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Abstract: Relevant observations suggest that in geothermal power resources and volcanic regions
in Earth the mean heat flow is either comparable or greater than the current global mean heat flow
of this planet. We have inferred that critical or minimum heat flow required to sustain geothermal
provinces (T >150°C) is at least 90 mWm and the same required to sustain active volcanoes in Earth
is at least 100 mWm2.The volcanism in Venus is found have declined significantly during the past
300 Ma. It is suggested that Earth may lose significant part of its current active volcanoes and
geothermal power resources in the next 300-500 Ma if the global mean heat flow in Earth is
decreasing at a rate of 5.76 mW per 100 Ma. At the current inferred maximum rate of mantle cooling
(200 C per 100 Myrs) the plate tectonics in Earth is likely to cease within 750 Myrs from now. The
critical mean surface heat flux for sustaining plate tectonics in Earth is inferred to be around 50-55
mW/m?2.

Keywords: geothermal power; critical heat flows; volcanism; earth; Venus; plate tectonics

1. Introduction

Geothermal energy is an important non-conventional energy resource in many countries in the
world with an installed global power capacity of 17 GW (World GT Power, 2023). Earths internal heat
from the mantle (though mantle melting and convection) and core (from accretion heat)contributes
to volcanism and geothermal energy (Dincer and Ezzat,2018).Earth’s surface heat flows(internal heat
flow per unit area) shows distinct spatial variations from nearly zero to several thousand mWm-
2(IFSC heat flow data,2023). Previous studies has shown that high surface heat flows occur in
geothermal provinces and active volcanoes (Ranalli and Rybach, 2005; Lysak, 1992). It will be
worthwhile to compare characteristics of volcanism and heat flows in different rocky planetary
bodies in our solar system in the context of geothermal power potential.

In this paper we have attempted to answer the following relevant questions related to
geothermal energy resources and volcanism (i)what is the critical value of surface heat flow required
to maintain a geothermal province or power resource for its efficient operation?(ii)how geothermal
energy resources are related to volcanism?(iii) how we can compare current heat flows and volcanism
in inner solar system planetary bodies (iv) how the geological time evolution of internal heat affects
volcanism and geothermal power resources in earth (iv) probable age of cessation of plate tectonics
in earth and related critical heat flows if the mantle cools in the current enhanced rates .The
methodology followed is modelling based on analysis of relevant data collected from published
literature and international databases.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Surface Heat Flows Associated with Geothermal Provinces in Earth

In this section we have studied surface heat flows associated with geothermal provinces in three
major geothermal power producing countries viz: USA, Mexico and Iceland.

In Figure 1 we have shown map of spatial distribution of measured vales of internal heat flow
(HF) in USA (Blackwell et al, 2011). In Figure 2 is a geothermal map depicting spatial distribution of
sub-surface temperature in USA (GT USA, 2023) .The high heat flow values are found mostly in the
western part of USA. The areas marked in red in Figure 2 with a temperature >150°Care geothermal
provinces in this country which is in match with high heat flow areas marked in red/pink with values
ranging from 90-150 mWm2.

SMU Geothermal Laboratory Heat Flow Map of the Conterminous United States, 2011
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Reference: Blackwell, D.D., Richards, M.C., Frone, Z.S., Batir, J.F., Williams, M.A., Ruzo, A.A., and Dingwall, R.K., 2011, “SMU Geothermal
Laboratory Heat Flow Map of the Conterminous United States, 2011”. Supported by Goegle.org. Available at hitp:/fwww.smu.edu/geothermal.

Figure 1. Heat flow map of USA.

Geothermal resources of the United States
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Source: U.S. Department of Energy, Office of Energy Efficiency & Renewable Energy (public domain)

Figure 2. Geothermal Provinces in USA consisting of mainly high temperature regions (>200° C).
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Geothermal provinces in Mexico (Prol-Ledesmaa and Moran-Zenteno, 2019) are found to be
associated with surface heat flows in the range 100-200 mWm=2In a similar way prominent
geothermal power resources in Iceland (Jéhannesson et al, 2020) is found to be associated with surface
heat flows in the range 200-350 mWm-2.

3. Associations between Volcanism and Geothermal Energy Sources in Earth

3.1. Possible Linear Relation between Number of Active Volcanoes and Geothermal Power Potential of
Different Countries

In several countries we can find close associations between spatial distribution of active
volcanoes and locations of geothermal power resources. This is true for USA, Indonesia, Mexico and
Iceland and we will explain this fact in Section 4. In Table 1 we have given the number of active
volcanoes within the Holocene period present in top ten geothermal power producing counties in the
world. Here latest annual power production details (World GT Power, 2023) are also given. In this
Table we have given latest estimates of geothermal power potential (Gp) in these countries. We have
attempted to find linear regression relations between number of active volcanoes (Nv) and Gp in top
geothermal power producing countries given in Table 1 as an update of a previous study (Stefansson,
2005).The results are given below.

