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ELSIが追求するテーマ
• 地球の起源 

• 地球生命の起源 

• 地球と地球生命の共進化史 

• 宇宙における生命

惑
星

生
命



ELSIモデル

1. A diverse 
range of 
planets is 
created

2. Basic 
habitability 
requirements

3. Diversification 
of geological 
processes over 
time

4. Diverse 
geochemical contexts 
with chemically 
available energy

5. Diverse environments 
create diverse chemical 
processes and building 
blocks

6. Chemical selection 
results in functional 
molecules

7. Evolution results 
in features of 
modern biology

8. Increase in 
biodiversity and 
establishment 
of ecosystems
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研究者
総数 外国籍 女性 惑星系 生命系

主任
研究者 19 10 3 12 7

准主任
研究者 2 1 2 1 1

連携
研究者 11 0 0 6 5

研究者 30 19 19 13 17

総数 62 30 30 32 30

2019年9月現在



Time period: FY2012-FY2019 
Credit: Nicholas Guttenberg



Figure 1: Schematic view of Earth’s water cycle in our model.
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where Mi and Ii are the mass and D/H ratio of water in the reservoir i, and Fk and
fk are the flux of the process k and its fractionation factor. The sources and sinks
for each reservoir are described in Figure 1. Hereafter subscripts i=o, cc, oc, and
m denote the oceans, continental crust, oceanic crust, and mantle, respectively. The
subscript i’ in Equation 2 denotes a reservoir other than i. Subscripts k = ch, ar, se,
de, es, we, and re denote the chemical alteration, arc volcanism, seafloor alteration,
degassing, atmospheric escape, weathering, and regassing, respectively. Equations 3
and 4 give far and fde by considering the dehydration-induced fractionation and mass
balance. Assuming d/dt = 0 in Equation 2 gives a steady state in D/H, which is useful
to understand the numerical results (Appendix A).

Our model assumed that the fluxes depend on the masses of water in the reservoirs
and time as follows:

Fch = F0
ch

Ac(t)
A0

c
(5)

Fse = F0
se ⇥ f (t) (6)
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具体的な研究成果の例:  

地球の物質循環・分配の歴史 (H, N, C, …)

Laneuville, Kameya, Cleaves (2018) “Earth Without Life: A Systems Model of a Global Abiotic Nitrogen Cycle” Astrobiology 18, 897-914.  
Kurokawa, Foriel, Laneuville, Houser, Usui (2018) “Subduction and atmospheric escape of Earth’s seawater constrained by hydrogen 
isotopes”  Earth and Planetary Science Letters, Volume 497, 149-160
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Table 2
Sizes and D/H ratios of water reservoirs on present-day Earth. 1 ocean = 1.4 ×
1021 kg.

Reservoir Amount of water (ocean) δD (‰)

Oceans (including small reservoirs) 1.0 −12 to −7.1
Oceans 0.98a 0a

Atmosphere 9.3 × 10−6 a −70 to +10b

Biosphere 3.4 × 10−5 a −130 to −70c

Surface water 1.5 × 10−4 a −300 to +10d

Ground water 7.5 × 10−3 a −300 to +10d

Glaciers/Polar ice 2.4 × 10−2 a −400 to −300c

Oceanic crust 0.10a −50 to −30f

Continental crust 0.20a −100 to −60c

Mantle 1.0e −80 to −60g

a Bodnar et al. (2013) and references therein.
b “Volumetrically most important meteoric waters” from Sheppard (1986).
c Lécuyer et al. (1998) and references therein.
d Pope et al. (2012) and references therein.
e Korenaga et al. (2017) and references therein.
f Lécuyer et al. (1998); Shaw et al. (2008) and references therein.
g Kyser and O’Neil (1984); Clog et al. (2013).

and δD = −50❤ to −30❤, respectively (Lécuyer et al., 1998; 
Shaw et al., 2008). Earth’s mantle has δD = −80❤ to −60❤
(Kyser and O’Neil, 1984; Clog et al., 2013).

