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Figure 1 から恒星 HD209458 のトランジット
減光率を読み取り，系外惑星 HD209458b の惑
星半径を計算せよ (有効数字1桁)．計算には恒星
半径 を用いてよい．計算結果を太陽系
の惑星の半径と比較することで，惑星が岩石惑
星・巨大ガス惑星・巨大氷惑星のうちのいずれか
であるか推論せよ．

8.4 × 108 m
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Fig. 1.—Shown are the photometric time series, corrected for gray and color-
dependent extinction, for 1999 September 9 and 16 plotted as a function of
time from . The rms of the time series at the beginning of the night onTc
September 9 is roughly 4 mmag. The increased scatter in the September 16
data relative to the September 9 data is due to the shorter exposure times. The
data from September 16 are offset by !0.05 relative to those from Septem-
ber 9.

Fig. 2.—Shown are the data from Fig. 1 binned into 5 m averages, phased
according to our best-fit orbit, plotted as a function of time from . The rmsTc
variation at the beginning of the time series is roughly 1.5 mmag, and this
precision is maintained throughout the duration of the transit. The increased
scatter at the end of the time series is due to increasing air mass which occurred
at roughly the same time for both transits, since the two occurred very nearly
1 week apart. The solid line is the transit shape that would occur for our best-
fit model, , . The lower and upper dashed lines are theR = 1.27 R i = 87!.1p Jup

transit curves that would occur for a planet 10% larger and smaller in radius,
respectively. The rapid initial fall and final rise of the transit curve correspond
to the times between first and second and between third and fourth contacts,
when the planet is crossing the edge of the star; the resulting slope is a function
of the finite size of the planet, the impact parameter of the transit, and the
limb darkening of the star. The central curved portion of the transit is the time
between second and third contacts, when the planet is entirely in front of the
star.

M99. The important elements were the orbital period P and
the time of maximum radial velocity of the star Tmax. For this
Letter, we have analyzed four nights of data; two of these
(August 29 and September 13) occur off transit and establish
the nonvariability of the star, while two (September 9 and 16)
encompass the time of transit. We produced calibrated images
by subtracting a master bias and dividing by a master flat.
Sixteen images from September 16 were averaged to produce
a master image. We used DAOPHOT II (Stetson 1994) to pro-
duce a master star list from this image, retaining the 823 bright-
est stars. For each time series image, we then estimated a co-
ordinate transformation, which allowed for a linear shift dx and
dy. We then applied this coordinate transformation to the master
star list and carried out aperture photometry for all the images.
For each star, a standard magnitude was defined from the result
of the aperture photometry on the master image. We corrected
for atmospheric extinction using a color-dependent extinction
estimate derived from the magnitudes of the 20 brightest stars
in the field (excluding HD 209458 and two obviously variable
stars). For two of the nights of data (August 29 and September
13), the residuals for HD 209458 are consistent with no var-
iation. However, on the other nights (September 9 and 16), we
can see a conspicuous dimming of the star for a time of several
hours. These residuals are shown in Figure 1. The root mean
square (rms) variation in the resulting time series at the be-
ginning of the night of September 9 is 4 mmag; the dominant
source of noise for these bright stars is atmospheric scintillation.

3. ANALYSIS OF LIGHT CURVE

3.1. Orbital Parameters

As presented in M99, the derived orbital parameters from
the combined radial velocity observations are P = 3.52447 "
0.00029 days and Tmax = 2,451,370.048 " 0.014 HJD.
Since we observed two transits, it is possible to estimate

independently both a period and the time at the center of the
transit, , for the orbit. To derive the period, we phased theTc
data to an assumed value of P in a range surrounding 3.5 days
and interpolated the data from the first transit onto the grid of

observation times for the later transit. The weighted sum of
the square of the difference was calculated as a function of
assumed period, resulting in a clear minimum and a well-
defined error. We find the orbital period to be P = 3.5250"

days, consistent with but less precise than the value0.003
determined from the radial velocity observations. As discussed
in M99, the best-fit value of the mass for this star is M =s

M,; assuming this value, we determine the semimajor axis1.1
to be AU.a = 0.0467
We used the data from the earlier transit, which was the

more precisely observed, to determine Tc. For each assumed
value of Tc, we folded the light curve about Tc and calculated
the weighted sum of the square of the difference between
the two halves of the folded curve. We find that T =c

HJD. This value is consistent with2,451,430.8227" 0.003
but is much more tightly constrained than the value deter-
mined from the radial velocity observations.
Projecting the errors in P from the radial velocity obser-

vations and Tc from the photometry observations, the time of
transit can be calculated with a precision of better than half an
hour for the next 6 months.

3.2. Interpretation of the Transit Curve

For the purpose of interpreting the light curve, we binned
the residuals from both transits into 5 minute time bins ac-
cording to the orbit derived above. The time series rms of these
binned data is 1.5 mmag throughout the time span covered by
the observations, with an increase to larger scatter roughly
1 hr after the point of last contact due to the increasing air
mass. These binned data are plotted in Figure 2.
Five parameters participate in determining the precise shape

Figure 1. 惑星を持つ HD209458 の光度曲線
トランジットの中心時刻からの日数
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トランジット減光率は約1.6%. 惑星・恒星半径を
,  とすると、   ̶ (1). これを

解 いて  ̶ ( 2 ) . 木 星 半 径 
 の1.5倍であることから，系外

惑星 HD209458b は巨大ガス惑星であると考え
られる．

Rp Rs (Rp/Rs)2 = 0.016

Rp = 1 × 108 m

RJup = 7.0 × 107 m



内部構造の推定方法
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深部構造 (> 10 km) 
平均密度 
慣性モーメント (← 歳差運動，重力場) 
重力場 (高次) 
地震波 
(ダイナモ，地殻残留，誘導) 磁場 
潮汐応答 
深部起源の物質の分析 

浅部構造 (< 10 km) 
レーダーサウンダ 
中性子線 
ミューオグラフィ など



ダイナモ理論

4Credit: Andrew Z. Colvin

天体内部の電気伝導度の高い流体運動 
→ 磁場の発生 

電気伝導度の高い流体 
太陽 → 電離ガス 
地球 → 外核の液体鉄 
巨大ガス惑星 → 金属水素 
巨大氷惑星 
 → 水素イオンが自由電子化した氷



ダイナモ磁場，残留磁場
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ダイナモ磁場？ 双極子モーメント [A m2] ダイナモ領域

