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Abstract

The Cornubian granite batholith provides one of the main high heat production and
flow provinces within the UK. An extensive programme of borehole measurements
was undertaken in the 1980s to characterise the geothermal resource. Here we revisit
the published data on heat flow and heat production from 34 boreholes and revise
the published heat flow values in accord with modern palaeoclimate knowledge.

This leads to a more rigorous (and increased) set of estimated temperatures at depth
across the granite outcrops. Predicted temperatures at a depth of 5 km largely exceed
200 °C and are 6-11 % higher than previously estimated values. We also reconsider the
borehole heat production values in conjunction with new heat generation information
from a recent regional-scale airborne geophysical survey. The radiometric (gamma-
ray) data provide detailed (~70 m along-line) ground concentration estimates of the
heat-producing radioelements. These are then combined to estimate heat production
in the near surface. The airborne estimates are subject to attenuation by the soil profile.
Here we demonstrate and then adopt an assumption that the observations of the soil-
bedrock medium undergo a flux attenuation by a factor of about two compared to
the response of the underlying material. The revised estimates are then correlated with
their equivalent deeper borehole estimates. Linear regression is then used to correct
the shallow airborne estimates to values that are consistent with the deeper borehole
determinations. The procedure provides a detailed and extensive mapping of heat
production at both on- and off-granite locations across SW England. The Dartmoor
and Land’s End granite offer the greatest spatial geothermal potential in terms of their
intrinsic radionuclide concentrations and associated heat production. District-scale
heat production is studied using the airborne data acquired uniformly across conurba-
tions. The analysis identifies the towns of Camborne, Penzance, St. Austell, Redruth and
St Ives as having relatively high values (>4 pW m™3) within their urban perimeters.
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Background

The Earth’s natural heat is principally derived from the decay of the long-lived radioac-
tive isotopes of uranium, thorium and potassium together with a contribution from heat
released during the formation of the Earth’s core and interior. At the surface, there is a
continuous heat flow comprising the heat flow from the mantle and lower crust supple-
mented by heat production from the radioactive isotopes which are largely concentrated
in the upper crust. The study of heat production and flow is therefore the main tool
for the identification and location of geothermal resources. Within the UK, the granite
batholith underlying much of SW England has long been regarded as a source of poten-
tial geothermal energy (Downing and Gray 1986a, b).

Borehole (BH) assessments form the primary source of heat production and flow
information but such measurements are often sparse. Supplementary geological and
geophysical information is then incorporated to aid the assessment. Aeromagnetic
data have been used in geothermal investigations to estimate basal depths of the
Curie point magnetic layer (Abraham et al. 2014) and to assess concealed structure
(Maystrenko et al. 2014). Baillieux et al. (2014) report on the use of gravity pseudo-
tomography to study the behaviour of density contrasts, related to increased fracture
porosity, at depth. Here we utilise modern high-resolution airborne gamma-ray data
which is effectively a shallow technique but which has, in theory, a direct relation-
ship to heat production through the estimation of the radioelement concentrations.
Although such data have been used previously in the assessment of heat produc-
tion particularly in relation to granite terranes (Middleton 2013), we here take
into account soil attenuation effects and relate the geophysical estimates to the BH
determinations.

When heat production and flow was first studied in plutons, a surprising linear rela-
tionship between surface heat flow and heat production was observed (Lachenbruch
1970). This was explained by an exponential decrease of heat production with depth
over a crustal scale. The heat flow field in mainland UK was studied by Richardson and
Oxburgh (1979) who noted that belts of relatively high heat flow corresponded to zones
of crust enriched in radioactive elements. Using the then available BH data for the UK,
the authors confirmed the general linear relationship between heat flow and heat pro-
duction for crustal materials ranging from granite to low-grade metasedimentary base-
ment. It was found that ¢, (heat flow in mW m~2) was related to heat production (4,
in W m™) as g, = 27 + 16.6 A,. This was interpreted as indicating all UK rock types
involved in heat production had a crustal scale length of about 16 km when compared
to the 5-11 km reported for high heat flow provinces elsewhere. This was held to reflect
the nature of the late Precambrian, and Lower to Upper Palaeozoic tectonic events that
distinguish the UK.

Additional results obtained across the Cornubian batholith of SW England, and con-
sidered here, were then discussed by Wheildon et al. (1981) and found to be largely
uncorrelated across the area. It was suggested that heat flow refraction played a signifi-
cant role due to the complex 3D form of the batholith. This suggestion was later assessed
by Sams and Thomas-Betts (1988) who performed 3D numerical modelling of the heat
flow field in the SW. The study confirmed that the surface heat flow pattern is domi-
nated by the 3D form of the batholith with heat refraction due to thermal conductivity
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contrasts enhancing heat flow in the granite and lateral flow of heat caused by heat pro-
duction contrasts diminishing it.

The potential of geothermal energy systems in the UK was subsequently reviewed
by Downing and Gray (1986a, b) and later by Lee et al. (1987) and Barker et al. (2000).
The reviews and studies discuss low enthalpy systems in Upper Palaeozoic aquifers and
thermal springs together with Mesozoic basins. The principal modifications to the UK
mean heat flow of 55 mW m™2 are found in association with radiogenic granite intru-
sions. Barker et al. (2000) note that the mean heat flow in the Cornubian granites of SW
England is 117 & 8 mW m~? compared with maximum values of 101 and 76 mW m 2
in the Caledonian granites of northern England and the Grampians of eastern Scot-
land, respectively. The hot dry rock (HDR) geothermal energy programme carried out in
SW England is discussed in the references already cited and is summarised by Richards
et al. (1991). The main Camborne School of Mines (CSM) HDR project was carried out
between 1977 and 1988. Heat production values obtained in the two main reports by
Wheildon et al. (1981) and by Thomas-Betts et al. (1989) are used here.

