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Proc. Natl. Acad. Sci. USA
Vol. 89, pp. 6045-6049, July 1992
Microbiology

The deep, hot biosphere
(geochemistry / planetology)

THOMAS GoLD
Cornell University, Ithaca, NY 14853

Contributed by Thomas Gold, March 13, 1992

ABSTRACT There are strong indications that microbial
life is widespread at depth in the crust of the Earth, just as such
life has been identified in numerous ocean vents. This life is not
dependent on solar energy and photosynthesis for its primary
energy supply, and it is essentially independent of the surface
circumstances. Its energy supply comes from chemical sources,
due to fluids that migrate upward from deeper levels in the
Earth. In mass and volume it may be comparable with all
surface life. Such microbial life may account for the presence
of biological molecules in all carbonaceous materials in the
outer crust, and the inference that these materials must have
derived from biological deposits accumulated at the surface is
therefore not necessarily valid. Subsurface life may be wide-
spread among the planetary bodies of our solar system, since
many of them have equally suitable conditions below, while
having totally inhospitable surfaces. One may even speculate
that such life may be widely disseminated in the universe, since
planetary type bodies with similar subsurface conditions may
be common as solitary objects in space, as well as in other
solar-type systems.

We are familiar with two domains of life on the Earth: the
surface of the land and the body of the oceans. Both domains

gasification. As liquids, gases, and solids make new contacts,
chemical processes can take place that represent, in general,
an approach to a lower chemical energy condition. Some of
the energy so liberated will increase the heating of the
locality, and this in turn will liberate more fluids there and so
accelerate the processes that release more heat. Hot regions
will become hotter, and chemical activity will be further
stimulated there. This may contribute to, or account for, the
active and hot regions in the Earth’s crust that are so sharply
defined.

Where such liquids or gases stream up to higher levels into
different chemical surroundings, they will continue to repre-
sent a chemical disequilibrium and therefore a potential
energy source. There will often be circumstances where
chemical reactions with surrounding materials might be pos-
sible and would release energy, but where the temperature is
too low for the activation of the reactions. This is just the
circumstance where biology can successfully draw on chem-
ical energy. The life in the ocean vents is one example of this.
There it is bacterial life that provides the first stage in the
process of drawing on this form of chemical energy; for
example, methane and hydrogen are oxidized to CO, and
water, with oxygen available from local sulfates and metal

Gold, 1992 PNAS
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Where do we find life on Earth? v

Global distribution of Earth’s biomass by the environment in which its found (terrestrial, marine, or deep subsurface).
This is shown as the aggregate global biomass (left) and the breakdown of specific taxa by the environment in which its found (right).
Biomass is measured in tonnes of carbon.
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Source: Based on data from Bar-On, Y. M., Phillips, R., & Milo, R. (2018). The biomass distribution on Earth. Proceedings of the National Academy of Sciences.
This is a visualization from OurWorldinData.org, where you find data and research on how the world is changing. Licensed under CC-BY by the authors Hannah Ritchie and Max Roser (2019).
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“It's not a biome, it's a die-ome.”
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The Biosphere (through photosynthesis) and the Geosphere
(through organic matter burrial and subduction) have contributed
to the net accumulation of oxygen in our atmosphere, decoupling
photosynthesis and respiration in space and time




Delamination

Terminal

Magma Ocean Heat Pipe Drips & Plumes > 1
& Upwellings Stagnant Lid
YAVAVAVAVANY, NN N \l
Partial Melt t
drips mmwﬂﬁm —

Solid Mantle

O
&)
[a%
w
£
m
w
[%p]
i
=
oo
<
z
L
O
>
=
1%}
o
w
=
Z
<)

lo V\V.‘enus M37

Possible Stages
in the Tectonic
Evolution of a
Silicate Planet

Moon, Mercury

Plate
Tectonics

Asthenosphere

GIOVANNELLI

OLAB

Subduction

_ Stern et al. 2018 Geosci Front




UNIVERSITY OF NAPLES FEDERICO I

" i
>

s L
¥ wORTH praspigy




O
&)
[a%
w
£
m
w
[%e]
i
=
oo
<
z
L
@]
>
=
1%}
o
w
=
Z
<)

rration

e 10x vertical exaggeration

fumaroles
5km Arc volcano
Geothermal system| .~ otar 1ake
Submarine . NW Arc volcano Back-arc springs
10DP seeps e=die-Spnras Back-arc cones
drill hole Trelnch I
~ Sea level
* (G / i
2\ Pliocene
1 / volcanics
(_ - - Lower crust
. Crustal assimilation? IR
-50km Sediments 1 ‘ ’
Altered basaltic crust N | ’
Lithosphere

Serpentinized

mantle lithosphere

Fore-arc erosion?