水星 ✓ 5 × 1019 液体の鉄コア

金星 < 4 × 1018

地球 ✓ 8 × 1022 液体の鉄コア

月 (岩石残留磁気) < 1 × 1016 液体の鉄コア

火星 (岩石残留磁気) ~ 1 × 1018 液体の鉄コア

木星 ✓ 1.6 × 1027 金属水素層

土星 ✓ 4.7 × 1025 金属水素層

天王星 ✓ 3.8 × 1024 流体電離層？

海王星 ✓ 2.0 × 1024 流体電離層？

Stacey & Davis (2008) Physics of the Earth, 4th edition



地震波計測

Image credit: 気象庁
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縦波(P波)と横波(S波)の伝播速度 

P波：   ̶ (1) 

S波：   ̶ (2) 

ここで，  : 密度，  : 剛性率(変形しにくさ)， 
 : 体積弾性率(圧縮しにくさ) 

  ̶ (3) 

  ̶ (4) 

地震波の伝播速度は物性を反映 → 内部構造 
硬い物質ほど伝播が速い 
気体・液体中はS波は伝播しない

vp =
K + 4μ/3

ρ

vp =
μ
ρ

ρ μ

K

μ ≡
F/A
Δx/l

K ≡ − V
∂p
∂V



地球内部の地震波の伝播
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Bullen (1949) divided the Earth into a number of concen-
tric shells, designated by letters from A to F; in this division, the
lower mantle was designated by the letter D”. when Bullen
recognized that the deepest 150 km of the lower mantle had
an anomalously flat velocity gradient, he divided the region
D into D0 and D00. More recently, and not entirely correctly, D00

came to signify the structure in the deepest 300 km, or so, of
the lower mantle, which is characterized by a still-growing
collection of structural and compositional complexities (see
Chapter 1.22).

It was recognized relatively early that the dispersion of
surface waves was different in the continents than in the
oceans, with an indication that the oceanic crust was signifi-
cantly thinner. Computing the dispersion of surface waves was
algebraically and numerically difficult; the correct formulas for
the dispersion of Rayleigh waves in a layer over a half-space
were formulated by Stoneley (1928), and the case of the two
layers over a half-space could be solved only for a very specific
set of parameters.

1.01.2 Developments from 1950s to the Early 1980s

It must have been frustrating for seismologists not to be
able to use information about the Earth’s structure con-
tained in the most prominent features of the seismograms:
the dispersed surface waves. This changed when Haskell
(1953) adapted to the case of elastic media the method
first proposed by Thomson (1950) in the acoustics case.
The approach made it possible to compute dispersion of

surface waves (Rayleigh and Love) in a layered medium
with an arbitrary number of layers over a half-space. It
involved multiplication of matrices, one for each layer,
changing the wave number for a fixed frequency such as
to match the boundary conditions (vanishing of stresses) at
the free surface. Because of the enormous amount of calcu-
lations to be performed, it required application of an elec-
tronic computer, and its application opened yet a new era
in seismology. The Haskell’s matrix method has been
adapted to other problems in seismology, such as calcula-
tion of synthetic seismograms using the ‘reflectivity method’
(Fuchs and Müller, 1971). Electronic computers were at first
very expensive and rare, and it was not until the 1960s that
they became generally available at universities (Haskell
worked at the Air Force Cambridge Research Laboratories).

Surface-wave dispersion began to be studied intensively in
the 1950s principally at the Lamont Geological Observatory of
Columbia University, primarily by Ewing and Press, who
observed mantle waves in the 1952 Kamchatka earthquake,
identifying arrivals from R6 to R15 (see Chapter 1.04) and
measuring their group velocities up to a period of 500 s (Ewing
and Press, 1954). Regional measurements of surface-wave dis-
persion were initiated by Press (1956). A monograph by Ewing
et al. (1957) summarizes the state of the knowledge on
seismic-wave propagation in layered media at that time.
Ewing and Press also developed a true long-period seismo-
graph, which was capable of recording mantle waves even for
moderately sized earthquakes. This instrument was deployed
at 10 globally distributed International Geophysical Year net-
work stations operated by Lamont.

Solid
inner
core

Fluid outer core

Solid mantle

SKPPKP pPcPSKKP
P rays

SSS

PKIKP
PPS

PPP

SS

SP

PP

pPcP

S

P

PP SScS

S rays

pP
sP

SKS

SKP

SKKS

SKKP

PKJKP

sPS

Figure 4 Examples of seismic rays and their nomenclature. The most commonly identified phases used in earthquake location are the first arriving
phases: P and PKIKP. Reproduced from Stein S and Wysession M (2003) An Introduction to Seismology, Earthquakes and Earth Structure. Oxford:
Blackwell, ISBN: 0865420785.

4 Deep Earth Seismology: An Introduction and Overview

Dziewonski & Romanowicz (2015) 
in Treatise on Geophysics 2nd Edition

地震波の伝播の例 
文字列は各地点に到達した地震波の経路・性質を順に表記． 
P: P波(実線)，S: S波(破線)，小文字は震源から上向きに伝播した波． 
K: 外核を通るP波，I: 内核を通るP波，J: 内核を通るS波 
c: コアマントル境界(CMB)での反射，i: 内核-外核境界での反射． 

外核を通るS波は存在しない → 外核は液体 
内核-外核境界でS波が発生するため，内核を伝播するS波も存在



地球の地震波・密度構造
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Image credit: 東工大 https://www.titech.ac.jp/news/2019/043304.html

← 遷移層

Dziewonski  & Anderson (1981) PEPI



地球の内部構造
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深さ (or 厚さ) 特徴

地殻 大陸 30 km,  
海洋 6 km

花崗岩質 SiO2=58.0 wt.%，Al2O3 = 18.0 wt.%，MgO = 3.5 wt.% 
玄武岩質 SiO2 = 49.5 wt.%，Al2O3 =16.0 wt.%，MgO = 7.7 wt.% 

上部マントル ̶ 660 km かんらん岩質 SiO2 = 45.1 wt.%，Al2O3 = 3.3 wt.%，MgO = 38.1 wt.% 

遷移層
上部マントル底部  
深さ 410-660 km かんらん石↔スピネル↔ペロブスカイト の相転移

下部マントル ̶ 2900 km 上部マントルと鉱物相が異なる(ペロブスカイト)が同じ化学組成？

D’’層
下部マントル底部  
厚さ ~200 km ペロブスカイト↔ポストペロブスカイト

外核 ̶ 5150 km Fe-Ni 合金 + ~10 wt.% の軽元素(Si, S, O, H, C)．液体．

内核 中心まで Fe-Ni 合金 + ~10 wt.% の軽元素(Si, S, O, H, C)．固体．

Ref: Stacey & Davis (2008) Physics of the Earth, 4th edition



地球の核(コア)の軽元素
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5000–7000 K at the inner–outer core boundary (ICB), as will
be discussed in Section 3.15.3.1.2.