The locations of the heat production and heat flow results obtained by the CSM project
are shown in Fig. 1. The locations are shown in relation to 1:250k mapping of the granite
outcrop (in grey) and contours of the subsurface form of the underlying batholith. The
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Fig. 1 SW England study area (inset). Main map: Coast shown in black, TellusSW airborne survey area shown
in blue. Coloured contours are depths below ground of a model of the Cornubian batholith obtained from
a 3D gravity model Willis-Richards (1986, 1990). Granite outcrops shown in grey with labels: LE (Land’s End),
C (Carnmenellis), SA (St. Austell), B (Bodmin) and D (Dartmoor). Yellow box on the Carnmenellis granite is a
2.5 x 2 km study area. Red crosses denote geothermal borehole locations. BNG British National Grid
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3D form of the batholith, to a depth of 7.5 km, is taken from a 3D gravity model pre-
sented by Willis-Richards (1986, 1990). The model assumes a single density contrast for
the batholith and follows the earlier 3D model of the space form of the granite discussed
by Tombs (1977).

Also shown in Fig. 1 is an outline of the extent of a recent high-resolution airborne
geophysical survey (TellusSW) that acquired over 61,000 line-km of data, incorporating
both aeromagnetic and radiometric (gamma-ray) measurements at 200-m line intervals.
The latter data provide estimates of ground concentrations of the three main radionu-
clides potassium, thorium and uranium used in the estimation of heat production. It is
therefore theoretically possible to compare heat production values obtained in boreholes
with those obtained by the geophysical survey (both use the same formula based on the
radionuclide concentrations). The BH results, although sparse, were largely obtained
at depths of less than 100 m and therefore represent shallow bedrock determinations
and are subject to a degree of vertical variability. The airborne measurements, although
spatially uniform and dense, represent very near-surface determinations (e.g. typically
less than 0.6 m) and are influenced by a variety of near-surface effects principally those
relating to soils and water. Previous studies of estimating heat production using airborne
radiometric data have generally assumed that the airborne concentration estimates are
representative of bedrock (Bodorkos et al. 2004; Middleton 2013; Phaneuf and Mare-
schal 2014). Since theory predicts flux attenuation effects in all soils, we discuss these
effects, particularly in relation to the UK soils. Noting the existence of studies of these
attenuation effects (Beamish 2013), we here demonstrate and then adopt an assumption
that the observations of the soil-bedrock medium undergo a flux attenuation factor of
about two compared to the response of the underlying material (superficial or bedrock)
in the absence of soil.

A key parameter in exploring for geothermal resources is the temperature at depth.
In situations where heat flow is not perturbed by convection, but is due to near-verti-
cal heat conduction, subsurface temperatures can be estimated from knowledge of sur-
face heat production and heat flow. The locations of on-granite borehole measurements
of heat flow are shown in Fig. 1 and were reported by Wheildon et al. (1981). Due to
resource limitations, the majority of boreholes were only 100 m deep. It was recognised
that this could cause problems due to ground water flow, deep weathering and recent cli-
mate change. These data were supplemented by measurements in mines at South Crofty
and Geevor, where access to much greater depths was possible (Tammemagi and Wheil-
don 1974). These combined results were published in summaries of the UK heat flow
(Lee 1986; Lee et al. 1987) and it is these publications which have been widely cited when
referencing these data. However, as reported by Lee (1986) and Lee et al. (1987) only a
correction for recent climate change was applied, and this was only for boreholes less
than 200 m deep, despite the fact that Wheildon et al. (1981) had undertaken a full pal-
aeoclimate correction. This has led to later criticism (e.g. Westaway and Younger 2013)
that the lack of full palaeoclimate-corrected heat flow will have led to an underestimate
of temperatures at depth. In the work presented here, the raw heat flow data are reas-
sessed and then corrected for topography and palaeoclimate, using the latest reconstruc-
tion of climate from the last glacial cycle, from which new estimates of temperatures at
depth are made.
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Heat production values rely only on measurements of the main heat-producing radio-
nuclides. The heat production values obtained as part of the CSM-HDR programme are
revisited and compared with the radiometric data from the airborne geophysical survey.
Both sets of data are subject to uncertainties; however, by correlating the two sets of esti-
mates (specifically those available at on- and off-granite locations), we are able to adjust
the near-surface airborne estimates to be consistent with the deeper BH determinations.
These corrected airborne estimates are then used to evaluate heat production across the
survey area, across the five main granite outcrops and, in more detail, within urban cen-
tres. The latter is informative in relation to a consideration of the degree to which the
high-spatial resolution estimates of the radionuclide concentrations can be incorporated
in district-scale assessments of heat production.

Methods

Heat flow

Heat flow is not directly measured, but is calculated from a measured vertical tempera-
ture gradient that is combined with the thermal conductivity of the strata over which the
temperature gradient was measured. A re-examination of the temperature data from the
borehole sites has indicated poor-quality temperature logs resulting in erratic tempera-
ture gradients for Medlyn farm (C-C), Soussons wood (D-C) and Hemerdon (H) and
these are therefore not considered further in relation to heat flow. The two mine sites
(South Crofty: SCM and Geevor: GM) both produce anomalously high heat flows. Tam-
memagi and Wheildon (1974) report that the temperature measurements were made
in horizontal and inclined boreholes at various levels throughout the mines. They dis-
cussed the possibility that the extensive period of mining would have led to disturbed
temperatures in the mine that might have affected virgin rock temperatures. In their
opinion, at borehole depths of greater than 43 m, there should have been no noticeable
effect. However, the data here suggest that mining activity has most likely affected tem-
perature gradients and these two mine sites do not reflect purely conductive heat flow
and are therefore also not considered further. Heat production values for the sites are
however used.