The D/H ratio of paleo-seawater has been estimated from iso-
topic analysis of minerals and rocks which interacted with sea-
water (Wenner and Taylor, 1974; Lécuyer et al., 1996; Kyser et 
al., 1999; Hren et al., 2009; Pope et al., 2012). We adopted δD =
−25 ± 5❤ proposed by Pope et al. (2012) as the constraint on 
3.8 Ga seawater, because they have derived this value by com-
bining hydrogen and oxygen isotope measurements of serpentine 
samples, in which primitive isotopic signatures have been well 
preserved. We will discuss other data sets in subsection 4.4. We 
assumed that the range of δD values between those of the bulk 
ocean and the ocean (seawater) should match the evaluated δD
of the Archean seawater. Assuming constant ln f ′ corresponds to 
the case where the mass ratio of glaciers/polar ice to bulk oceans 
has been constant through time. Because there is no evidence of 
glaciation before approximately 2.9 Ga (Young et al., 1998), con-
sidering the range of δD is a conservative assumption.

3. Results

The ranges of Fre,net and Fes where the constraints on present-
day and Archean D/H were satisfied are shown for the slower 
and faster PT models in Figs. 2a and 2b, respectively. The stan-
dard model was assumed for fractionation factors. The initial water 
mass in the oceans M i

o is also shown. We calculated the evolu-
tion of masses and D/H ratios of the water reservoirs for each set 
of Fre,net and Fes. Examples of evolutionary tracks are shown in 
Figs. 3 and 4. The results for different values of fractionation fac-
tors are shown in Fig. 5. The influence of the possible late accretion 
of comets are considered in Fig. 6. As explained below, the re-
sults showed that the slower PT model assuming Fre,net = 0 and 
Fes = 0 does not satisfy the constraints on D/H (Fig. 2a). Therefore, 
hydrogen escape from the reduced early atmosphere, secular net 
regassing (Fig. 2a), or faster plate tectonics on early Earth (Fig. 2b) 
is required.

3.1. The slower PT model

The evolution of δDi and Mi (where i is an arbitrary reser-
voir) in the slower PT model assuming Fre,net = 0 and Fes = 0 is 
shown in Fig. 3a. The oceanic δDo increased through time because 
of the isotopic fractionation from seafloor alteration, slab dehydra-
tion, and chemical alteration of continents. All of these processes 

Fig. 2. Range of Fres,net and Fes where the constraints on D/H are satisfied (the 
hatched areas). Results for (a) slower plate tectonics (PT) model and (b) faster PT 
model are shown. The present-day D/H ratios of the water reservoirs were repro-
duced above and below the sky-blue line for (a) and (b), respectively. The D/H of 
the Archean seawater was reproduced below the red line. Color contour denotes 
M i

o . Marks in figures correspond to the parameter sets shown in Figs. 3 and 4. (For 
interpretation of the colors in the figure(s), the reader is referred to the web version 
of this article.)

led to D-enrichment in liquid water. The water in the oceans Mo
decreased in response to the increase of the water in sediments 
Mcc because continental growth promoted chemical alteration. The 
mantle δDm decreased through time because of the subduction of 
deuterium-poor water as hydrous minerals. The continental crust 
δDcc increased through time following the increase of the oceanic 
δDo. The oceanic crust δDoc initially decreased because of the iso-
topic fractionation by seafloor alteration and then increased in the 
latter period time following the increase of the oceanic δDo. The 
integrated increase in δDo caused by the deep water cycle and con-
tinental growth reached ∼ +20❤, which is enough to reproduce 
the increase of δDo from the low δD Archean seawater (Pope et al., 
2012). However, the present-day δDm in the model disagreed with 
the value inferred from sample analyses (Kyser and O’Neil, 1984; 
Clog et al., 2013). The deep water cycle in our model evolved to-
ward a steady state given by "Do−m ≡ δDo − δDm ∼ 70❤, which 
is consistent with "Do−m of the present-day Earth (Appendix A
and Appendix B), but the rates of degassing and regassing are too 
small to reach the steady state within 4.5 Gyr. The constraints on 
the continental crust δDcc and oceanic crust δDoc were satisfied in 
all cases because both δDcc and δDoc are in a steady state with the 
oceanic δDo (Appendix A).

