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Earth-Life Science Institute

Seeking to Discover the Origins of 
the Earth and Life
The Earth-Life Science Institute (ELSI) is a unique research institute that seeks to discover the 
"origins of the Earth and life" through an integrated interdisciplinary approach that brings 
together top-level domestic and international researchers in fields such as Earth science, life 
science, and planetary science. ELSI’s research attempts to answer questions such as how the 
Earth formed in the solar system, how life originated on Earth, and how life and the Earth arrived 
at their present forms. Furthermore, ELSI also considers how life might exist in other planetary 
systems based on this understanding of how the Earth and life on Earth originated.

■ Research Center’s Information (FY 2015)
Center Director: Kei Hirose
Principal Investigators (PI): 17 (including 7 overseas researchers and 1 female researcher)
Other Researchers: 59 (including 20 overseas researchers and 17 female researchers)
Research Support Staff: 30
Administrative Division: 
 Administrative Director: Motonori Hoshi (from FY 2016: Takashi Sakurai)
 Administrative Staff: 23 (percentage of bilingual staff: 91%)
Satellites and Cooperative Organizations: Ehime University, Japan;  Japan Aerospace 
 Exploration Agency (JAXA), Japan; Japan Agency for Marine-Earth Science and 
 Technology (JAMSTEC), Japan; Princeton University, USA; Harvard University, USA; and others
URL: http://www.elsi.jp/en/
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Major Research Achievements

2-12-1-IE-1 Ookayama, Meguro-ku, Tokyo 152-8550, Japan
Phone: +81-3-5734-3414
Email: information@elsi.jp

Refinement of the giant-impact hypothesis that explains the formation 
of the Moon
It is currently believed that the Moon was formed after a proto-planet collided with 
the Earth. If the giant-impact hypothesis is correct, however, then why is the elemental 
composition of the Moon roughly the same as that of the Earth? This question can be 
resolved with advanced numerical simulations.

Water equivalent to 80 times the amount of water in today's oceans 
existed when the Earth was formed
High-pressure experiments on mantle material reveal that there must be large quantities 
of hydrogen in the Earth’s core. Although the Earth gained a large amount of water 
during its formation (80 times the current amount of water in the oceans), the land 
surface was not fully submerged when life emerged on the Earth probably because most 
of this water had been absorbed by the core.

Inference of the synthesis of hydrocarbons on early Earth before life 
emerged
It has been discovered that the water of the hot springs in the Hakuba region of 
Nagano prefecture contains methane gas that was synthesized inorganically. These kinds 
of chemical reactions could have created organic compounds on the early Earth, which 
could have then led to the emergence of life. 

Using computational chemistry to determine the optimal materials for 
creating life
Almost all living organisms on Earth use only 20 different amino acids. Computational 
chemistry can be used to decipher the reasons why these 20 variations were selected. 

Searching for the origins of life by creating artificial cells
ELSI researchers have developed a technique for incorporating synthetic proteins into 
artificial membranes resembling cell membranes. Not only does this research help 
deepen our understanding of how actual cells function, it can also promote applications 
in fields such as medicine and industry. 

The background image shows Earth as viewed from outside the atmosphere (CGI).

ELSI
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 Background and objectives of research

The Earth was formed approximately 4.6 billion years 
ago in a disk of gas and dust surrounding the primordial 
Sun. The collision between the Earth and another small 
planetary body that formed the Moon (giant impact) 
is believed to make the surface of the Earth covered 
with hot magma (magma ocean), which then gradually 
cooled.

The Earth and its life forms have been mutually 
influencing each other while continuously evolving. Over 
the course of 4.6 billion years of history on this planet, 
geomagnetism has been generated by the formation of 
the core, oxygen has been supplied due to the emergence 
of living organisms capable of photosynthesis, continents 
have formed and moved due to mantle convection, and 
the entire planet was once covered with ice (the Snowball 
Earth). These changes in the environment have greatly 
influenced the evolution of life.

Recent astronomical observations have shown that 
numerous planets exist in our universe with favorable 
conditions for life, just like Earth. The research into the 
origins of life on Earth is also the quest to discover 
whether or not life may exist elsewhere in the universe.

Life originated somewhere on the early Earth. 
Although the processes that resulted in life are still not 
clear, the basic sequence of events must have included 
the composition of organic substances from inorganic 
substances, polymerization of these substances into 
peptides, the formation of primordial RNA and cell 
membranes, and the subsequent generation of primitive 
life forms.