The remaining, on-granite, heat flow determinations have been subjected to a full
palaeoclimate and topographic correction. Past climate variations perturb temperature
gradients in the ground from which heat flow is calculated. Palaeoclimate can be consid-
ered as a series of one off-surface temperature changes that propagate into the ground
and their effect depends on the magnitude of the change in surface temperature and the
time that has elapsed since the change. A surface temperature history for the Quaternary
consists of a series of cyclical (e.g. glacial-interglacial cycles) changes in temperature
between warmer and colder conditions. Each cycle can last from a few hundred to sev-
eral thousand years. The surface temperature history applied for the correction is shown
in Fig. 2. It comprises a record from 126 kyr BP (Before Present) reported by Busby et al.
(2016) for SW England with a modification for recent climate. The recent climate record
is as follows:

+ amid-Holocene climate optimum of 4-1.5 °C between 7 and 3.5 kyr BP,
» medieval warm period of 4-0.8 °C between 1 and 0.7 kyr BP,
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Fig. 2 Estimated surface temperature history for SW England based on a palaeoclimate reconstruction pre-
sented by Busby et al. (2016) but modified for recent climate change. Temperatures are relative to present day

+ Little Ice Age of —1.0 °C between 0.6 and 0.15 kr BP (but introduced in two equal
steps at 700 and 600 years ago) and

+ return to present-day temperatures with 4 equal steps of 0.25 °C between 150 and
120 years ago.

The correction to subsurface temperatures due to the palaeoclimate record uses stand-
ard procedures (e.g. Beck 1977; Beardsmore and Cull 2001; Westaway and Younger
2013) and heat flow is then recalculated from the corrected temperature gradients.
Topographic corrections are positive for hill-based localities and negative for valleys and
those from Wheildon et al. (1981) have been applied here. Table 1 lists the heat flow
from Lee (1986) that included a palaeoclimate correction for recent climate only, raw
heat flow (calculated in this study), the full palaeoclimate correction (calculated in this
study), the topographic correction (from Wheildon et al. 1981) and the revised heat flow
(HF REV) which is the sum of the raw heat flow, the full palaeoclimate correction and
the topographic correction.

Heat production
Heat production measurements within the CSM project were carried out by evaluat-
ing the uranium, potassium and thorium concentrations in crushed core samples by
gamma-ray spectroscopy. Heat production was then calculated from the loss of mass
produced by decay, except the amount carried away by the neutrino, since all energy is
converted to heat in the immediate vicinity of the decaying nucleus (Rybach 1973). The
primary heat production is considered to take place from the alpha and beta particle
emissions from uranium (Rybach 1976, 1988).

The constants used in the conversion by Wheildon et al. (1981) were obtained from
Rybach (1973) and were stated to be 96.6 (uranium), 25.7 (thorium) and 3.49 x 1073



Page 7 of 25

Beamish and Busby Geotherm Energy (2016) 4:4

£0C1L S9 £9¢ 6'/8 a4y L'l 6'S 001 a-d 101 Ja1ybneT 06Y'S/ 079'59¢
- ceel 4 S 00l 0-d POOAA SUOSSNOS oLL'eL 0€€'29¢
SlLl 6'¢ 0'sc 968 §solL 90 6 00l g9-d auoisbulyde|g 0£6'G8 005'8/¢
89l il §'Se 86/ A €l L'S 00l v-a JO[ Jo1UIM 095'L6 0/1'19¢
/el §S /T 6701 gocl L0 8Y 00L g-S wiie4 MOlISd|0D 0€9'/S 06/'90¢
98ClL €T 8¢ g0l 8'GCl 90 %3 00l v-S wie4 uspiebai] 05765 0£5'50¢C
- 98¢l VN 59 [304 ERIARISACED) 00S%¢€ 006'2€1
ceel 0¢ 09¢ 'S0l 6¢ecl L0 [ 00L g-1 [IIH s494ung 09¢'/T 0cZ'orlL
glel 8¢ £9¢ S'lol gecl 80 61 00l V-1 [IWUMSN 0SEYE 08091
a4t 9¢ 9sC 026 838l | 194 00L 3-d wijeq 11aWieH 19 098'69 058'81LT
eLLL e 9G¢C €88 7801 80 S 00l d-g Aj9bumoug 0Lv'eL orzele
9l 9¢ ve 896 yA4) 80 e 00l 0-d [lIYys»20uuld 00Sv72 0T6'81¢C
89CL L'e 74 0'86 o6lLl 0 9 0oL -4 [1yPioelg 00’8, 0s€'8le
et 6'G 09¢ 768 7ell gl s 00l V-4 umoq Aeig 0/4'18 0L0'61C
- 6'8CL VN €S 059 DS SUIN AYoID Yinos 050'L¥ 008'991
a4 0¢— L6l L'/01 L1 VN 9¢ 8l 1 sumopbuon 079'%¢ 089°¢/L
V/LL Vl— S9l £eol 7901 VN VN [d4 a-d d Semouewssoy 009'%€ 0zs'esl
9Ll L= €91 9101 §'S0lL VN VN €0¢ v-d Y SeMOouURWIs0Y 095v¢ 0cs'esl
08¢l 8C— 1'9¢ yadn Ll VN VN el 1 uooi| 0/L'9¢ 00£'591
€0clL 1’0 6'SC €6 6¢CLL cl a4 00l 3D wireq ueybiai) 0€€'0€ 0€s'e/L
G6LL S¢ §'Se S'le 6Ll S0 8¢ 00l d-D Uliej oseanal] 008'L€e 0S8°LLL
- Pell 80 e 00l D wiey UApay (0]705%3 0£8'0/1
8'8¢El L'e €9¢ 8801 L1l 60 8¢ 00l 4D uodeaq 1eab|od 0£9'9¢ 0/7'691
6911l 8¢ 9GC 588 6ClLL S0 Sy 00l V-2 wiiej sljjuo 09t'8¢ 0656'£91
(z—Ww mw)
(r—W Mw)  uondALId
(z-W MW uo1153.4100 9jew (z-W Mw) (z—W Mw) (g-w mr) (g-w pmr) (w) (w)

A3 dH diydesbodo) -l]poaejed dH mey (9861 991) dH asdH dH dia 9pod sweN BuiypioN  (w) bunse3

(6861) ‘e 32 sy 3ag-sewoy ] pue (L861) ‘|e 32 uop[IdYyMm wouy ‘puejbuz J\S Ul SJUBWAINSEIW I[0Y340q MO} Jeay pue uoidnpoud jeay pajejngel | ajqel