\\Hmv;

-100km Slab dehydration/melting?

Truncated slab?

Slab window?

MORB-like mantle

Asthenosphere  GIOVANNELLI

OLAB

Giovannelli et al., EQS, accepted



N

A'ROLE FOR SUBSURFACE MICROBES?

0
U
T
Q .
& potentially
% below 150°C fpeARGIEs
% c 5km Arc volcano
5 -g Geothermal system cralei lake
> £ Submarine S ':xv ?rc volcano Back-arc springs
2 E 10DP seeps pring 'l' I ‘i Back-arc cones
= drill hole ~ Trench I I ~ A I
% ~* Sea level | ' \
Crustal assimilation?
-50km Sediments
Altered basaltic crust
Serpentinized Lithosphere
mantle lithosphere
Fore-arc erosion? MORB-like mantle
-100k : ;
00km Slab dehydration/melting?
‘ Truncated slab?
i vlj _\ . o
o e ey Asthenosphere  GIOVANNELLI

OLAB

Giovannelli et al., EQS, accepted




UNIVERSITY OF NAPLES FEDERICO I

Funding
DEEP CARBON s
OBSERVATORY =
Alfred P. Sloan
FOUNDATION
Institutions

CNR-IRBIM (ltaly) ® Oxford U (UK) * ELSI (Japan) * U
Tennessee (USA) * U Alaska (USA) ¢ OVSICORI (Costa
Rica) * UNIVPM (ltaly) « METU (Turkey) * U Rodhe Island
(USA) » ASU (USA) * Michigan State U (USA) * Rutgers U
(USA) * Carnegie (USA) ® among others

People

46 Researchers

9 Nationalities

19 Institutions

Disciplines

Microbiology ® Volcanology
Geochemistry ® Gas
Geochemistry ® Isotope ®
Geochemistry ® Geology ®
Mineralogy * Petrology ® Science
Communication

Matt Schrenk

Maarten de Moor



RSITY OF NAPLES FEDERICO I

s ,;ywsf'f / /

Cl R L/ AT RTEY
'/.’l'ﬁ’?-’f!ﬂﬂ ‘!f H iH 1"

’ﬂ"ﬂ' f!l by ;L’

~900 km of convergent
margin

> 75 sites sampled
>1,000 samples
collected

Microbiology

Gas geochemistry
Agueous geochemistry
Organic geochemistry
Mineralogy

GIOVANNELLI




O
O
o
L
[
f
-
w
i
ad
o
<
z
L
O
>
=
v)
o
i
=
pd
o




¢
10

84
1.8

20P%

GIOVANNELLI
OLAB
Barry et al, 2019 Nature

100

Qo dws]

[ OD143AI4 SI1dYN 4O ALISHIAINN



CO,(g

250

p—

500

mmol C / mol
dry gas

750

O
&)
[a%
w
£
m
w
[%e]
i
=
oo
<
z
L
@]
>
=
1%}
o
w
=
Z
<)

5"°C %o

o
@

Y
o
o
@)
o

mmol C/L
water

N
o
1
@
Q
@
©® -
[ ]
[ ]
©
[}
= =
Q0o
D BN

w
o
mmol C / kg
sediment

50 120 150 200 @
Distance from trench (km)
GIOVANNELLI

OLAB

Barry et al, 2019 Nature




0
o
[a%
CO,4(g)
[T 250 ©
7 g
% 500 OO
Z 52
6 © £
— 750
=
(7]
&
>
2 DIC DOC
@5 02
10 O40s
15 (e 28
) 20 =
TOC
® 10 g‘g
oS
T T T T =%9]
50 120 150 200 @ <’

Distance from trench (km)
GIOVANNELLI

OLAB

Barry et al, 2019 Nature



=
%
o CO(9)
o 250 B
4 e
% 500 C_Jg
w g'c
f}_? 750 &
&
2 DIC DOC
@5 02
10 Q405
15 (e 28
20 £
TOC
® 10 2
e
T T T T . 30 %%
90 120 150 200 @ ¢’
Distance from trench (km)
GIOVANNELLI
OLAB

Barry et al, 2019 Nature



=
g_;i
o CO2(9)
o 250 B
4 e
% 500 C_Jg
w g'c
f}_? 750 &
&
2 DIC DOC
@5 02
10 Q405
15 (e 28
20 £
TOC
® 10 2
e
T T T T . 30 %%
90 120 150 200 @ ¢’
Distance from trench (km)
GIOVANNELLI
OLAB

Barry et al, 2019 Nature



O
&)
[a%
w
£
m
w
[%e]
i
=
oo
<
z
L
@]
>
=
1%}
o
w
=
Z
<)

53C %o

+1.0
0 North
Central
+5 -
O
. O =
o @ oD

5 <o L ¢

O J \
arc

-10 -

Q forearc volcanic

& gases

_15 a
-20 <:>

Q \ outer

forearc

-25 1
-30 & ' ; : . r GIOVANNELLI

0 5 10 15 20 25 OLAB

DIC mmol L*?