Gp (in GW) =2.133 Nv - 63.587, R>=0. 5 1)

Gp (in GW) = 0.2315 N\ —2.689,R2=0.914 (excluding USA) @)

Table 1. Number of active volcanoes, latest annual geothermal power production, inferred
geothermal power potential and county average heat flow for top ten geothermal power producing
countries in the world.

No of active GTP production GT pov.ver Country average
Country Volcanoes (GW) potential heat flow
(GW) (mWm-)
530
LUSA 162 37 (GT potential USA,2021) 756
23
2.Japan 122 0.6 (GT potential 113.47
Japan, 2018)
. 29
3Indonesia 23 (GT potential 113.19
Indonesia,2018)
44
4. Philippines 38 1.9 (GT potential 44.69
Philippines,2020)
2
5.Mexico 36 1 (GT potential 95.54
Mexico, 2023)
3.95
(GT potential
Jcel . 150.7
6.Iceland 35 0.8 Tceland, 2008) 50.75
7
7 Kenya 21 0.9 (GT potential 53.75
Kenya,2010)
8.Newzeland 24 1 1.452 80.93

(GT potential
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Newzeland,2021)

1.613
Turk 1 17 91
9-Turkey 0 (GT potential Turkey,2022) 699
14
(GT potential

Ttaly,2019)

10.Italy 13 0.9 87.76

3.2. Heat Flows in Volcanic Regions in Earth

Now we will examine heat flow values associated with volcanic regions in Earth.In Table 2 we
have shown heat flow values in specific volcanic regions in different countries. We can find that the
minimum heat flow associated with these volcanic regions is 100 mWm2.The country average heat
flow values (Hav) for top geothermal power producing countries (Country average heat flow,2024) is
given in Table 1. From this table we can find that for Japan, Indonesia, Mexico and Iceland Hav varies
roughly between 95-150 mWm=2.The diagrams showing spatial distributions of active volcanoes in
different counties is available in literature. Spatial distribution active volcanoes in countries with
higher mean heat flow like Japan etcis found to be homogeneous. In contrast with this the
distribution of active volcanoes with in USA can be found to be inhomogenous (volcanoes are found
mainly in the west coast).Hence in USA the country average heat flow is only 75.6 mWm-2.

Table 2. Volcanic regions in different parts of Earth and associated surface heat flows.

Location of Heat flow
Sr No . . References
volcanic region (mWm-?)
1 Northern Oregan 100 Blackwell et.al.,
USA (1982)
5 Iju volcano 109.4 Afanu et.al.,
Indonesia (maximum) (2021)
Kuju volcano Ehora,
100-2
3 Japan 00-250 (1992)
Regions east of 88 (average) Batir and
North Cordillera average atra
4 . Blackwell
Volcanic Plateau 101 (maximum) (2019)
North America
5 leferen.t volcafuc 100-200 . Flgure 3
regions in Mexico in this paper
6 VolFanlc regions 200-350 Flgure 4
in Iceland In this paper
” South East Asia 140 Nagao and
volcanic regions Ureda (1995)
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Inferred mean Heat Flow Vs Geological Age
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Figure 3. Inferred global mean surface heat flow values of Earth since 800 Myrs to the next 500 Myrs
assuming a decline of 5.76 mW/m2 per every 100 Ma.
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Figure 4. Area of all LIP’s with an inferred area of eruption at least 1 Mkm2 during the past 800 Myrs
in Earth.

4. Results

4.1. Critical Heat Flows for Geothermal Power Resources

Point observations of surface heat flows are available for more than 70000 locations on Earth
(IFSC heat flow data, 2023).To avoid bias in spatial distribution of data points in different parts of
Earth, grided average or weighted mean values of heat flows are often used. Following such a
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methodology Davies and Davies (2010) estimated that the total internal heat in Earth is 47 TW. The
global average of surface heat flows in Earth can be found as 92.16 mWm?2 if assume 510 million km?
is the surface area of our planet.