Page 8 of 25

Beamish and Busby Geotherm Energy (2016) 4:4

3|ge|IeAR JOU 1B Ry} SIUSWAINSEIW UoiINpoid 183y Y\ ‘MOj) 183Y JH ‘UOIIRIASP piepuess s ‘uolidnpoid 1eay JH ‘Yyidap 43a

puo [euonen

ysi1ig aie (W) S91eUIpI00d PO 'SUoi1ed0| d)uelb-Jo aie sa1is Y61 jeuy 9y *(L86 L) ‘| 19 UOP|IdYAN Wo.) uoda4103 dlydeibodo) e pue uoi1da.110d dlewipoaejed Ny e ‘JH Mey paiejndjed Aimau e woly pajidwod ale Apnis
SIY3 Woj (AFY 4H) S91ewIISd MOJ) 1eay pasiaal ay] ‘Aydeibodol pue abueyd aiew|d JuadaJ J0j P31ILI0D BI9M PUR (986 | 997) {H Se Palsl| d4e ‘(£861) '|e 19 997 pue (986 1) 997 Aq pariodas Ajjeulblio se ‘sa1ewiss Moy 1esH

69 120 681 56¢ G-JH  1oue s ovr'6€ 052061

- 56 L0 €61 56¢ pe4H spLsball 0v6'9 0/¥'£81

- 56 170 851 567 €-4H ueaA ueadsinai| 08105 0£0'581

- % 170 61 56¢ z-4H e JBaUIMO) 06%'LS 06€'08L

- 8 920 861 56¢ L-4H uie4 obeai| 091'09 or1'8/L

- 790l 1o 7T 051 €0 wieq yumAjied 0€8'£9 098'807

- 5701 0 gl 051 70 BULIBM 3153 06'5T 0EE'S/L

- I'v8 €0 61 00l -0 Wied 3OS PO oLs'sy 065'591

- 601 YN vN 8zl H UOpJBWSH 06+'85 0€€'/5T

[S1L e €17 08 6011 Il 6 00l 3a 10] uiBBo ove'es 0€9'95¢
(z—w muw)
(z-w Mw)  uond3.I0d

ANIE Mmuw uol}d>a440d ajewl ANIE >>Ev ANIE \SEV Aml—.: >>1v AmIE \S_._v AEV AEV
A44H  dwydeibodop  -1posejeq dHMmey (9861 997) 4H as dH dH dia apod sweN  BulynoN  (w)Bunses

panunuod | 3jqel



Beamish and Busby Geotherm Energy (2016) 4:4 Page 9 of 25

(potassium) with no units given. From Rybach (1988), we find a more complete descrip-
tion of the units with a slight modification to the constants. Using practical radioelement
concentrations by weight (C) of uranium (Cy, ppm), thorium (Cy;,, ppm) and potassium
(Cy %), the radioactive heat production in W m~2 (H) is given as

H = 10"°p (9.52 x Cy + 2.56 x Crp, + 3.48 x Cx), (1)

where the rock density (p) in kg m™ was obtained from the core samples. Equation (1)
has been used extensively in the geothermal literature (e.g. Maystrenko et al. 2014) and
is used here to (i) provide our final (revised) estimates of heat production from the air-
borne data and taking into account rock densities.

It is also worth noting that heat production formulae, not requiring specific use of the
rock density, have also been applied in the geophysical literature (Jessop 1990; Brady
et al. 2006). Middleton (2013) indicates heat production A in units of fW m~> which can
be obtained as

A = 0.26 x Cy + 0.07 x Crp, + 0.10 x Cg )

with the concentrations (C) as defined previously. Comparing concentration coefficients
in (1) and (2), we find that Eq. (2) assumes an equivalent density of 2.73 g cm™> (ura-
nium), 2.73 g cm 2 (thorium) and 2.87 g cm ™ (potassium). These values compare with
density estimates of the Cornubian granites of 2.58—2.67 g cm ™ and non-granite densi-
ties from 2.48 to 2.99 g cm ™ [the latter high value is from the ultrabasic Lizard complex
(Tombs 1977)]. Noting this approximate correspondence, we provide an example of the
use of Eq. (2) but use Eq. (1) for our final (revised) estimates of heat production. Both

equations are empirical.

Airborne radiometric data

The majority of the TellusSW survey (see Fig. 1) was flown in the latter half of 2013.
The 61,000 line-km of data and the processing undertaken are described by Beamish
and White (2014). The survey used a N-S line separation of 200 m and a radiometric
data sampling of 1 Hz providing an along-line sampling of 71 m. The survey achieved
a mean flying elevation of 92 m from a nominal elevation of 80 m. The radiometric
data were acquired with a 256-channel gamma spectrometer system (GeoExploranium
GR-820/3) comprising 32 1 of downward-looking NaI(Tl) detectors and 8 1 of upward-
looking detectors. Uranium (***U) is estimated through the radon daughter *'*Bi in its
decay chain, while thorium (***Th) is estimated through *®TI in its decay chain. Potas-
sium (*°K) is measured directly at 1.461 MeV. Conventionally secular equilibrium in the
decay chains of uranium and thorium is assumed (Minty 1967) and the ground concen-
tration results are reported as equivalent uranium (eU, ppm) and equivalent thorium
(eTh, ppm). Potassium is reported as %K. A vertically uniform activity concentration is
assumed.

The gamma radiation registered by the detector is composed of contributions from
soil/rock, the atmosphere, the aircraft and cosmic radiation. In order to calibrate air-
borne radiometric data, the commonly adopted standard is to follow the recommenda-
tions made in a series of technical documents and publications from the International
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Atomic Energy Agency (IAEA). The set of procedures applied here is based on protocols
described in IAEA (1991, 2003, 2010) and by Grasty and Minty (1995).

The field of view of the airborne system is a significant factor in terms of the resolu-
tion of material property boundaries. The field of view depends on survey altitude and
is also a complex spatial function, peaking below the airborne receiver when the flux
source can be considered an isolated body. The ground area or footprint, which contrib-
utes radioactivity to each 1-s measurement, was assessed by Pitkin and Duval (1980).
For a stationary measurement, at a height of 60 m, 90 % of the airborne response will be
provided across a circle of radius 160—180 m (Kock and Samuelsson 2011).