Barry et al, 2019 Nature



O
&)
[a%
w
£
m
w
[%e]
i
=
oo
<
z
L
@]
>
=
1%}
o
w
=
Z
<)

% C sequestered as calcite
100 90 80 70 60 50 40

30

+10 A

I North 8®Cy: +5.0%0, T,=67°C
Central 33C,: +0.5%0, T.=63°C

54
@)
- : 34
.. S
28
& -10 - Icani
2 volcanic
o ”g forearc gases
15 ) ¥
20 £
Q \ outer
forearc
-25 1
_30 T T T T T T
(0] 5 10 15 20 25

DIC mmol L*?

Barry et al, 2019 Nature

GIOVANNELLI

C)LAB



‘ANNELLI

-83°E 20’

Barry et al, 2019 Nature

ey

b

LN
S
QL

-84°E

-86°E 40’

[ OD143AI4 SI1dYN 4O ALISHIAINN



(@)
v
o
(N N)
o |
(NN
L
v
(NN}
-
o
<
=z
L
@]
>—
=
wd
[a%4
(AN}
=
z
=)

18°N 20'
GIOVANNELLI
LAB

== . - - 7 s E S ™ - el rad i 1 = . 7
-86°E 40' -86°E -85° -84°E -83°E 20'

Barry et al, 2019 Nature




o
N
|
=
<

B
ST
[ N
QN & ®
37 ET BR
- @)
B RS ET .BR BR
@®Es @) (@) B BR
5 - T MT =
®) a O
] EP CY sL FA
& EP 3\ VC
o O
cY SL
-37 | |
QH PL =
@] TC
QH
-6
Bl QH
3 3 : ;
NMDS1 Sample type
O Fluids [] Sediments

Fullerton et al, 2019 EarthArXiv preprint



6-
=
ST
[ QN
n QN ®
ET BR
O @
ET
BRrRS Oz _
@®ES @ O B BR distance
o TC MT = :
0 0- ] O proportional to
S | m e @ v @ e wm - similarity
Z | s : FA Ve
o O
CY SL
=7 ] |
QH PL =
@) TC
QH
-6-
W QH
GIOVANNELLI 'é "3 6 é

NMDS1 Sample type

O Fluids [ Sediments Fullerton et al, 2019 EarthArXiv preprint



o O
ST
|
N & e
37 =) BR
] @
BRS = @z &R
@®cs @) Q@ B BR
% : - TC MT =
% O EP gp CY. SL @ FA -
= sl FA Ve
o B
cy SL
-3- | |
QH PL =
@ TC
QH
A
B QH
6 3 0 3
Teperature °C NMDS1 Sample type

30 40 50 60 70

O Fluids [ Sediments Fullerton et al, 2019 EarthArXiv preprint




o O
ST
|
N & e
37 =) BR
] @
BRS = @z &R
@®cs @) Q@ B BR
% : - TC MT =
% O EP gp CY. SL @ FA -
= sl FA Ve
o B
cy SL
-3- | |
QH PL =
@ TC
QH
A
B QH
6 3 0 3
Teperature °C NMDS1 Sample type

30 40 50 60 70

O Fluids [ Sediments Fullerton et al, 2019 EarthArXiv preprint




O
&)
[a%
w
£
m
w
[%e]
i
=
oo
<
z
L
@]
>
=
1%}
o
w
=
Z
<)

GIOVANNELLI

OLAB

Fullerton et al, 2019 EarthArXiv preprint




Mg Cl
100

(O Calcium-rich waters
@ Crater lake

@ Acidic chloride-sulfate wate

@ Cailcite hosted springs
@ Mature deep fluids

UNIVERSITY OF NAPLES FEDERICO |

@ Peripheral geothermal wate
@ Deep chloride waters
@ Alkaline soda springs

(ﬁ\'

GIOVANNELLI

OLAB

Fullerton et al, 2019 EarthArXiv preprint




(O Calcium-rich waters

@ Calcite hosted springs
@ Mature deep fluids

O
&)
[a%
w
]
m
w
[%e]
i
=
oo
<
z
L
@]
>
=
1%}
o
w
=
Z
<)