The Earth-Life Science Institute (ELSI) is a research 
institute that seeks to find answers to the following four 
questions that have challenged humanity over the ages 
(A, B, C, and D in Fig. 1).

A. Origin of the Earth: How was the Earth formed in 
the solar system, why does it have water, and what was 
the early atmosphere like? Important information can 
also be obtained by exploring asteroids and Mars by 
spacecraft.

B. Origin of Life on Earth: When, where, and how did 

life originate, and what were the genomes of early life 
like?

C. Evolution of the Earth and Life: How did changes in 
the planet Earth affect its ecosystem, how did changes 
in the solar system and nearby interstellar space affect 
Earth’s environment, and why is there oxygen in the 
Earth’s atmosphere?

D. Life in the Universe: Understanding the origins 
of the Earth and its life can shed light on the answers 
to questions such as how unique our planet is in the 
universe, and what steps should be taken in order to 
search for extraterrestrial life.

At ELSI, many researchers work closely together to 
achieve an integrated understanding of these four 
questions while deepening each researcher’s own field 
of specialty. The main findings of this research are 
summarized below.

1 Refinement of the giant-impact hypothesis 
that explains the formation of the Moon
Shigeru Ida (PI)

The giant impact hypothesis, which claims that 
the Moon was formed by the ejected material from a 
collision between the Earth and a proto-planet of a 
similar mass to Mars, is gaining support. According to 
previous numerical simulations based on this hypothesis, 
the Moon was formed mostly from material from the 
proto-planet itself. Then the Earth and the colliding 
proto-planet should have had different compositions. 
However, both the Earth and the Moon have similar 
elemental isotopic ratios, and this has been a mystery. 
ELSI researchers worked at revising and improving the 
techniques used for these simulations and found that 
there were problems in the methods previously used to 
handle discontinuous boundaries between the Earth’s 
core and mantle or its surface and outer space.

According to our giant impact simulations using a 
new numerical computation technique that can correctly 
handle discontinuity between the core and mantle, the 
proto-planet that collided with the Earth can be smaller 

Fig. 1  Main research topics of ELSI.
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than it was thought. The amount of material that was 
ejected from the Earth and went into forming the Moon 
can also be greater (see Fig. 2). This may explain why 
the elemental isotopic ratios of the Earth and the Moon 
are so similar.

Although our new computational technique still 
cannot perfectly handle the boundary between an 
astronomical body and the space outside, further 
development in the future will make it possible to 
attain clues regarding the origin of the Moon and also 
regarding the surface environment of the early Earth 
when life originated.

N. Hosono et al., Icarus; vol. 271, p.131, 2016

2 Water equivalent to 80 times the amount of 
water in Today's oceans existed when the 
Earth was formed
Kei Hirose (PI)

2,900 km below the surface of the Earth is the border 
between the mantle, which is comprised of rock, and the 
outer core, which is liquid comprised of iron alloy. Since 
the lower mantle is solid, its temperature must be cooler 
than the melting temperature of the mantle’s material. 
The outer core, which is located just underneath the 
mantle, must also be cooler than this temperature in order 
for contacting mantle not to melt. On the other hand, the 
outer core temperature must be hotter than the melting 
temperature of the core’s material. Since the melting 
temperature of iron alloy is highly dependent on its 
impurity composition, the temperature of the outer core 
places limitations on its possible chemical composition.

At SPring-8, a large synchrotron radiation facility 
of RIKEN, the researchers of ELSI have placed mantle 
material into a high-pressure, high-temperature 
environment (equivalent to what exists in the depths 
of the Earth at greater than one million atmospheres) 
in order to check for evidence of melting (see Fig.3). 
Through these experiments, ELSI’s researchers 
discovered that the melting temperature of the mantle 
just above the core is at least 400°C cooler than 
previously estimated, at approximately 3,300°C.

The melting temperature of pure iron is approximately 
3,900°C at the outermost portion of the core, but 
the melting temperature of the liquid part of the 
core (the outer core) is cooler than this by more than 
600°C due to impurities. Therefore, the core must 
contain approximately 0.6% of hydrogen by weight. 
If this amount is converted to water, it implies that 
the Earth acquired a huge amount of water during its 
formation, equivalent to 1.6% of the planet’s total mass 
(approximately 80 times the current amount of water in 
the oceans). This conclusion is also consistent with the 
recent theory about the formation of the solar system. 
The submergence of land by huge amounts of water can 
be avoided because this water sank below the surface 
and into the core.