Results

Heat flow

Recalculated heat flows, corrected for palaeoclimate and topography, are shown in
Table 1; as explained previously, the values from Medlyn Farm, Soussons Wood, Hemer-
don, South Crofty and Geevor are no longer considered valid. The magnitude of the full
palaeoclimate correction depends on the depth sections in the boreholes from which
heat flow was calculated. For the shallow boreholes (depth 100 m), the correction ranges
from 27.4 to 24.2 mW m~2, whilst for the three deeper boreholes (Rosemanowes A,
D and Longdowns) it ranges from 19.7 to 16.3 mW m~2 Compared to the heat flows
reported by Lee (1986) and Lee et al. (1987), which were only corrected for the effects of
recent climate in boreholes less than 200 m deep, there is an increase in all values rang-
ing from 2.8 mW m™2 at Tregarden Farm to 17.1 mW m™?2 at Polgear Beacon.

The fully corrected heat flows and borehole-derived heat production data, as listed in
Table 1, have been used to estimate temperatures at 5 km depth for each of the granites.
Solutions for calculating the subsurface temperature are given by Wheildon et al. (1981)
and Wheildon and Rollin (1986). These take into account the decrease of thermal con-
ductivity with increasing temperature, which will occur with increasing depth, i.e.

206{/

R @

z

where A, (W m™ K™') is the thermal conductivity at depth z (km), 1, (W m~! K™) is
the surface thermal conductivity, T, (°C) is the temperature at depth z, b is an empiri-
cal constant, with units of °C, quoted by Wheildon and Rollin (1986) as 823.33 and
a’'= b’ + T, (where T is the surface temperature in °C). The vertical temperature distri-
bution is given by Wheildon and Rollin (1986) as

(902—f(2))
T,=de “0 -V, @

where g, (mW m™?) is the surface heat flow. In accordance with Lee et al. (1987), it is
assumed that there is constant heat production with depth, in which case flz) in Eq. (4)
has the form:

Agz?

f2) = BEW )
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Fig. 3 Revised granite-average temperatures (in degrees Celsius) at a depth of 5 km and percentage
increases (in brackets) over previously published estimates. Locations of five towns, referred to in the text, are
shown in blue; PEN Penzance, St St Ives, CAM Camborne, RED Redruth, StA St. Austell

where A, (WW m™) is the surface heat production. The temperatures at 5 km depth are
shown in Fig. 3 and range from 185 °C for the Dartmoor granite to 221 °C for the St.
Austell granite. This represents increases from 6 to 11 % for 5-km depth temperatures
compared to temperatures calculated with the heat flow values reported by Lee (1986)
and Lee et al. (1987). The only deep temperature measurements were in the HDR bore-
holes at Rosemanowas quarry. Barker et al. (2000) report temperatures of 79 °C at 2.1 km
depth in well RH 12 and 100 °C at 2.6 km depth in well RH 15. The revised heat flow for
the average of Rosemanowas A and D is 116.8 mW m™2, which, with the constant heat
production with depth model, gives subsurface temperatures of 84.3 °C at 2.1 km depth
and 102.0 °C at 2.6 km depth, slightly higher than the measured temperatures.

Heat production

The heat production values shown in Table 1 are averages (mean values and standard
deviations) over an ensemble (about 10—15) of core samples taken from each exploration
borehole. At on-granite sites (i.e. those on the outcrop), the depth interval was largely
in the range from 6 to 100 m. For the off-granite sites HF-1 to HF-5, the samples were
obtained from the depth interval from 100 to 200 m. The values represent a vertical
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average of the heat production due to the bedrock radionuclides over the depth ranges
indicated. In order to compare the borehole results with equivalent values obtained by
the airborne data, the latter must be converted to ‘bedrock-equivalent’ values.

The airborne survey radiometric data are displayed as a ternary image alongside a
simplified version of the bedrock geology in Fig. 4. The granites intruded the existing
country rock during the Variscan Orogeny producing metamorphic zones and establish-
ing the fluid circulation responsible for the extensive metalliferous mineralisation of the
region (Dines 1956). The majority of the metasediments are pelites or greywackes and
are of Devonian age although a large, originally extensional structure preserved Carbon-
iferous sediments as the Culm Basin (Fig. 4a). Following Leveridge and Hartley (2006), a
sequence of basins is identified in Fig. 4a to allow comparison with the radiometric data.

The ternary image (Fig. 4b) is a three-way colour stretch formed from the distribu-
tions of potassium (red), thorium (green) and uranium (blue). The image is cut to coast
to remove the null responses over the offshore area. White responses indicate areas in
which all three radioelements have high concentrations, while black responses represent
low concentrations. The zones with the highest radiometric responses are associated
with, and largely confined to, the outcropping granite zones. Within the granite out-
crops, areas of preferential potassium enrichment are observed. It is worth noting that
the radiometric data across the Bodmin granite have identified a previously unknown
internal edge, clearly defined by high values, within the outcrop. Low-value responses
occur in association with the ultramafic Lizard ophiolite complex and, in the north, with
a Devonian lithology named the Hangman Grit (HG) sandstone formation which has a
specific deltaic origin. Other contrasting response characteristics are observed with the
Permian (P) lithologies associated with the Crediton Trough and the Palaeogene Bovey
Formation (BF) in the east.

Comparing Fig. 4a, b, it is evident that, at the large scale shown, the bedrock forma-
tions control the spectral response (colour) of the radiometric data. Within this frame-
work, many other detailed variations are observed. Within the Bodmin and Dartmoor
granites, low responses are caused by significant areas of peat formed on the high
ground (moors) above the granites. The largest area of attenuation is due to blanket bog
covering the majority of the western portion of the Dartmoor granite. In order to fully
understand the radiometric response observed ‘in-air; either by ground or airborne sur-
veys, the role of both soils and bedrock must be considered.