Secular net regassing and hydrogen escape can increase "Do−m
(Figs. 3b and 3c). The secular regassing transported deuterium-
poor water from the oceans to mantle and the hydrogen escape 
removed deuterium-poor water from the oceans (more precisely, 
from the atmosphere, which exchanges water with the oceans). 
The net regassing on present-day Earth in the slower PT model 
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Fig. 3. Time evolution of the points labeled 3a–d from the slower PT models in Fig. 2a. Left: δD of oceans (thin cyan lines), bulk oceans (thick cyan lines), oceanic crust 
(green lines), continental crust (yellow lines), and mantle (purple lines) as a function of time. Data points are δD values of reservoirs on present-day Earth (subsection 2.4
and Table 2) and 3.8 Ga seawater (Pope et al., 2012). The shaded range denotes the possible range of oceanic δD (see subsection 2.4 ). Right: masses of water in bulk oceans 
(cyan lines), oceanic crust (green lines), continental crust (yellow lines), and mantle (purple lines) as a function of time.

led to steady decrease and increase in Mo and Mm, respectively 
(Fig. 3b). The mantle δDm started to increase at ∼3.5 Ga follow-
ing the increase of the oceanic δDo. The hydrogen escape removed 
water from the oceans Mo before the GOE at 2.5 Ga (Fig. 3c). In 
contrast to the secular regassing (Fig. 3b), the hydrogen escape and 
its cessation at 2.5 Ga resulted in the kink in the evolution of δDo
(and consequently, in that of δDcc and δDoc) at 2.5 Ga. The co-
existence of the secular regassing diminishes the kink caused by 
the cessation of hydrogen escape, depending on Fre,net and Fes
(Fig. 3d).

A comparison of the results in the slower PT models with the 
D/H constraints allowed us to constrain Fre,net and Fes (Fig. 2a). 
Because the change in δD values was too small to reproduce 
present-day "Do−m in the model assuming Fre,net = 0 and Fes = 0
(Fig. 3a), this provided a lower limit on Fre,net and Fes that can 
satisfy the constraint on present-day D/H (the sky-blue line in 
Fig. 2a). We note that there was also a upper limit in these val-
ues above which "Do−m was too large as seen in Fig. 2b, but it 
was outside the range of Fig. 2a. On the other hand, the increase 
in the oceanic δDo inferred from the low δD of the Archean sea-
water (Pope et al., 2012) was reproduced in the model assuming 

Fre,net = 0 and Fes = 0 (Fig. 3a). Because both the secular re-
gassing and hydrogen escape promote the increase in δDo, there 
was an upper limit on Fre,net and Fes to satisfy the constraint on 
the Archean seawater (the red line in Fig. 2a). All the constraints 
on D/H were satisfied in the limited range of Fre,net and Fes (the 
hatched area in Fig. 2a).

The range of Fre,net and Fes depends on the assumed values of 
fractionation factors. Within the range of uncertainties (Table 1), 
assuming smaller fractionation for dehydration led to the hatched 
area moving to the right (Fig. 5a), whereas assuming larger frac-
tionation for degassing led to the hatched area moving to the left 
(Fig. 5c).

The possible late accretion of comets moderately influences the 
resulting range of Fre,net and Fes, but the D/H constrains still re-
quire at least either one of the two mechanisms: secular net re-
gassing or hydrogen escape (Fig. 6 a). Because comets have a high 
D/H ratio, the input resulted in an increase in δDo (Fig. 6 b), while 
its contribution to Earth’s water budget (∼ 0.01 ocean water, Sup-
plementary text S5) is negligible. The input of D-enriched water 
decreased Fre,net and Fes required to reproduce the present-day 

図は、Kurokawa et al., (2018)より



Barry, …, Giovannelli, …, Nakagawa et al., (2019) “Forearc 
carbon sink reduces long-term volatile recycling into the 
mantle” published in Nature

具体的な研究成果の例:  

地球の物質循環・分配の歴史 (H, N, C, …)

図は、Barry et al., (2019)より

Credit: Peter Barry

Credit: Tom Owens
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環境整備:  

広いオープンスペース
議論、昼食、新聞や雑誌の閲覧、
ミーティング、打ち上げなど何に
でも使える多目的スペース。

Image Credit: N. Escanlar, ELSI



環境整備:  

小さめのセミナー室
焦点を絞ったセミナー、 
小規模ミーティング等に。

中で何が起こっているか 
分かるように、 
セミナー室の壁は透明。

Image Credit: N. Escanlar, ELSI



主にコロキウムや会議に使用。
ELSIメンバー全員着席可能。

環境整備:  