Geochemical and seismological observations of the Earth,
in combination with laboratory measurements on relevant
materials, suggest that more than 80 wt% of the core is made
of iron (Figures 3 and 4). Other elements with significant
concentrations include nickel (!5 wt%) and one or more

elements that are lighter than iron (e.g., Birch, 1952).
According to the latest chronometric measurements using
the tungsten–hafnium systematics, most of the core–mantle
segregation took place in less than 30 My (Kleine et al., 2002;
Yin et al., 2002). In other words, the core is almost as old as the
Earth itself, with core formation occurring as soon as the Earth
accreted or simultaneously with accretion.
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Figure 2 Profiles of density (r), compressional-wave velocity (Vp), and
shear-wave velocity (Vs) as a function of pressure. CMB, core–mantle
boundary; ICB, inner-core boundary. Reproduced from Dziewonski AM
and Anderson DL (1981) Preliminary reference Earth model. Physics of
the Earth and Planetary Interiors 25: 297–356.
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Figure 3 Relative abundances of elements in the bulk silicate Earth
(mantleþcrust) normalized to CI chondrites and Mg (solid horizontal
line), according to McDonough and Sun (1995). Lithophile elements,
open squares; siderophile elements, solid circles labeled with element
symbols; others, crosses. The dotted lines represent the volatility trend,
in the form of log(x)¼aþbT, where x is the relative abundance and T is
the 50% condensation temperature. The lower dotted line is defined
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Figure 1 Cross-section of the Earth showing its layered structure.
CMB, core–mantle boundary; ICB, inner-core boundary; Mass %,
percentage of mass counting from the center; Volume %, percentage of
volume counting from the center. Reproduced from Dziewonski AM and
Anderson DL (1981) Preliminary reference Earth model. Physics of the
Earth and Planetary Interiors 25: 297–356.
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Figure 4 Density deficits in the core with respect to iron. PREM, the
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2006; Mao et al., 1990); hcp iron at 7000 K (Dubrovinsky et al., 2000;
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PREMと純鉄(異なる温度3通り)の密度の比較

Li & Fei (2014) Treatise on Geochemistry 2nd Edition

コアの密度は純鉄の密度より  小さい 
(温度による不定性あり) 
→ 軽元素 (低密度化する元素) の存在 

候補：Si, S, O, H, C 

コア中の軽元素質量  
 

 海洋 ，大気  
→ コアへの軽元素の取り込みは 
　 地球表層環境を左右 

内核は密度欠損が小さい 
→ 鉄が固化すると軽元素は液相に濃集

∼ 10 %

∼ M⊕ × 0.33 × 0.1 ∼ 2 × 1022 kg

≫ 1.4 × 1021 kg 5.1 × 1018 kg



月の地震波計測
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アポロ 12, 14-16 の 着陸地点に設置された地震計ネットワーク (~1977) 

地球と比べて地震波構造の不定性大 
観測地点の数，地震(月震)の規模，観測期間 

天体衝突による月震  → コアサイズ 170-360 km (Nakamura et al. 1974) 

慣性モーメント，誘導磁場からの見積もりと整合的

2005). Given its low seismic noise, the Moon has also been
proposed as a good place for detecting astrophysical gravita-
tional waves (e.g., Gusev and Kurlachev, 1976; Weber, 1960),
and a gravimeter designed for that purpose was installed
onboard Apollo 17. This gravimeter failed to operate properly,
however, due to a design failure. More recently, the possibility
of strange quark matter detection (Banerdt et al., 2006) has
been proposed, reigniting interest in the Moon as a site for
the placement of seismic or gravity sensors for astrophysics
research.

In this chapter, we summarize the experimental and seis-
mological data in Section 10.03.2. We devote some attention
to 1D seismic-velocity models for the Moon’s crust andmantle,
and we discuss differences among current models, especially
with regard to their likely causes and implications. We also
explore the current understanding of the Moon’s mineralogical
structure derived by integrating the Apollo seismic data with
other geophysical and petrological constraints, and, in
Section 10.03.3, we discuss the seismic activity of the Moon
in the context of other terrestrial planets.

We address the field of atmospheric seismology in
Section 10.03.4, including the basic theory behind the cou-
pling of solid-body modes to the atmosphere and ionosphere.
We also discuss the giant planets, especially Jupiter, given that,
for about 20 years, Earth stations have monitored Jupiter’s
atmospheric signals associated with continuously excited
global oscillations (Lognonné and Mosser, 1993; Mosser,

1995). We then develop a comparative study of atmosphere-
interior seismic coupling on Mars and Venus and discuss the
prospect of remotely sensed seismology.