The conceptual model of soil-bedrock behaviour is that the bedrock acts as a par-
ent material to the soil so that the particle size, mineralogy and radiochemistry of the
soil derive from the bedrock material. In areas where soil material transport takes place
(e.g. erosion), the model may no longer be appropriate. When the data are examined in
relation to a detailed DTM, a limited amount of radionuclide transport may be deduced
such as that occurring at the western end of the Permian inlier (P, Fig. 4a) which has a
strong thorium response. Uniform concentrations of radioelements with depth are nec-

essarily assumed when non-invasive measurements are made.

Soil effects
The observed in-air response will be derived from a given radiometric source concentra-
tion (assumed vertically uniform in the first instance) that is primarily obtained from a
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shallow subsurface zone (often <0.6 m). Exponential absorption characterises the pas-
sage of electromagnetic radiation through a homogenous material with a mass atten-
uation coefficient controlling the decay scale length. Lovborg (1984) indicates that all
elements with an atomic number less than 30 will have comparable mass attenuation
coefficients. In the absence of water and soil, superficial and bedrock materials will have
comparable attenuation coefficients at a given source concentration. Attenuation in dry
materials is therefore controlled by density alone. This has given rise to the concept that
about 90 % of the radiometric flux comes from the top 30 cm of a soil when the average
bulk density is 1.6 g cm > (Beamish 2015). Additional attenuation effects are introduced
when the material contains water (Lgvborg 1984; Grasty 1997). The additional sensitivity
of wet soil was investigated by Beamish (2013, 2014a) who provides a set of exponential
decay curves as a function of soil type (e.g. density) and degree of saturation. Generally,
the attenuation behaviour of total flux from the subsurface is controlled by soil proper-
ties (joint density, wetness) in the upper 50—60 cm of the soil profile.

It is possible to compare the airborne ground concentration estimates (obtained ‘in-
air’ and representing a large surficial area) with radioelement concentrations obtained
by point-located, field geochemical sampling and subsequent laboratory analysis. Beam-
ish (2014a) undertook a geostatistical assessment of these relationships for the large
airborne and soil sampling (5-20 cm depth) survey of Northern Ireland (Beamish and
Young 2009). The analysis, involving a comparison of 6862 samples, indicated a quasi-
linear relationship between the two sets of estimates with the soil estimates providing
persistently higher values. A similar analysis for the airborne and ground geochemical
data available for the present study area (775 ground sample points) again reveals a clear
bias to higher values in the ground (laboratory) estimates with statistically determined
average increases of 1.9 (potassium), 1.3 (thorium) and 1.7 (uranium) with respect to the
airborne estimates.

In the absence of detailed knowledge of the near-surface behaviour of the soil-derived
flux decay, we assume that the soil profile is everywhere sufficiently thick (e.g. >50—
60 cm) to account for the same attenuation of the flux at depth (i.e. the flux that would
be observed from uniform bedrock alone). This is inevitably a simplification but the sup-
porting information suggests a factor of between 1.3 and 1.9. To illustrate the effect, we
have chosen a 2.5 x 2 km area on the Carnmenellis granite (see Fig. 1) which has uni-
form bedrock and largely uniform soils derived from the underlying weathered granite
(freely draining acid loam soils). A background topographic map of the area is shown in
Fig. 5a. There are a number of granite quarries indicated and these can be more clearly
identified in the aerial photograph shown in Fig. 5b. The three quarries identified (Q1-
Q3) are assumed to have large areas of either no soil cover or partially very thin soils.
The airborne sampling of these areas is clearly limited by the 200 m line spacing. The
total count airborne data, a measure of the total flux across the energy range from 0.404
to 2.805 MeV, are contoured in Fig. 5c. The background soil-bedrock response appears
to lie in the range from 2000 to 2500 cps with the highest values observed across the
two larger quarries. The central locations of the main Q1 and Q2 quarries are associ-
ated with values in the interval from 3500 to 4000 cps. Despite the detailed complexities
of the broader area (small water bodies and conurbations), the main influence on the
amplitude of the flux appears to be the presence or absence of soil cover. A factor of two
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increase in the airborne estimates appears to be a reasonable ‘simplified’ estimate of the
soil effect in this case. Other supporting information obtained across large quarries is
provided by Beamish (2014b).

In order to provide estimates of heat production due to near-surface bedrock, using
Eqgs. (1) and (2), we therefore multiply the estimated ground concentrations (¢Th, eU and
%K), in Egs. (1) and (2), by a factor of 2. The value of 2 used is simply a ‘rounded’ esti-
mate when actual values may vary spatially between 1 and 2 (e.g. between 1.3 and 1.9 as
determined statistically above). We use the value of 2 since the actual value is imprecise
and adopt a simplified uniform approach. The one soil type that remains problematic
is peat which is a non-mineral, organic material with very low density and high water
content (e.g. >80 % volumetric). Peat, typically found in extensive areas of blanket bog, is
found to provide a response that is close to that of water and the total flux observed may
be zero or close to the noise level of the data (see Fig. 3b). The presence of peat therefore
masks assessments of the radiometric character of the underlying materials.

Revised heat production

Figure 6 shows the values of heat production estimated using Eq. (2) and incorporating
the factor of two. The image is based on a grid cell size of 500 m which reduces local-
scale variability and areas of blanket bog are omitted. It is evident that the highest heat
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Fig. 6 Revised heat production estimates obtained using Eq. (2). Black lines denote granite outcrops. White
areas denote areas of blanket bog

production values (e.g. >4 uW m™3) are associated with the granites, particularly their
perimeters. The highest, spatially sustained values are observed across the NE of the
Dartmoor granite. The values obtained have been compared with their much deeper
borehole counterparts listed in Table 1. The BH point locations were buffered by circles
with radii ranging from 100 to 250 m. The statistical behaviour of the airborne estimates
falling within these zones was then examined. It was found that a buffer radius of 200 m
provided between 9 and 15 airborne estimates per BH sampling zone. The median value
is used in the comparison.