2 -RS
% N _MT
Ca ﬂ? ‘& é:’ QHK'- Sl’ ES S‘M ’S? Na+K
Cl

@ Crater lake

@ Acidic chloride-sulfate waters
@ Peripheral geothermal waters
@ Deep chleride waters

@ Alkaline soda springs

GIOVANNELLI

OLAB

Fullerton et al, 2019 EarthArXiv preprint




100 0
= (]
8 (O Calcium-rich waters © @
o @ Calcite hosted springs m @ ..
£ .
L @ Mature deep fluids @) @) @ [ C
W
= m Do me O
= O
: d
x @
~ (] O
- )
D O
=
= RS
< A MT L
Ca ﬂ? ‘& é:’ Q}'_r' Sl’ ES S‘M ’S? Na+K
Cl
[l
0
@ Crater lake © @ ®
@ Acidic chloride-sulfate waters . . O
@ Peripheral geothermal waters ® ® @ [ | O
@ Deep chleride waters O [ | @) ] () D
@ Alkaline soda springs @ I
O
] ]
® = GIOVANNELLI
LAB
. O
S0, ) © s S DIC
& . .
B llerton et al, 2019 EafthArXiv preprint




O
&)
[a%
w
£
m
w
[%e]
i
=
oo
<
z
L
@]
>
=
1%}
o
w
=
Z
<)

(O Calcium-rich waters

@ Calcite hosted springs
(D Mature deep fluids

- -RS
% N _-MT
Ca 'ﬁ? ® & Qﬁ'-'- Sl’ ES S‘M ’S? Na+K

Cl

@ Crater lake

@ Acidic chloride-sulfate waters
@ Peripheral geothermal waters
@ Deep chleride waters

@ Alkaline soda springs

w
o
O
= O
®
Ee
®
=
®
o
O
5 0
®
Ee
B
& =

!ul/erfon etal, 2019 Fa

thArXiv preprint

GIOVANNELLI

OLAB



OW/c RiBR .

|

¥

O
S
o
w
|
w
[
%]
i
—d
@
<
=z
.
O
>
=
7]
(a4
i
=
P
=2

-86°E 30 -85°E 30 -84°E 30 -83°E 30 INELLI

OLAB

Fullerton et al, 2019 EarthArXiv preprint



OLAB

GIOVANNELLI

CARNIVORE?

OR

VEGAN

[ ODHIAIS SFTdVYN 4O ALISYIAINN



O
&)
[a%
w
£
m
w
[%p]
i
=
oo
<
z
L
O
>
=
1%}
o
w
=
Z
-

species B
abundance

species A
abundance

GIOVANNELLI

OLAB




ies A
Spearman p > 0.65 RS

O
&)
[a%
w
£
m
w
v
i
=
oo
<
z
L
O
>
=
1%}
o
w
=
Z
-

species B
abundance

species B

species A
abundance

GIOVANNELLI

OLAB




O
&)
[a%
w
£
m
w
v
i
=
=&
<
z
L
O
>
=
1%}
o
w
=
Z
-

species B
abundance

species A
abundance

ies A
Spearman p > 0.65 RS
p>0.65
species B species C
p <0.65
species D

GIOVANNELLI

OLAB



O
&)
[a%
w
]
m
w
[%e]
i
=
oo
<
z
L
@]
>
=
%]
o
w
=
Z
<)

@.ﬁé
®
®
. i
)
@ Proteobacteria
@ Aquificae
@ chloroflexi

. Bacteroidetes

. Bacteria unclassified @

. Nitrospirae

@© Firmicutes
Acidobacteria i : <

. i °® )

. Actinobacteria ) P N

@ Planctomycetes .\0 ® ® Q*

. Armatimonadetes

@ Varrucomlcpbm ®

. Rokubacteria °

Deinococcus-Thermus

Cyanobacteria Fullerton et al, 2019 EarthArXiv preprint

GIOVANNELLI




O
&)
[a%
w
]
m
w
[%e]
i
=
oo
<
z
L
@]
>
=
%]
o
w
=
Z
<)

@ ciiquet @ Clique 6 I = o

@ ciique2 @ Clique7 o ©® ¢ GIOVANNELLI
© Clique3 @ Clique 8 - LAB
© clique4 @ Clique 9 o O