Starting with the 1976 deployment of the Viking seismom-
eters, the seismic exploration of Mars has been much less
successful than the exploration of the Moon (Anderson et al.,
1977a,b). During the initial mission, only the Viking 2
seismometer worked, as the seismometer on Viking 1 lander
failed to unlock. The sensitivity of the Viking 2 seismometer
was one order of magnitude less than the SP Apollo seismom-
eter for periods shorter than 1 s, and five orders less than the LP
seismometer for periods longer than 10 s (see Figure 1). No
events were convincingly detected during the seismometer’s 19
months of nearly continuous operation, and, as shown by
Goins and Lazarewicz (1979), this absence of recorded events
was probably related to the inadequate sensitivity of the seis-
mometer in the frequency bandwidth of teleseismic body
waves, as well as the device’s high sensitivity to wind noise
(Nakamura and Anderson, 1979). In 1996, the Mars 96 mis-
sion was launched, with each of the mission’s two small sta-
tions (Linkin et al., 1998) carrying an OPTIMISM seismometer
in its payload (Lognonné et al., 1998a). The sensitivity of the
OPTIMISM seismometer was improved by about two orders of
magnitude relative to the Viking seismometers at frequencies
of 0.5 Hz, and as a result, the OPTIMISM devices were better
adapted to teleseismic body-wave detection. The Mars 96 mis-
sion was lost shortly after its launch, however, and the seismic

(Some data)

(Some data)

15
(Network data) 17

11

16

1412

Luna
Apollo
Surveyor

Figure 2 Configuration of the Apollo seismic network, with each Apollo seismometer represented by a green triangle. A12 is in the Oceanus
Procellarum area at 3.01

!
S, 23.42

!
W. A14 is located near the crater Fra Mauro at 3.64

!
S, 17.47

!
W. A15 is at the foot of the Apennine Mountains at

26.13
!
N, 3.63

!
E, and A16 is just north of the crater Dolland at 8.97

!
S, 15.50

!
E. Note that all stations were on the near-side, making core seismic studies

almost impossible. Additional seismic data have also been recorded at the Apollo 11 and Apollo 17 sites. The soviet Luna and early US Surveyor landing
sites are given for completeness. Base map credit: NASA.
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月の地震計ネットワーク 
Lognonné & Johnson (2015) 
in Treatise on Geophysics 2nd Edition

thereby increasing the Mg number below this depth (Khan
et al., 2006; Nakamura, 1983). The reanalysis of the Apollo
lunar seismic data indicates a homogeneous, constant-velocity
upper mantle extending down to 560!15 km depth, whereas
the radial velocity distribution suggests more inhomogeneous
middle and lower mantle layering (Khan and Mosegaard,
2002; Khan et al., 2000). The compositional change across
the discontinuity together with the homogeneity of the upper
mantle and the inhomogeneity of the middle mantle has been
interpreted in terms of the initial depth of melting and differ-
entiation during the magma-ocean phase of the Moon (Hood
and Zuber, 2000). Based on mare basalt petrology and thermal
evolution considerations, Elkins-Tanton et al. (2003a)

identified the 500 km discontinuity with the maximum depth
of melting beneath the Procellarum KREEP Terrane on the
lunar nearside. It is also possible that the 500 km discontinuity
represents stratified olivine- and orthopyroxene-rich cumulates
that were subsequently emplaced at the bottom of the lunar
magma ocean. The mineralogical layering is supported by
seismic inversions that account for thermodynamic mineral
phase equilibriums (Kuskov, 1995, 1997; Kuskov and
Fabrichnaya, 1995; Kuskov and Kronrod, 1998).

In the lower mantle below a depth of about 1150 km,
seismic waves are strongly attenuated. This has been inter-
preted in terms of a partial melt zone that extends down to
the core–mantle boundary (Nakamura, 2005; Weber et al.,
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Khan & Mosegaard (2002)  J. Geophys. Res.



地球・月に続く天体へ
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may provide important information on planetary formation in
general, which is unavailable from the study of the Earth. Distinct
compositional layers in the mantle have different elastic prop-
erties, making them detectable by seismic waves.

The size of Mars’ core is currently uncertain by at least ± 15%,
and it is unknown whether it is entirely liquid or contains a solid
inner core, like the Earth’s. The size of the core of a planet
determines whether large-scale mantle plumes, which have been
postulated to explain Martian volcanoes, can persist over a long
period of time, whereas a geodynamo in a liquid core is required
to generate a planetary magnetic field. Measurements of strong
magnetization in the oldest parts of Mars’ crust indicate that a
dynamo once existed, but also that it has vanished. Data on the
current state and size of the core, e.g., from waves reflected at the
core–mantle boundary or a shadow zone, will help to understand
why Mars’ internal magnetic field disappeared.

The estimated number of quakes on Mars per year varies by
three orders of magnitude2, with an even larger uncertainty for
released energy. The amount and distribution of present‐day
seismicity, which SEIS will measure for the first time, has
implications for the thermal evolution of Mars and the present-
day spatial pattern of mantle convection5.

InSight’s heritage and challenges
Seismometers played an important role in early missions to
planets and satellites. The first seismometers were sent to the
Moon by Ranger 3, 4, and 5 in 1968, and all Apollo missions
conducted seismic experiments. Likewise, both Viking Mars
landers carried seismometers in 1976. While the Apollo lunar
seismic network recorded thousands of moonquakes during its 8
years of operation and shaped our current view of the Moon’s
interior6, the Viking seismometers were less fortunate. One failed
to uncage and the other, located on top of the lander, recorded
19 months of wind noise, but only one candidate marsquake7.

After these sobering results, seismologists have had to wait for
more than 40 years for another chance to hunt for marsquakes.

Compared with installing a seismometer on Earth, the chal-
lenges to SEIS were unprecedented: it had to be deployed in a
previously unknown spot by a robotic arm and be leveled
remotely. All further installation steps, e.g., placing the wind and
thermal shield (WTS) right on top of SEIS, also had to be
commanded remotely hours in advance, without any chance of
direct interaction (Fig. 1). Mars is a hostile environment for a
sensitive seismometer, with large temperature swings and epi-
sodic winds. Several layers of shielding guard SEIS against
adverse influences (Fig. 1). The deployment took more than
2 months, whereas the lunar seismometers were deployed and
leveled in less than an hour by astronauts. In addition, SEIS has
to deal with the challenges of being the only seismometer on
Mars, and thus having to constrain the source of a marsquake
and Mars’ velocity structure at the same time.

So far, SEIS, which can detect motions in the nanometer range,
measured the lowest seismic noise floor yet recorded anywhere in
the solar system8 in the period band between 5 and 20 s, which is
dominated by oceanic noise on Earth. SEIS is further equipped
with a geophysical sensor suite, including wind speed and
direction sensors, barometer, thermometer, and magnetometer,
which help to identify and remove environmental effects on SEIS.
These sensors also produce remarkable science of their own, e.g.,
by providing continuous meteorological data sampled at a much
higher rate than on all previous missions9, or by measuring the
crustal magnetization at the Martian surface, instead of that from
the orbit, for the first time10.