Mishimaホール

Image Credit: N. Escanlar, ELSI



当初のイベント（常時）
• Study Groups 

- テーマ毎の議論（初期地球・惑星と生命の共進化・初期化学進化etc.） 

• Coffee Break
- 毎日15:00-16:00 

• Izakaya
- 金曜日の夜にオープンスペースで行われる有志の飲み会 

• Annual Evaluation
- 年度末にメンバー全員が年度の成果について発表 ⇨ 評価し合う 

• Lunch Talks

• Seminar Talks



現在のイベント（常時）
• Study Groups 

- テーマ毎の議論（初期地球・惑星と生命の共進化・初期化学進化etc.） 

• Coffee Break
- 毎日15:00-16:00 

• Izakaya

• Annual Evaluation

• Lunch Talks

• Seminar Talks

 → 継続中

 → 継続中

 → 継続中

• Seminars 
- より専門性の高い話 

• Colloquia
- 広い分野の聴衆を想定した話

• Evaluation Sheet   主にメンターによる評価
• Assembly  全員が現在の研究を発表し合う

→→→→→

→

→→→→
→→
→→



そのほかの継続的な工夫
• 学際的な研究を積極的に評価 

- ELSI Intensive award
- Director’s fund

• 透明性の確保 

- 部屋予約システム 
✓ 使用する具体的な内容を詳しく書かないと消されるルール 

- Visitor や Events を全員で共有



メンバーたちの声 (positive)

• 自分の専門外で分からないことがあったときにすぐ誰かに聞け
るのが気に入っている。 

• さまざまな分野の研究者と触れ合う中で、たくさんの独創的な
アイデアや新しいアプローチを得ることができる。取り組める
課題の幅も広がっている。 

• 分野の枠を超えた知識を得たり、異なるバックグラウンドの研
究者からフィードバックをもらうことにより、研究をより広い
視野で捉えることができるようになった。（それらは、今後の
キャリアにおいてもプラスになる。）

（原文は英語; 日本語意訳は筆者）



分野間融合を目指す上での課題

• 専門用語の違い 
✓ あらかじめ注意を徹底することで問題は減る。　　　　　　　

ELSIでは慣れてきたと（個人的には）思う。 

• 知識の相違による心理的な反発 
✓ 自分の中で当たり前であることを別分野の研究者が理解してい
ないような場合に、相手をネガティブに捉えてしまうこともあ
る(?)。ただ、ELSIではopen-mindedであることを重要視して
いるので、あまりクリティカルな問題にはなっていないと（個
人的には）思う。

個々の研究における課題



分野間融合を目指す上での課題
環境構築・マネージメントに関すること

• 専門性と分野融合のバランス 
✓ 理想のバランスには個人差あり 

• 様々な分野を公平に評価することの難しさ 

• 予算の使い方に関する感覚の差異 
✓ 実験系—理論系 

•  分野間融合ならではのbreakthroughを生み出す環境作り



コミュニケーションの促進
• ELSI Shorts: 週1の内部向けニュースレター
（出版された論文や重要伝達事項のサマ
リー） 

• News boards: コーヒースペースの横に、研
究に関する記事や関連イベントのポスター
などを掲示するスペース 

• 英文校正: 論文はもちろん、プレスリリース
の記事にも 

• Science communicationのイベントの開催：
研究者や学生がコミュニケーションを学ぶ
機会

Thilina Heenatigala
@ Director of 
Communication 
2018-

Image Credit:  N. Escanlar



• 米国テンプルトン財団からのサポートによる、               
ELSI Origins Network (EON) プロジェクト (201507-
201803, PI: Hut) 

• 科研費・新学術領域 冥王代生命学の創成 (FY2014-2019, PI: 
黒川) 

• 科研費・新学術領域 核-マントルの相互作用と共進化  
(FY2015-2019, PI: 土屋) 

• 科研費・新学術領域 水惑星学の創成 (FY2017-2022, PI: 関
根)

大型予算のついた学際的プロジェクト



まとめ
• 地球・生命の起源(宇宙における地球・生命)という、　
分野の枠を超えた謎を明らかにするため、奮闘中 

• 学際的な議論を促す工夫 
✓ オープンスペースを中心とした設備 
✓ 様々な議論・交流の場（フォーマルandインフォーマル） 
✓ 内部で独自の評価 

• コミュニケーションを円滑化する工夫 
✓ 情報の透明性を確保 
✓ 複数の媒体で研究成果を他分野の人に分かりやすく伝える 

• より効果的な環境作りのために、改良を重ねている