@ Ciiques

Fullerton et al, 2019 EarthArXiv preprint




o m
z3
=
2 O
=
)
U]
O O (@) 2 (&) 8
%O = .
® o e
% o " ® @ o G0 @ |.
@ o o @0 é
@ @ @ - O. o~
= s F
@
w e @ =
e o © 3 ) 2
© @
3 © o |- ’ o .
® @ © 3
¢ ®e s
= 2 ® E = ' ] ] E = = ] ¥ E
SouUEpUNgE € anbijD aouepunge / anbyo ouepunge g anbio
® o 2 L .. g
. 2
[
= - ® @
%, % ® o ;
~I @ ° e &
® ® = 0@ (s
@°® L9 . © ° 0 d® o
@ o ° e ® o 8
Q|- ¢ ¢ @
® ® ® & o0 uo
g = g - % g & - | 2 = g -
souepunge z anbin asuepunge g anbyo asuepunge g anbiyo
© e . 90 . ©~ oo
o o 0 0 O O
a3 33
gEgEge
o = - OO0O0O0o
D _ ~ ® =1
© O
- " .5 o e .5 L 1@l I
v 0 OO0 O
: : 222383
o 9 O 0000
o @ |z a0o o )
. ® |1 00000
& 2 i g ¥ ® ? = g #

@ouepunge | anbio

aouepunge p anbij

[ OD143AI4 SI1dYN 4O ALISHIAINN

Fullerton et al, 2019 EarthArXiv preprint

[Cul.




UNIVERSITY OF NAPLES FEDERICO I

| ] 2 3800x 15kV -Image OCT 12 2017 14:59
20 pm fi:[ 1.3 pm B5D Full JC-Bead26-uncoated

GIOVANNELLI

Fullerton et al, 2019 EarthArXiv preprint



O
O
[a'e
i
0O
L
L
v
L
o |
(2
Z
L
O
-
=
[7p]
[a'e
L
=
=
-]

2 3800x 15kV -Image OcT122017 1459 | | 2 sao0x 10kV -Image MAY 25 2017 23:52
4] 71.3um BSD Full JC-Bead26-uncoated 4] 32.2pm B5D Full ON_SubductCR

\W‘HH

Fullerton et al, 2019 EarthArXiv preprint Q




O
&)
[a%
w
£
m
w
[%p]
i
=
oo
<
z
L
O
>
=
1%}
o
w
=
Z
<)

Eurasian plate

| Nazca S-Pe

Q plate ncnlf / South ." fﬂk .
lw____ *if American /J /
| e plate Lo

i

& (n=105)
__'Sjs‘ /_),-—.,f’ . E@ﬂmm E : i[_'n.g
n=
/ ' Incipient =
Antarctic Shaghy— S . subduction o ; E:_ :2
plate ¥ <y Collision zone | HEM 1 (n=3)
~_ omermicra) | 5 5000
L L L L L 1 L pl‘l.‘ mw m. Iﬂ = lg'
90° 135° 180" -135° -90° -45° 0” 45°

Schellart and Rawlinson, 2013 Phys Earth Planet Int

GIOVANNELLI

OLAB



N

Subsurtace Lite responds cohesively to deep
olate processes

O
)
%
[T]
{5)
L
L
(%]
[uN]
—
(=
<
Z
L
@]
>
[
7]
2’4
L
=
Z
-

GIOVANNELLI

/\OLAB

>




N

Subsurtace Lite responds cohesively to deep
olate processes

O
)
%
[T]
{5)
L
L
v
[uN]
—
(=
<
Z
L
o
>
[
D
2’4
L
=
Z
-

Subsurtace Lite can signiticantly alter the
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composition and flux ot volatiles
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Our best bet to find extraterrestrial Lite is to
look tor an extraterrestrial subsurtace biosphere
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Subseafloor sedimentary life in the South
Pacific Gyre
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Microbial habitability of Europa sustained
by radioactive sources
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Thiago Altair, Marcio G. B. de Avellar &, Fabio Rodrigues & Douglas Galante
Radiolytic H) production on Noachian
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T S — T Mars: Implications for habitability and
atmospheric warming
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South Africa Gold Mines

The average activity concentrations in Bg-kg™
for Uranium-238, Thorium-232, and
Potassium-40 from the mine tailings were
found to be 785, 44 and 427, respectively.
Kamunda et al. 2018 Int J Environ Res Public
Health

1

INFN Gran Sasso Underground Laboratory
Activity concentrations in Bg-kg™' for Uranium-
238, Thorium-232, and Potassium-40 are
clearly below the levels observed for typical
carbonate rocks and limestone concrete, with

values of 1.7, 1.4, and 26 respectively.
Malczewski et al. 2013 J Radioanal Nucl
Chem
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Can we use natural occurring subsurface microbial
communities accessed from the INFN LNGS as
endmember for low radiation environments?
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