InSight’s first recording of marsquakes and outlook
Mars has proven to be presently seismically active, producing
more than 150 quakes within the first 7 months of observation,
which form two distinct groups (Fig. 2). This was not anticipated,

a b

c

Fig. 1 The first seismometer in Elysium Planitia, Mars. a Image taken by the south-pointing Instrument Context Camera (ICC) on the InSight lander
during the deployment of the WTS to cover SEIS. The sensor assembly itself is contained within the remote warm- enclosure box, the visible orange–brown
hexagon. The broadband seismometer itself is furthermore located in an evacuated container to decouple it from the diurnal temperature changes, and
shield it from Brownian motion of atmospheric molecules. b ICC image of the final deployment, with SEIS beneath the WTS to the right and the Heat flow
and Physical Properties Package (HP3) sitting to the left. c Artist conception of the final deployment situation, including the lander in a panoramic view from
the south. Images by NASA/JPL-Caltech.
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火星 InSight 着陸機搭載の地震計 (Image credit: NASA/JPL-Caltech) タイタン DragonFly (2027年打上予定) (Image credit: NASA)

長年，地震波観測は地球・月に限られてきた + Viking による火星地震(?)シグナル 
火星：InSight (2018-)，タイタン：DragonFly (2027打上)
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星振学(恒星の振動)の巨大ガス惑星版 

木星 
地上望遠鏡電波観測 → p-mode (音波) 検出 
(Gaulme et al. 2011, Astron. Astrophys.) 

土星 
Cassini 探査機によるリングの掩蔽観測  
→ 疎密波の検出 (Hedman and Nicholson 2013, Astrophys. J.) 

土星内部の密度波 → リング粒子への重力擾乱 
f-mode (表面波) + g-mode (重力波) 
(Fuller 2014, Icarus) 

成層構造(対流していない)の大きいコア？

Fuller et al. (2014) (F14) investigated the effect of a solid core on
the oscillation mode spectrum of Saturn. They found that if Saturn
has a large solid core that is relatively unrigid (has a small shear
modulus l), the shear oscillation modes of the core can exist near
the same frequencies as the f-modes that generate some of the
observed waves in the rings. Modes very close in frequency to
the f-modes can degenerately mix with them (a process also
known as avoided crossing), attaining large enough gravitational
potential perturbations to generate waves in the rings. However,
F14 found that degenerate mixing was rare, and that only finely
tuned models could qualitatively reproduce the observed mode
spectrum. The oscillations of rotating giant planets have also been
examined in several other works (Vorontsov and Zharkov, 1981;
Vorontsov, 1981, 1984, M91; Wu, 2005; Pena, 2010; Le Bihan
and Burrows, 2012; Jackiewicz et al., 2012; Braviner and Ogilvie,
2014). None of these works have extensively examined the effect
of stable stratification and the resulting planetary mode spectrum
(although M91 does briefly consider the effect of stable stratifica-
tion on the f-mode frequencies).

In this paper, we examine Saturn’s oscillation mode spectrum in
the presence of a stably stratified region deep within the planet.
Regions of stable stratification have been speculated to exist within
giant planets due to the stabilizing effect of composition gradients
(Leconte and Chabrier, 2013). The composition gradients could be
produced by dissolution of heavy core elements in the helium/
hydrogen envelope (Wilson and Militzer, 2012a,b) or by gravita-
tional settling of metals (Stevenson, 1985) or helium (Salpeter,
1973; Stevenson and Salpeter, 1977). Recent simulations have
sought to determine the large-scale time evolution of doubly diffu-
sive convection produced by competing thermal/composition gra-
dients (Rosenblum et al., 2011; Mirouh et al., 2012; Wood et al.,
2013), but the resulting global structure of giant planets is unclear.
Fig. 1 shows a simple schematic of the type of Saturn models we
consider. It should not be interpreted too strictly, it is intended
only to provide the reader with a general picture of our hypothesis
for Saturn’s interior structure.

If stably stratified regions exist, they allow for the existence of
gravity modes (g-modes) in the oscillation mode spectrum. For sta-
ble stratification deep within the planet, the g-modes can exist in
the same frequency regime as the f-modes and can strongly mix

with them. This process is analogous to the mixed g-modes/p-
modes observed in red giant stars, although somewhat compli-
cated by Saturn’s rapid rotation. Our calculations reveal that g-
mode mixing can naturally explain the observed splitting between
the m ¼ "2 waves, but cannot robustly reproduce the fine splitting
between the m ¼ "3 waves. We claim this is strong evidence for
the existence of stable stratification within Saturn, although some
important physical ingredient (e.g., differential rotation) may be
required for a complete understanding.

Our paper is organized as follows. Section 2 describes the toy
Saturn models we use in our calculations. Section 3 summarizes
our method of solving for oscillation modes in the presence of
rapid rotation, and reviews the types of modes that exist in rotat-
ing planets. In Section 4 we examine the process of mode mixing
induced by rotation, centrifugal, and ellipticity effects, and
describe how this affects mode frequencies and eigenfunctions.
Section 5 compares our results to observations, and we conclude
with a discussion of these results in Section 6. This section also
addresses the issues of mode amplitudes, mode driving, and the
prospects for observing saturnian and jovian p-modes via radial
velocity techniques.

2. Saturn models

The interior structure of giant planets is not particularly well-
constrained. Other than its mass M and radius R, the strongest
observational constraint on Saturn’s interior structure is the mea-
sured value of the gravitational moment J2, which indicates that
Saturn must have a dense core of #15 M$ (Guillot, 2005). We
therefore create toy models which roughly match the measured
values of M, equatorial radius Req, polar radius Rpo, and J2. We do
not attempt to rigorously compare these models with any theoret-
ical equations of state or microphysical models, although in
Section 6 we discuss how our models relate to recent theoretical
developments in planetary interiors.