The set of three individual radionuclide and heat production estimates (Eq. 2) are com-
pared in Fig. 7. The error bars are tabulated standard deviations from the BH estimates
of Table 1 and published in Wheildon et al. (1981) and Thomas-Betts et al. (1989). The
off-granite locations are identified using red symbols. The three radionuclides display
different behaviour. In the case of potassium and uranium (Fig. 7a, c, respectively), on-
granite locations display BH estimates greater than the airborne estimates. In the case of
thorium (Fig. 7b), all locations tend to provide BH estimates less than the airborne esti-
mates. When it comes to providing an estimate of heat production using Eq. (1) or (2),
the behaviour of the uranium estimates provides the highest weighting.

The heat production estimates shown in Fig. 7d use the BH values shown in Table 1
and airborne estimates obtained using Eq. (1) and the previously noted factor of 2. The
granite density used was 2.63 g cm™> (an average across the 5 granites) and the off-gran-
ite density used was 2.73 g cm ™~ which is equivalent to assuming a uniform density con-
trast of 0.1 g cm™> across the study area. The behaviour observed in Fig. 7d shows a clear
distinction between on- and off-granite locations. The causes of the behaviour are not
known; however, we wish to provide best estimates of the heat production associated
with the deeper bedrock. On this basis, it is possible to correct the airborne estimates by
establishing corrections for the on- and off-granite sites, separately. Figure 7d shows two
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linear fits obtained in this way. On the basis that the linear fit must pass through the ori-
gin, we find that on-granite airborne estimates must increase by a factor of 1.41 and the
off-granite estimates must decrease by a factor of 0.88, to be consistent with the deeper
BH estimates. The linear fits shown in Fig. 7d have coefficients of determination (R*) of
0.94 for the granite locations and 0.99 for the off-granite locations. The heat production
estimates obtained in this way [i.e. (i) applying a multiplication factor of 2 in relation to
the airborne ground concentrations, (ii) using Eq. (2) and then (iii) applying the linear
fits to the BH heat production values] are referred to as BH-corrected values.

BH-corrected heat production

At the large scale, the BH-corrected heat production estimates (shown later) follow
the same distribution pattern shown in Fig. 6. Here we are primarily interested in the
high heat production associated with the granites and their margins. The areal extent of
granite outcrops was radially buffered by a length of 2 km and the airborne results were
examined in detail. Here we provide an example using the Carnmenellis granite (C in
Fig. 1). Figure 8 first summarises the known granite structure (1:50k bedrock mapping)
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and the radionuclide spectral response using a radiometric ternary image. The rectan-
gular area considered is 19 x 15.8 km. In Fig. 8a, the metamorphic country rocks are
shown in black and grey. The granite lithologies are shown in brighter colours, with
inland water bodies shown in blue. The heavier black lines represent felsitic dykes of
Permian age (‘elvan’ dykes) which are steeply dipping and typically associated with the
polymetallic mineralisation of the region (LeBoutillier 2003). The ternary radiometric
response (Fig. 8b) isolates the granitic rock response from the country rocks and also
identifies the three lithologies (GN, MCGN and MCGNA) defining the granite. Within
this framework, more detailed variations are observed with black zones (low responses)
associated with coastal and inland water bodies. One of the more interesting features is
the central quasi-linear zones of higher uranium content which show the same trends
as the elvan dykes. It is likely that these features are associated with mobilised uranium
concentrations adjacent to fractures (Miller et al. 2001).

The corrected heat production values for the same area are shown in Fig. 9 which also
incorporates the BH locations and heat production estimates from Table 1 for com-
parison. The application of the two density correction factors (on- and off-granite) has
generated an offset along the granite outcrop (shown by a black line). The BH heat pro-
duction values (Table 1) are shown as spot values and the corrections applied to the
airborne data have improved the general correspondence between the two sets of esti-
mates. When discussing the BH results across this granite, Wheildon et al. (1981) noted
that heat production within the outcrop is highest near the granite/country rock contact
and decreases towards the centre of the outcrop. The same conclusion is drawn here

36000

BNG Northing (m)
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' " . v | Heat Production
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Fig. 9 Area of Carnmenellis granite outcrop, radially extended by 2 km. Continuous colour image of BH-

corrected heat production obtained using Eq. (1). A heat production value of 5 W m~is shown as a white

contour. Granite outline shown in black and water bodies with cross-hatch. BH locations (crosses) and heat

production estimates from Table 1 are shown for comparison. The rectangle defines the quarry area from

Fig.5
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but the airborne estimates appear to provide additional resolution as shown by the areas
with heat production >5 uW m™2. One such large zone in the SE is internal to the out-
crop and not associated with the margin.

Although the airborne heat production values are obtained at a grid cell size of 40 m,
this apparent resolution cannot be relied on to provide a consistent set of bedrock heat
production values. The resolution does however allow many of the near-surface pertur-
bations to be identified and potentially rejected. Water bodies are readily identified but a
small Palaeogene gravel deposit (arrowed) also provides a localised low. The rectangular
study area (containing quarries) used in Fig. 5 is also shown. The no (or thin) soil areas
clearly provide localised high values that perturb the radionuclide bedrock variations.
All such localised variations require careful scrutiny to identify thin or absent soils.

With the above caveats in place, the heat production values across the remaining
four granites are summarised in a similar manner to that of the Carnmenellis granite.
Figure 10 shows the results using a common colour scale but at different mapping scales.
All the highest heat production areas are contained within the outcrops and a contour of
5 uW m~2 is shown as a reference. In the case of the Bodmin granite (Fig. 10c), the previ-
ously noted internal edge within the outcrop also generates high values. Since blanket
bog is associated with the high moorlands of the Bodmin and Dartmoor granites, the

L 1 L L L L L

1@ Land's End

1b st Austell

0

0

Dartmoor

Fig. 10 Areas of 4 granite outcrops, radially extended by 2 km showing BH-corrected heat production esti-
mates, obtained using Eq. (1), all to same colour scaling. Granite outcrops are defined by white lines. A heat
production value of 5 pW m™2 is shown as a black contour. a Land’s End with coast, b St. Austell, ¢ Bodmin
with blanket bog zones shown with a white outline and d Dartmoor with blanket bog zones shown with
white outline
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Table 2 Summary of high heat production (HP) by area across five granite outcrops using
two thresholds of heat production

Granite Outcrop area Area Area % of total
(km?) with HP > 5 yW m—3 with HP > 6 yW m~3 outcrop area
(km?) (km?) with HP > 6 uW m~3
(%)
Land's End 180.69 7232 16.33 9
Carnmenellis 138.53 3234 1.83 1
St. Austell 91.27 2142 4.63 5
Bodmin 203.16 25.85 4.32 2
Dartmoor 624.58 225.62 137.53 22

bogs are identified in Fig. 10c, d. In order to summarise the high heat production levels
across all five granites, we take threshold values of 5 and 6 pW m~ and calculate the
areas within each outcrop providing these levels. The results are provided in Table 2. As
is also evident in Fig. 10, the Dartmoor and Land’s End granite appear to offer the great-
est spatial potential in terms of their intrinsic radionuclide concentrations and associ-
ated heat production.