For his series of accomplishments, including this 
research, Director Kei Hirose was awarded the Fujihara 
Award in 2016.

R. Nomura et al, Science; vol. 343, p.522, 2014

3 Inference of the synthesis of hydrocarbons 
on early Earth before life emerged
Ken Kurokawa (PI)

Hot spring environments including rock called 
serpentinite are one of the promising candidates for 
the origin of life. Only a trace amount of serpentinite is 
exposed on the surface of the Earth today, but this was 
the most common type of rock on the bottom of the 

Fig. 2  Comparison between old and new giant impact simulations.

Fig. 3  Diamond anvil cell that reproduces an ultra-high pressure state
Fig. 4  Collecting samples from a hot spring in Hakuba (left); Schematic 
diagram showing hydrocarbon synthesis on the surface of serpentinite.
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ocean immediately after the planet formed. This rock 
reacts with water, generating a highly concentrated 
hydrogen gas that may have produced the energy and 
organic compounds necessary to kick-start life. Hot 
springs with this kind of special environments are located 
in the Hakuba region of Nagano prefecture, and ELSI’s 
researchers have been investigating these hot springs 
since 2010.

The gases from these hot springs, which have a 
temperature of approximately 50˚ C, include hydrogen, 
methane, and other hydrocarbons. Since methane (CH4) 
contains about the same amount of deuterium as the 
water in the hot springs, the hydrocarbons in the hot 
springs must have been synthesized from the water there.

Research into these hot springs has shown how 
previously unknown inorganic chemical reactions could 
have synthesized the hydrocarbons from which life arose. 
Similar chemical reactions may have created organic 
material on early Earth, thereby leading to the origin of 
life. This is one of the findings of the Grant-in-Aid for 
Scientific Research on Innovative Areas project "Hadean 
Bioscience," which began in 2014 with Ken Kurokawa as 
the leader.

K. Suda et al, Earth and Planetary Science Letters; vol. 
386, p.112, 2014

4 Using computational chemistry to determine 
the optimal materials for creating life
H. James Cleaves (Associate Professor)

In spite of the fact that the number of amino acids 
that exist in this world is extremely large, almost all living 
organisms on Earth use only 20 of them. Why were these 
20 types selected? 

In order to answer this question, ELSI researchers 
computed trillions of different possible amino acid 
structures comprised of the five elements that form 
amino acids (carbon, hydrogen, oxygen, nitrogen and 
sulfur). The researchers entered these combinations into 
a database, and then narrowed down to approximately 
2,000 candidate amino acids that can exist in a stable 
form in the Earth’s environment. There are 100 million 
ways of randomly selecting 20 different amino acids 
from this group, but there are only six other sets that can 
provide more diversity in generated proteins than the 20 
amino acids used in living organisms. Furthermore, the 
20 amino acids used in living organisms have the lowest 
energy requirement for their generation than the other 
six groups. In other words, the living organisms use these 
20 amino acids due to their superior energy efficiency, 
implying that this is the result of natural selection.

Ilardo et al, Nature Scientific Reports; vol. 5, article no. 
9414, 2015

5 Searching for the origins of life by creating 
artificial cells
Yutetsu Kuruma (Associate Professor)

Researchers around the world are trying to create 
artificial cells that self-replicate. One of the keys to 
accomplishing this task is the creation of an artificial cell 
membrane. A cell membrane is a lipid membrane that 
separates the interior of the cell from the outside world, 
with a variety of embedded protein molecules called 
"membrane proteins" that control the movement of 
material in and out of the cell.

ELSI’s researchers and their partners have developed 
a protein synthesis system called "the PURE system." 
Its components are 36 different enzymes individually 
isolated from cells and purified ribosomes. They have 
used this system in a range of different applied research 
projects. For instance, they have succeeded in synthesizing 
membrane channels that can move proteins outside 
a cell, and incorporated these channels into artificial 
membranes. These achievements not only helped to 
deepen our understanding of the mechanisms working 
in the actual cells, but also they will lead to practical 
applications in medical and industrial fields.