For the purposes of our adiabatic mode calculations, the only
physical quantities of importance in Saturn’s interior are the den-
sity q, Brunt–Vaisala frequency N, sound speed cs, gravitational
acceleration g, and spin frequency Xs. To create a toy model, we pro-
ceed as follows. We first create a spherical model with a polytropic
density profile of index ðn ¼ 1Þ, with a density profile q1ðrÞ. We
choose a sound speed cs1 such that the Brunt–Vaisala frequency

N2
1 ¼ "g1

d ln q1

dr
" g1

c2
s1

ð1Þ

is equal to zero everywhere.
We then choose inner and outer core radii rin and rout, and a core

density enhancement D. We multiply the density of the inner core
by D, such that qðrÞ ¼ Dq1ðrÞ for r < rin. The density of the outer
core is calculated via

qðrÞ ¼ q1ðrÞ 1þ ðD" 1Þ sin2½ðp=2Þðrout " rÞ=ðrout " rinÞ)
h i

for

rin < r < rout ð2Þ

This form is somewhat arbitrary; we use it to obtain a smooth
density increase between the envelope and inner core. In the outer
core, we readjust the soundspeed such that

c2
s ðrÞ¼ c2

s1ðroutÞþ c2
s1ðrinÞ" c2

s1ðroutÞ
! "

sin ðp=2Þðrout" rÞ=ðrout" rinÞ½ ) for
rin < r< rout: ð3Þ

Once again, this sound speed profile is somewhat arbitrary. This
form ensures a positive value of N2 in the outer core. Because we
focus only on f-modes (for which q is the defining quantity) and

Convective
Envelope

Stable
Outer Core

Inner
Core

C-Ring

f-mode
cavity g-mode

cavity

Fig. 1. Cassini image of Saturn and its rings, overlaid with a schematic cartoon of
our hypothesis for Saturn’s interior structure. The structure shown here is not
quantitatively accurate. It is meant only to illustrate the general features of Saturn’s
interior structure that we advocate: a thick convective envelope (which harbors f-
modes, p-modes, and i-modes) overlying a region of stable stratification near the
core of the planet (which harbors g-modes and r-modes). We have also pointed out
the C-ring, where all of the mode-driven waves of been observed.

284 J. Fuller / Icarus 242 (2014) 283–296

リングの粗密波から推定された土星内部の模式図

Fuller (2014) IcarusAGU Advances 10.1029/2019AV000142

Figure 3. A schematic of an ! = 2, m = 2 normal mode of oscillation inside Saturn generating a two-armed spiral
density wave in the rings. In reality, spiral patterns in the rings are much more tightly wound and are only evident near
a resonance.

Hedman and Nicholson discovered were clusters of waves (a pair of m = 2 waves; a triplet of m = 3 waves)
in the proximity of the strongest fundamental mode resonances, an impossibility if the detailed model that
Marley and Porco had proposed 20 years earlier represented the whole truth. What the data showed was
unambiguous; what they demanded was a reexamining of the assumptions that had been made so far about
the physics at work in Saturn's interior.

The origin of these unexpected waves did not stay mysterious for long: it was soon demonstrated that they
could be naturally produced if Saturn's interior hosts not only the expected fundamental modes but also
gravity modes—trapped internal gravity waves (Fuller, 2014).

The implication that Saturn supports internal gravity waves is profound because their presence requires part
of Saturn's fluid interior to be stably stratified, a stark departure from the common assumption that Saturn's
interior is fully convective. A stable stratification means that a vertically displaced fluid parcel will tend to
return to its starting position, enabling oscillations at a characteristic (Brunt-Väisälä) frequency determined
by the gravity, density gradient, and compressibility. By contrast, in a convective environment, a similarly
displaced fluid parcel would simply continue to accelerate away from its starting position, so that no periodic
fluid motion could be sustained.

This stable stratification suggests that Saturn's deep interior has a significant composition gradient wherein
molecular weight increases toward the planet's center, mitigating the unstable temperature gradient that
if left to its own devices would trigger convection and large-scale mixing of material. Instead, the gravity
modes suggest a relatively quiet, extended, smooth transition between a dense rocky/icy inner core and the
less dense hydrogen-dominated envelope.

While Fuller presented strong evidence that the mixture of the fundamental modes and gravity modes was
responsible for the complicated spectrum of waves observed in the rings up to that point, the model was effec-
tively a proof of concept: the ideas have yet to be turned into quantitative knowledge of Saturn's deep interior.
Updated analyses that address the Saturn-associated ring waves discovered in more recent years—and that
apply more detailed and realistic models for Saturn's interior structure—will offer meaningful constraints
on the location and extent of Saturn's deep stable stratification. Because of the sensitivity of these waves
to the deepest regions inside Saturn, these new constraints will serve as an invaluable complement to the
gravity science (Galanti et al., 2019; Militzer et al., 2019) that has come out of the end of the Cassini mission.

2.2. Rotation
The second major advance to come from ring seismology is the window it offers into Saturn's interior rota-
tion. One of the major historical unknowns about the Saturnian system is just how quickly Saturn rotates,
a quantity of fundamental importance but one that is difficult to measure. Meteorological features can
be tracked as Saturn rotates, but as on Jupiter or Earth, flows associated with the weather do not track
the rotation of the bulk of the planet's mass. Even among planets with no solid surface, Saturn's rotation

MANKOVICH 4 of 8
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質量素片  についての運動方程式は， 

  ̶ (1)，  は任意の外力． 

剛体回転を仮定して，  ( : 角速度) より， 

  ̶ (2)． 

∴   ̶ (3)．右辺は外力  によるトルク． 

ここで 慣性モーメント素片  を定義する． 

  ̶ (4)．→   ̶ (5) 

天体全体で積分した慣性モーメント  は，  

  ̶ (6)．

dm

dm ⋅
dv
dt

= F F

v = rω ω

dm ⋅ r
dω
dt

= F

dm ⋅ r2 dω
dt

= r ⋅ F F

dI

dI ≡ r2dm dI
dω
dt

= r ⋅ F

I

I = ∫ r2dm

天体半径 , 密度 , 質量 R ρ M

z

R

−R

r

ϕ

質量素片 
dm
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円筒座標系において，   ̶ (1) より， 

  ̶ (2) 

慣性モーメントファクター  (無次元化した ) を定義する． 

  ̶ (3) 

  ̶ (4)