In this context we will pose an important question. Is there is any critical value of heat flow
(minimum surface heat flow required for sustaining the feature) is associated with geothermal
provinces or power resources in Earth? The heat flow maps of top geothermal power producing
counties will help us to find an answer to this question (see Section 2).A location in Earth can be
considered as a geothermal power resource is its sub-surface temperature is >150° C. In USA (the top
geothermal energy producing country in the world) the heat flows associated with geothermal power
resources is found between 90-150 mWm-=2.Geothermal provinces in Mexico is found to be associated
with heat flows in the range 100-200 mWm2 and in Iceland is found to be in the range 200-350 mWm-
2 Higher values of heat flows are found in Mexico and Iceland compared to USA because of the
peculiar geological settings of the geothermal provinces in these countries (often related to active
volcanoes). The average heat flow(Putra et al, 2016) in the onshore Northwest Java Basin (a well
known geothermal province in Indonesia) is found to be 94.05 mWm2.These results suggests that
critical surface heat flow associated with geothermal power resources in Earth is comparable to the
current global average surface heat flows of the Earth (92.16 mWm?2).

4.2. Critical Heat Flows for Active Volcanoes in Earth

From the results summarized in Table 2 it can be inferred that the critical heat flow in volcanic
regions in Earth is 100 mWm2.This implies that the minimum heat flow to sustain an active volcanic
region in Earth is around 100 mWm2 and this value is at least 8.5 % higher than the global mean heat
flow of Earth

4.3. Comparison of Volcanism and Geothermal Power Resources in Earth and Venus

In Table 3 we have given details of active volcanoes and heat flow characteristics in different
rocky planetary objects in the inner solar system. From this Table it can be seen that active volcanoes
are observed at present only in our Earth and Venus. For Moon, Mars and Mercuy global surface heat
flow values are generally low which suggests absence of active volcanoes or geothermal power
resources (Zhang et al, 2020; Parro et al, 2017; Egea Gonzalez and Ruiz, 2014).The current number of
active volcanoes and locations where heat flow is above critical (required to maintain an active
volcano)is significantly higher in Earth compared to Venus.The mean heat flow in Venus in a recent
work is suggested to be 101 mWm?2 (Smerker et al, 2023) But it must be noted that this is inferred
from observations in 89 locations in Venus. Further this is not a weighted mean. The mean heat flow
of 73000 plus raw measurements in Earth from a recent compilation (IHSC Heat flow data, 2023) is
found to be 227 mWm? which is more than double the above estimate for Venus.We can see that
Earth is the only rocky planet in our solar system to have a significant number of geothermal power
resources in our solar system.The geothermal power potential of Venus is finite but practical
geothermal energy conversion will be difficult in this planet due to its very high surface temperature.

Table 3. Volcanism and heat flow characteristics in rocky planetary bodies in our solar system.

Heat flow Number of locations
Number of
Planetary Body active volcanoes value range Where mean heat flow
(mWm-?) is 100 mWm2 or more
1.Earth 1287-1550 3-37757 >2000
2.Venus 37 21-351 33
3.Mars 0 14-25 0
4 Mercury 0 9-29 0
5.Moon 0 2-68 0
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In the entire geological history we can find only 847 volcanoes in Venus with a diameter of 5 km
or more (Hahn and Byrne, 2023) In the case of Earth out of 1550 subaerial volcanoes which has
erupted during the Holocene period, size data is available for 1287 volcanoes.Majority of them has a
size greater than 15 km. Over the geological time in Earth more than 250 volcanoes (mainly Large
Igneous Provinces) is observed to have a diameter greater than 100 km. The number of large
volcanoes (>100km) in the geological history of Venus is inferred to be 118-168 (Hahn and Byrne,
2023: Varnana et al, 2020).The present surface of Venus is built from intense volcanic activity which
occurred between 300-800 Ma in our twin planet. It is estimated that the number of active volcanoes
in Venus now is around 37 (Gulcher et al, 2020).50 we can infer a significant decline the volcanism in
Venus during the past 300 Ma. Heat flow measurements are available for 89 locations in which 33 has
half value of 100 MW+ or more in rough agreement with number of active volcanoes in Venus.

4.4. Enhanced Mantle Cooling in the Recent Geological Past and the Inference of Mean Heat Flow of Earth
since 800 Myrs

Internal heat evolution in Earth is related to mantle potential temperature, mantle convection
and the thermal cooling of Earth This due to surface heat loss. is illustrated by the following equation:
Heat balance equation (Stacey, 1981) in the Earth’s interior is given by

Mcp (dT/dt) = H(t) - Q(t)
This can be rewritten as
Q (t) =H(t) - MCp (dT/dt)

Here Q (t) is the surface heat loss or heat flow at time t

M is the mass of the Earth

T is the mantle temparature

Gy is the average heat capacity in the core-mantle boundary
MCyp(dT/dt) represent the mantle cooling

So enhancements in Cp and mantle cooling will result in decrease in surface heat flows (Q) in
Earth assuming H(t) is a constant over the time interval of our interest.

