. 2009 ; Long et al. 2018 ), due to the assigned TC being a 
combination of granite and other lithologies such as basaltic units 
which have a low TC (Table 1 Row 1–Volcanics). 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-g roup. Cr ustal 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 granites are cooler than the Galway and Donegal 
granites, suggesting a difference in the composition or thickness of 
these units. Due to our 3-layered crust we cannot constrain their 
thickness. The RHP for this granitic region is also the lowest for the 
model (Fig. 5 ). Previous studies reported a range of radiogenic heat 
production rates for the different Irish 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 (Fig. 5 ) and is consistent with the temperature 
maps in our models (Fig. 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 1-D 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 (O’Donnell et al. 2011 ; 
Yeomans 2011 ; O’Reilly et al. 2012 ; Delhaye et al. 2017 , 2019 ) 
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 re- 
gions. There are several potential reasons for this. First, the surface 
extent of the granite has been averaged with mudstone and sand- 
stone layers when selecting a 20 km area, which affects the assigned 
TC. The SHF data are not 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 compo- 
sitional 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 gran- 
ites are more acidic and are visible as negative gravity anomalies, 
in contrast to the Mour ne g ranites 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 
that this area is warmer than our model suggests or is volumetrically 
small and shallow. 

The Antrim Lava Group in Nor ther n 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)−1 

(Wheildon et al. 1985 ; Gebski et al. 1987 ; Raine & Reay 2019 ; 
Chambers et al. 2023 ). Similarly, the RHP is low to moderate in the 
model (Fig. 5 ). The basalt sequences range from 10′ s to 100′ s of 
metres thick (Delhaye et al. 2017 , 2019 ; Raine & Reay 2019 ) and 
these overlie more thermally conductive and radiogenic limestone 
and sandstone units (Raine & Reay 2019 ; English et al. 2022 , 2023 ). 
Therefore, the basalt units are likely acting as an insulating layer 
(cap rock), trapping heat rising from the mantle in a sandstone 
geother mal reser voir 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, Fig. 2 ). The Midlands 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf281#supplementary-data
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f Ireland were modified during the Caledonian orogeny which left a
hickened lithosphere with respect to the surrounding Irish terranes
s an imprint. As the LAB is deeper, the mantle heat source is farther
rom the surface resulting in cooler geotherms as observed in this
ork and Chambers et al. ( 2023 ). A potentially surprising cool

egion is Mallow, Co. Cork (Fig. 2 , bottom right panel, indicated by
n M). It is an area with thick lithosphere and there are extensive
arbonate sequences which have a lower TC than the granites (Long
t al. 2018 ; Chambers et al. 2023 ) and SHF & RHP measurements
or the area are relatively low (Willmot Noller & Daly 2015 ; Mather
t al. 2018 ) which agree with the temperature models that this is
 relatively cool region. However, this area is known for its warm
prings, which are in use to heat a swimming pool, suggesting the
eothermal potential of an area is closely related to the ability to
ring heat from depth up to the surface. Deep penetrating faults
o allow fluid circulation are known in this area (Meere & Banks
997 ). Therefore, our model suggests at 2 km depth, temperatures
re everywhere sufficient for heating if the heat can be extracted to
he surface [temperatures required for heating: 60 ◦C and electricity
eneration: > 150 ◦C (DECC 2020 , 2024 )]. 

The modelled geother mal g radient ranges from < 20 to
40 ◦C km−1 in the upper crust (Fig. 3 ). In Nor ther n Ireland where

here are some of the highest gradients ( > 30 ◦C km−1 ), formation
uids should be suitable for large-scale direct heating uses (Pasquali
t al. 2010 , 2015 ; Raine & Reay 2019 ). These gradients are close to
hose in Southampton, and for the United Downs and Eden Geother-
al deep geothermal projects in southwestern GB (Beamish &
usby 2016 ; Farndale et al. 2022 ). The geothermal gradients we
bserve in Northern Ireland are significantly higher than the previ-
usly estimated averages for the area (Wheildon et al. 1985 ; Busby
t al. 2011 ; Busby 2014 ; Beamish & Busby 2016 ; Raine & Reay
019 ; Parkes et al. 2020 ; Farndale et al. 2022 ). 

At 2 to 3 km depth temperatures would be sufficient for com-
ined heat and power generation, with the Rathlin Basin, Larne
asin, Lough Neagh Basin, western Donegal and Galway gran-

tes being the best candidates for this combined deep geothermal
se. Previous studies suggested the Rathlin Basin would have the
ighest geothermal gradient when compared to Lough Neagh and
arne basins. However, the original geother mal g radients were cal-
ulated on temperature data taken directly after drilling as bottom
ole temperature measurements, when the temperatures were likely
ooler due to circulating mud (Pasquali et al. 2010 , 2015 ; Raine &
eay 2019 ). The geothermal gradient determined by our model of
35◦C km−1 from the Ballinlea-1 well in the Rathlin Basin (English

t al. 2022 , 2023 ), is consistent with the previous studies suggest-
ng the higher geothermal gradients at Lough Neagh (35◦C km−1 )
nd Larne (38.5 ◦C km−1 ) are likely correct and significantly higher
han the 32 and 28 ◦C km−1 values previously suggested (Pasquali
t al. 2010 ). In any case, areas with the lowest geother mal g radients
ould still be sufficient for heating purposes as evidenced in Mallow.
uture studies should focus on the availability of fluids and fluid
athways that bring heat to the surface, and are already in progress
s part of the DIG project. 