I ≡ ∫ r2dm

I =
8
15

πρR5

MoI I

MoI ≡
I

MR2

MoI =
I

4πρR5/3
=

2
5

= 0.4

天体半径 , 密度 , 質量 R ρ M

z

R

−R

r

ϕ

質量素片 
dm
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z

r

ϕ

x

θ

人工衛星の軌道 → 重力場の球面調和関数展開の各係数 
原点を重心とし， 方向に回転対称と仮定すると， 

  ̶ (1)． 

 (観測量) は慣性モーメントと以下の関係がある．(※) 

  ̶ (2)．  は長軸 ・短軸 周りの慣性モーメント． 

一方，歳差運動の周期 (観測量) から， 

力学的扁平率   ̶ (3) がわかる．(※) 

(2), (3) より 

慣性モーメントファクター   ̶ (4)．

ϕ

V = −
GM

r
+ J2

GMa2

r3 ( 3
2

cos2 θ −
1
2 ) + ⋯

J2

J2 =
C − A
Ma2

A, C (x, y) (z)

H ≡
C − A

C

C
Ma2

=
J2

H

a

※ 導出は Stacey & Davis (2008) Physics of the Earth, 4th edition など
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z

r

ϕ

x

θ

地球の場合， ，  より， 

  ̶ (5)． 

中心への質量の集中(鉄コア，自己重力圧縮)を反映．

J2 = 1.082626 × 10−3 H = 3.27329 × 10−3

C
Ma2

=
J2

H
= 0.33098 < 0.4

a
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どの惑星も0.4を下回る 
分化・コアの存在 
圧縮 

岩石天体 
大きい天体ほど小さい値 
水星はこの傾向から外れる 

巨大ガス惑星・氷惑星 
岩石惑星よりさらに小さい値 
明確なサイズ依存性はない

0.346
0.337 0.331 0.366

0.254 0.210 0.23 (※1) 0.26 (※1)

0.393

※1 形状から推定したモデル値 
※2 大雑把な比較のため，すべて誤差を省略して表記
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天体半径 , 質量  
マントル密度 , コア密度 

R M
ρm ρc

z

R

−R

ϕ

Rc

マントル，コアそれぞれの慣性モーメント  は， 

   ̶ (1),    ̶ (2)． 

天体質量  は， 

  ̶ (3) 

(1)-(3)より慣性モーメントファクターは， 

  ̶ (4) 

(3), (4)を連立すると，未知数は  の3つ． 
→ 1変数を与えると，残り2変数が決まる．

Im, Ic

Im =
8
15

πR5ρm −
8
15

πR5
c ρm Ic =

8
15

πR5
c ρc

M

M =
4
3

πR3ρm −
4
3

πR3
c ρm +

4
3

πR3
c ρc

I
MR2

=
2
5

⋅
1 + (Rc

R )
5

( ρc

ρm
− 1)

1 + (Rc

R )
3

( ρc

ρm
− 1)

Rc/R, ρm, ρc
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Schubert & Spohn (2005) J. Geophys. Res.

構造が一意に求められない 
(↔ 地震波測定が利用できる地球) 

コア半径  大 → 密度  小 

 を鉄・硫化鉄の範囲と仮定すると 
，

Rc ρc

ρc

Rc/R ≃ 0.4 − 0.55 Mc/M ≃ 0.15 − 0.27

arises cannot be compensated simply by increasing the core
density, however, since this would even further reduce the MoI
factor for a given core size. Therefore, to account for both the
planet’s mean density and the mean MoI factor at constant core
size, the mantle density will be required to increase and core
density simultaneously to decrease. In terms of composition, the
presence of a thicker crust requires the silicatemantle to bemore
enriched in iron with an increasing amount of light alloying
elements such as sulfur concentrated in the core. Additionally,
the contribution of a thicker crust to the planet’s bulk composi-
tion will become more pronounced (Figure 14). However, one
should be cautious against changes in the mantle iron concen-
tration that would affect the MoI factor by shifting the locations
of pressure-induced mineral phase transitions to other depths
(Mocquet et al., 1996, 2011).

Together with the planet’s mean density and axial MoI, the
solar tidal potential Love number k2 imposes additional con-
straints on the size and physical state of the Martian core
(Rivoldini et al., 2011; Sohl et al., 2005; Verhoeven et al.,
2005; Zharkov and Gudkova, 2005; Zharkov et al., 2009). The
determination of k2¼0.153"0.017, based on the analysis of 3
years of MGS radio tracking data (Yoder et al., 2003), or
k2¼0.152"0.009, if combined with additional years of Odys-
sey tracking data (Konopliv et al., 2006), indicates that the
planet’s interior is still sufficiently hot that at least the outer
part of the Martian core is liquid. Based on a joint analysis of
the longest available data set of both missions, Marty et al.
(2009) reported values 0.11<k2<0.13 for different data sub-
sets. Their preferred solution k2¼0.120"0.003 is still consistent
with the existence of a dense lower silicatemantle surrounding a

liquid metallic core. A larger value k2¼0.164"0.009 results
from 2 years of MRO radio tracking data, augmented by addi-
tional MGS and Mars Odyssey tracking and after correction of
the atmospheric tide (Konopliv et al., 2011). The determination
of k2 based on gravitational field observations is largely depen-
dent on data selection and bias effects. This could be a plausible
reason for the notable difference between the k2 estimates by
Yoder et al. (2003) and Konopliv et al. (2006, 2011) as com-
pared to that of Marty et al. (2009).

The tidal forcing of Mars allows inference of the planet’s
bulk rheological properties from the satellites’ orbital evolu-
tion that is closely connected to the dissipation of tidal energy
within the Martian interior (Burns, 1992). Former estimates of
Mars’ tidal quality factor cover a broad range of Q¼100"50
(Smith and Born, 1976; Yoder, 1982). A small apparent tidal
lag angle g of about 0.7# has been obtained from a combined
analysis of Viking and MGS observations of Phobos’ orbital
position (Bills et al., 2005). The corresponding estimate of
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Figure 13 Two-layer model determinations of mantle and core density
and core mass fraction Mc/Mp of Mars versus relative core radius Rc/Rp

based on an MoI factor of 0.3635 (red) and 0.3662 (blue), respectively.
Martian core densities are thought to range between those of g-iron
and iron sulfide as indicated by the error bar. Adapted from Sohl F,
Schubert G, and Spohn T (2005) Geophysical constraints on the
composition and structure of the Martian interior. Journal of Geophysical
Research 110: E12008, http://dx.doi.org/10.1029/2005JE002520, with
permission American Geophysical Union; Copyright 2005.
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Figure 14 Contours of mantle density rm as a function of relative
core radius Rc/Rp and crust thickness based on an MoI factor of 0.3635
(red) and 0.3662 (blue), respectively. Mean crustal density is fixed at
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and Spohn T (2005) Geophysical constraints on the composition and
structure of the Martian interior. Journal of Geophysical Research 110:
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Babeyko & Zharkov (2000) PEPI