A recent study from measurements of ocean crust inferred that Earth’s mantle cooling rate
almost doubled in the last 170 Ma. The average (Van Avendonk et al, 2017) cooling rate was between
6-11°C per 100 Ma since the Archean age (2.5Ga) and in the recent geological past it became11-20°C
per 100 Ma. Another experimental study (Motohiko Murakami et al, 2022) found that the thermal
conductivity of bridgmanite found in Earth’s core-mantle boundary (which controls Cp in equation)
is found to be 1.5 times higher than previous value. The later result also contributes to higher mantle
cooling than expected.

We are interested to infer the future evolution of internal heat in Earth and its possible impact
on volcanism and geothermal power resources. Earth is known to be a planet with plate tectonics in
contrast with other rocky planetary bodies in the solar system (Moon, Mercury, Venus and Mars).A
recent study inferred that the current oceanic heat flux declined by 25% during the past 400 Ma
(Karlsen et al, 2021).If we assume that this decrease is reflected in global mean flux of Earth also, then
we can infer that Hm is decreasing at a rate of 5.76 mW/m2 in every 100 Myrs. Applying this rate of
decrease of Hm since 800 Myrs in the geological past we have shown the variations in Hm up to 500
Myrs from now in Figure 3.

4.5. Occurences of Large Magmatic Events in the Earth during the Past 800 Myrs and Associated Surface
Heat Flow Values

In Table 4 we have given the characterisitics of super-magmatic events (exceptional large
igneous provinces or LIP’s) which occurred since 800 Myrs in Earth. From Figure 3 we can find that
the inferred global mean heat flow of Earth is > 100 mWm- in the since 150 Myrs in the geological
past .Five of the six events occurred between 179-780 Myrs when global mean heat flow of Earth is
above critical value found for active volcanism.Only one event occurred around 70 Myrs (associated
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with Deccan traps LIP) when mean heat flow of Earth is sub-ciritical (<100 mWm?). In Figure 4 we
have plotted the total area of eruption of all large magmatic events with a value of 1 Mkm? or above
during the past 780 Myrs.The LIP area values are derived mainly from Large Igneous Provinces
Commission Data base (LIPC, 2023)and also from Table 4 (for selected events).We can find two
notable peaks during 200-250 Myrs and 720-780 Myrs respectively. These peaks has occurred when
the inferred global mean heat flow of Earth is >100 mW.m?2 or super critical.

Table 4. Characteristics of super magmatic events which has occurred in the past 800 Myrs in Earth.

Area (A) and
Name of the . Duration & Inferred intensity
) Age/Period Volume(V) . References
magmatic event (years) . in VEI scale
of eruptions

Laurentian Cryogenian Godders et al
A=6 Mkm? 11
780 Ma 6 Miam (2003)
Cr ian Mcdonald
Franklin ;, 20 Og le\/Iaa A=4.5 Mkm? 11 And Hysen
(2023)
Zhang et al
Siberian End Permiun A=3-7 Mkm? (2021)
<1 Myrs 11
Traps 251 Ma V=4 Mkm3 LIPC(2023)
Blackburn
A-10 M Mozl et
CAMP 197-200 Ma 6 Myrs 11 (2017) 7
= 3
V=3 Mkm Marzen et al.,
(2020)
Duncan et al
Karoo and Ferr A=3 Mkm? (1997)
Traps 184-179Ma 5 Myrs V=2.5 Mkm? 1 Jourdan et al
(2007)
A=1.3-1.8 Mkm? Pande (2002)
Deccan Traps 63-70Ma  3-6 Myrs V=15 M km? 11 LIPC (2023)

5. Discussion

We have found that critical heat flow required to maintain active volcanoes (He) in Earth is 100
W/m2. (Reading et al., 2022, Supplementary material) reported that mean heat flow in magmatic
provinces in Earth is 99. 33 which is close to our estimate for Hev. . The present estimate of Hevis higher
than the value reported for sustaining major volcanism in rocky planetary bodies by (Varnana et al
.,2018). In contrast with this, critical heat flow (He) required for maintaining geothermal provinces
(power resources) is found in this study to be 90 Wm2 which is close to the current global mean heat
flow for Earth. Some geothermal provinces are found in non-volcanic regions in Earth. This justifies
why He; < Hev in our study.