.2 LAB and moho depth 

he new LAB depth derived in this study (Fig. 7 b), ranges from
6 to 112 km deep. The new model suggests thicker lithosphere
n southern, central and eastern Ireland which trends northwest–
outheast. South of the Iapetus Suture Zone the LAB is deeper while
o the north, the LAB is shallower. This thinning of the lithosphere
rom southwest to northeast may indicate the boundary between the
valonian and Laurentian domains when the two supercontinents
ollided during the Caledonian orogeny. This is consistent with
revious studies of seismic data and geological evidence (Chew &
tillman 2009 ; A. G. Jones et al. 2014 ; Fullea et al. 2014 ; Bonadio
t al. 2021 ). In contrast, Landes et al. ( 2007 ) did not find a thicker
ithosphere beneath the Iapetus Suture Zone, though this may be
ue to a sparse input data set producing smooth models capturing
nly the first order south to north lithospheric thinning trend. 

Previous estimates of LAB depth are variable, with depths of 55
o 85 km for a S-to-P receiver function study (Landes et al. 2007 ),
5 to 145 km thick from a joint modelling of gravity, magnetic
nd elevation data with a seismically derived Moho depth (Baykiev
t al. 2018 ) and 95 to 105 km when the Moho was constrained by
ravity rather than seismic data in the same study. 1-D surface wave
odels for Ireland suggest the LAB ranges from 60 to 100 km depth

n Ireland (Bonadio et al. 2021 ; Lebedev et al. 2024 ). The work of
andes et al. ( 2007 ) suggested the LAB was anomalously shallow
verywhere in Ireland, either from thinning by thermal erosion from
he proto-Icelandic plume head or from Ireland being the transition
rom oceanic to continental crust, though this boundary is expected
ar offshore to the west of Ireland. A joint inversion using gravity,
levation and mantle compositions produced an LAB map ranging
rom 85 km thick in the north increasing to 115 km in the south,
onsistent with the model shown here. The Landes et al. ( 2007 )
odel required a minimum lithospheric thickness of 85 km, oth-

rwise topographic variations could not be reconciled (Jones et al.
014 ). The model shown here has more detail and is less smooth
han previous studies, which is due to the larger volume of input
eismic data used in the inversions allowing us to more accurately
ap the lithospheric boundary. 
The thinnest lithosphere, of the model, is in the north of the island

f Ireland where the Antrim Lava Sequence is located and in the
ast beneath Belfast and the Strangford Lough region. The extensive
olcanic sequences in the area suggest the lithosphere could have
een thinned during their emplacement which previous studies have
uggested was from thermal erosion in the past from the Icelandic
lume (Landes et al. 2007 ; Bonadio et al. 2021 ). 

The new Moho map ranges from 25 to 33 km depth (Fig. 7 a) and
hows similar trends to the LAB map. The Moho map is similar
o previous seismic and joint inversion models with greater detail
nd some differences (A. G. Jones et al. 2014 ; Fullea et al. 2014 ;
aykiev et al. 2018 ; Bonadio et al. 2021 ; Licciardi et al. 2014 ,
020 ). 

The thinnest crust is in the north and west of the island of Ireland.
n Nor ther n Ireland the thin crust coincides with an area with known
arm temperatures from the Portmore (Fig. 4 ) and Ballinlea-1 bore-
oles (Chambers et al. 2023 ). The elevated temperature in these
oreholes reflects both the lithology (porous quartz rich sandstone
ith a high TC, capped with a low TC basalt) and this study sug-
ests these temperatures are also high due to the thin lithosphere. In
ddition, given the thin Moho occurs beneath the Antrim Lava Se-
uence, the shallower Moho depths likely reflect thinning induced
y the Icelandic plume (Bonadio et al. 2021 ) and/or crustal exten-
ion of the Larne and Rathlin basins (Landes et al. 2005 ; O’Reilly
t al. 2010 ). A shallower Moho is also observed towards the west
n Connemara and Mayo which is visible on the input Moho map
Fig. 1 ). Given limited evidence for basin extension or volcanic in-
rusive centres in this area, it is possible the thinner crust present in
he input data is influencing the output. 