H. Marubayashi et al, Angewandte Chemie; vol. 53, 
p.7535, 2014
Y. Kuruma & T. Ueda, Nature Protocol; vol. 10, p.1328, 2015

 Research at ELSI satellites

Ehime University’s Geodynamics Research Center 
(GRC) is conducting research as a satellite of ELSI, with 
approximately ten members including the Director, 
Professor Tetsuo Irifune. GRC’s research into the Earth’s 
deep interior complements the work of ELSI at Tokyo 
Institute of Technology which conducts ultra-high-
pressure experiments of several million atmospheres. 
GRC, on the other hand, is more interested in high 
accuracy data by using samples of larger size under 
pressures of less than one million atmospheres. GRC also 
studies material properties under high temperature and 
pressure conditions that are not accessible in experiments, 
by performing the so-called "first-principle’’ calculation 
which is based on the fundamental principles of quantum 
mechanics. There is plenty of water on the Earth’s surface, 
and some of the water is carried to the mantle in the form 
of hydrous minerals by plate subduction. Although such 
minerals were thought to reach the depth of at most 1,000 
km into the mantle, GRC’s researchers have shown that 
by phase transitioning to a newly discovered "phase-H 
state" of hydrous mineral, water may be transported even 
deeper. Starting in 2015, the Grant-in-Aid for Scientific 
Research on Innovative Areas project "Interaction and 
Coevolution of the Core and Mantle: Toward Integrated 
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Deep Earth Science" has been pushing forward even 
further with this research with GRC’s Professor Taku 
Tsuchiya (affiliated researcher of ELSI) as the leader.

Professor Jack Szostak, 2009’s recipient of the Nobel 
Prize in Physiology or Medicine and an authority in 
synthetic biology, is the leader of the ELSI satellite placed 
under the Harvard University Origins of Life Initiative, 
where he is conducting research together with ELSI’s 
research scientist Albert Fahrenbach. In order to validate 
the hypothesis that an "RNA world" existed on Earth 
before cells appeared, this research project is exploring 
topics such as the conditions that would be required for 
RNA to efficiently replicate even without the existence of 
enzymes (enzymes are required for DNA to replicate).

The Princeton University satellite is located at the 
Institute for Advanced Study, and is being conducted 
under the leadership of the ELSI professor Piet Hut, who 
is an authority in astrophysics. In addition to astrophysics, 
this satellite is also pursuing a wide range of research 
topics including computer science and cognitive science.

 Fusion and globalization in ELSI

Research institutes where scientists specializing in 
planetary science, earth science, and life science work 
together on a diverse range of research topics, such as 
the origins of the Earth and of life, are extremely rare 
throughout the world. Solving big problems like this 
will require new ideas. Therefore, ELSI does not have a 
hierarchical structure; all researchers are on an equal 
footing, no bosses. Communication between researchers 
is an important driving force for fusion between fields (see 
Fig. 5), and the ELSI buildings have open spaces called the 
Lounge and the Agora for exchanging ideas (see Fig. 6).

Approximately 40% of ELSI’s 70 researchers are from 
outside Japan, including seven principal investigators. Of 
these, geophysicist John Hernlund is a Vice Director who 
has brought in excellent researchers from overseas by 
e.g. advertising the institute at international conferences. 
As a result, ELSI is also well known internationally, and 
90% of applicants to the open recruitment come from 
overseas. The astrophysicist Piet Hut is also the Head 
of the Program in Interdisciplinary Studies, Institute for 
Advanced Study, Princeton. Thanks to his activities in 
interdisciplinary sciences, ELSI was awarded funding of 
$5.5 million (approximately 670 million yen) from the 
John Templeton Foundation in the US for the period 
between July 2015 and March 2018. ELSI applied this 
funding toward the start of its EON project (ELSI Origins 
Network), which is aimed at strengthening and expanding 
a network that connects origins of life researchers from 
around the world, with ELSI acting as a hub. EON’s 
budget is not being used to purchase equipment, but 
rather to hire young researchers, promote exchanges, and 
hold international workshops.

In order to create environments for research and 
everyday life that are as comfortable as possible for 
international researchers, a secretary is assigned to 
about every 10 researchers and provides with one-stop 
services (the same service is also offered for Japanese 
researchers). In the administrative office is a dedicated 
life adviser who provides support for immigration and 
local procedures. Japanese language lessons are also held 
on a weekly basis for international researchers. We hope 
that this comfortable research environment becomes 
widely known and attracts excellent researchers, thereby 
enhancing our international reputation.

 Takashi Sakurai (ELSI)　

Fig. 6  Discussion in front of a chalkboard in the Agora

Fig. 5  Fusion in research on Earth and life sciences