District- scale heat production

Deep geothermal heat, considered as a resource, has the potential to be utilised within
urban areas where the energy consumers are concentrated. Airborne geophysical meas-
urements are unusual in that they are obtained over such centres. At this more local
urban scale of heat production evaluation, it is possible to exploit the uniform coverage
of the airborne survey data to provide city and town estimates. Survey altitudes over
urban areas are typically >180 m due to regulatory restrictions (Beamish and White
2014). The standard processing applied to the radiometric data includes a correction
for height. The main effect of increasing height is an increase in the spatial footprint
of the sensor thus lowering spatial resolution. The procedure used a spatial database of
defined urban areas (polygons); here we use a set of 28 conurbations across the survey
area which range in population from 256,000 (Plymouth) to 15,000 (Saltash). The major-
ity of the surface area associated with conurbations may be assumed to be artificial and
therefore distinct from the soil and superficial (where present) deposits that character-
ise much of the rural landscape. In terms of their radiometric flux characteristics how-
ever, the urban centres appear to be equivalent to their immediate surroundings. As an
example, the average Total Count measure of flux obtained from the 28 urban centres
considered here (143 km?) is 1450 cps. The corresponding figure obtained from the set
of annuli extending 1 km from each urban polygon (and excluding the conurbation poly-
gon) is 1468 cps.

A statistical analysis of urban heat production estimates is summarised in the box—
whisker plot of Fig. 11 with the results arranged in order of decreasing size of area. The
whole set of estimates (ALL URBAN) is shown as a final box. The interquartile range
of the data is identified by the box with the median shown as a line within the box. The
vertical lines with bars then define the range of the data. Obviously, the amplitudes
observed are determined by local attributes of the underlying bedrock so that locations
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Fig. 11 Box-whisker plot of the BH-corrected heat production statistics over urban locations, arranged in the
order of decreasing population size of each location. The final box summarises the complete (all-urban) data
set. The locations of the five towns with the highest heat production values are shown in Fig. 3

associated with granitic terrain generate the largest medians and highest value tails.
Within this framework, we can therefore identify the towns of Camborne, Penzance, St.
Austell, Redruth and St Ives as having relatively high values (e.g. >4 pW m~3) within
their urban perimeters. The locations of these towns are shown in Fig. 3.

Discussion and conclusions

Existing published BH heat flow measurements from SW England (across five granite
outcrops and the country rocks) have been revised using a rigorous palaeoclimate cor-
rection scheme. Granite-average increases in heat flow over previously reported values
of between 5.5 % (St. Austell granite) and 9.4 % (Carnmenellis granite) were estimated.
Predicted temperatures at a depth of 5 km largely exceed 200 °C and are 6—11 % higher
than previously estimated values. The revised granite-average temperatures at 5 km
depth are 200 °C (Bodmin), 200 °C (Carnmenellis), 185 °C (Dartmoor), 206 °C (Land’s
End) and 221 °C (St. Austell).

The BH heat production values from the same published data were then used as a
control when evaluating the heat production values obtained, at high spatial resolution,
from a recent airborne radiometric survey of the region. The airborne radionuclide con-
centrations are obtained from the near surface (50-60 cm) and are therefore estimated
largely within the soil profile. They are subject to a variety of soil and near-surface effects
(e.g. flux attenuation) connected to soil density and wetness. In order to uniformly mini-
mise the near-surface soil flux attenuation effects, we have demonstrated that increasing
the airborne radionuclide concentration estimates by a factor of two is an appropriate,
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but not exact, simplification. These revised estimates show a partial correlation with the
deeper BH data set at both off- and on-granite locations, and we use the BH data as
control to correct the airborne estimates. We have found it necessary to apply different
correction formulae to the on- and off-granite locations.

The corrected airborne heat production estimates are capable of identifying zones of
high heat production at a detailed scale (e.g. 1:50k). Near-surface and spatially localised
artefacts remain in the data and it is necessary to examine the high-resolution estimates
using supplementary map and land-use data. Previously, using the sparse BH data, it
was noted that heat production within the granite outcrops appeared larger towards the
granite/country rock contact. Here we have quantified the detailed spatial distribution
of heat production and defined clear zones with the highest values (e.g. >5 pW m™3).
Although such zones have associations with the granite margins, they extend across sig-
nificant areas of each granite, particularly in the case of the Land’s End and Dartmoor
granites. The SW area is well known for its magmatic-hydrothermal mineralisation asso-
ciated with multi-phase granite emplacement. The locations of mineral concentrations
(including radionuclides) generated by hydrothermal systems are discussed by Dines
(1956). In many cases, the minerals concentrate towards the margins of the granites
and cupolas (although not universally) and this appears to be reflected in the patterns of
enhanced heat production.

Both shallow and deep geothermal heat can be considered as a potential energy
resource. High heat production has the potential to be utilised within district-scale
(heat-only) schemes either in the absence of, or alongside, electricity generation (Adkins
2013). Since the airborne data are uniformly acquired over urban districts, these data
were analysed to provide an urban heat production assessment. The analysis indicates
that the towns of Camborne, Penzance, St. Austell, Redruth and St Ives have relatively
high values within their urban perimeters.
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