The deepest Moho is observed in central and southern Ireland
ollowing the broad trend of the Iapetus Suture Zone. We attribute
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Figure 10. Average shear wave velocity (Vs) of the middle and lower crust weighted by layer thickness derived from our 1-D inversions. 
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this thickened crust to compression during the collision of the Aval- 
onian 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 pat- 
tern 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 of Ireland 
and its geothermal and mineral resources. 

Another output from the inversion is shear wave velocity (Vs) 
for each crustal layer. The input surface waves are less sensitive to 
the upper crust due to limited short period information so we use an 
average of the middle and lower crust only. As the layer thicknesses 
vary, we plot an average crustal velocity weighted according to the 
thickness of each layer (Fig. 10 ). In general, we observe lower Vs 
in the southeast and beneath the Antrim lava sequence, with higher 
Vs in the northwest and western most Ireland. Particularly notable 
are areas of high Vs corresponding with high RHP and SHF re- 
gions and vice versa. There is less similarity between Vs and the 
Moho and LAB depths. In the Mourne granites, we observe low to 
moderate Vs. Gravity studies and previous models have required 
high density values in the crust for this region, which may suggest 
that igneous intrusions, occasionally exposed, for example, in road- 
cuts around Newry, are also present in the subsurface (Fullea et al. 
2014 ). 

To improve the temperature models in the future, this methodol- 
ogy could be adapted for regional refinement using more advanced 
cr ustal ther mal proper ty data at a finer g rid spacing. For example, 
TC changes with lithology and could be varied at a finer resolu- 
tion than the seismic data sets which are constrained to their own 
resolution. This would allow better matches to measured 
geother mal g radients 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 utilizing 
new gravity and MT data sets being gathered and processed in Ire- 
land (Kiyan et al. 2023 ). This would improve assignment of thermal 
proper ties and cr ustal geometries and hence improve the robustness 
of the temperature model. In addition, new and well-constrained 
heat flow data are also necessary. These data sets should then be 
combined with a multilayer crustal inversion, including sediment 
layers and additional gravity data constraints in a 3-D framework 
(in contrast to the 1-D version used here to produce a pseudo 3-D 

model), able to account for lateral heat flow. Obtaining Vp informa- 
tion for a 3-D model would also be useful to obtain more detailed 
information on the crustal structure, which, in turn, will support 
more accurate temperature models. Finally, the thermal conductiv- 
ity 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. 

7  C O N C LU S I O N S  

In this paper new subsurface temperature (Fig. 2 ) maps with uncer- 
tainty have been computed for Ireland based on joint geophysical–
petrological inversion of surface wave, SHF and petrophysical data 
sets. The models have also been compared to direct borehole tem- 
perature measurements where available, with modelled tempera- 
tures showing good agreement with the observations. The addition 
of uncertainty to the final temperature models provides a reliable 
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esource that can be used for risk analysis in developing future
rojects and further exploration as uncertainty allows a definition
f risk. The temperature and geothermal gradient maps (Fig. 3 )
ndicate a higher geothermal gradient for Ireland than previously
epor ted, suggesting temperatures ever ywhere at 2 km depth are suf-
cient for residential and industrial heating purposes. The warmest
reas in Ireland according to our models coincide with granites and
he Antrim Lava Sequence. The hottest granite areas are in counties
onegal and Galway likely reflecting higher amounts of radiogenic

lements in these rocks compared, for example, to the Leinster
ranites. 

New high-resolution LAB and Moho depth (Fig. 7 ) maps have
een produced with the most up-to-date geophysical data and are
he current state-of-the-art with more detail than previous models.
he coolest areas in the Iapetus Suture Zone and south of Ireland
re also the areas with the thickest crust and lithosphere in our
odels. This thickening in the Iapetus Suture Zone is likely the

esult of the collision between Avalonia and Laurentia. Areas with
hinner lithosphere typically have warmer temperatures. The Moho
epth map also has areas of thinned crust in the north of the island
f Ireland, particularly beneath the Antrim Lava sequence and the
arne and Rathlin basins, suggesting extension has thinned the crust
long with thermal erosion from a past mantle plume. 

New maps of crustal RHP (Fig. 5 ) correlate well to the tem-
erature maps suggesting, in general, areas with thicker crust have
igher RHP, which may reflect more felsic crustal compositions in
he midlands. Similarly, the RHP map shows variations within the
ranitic areas suggesting areas with higher SHF and consequently
HP are likely to have warmer temperatures such as in Co. Donegal
nd Galway. 

This work shows how parametrizing the crust in great detail
llows us to scale the workflow for a whole region. This was pos-
ible by having large data sets used as input parameters/variables
hich were available as grids for the region. The uncertainty anal-
sis is specifically tailored to shallow temperature estimates mak-
ng it useful for the geothermal community and allows assessment
f risk for the final temperature models. Future studies could uti-
ize the workflow for areas with similar sparse data sets enabling
 better understanding of the geothermal potential and determin-
ng areas suitable for further exploration and exploitation. This
ill be essential in the near future for energy self-sufficiency,
eeting green energy targets and moving to green energy

ources. 
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