From Davies and Davies (2010) we can find more than 2000 grided areas (see Figure 3(a) in their
paper) in Earth to have a mean heat flow equal to greater than 100 mWm2. The maximum number of
active volcanoes in Earth is only 1500. This supports the fact that there are locations in Earth with
high heat flow values out side the volcanic regions. Heat flow map of USA (Figure 1) is a good
example in this context. However the number of active volcanoes is still a useful indicator of the
geothermal power potential of a country (Table 1) or a planet (Table 3).

Venus is the only planet in the inner solar system at present to have active volcanoes apart from
Earth. But the volcanism in Venus has declined significantly since the resurfacing period(300 Myrs
ago). The recent intensity of volcanism in Venus (Byrne and Krishnamoorthy,2022) is inferred to be
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low (VEI<4) . According to our previous studies (Varnana et al, 2020;Varnana et al, 2021) peak
volcanism in different rocky planetary bodies in the solar system occurred when their global mean
heat flows is around 120 mW/m2.Further decline in the global mean heat flows of planetary bodies
below a critical value will lead to cessation of major volcanism in these bodies.In this manner major
volcanism ceased in Venus, Mercury, Mars and Moon in the geological past.Earth is the only rocky
planetary body in the solar system with plate tectonics which will have a control on its surface heat
flows and volcanism.Still we need to address the possibility of cessation of volcanism in Earth in the
near geological future since Earth’s internal heat engine is not driven by a Perpetuam mobile. Cheng
et al 2018 found that the intensity and duration of large magmatic events in Earth inferred from
zircon geochronology (see for eg:Stern, 2018) was decreasing systematically since the Archean period
(2.5 to 3 Gyrs) and if it continues so then it implies that plate tectonics in Earth will stop within a
period of 1.45 Gyrs from now.

Enhanced mantle cooling in recent geological past has reflected on the oceanic heat flow and
perhaps global mean heat flow earth since 400 Myrs.If it continues like this then the global mean heat
flow of earth will decline to 74.88 mWm2 in the next 300 Myrs and 63.36 mWm in the next 500 Myrs.
It is expected that number of active volcanoes and geothermal power resources will decline
significantly in the next 300-500 Myrs. Further if the Earths mantle cools at a rate of 20° C per 100
Myrs (maximum value inferred in ref) then the current mantle potential temperature (1350 °C) will
reduce to mantle solidus temperature (1200° C) in a time period of 750 million years from now. At
that time plate tectonics and allied volcanism in Earth will also cease. The global mean heat flow at
this cessation period (750 Myrs) can be estimated to be 49 mWm-2. It is quite interesting to mention
that Williams et al (1997) suggested a value of global mean heat flow between corresponding values
(see Table 3) for Earth and Mars for sustaining plate tectonics in a rocky planet. This can be calculated
to be around 55.58 mWm=2.

6. Conclusions

(i)From analysis of relevant data we have inferred that the critical or minimum heat flow
required to sustain geothermal power resources in Earth is at least 90 mWm2 which is comparable to
the current global mean heat flow of Earth. Similar investigations related to current volcanism in
Earth suggests that critical heat flow required to sustain active volcanos in Earth is at least 100 mWm-
2 which is 8.5 % higher than the current global mean heat flow of Earth (92.16 mWm-).

(if)Active volcanism in Venus is found to have declined significantly in the past 300 Ma. There
are few geothermal power resources found in this planet however practical energy conversion is not
possible due to the very high surface temperature.

(iif)Recent studies suggest that Earth is loosing significant part of its internal heat and is
subjected to enhanced mantle cooling in the recent geological past (within 400 Ma).If we assume that
global mean heat flow of Earth is decreasing at a rate of at least 5.76 mW per 100 Ma then significant
number of active volcanoes and geothermal power resources present now may disappear in the next
300-500 Ma.

(iv) At the current maximum inferred rate of mantle cooling (20°C per 100 Ma) plate tectonics in
Earth is likely to cease within the next 750 Ma. The global mean heat flow at this cessation age can be
inferred to be 49 mW/m2. The critical heat flow required to maintain plate tectonics in a rocky planet
including Earth shall be between 50-55 mW/m?2 if consider earlier proposal by Williams (1997) also.

Permissions

Formal request for permission to reproduce a map included in Figure 1 in this paper is sent to
SMU Geothermal Lab, USA even though it is included in National Geothermal Database of USA.
Figure 2 is published by US Department of Energy and does not normally require a permission.
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