コアのサイズ・化学組成に依存して， 
マントル・構造にも不定性 

純鉄モデル：下部マントル(ペロブスカイト)が存在 
硫化鉄モデル：下部マントルが存在しない

elements are in the metallic state, and even silicon is partly
metallic. This material existed mainly in the feeding zone of the
growing Earth (Dreibus and Wänke, 1989; Wänke and
Dreibus, 1988). In this model, Mars is differentiated into a
FeO-rich silicate mantle containing radiogenic heat sources in
terrestrial abundances and a sulfur-rich Fe–Ni–FeS core of
about 22% of the planet’s mass containing about 14 wt.%
sulfur with a radius roughly 50% of the surface radius. Follow-
ing the successful determination of the planet’s axial MoI from
Mars Pathfinder tracking observations (Folkner et al., 1997),
one immediate question was whether the cosmochemical DW
model (Dreibus andWänke, 1985) is consistent with structural
models of the Martian interior that satisfy the most recent data
on the MoI of Mars (Bertka and Fei, 1997, 1998a; Kavner et al.,
2001; Sohl and Spohn, 1997; Yoder and Standish, 1997;
Zharkov, 1996; Zharkov and Gudkova, 2000).

Longhi et al. (1992) recasted the mantle composition of
Dreibus and Wänke (1985) into a pressure-dependent miner-
alogy resulting in an upper olivine-rich part, a transition zone
composed of silicate spinel, and a lower perovskite-rich layer.
The model provides a mean dimensionless MoI factor of 0.353
and is consistent with the geochemical constraint of a bulk Fe/
Si ratio of 1.71 representative of the composition of CI carbo-
naceous chondrites. From models that use identical sets of
material parameter values for crust, mantle, and core, as
derived from geochemical analyses of SNC meteorites and
laboratory studies, and that take into account self-compression
and thermal expansion of the Martian interior, a number of
authors concluded that it is difficult to reconcile the assump-
tion of a bulk planet CI Fe/Si ratio with the observed value of
the axial MoI factor (Bertka and Fei, 1997, 1998a; Sohl and
Spohn, 1997; Yoder and Standish, 1997). In contrast, Zharkov
and Gudkova (2000) suggested that the observational data
basis is not sufficient to assess the validity of the cosmochem-
ical DW model and hence the correctness of the chondritic
hypothesis. At present, interior structure models can be con-
structed that either satisfy or disprove the chondritic hypothe-
sis. Rivoldini et al. (2011) further concluded that geodesy data
are not diagnostic of the bulk planet Fe/Si ratio and the min-
eralogy of the mantle and the crust, even if the thermal state of
the Martian mantle is specified.

The geochemical estimate of mantle differentiation and the
volatile evolution of Mars are uncertain owing to inherent
complexity (Guest and Smrekar, 2007; Jagoutz, 1991), and
the formation age and average thickness of the crust are still
not well constrained and may vary by a factor of 2 (Wieczorek
and Zuber, 2004). Analysis of the SNC meteorites, estimates of
the elastic lithosphere thickness, and the dissipation of tidal
energy suggest that a few tens of ppm of water are still present
in the Martian mantle (Grott et al., 2013). Estimates of the
planet’s initial bulk water content range from a few ppm
(Wänke, 1994) to rheologically significant amounts of
!200 ppm (McCubbin et al., 2010a, 2012a; McSween et al.,
2001) for wet mantle conditions, which could result in a
melting point reduction of !100 K (Katz et al., 2003) relative
to a dry mantle. If the mantle was wet, magmatic degassing
could have supplied a substantial amount of water to the
Martian surface early in its history. Using age determinations
of zircons and incompatible element abundances of impact
melt rocks in a putative ancient southern highland regolith

breccia, Humayun et al. (2013) concluded that the magmatic
differentiation of the Martian highland crust occurred within
the first 100 My after planet formation, a timescale comparable
to Earth’s and the Moon’s, thereby resulting in an average
crustal thickness of !50 km. This suggests to the authors that
an equally rapid release of volatiles from the interior is likely
and has had important implications for early Martian climate
and habitability ( Jakosky and Phillips, 2001; Marty and Marti,
2002). It remains unresolved, however, whether the water
contents derived from analysis of Shergottites, the most abun-
dant Martian meteorites, correspond to the ancient or present
mantle since the formation age of the Shergotty meteorites and
the role of magmatic degassing of their source region are still
debated (Balta and Mcsween, 2013; Grott et al., 2013).

The Martian core is sufficiently large that even small
changes in core size will result in significant changes of core
volume. Since the core contributes most of the iron, a signifi-
cant change in core volume can be expected to result in a
notable modification of the bulk planet Fe/Si ratio. Modifica-
tions of the Fe/Si ratio due to changes in core volume may be
partly compensated, however, by variablemantle iron contents in
combination with crust thickness variations because of the signif-
icantmass fraction of the planet’s silicate portion. The bulk planet
Fe/Si ratio is also notably dependent on the thermal state of the
core because of the temperature dependence of the equation-of-
state parameters of iron and iron sulfide as the main core constit-
uents (Buono and Walker, 2011; Chudinovskikh and Boehler,
2007; Fei et al., 1995; Kavner et al., 2001).

In Figure 15, radially symmetrical density models of the
Martian interior are compared for variable sulfur contents of
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Figure 15 Radial density distribution of the Martian interior as a
function of relative core radius Rc/Rp and core composition using the
low-temperature crust model of Babeyko and Zharkov (2000). If the core
were composed of pure iron (green), it would be small enough to
enable the pressure-induced phase transformation from spinel to
perovskite. In turn, a pure iron sulfide core (blue) would be too large and
mantle pressures therefore too low for the phase transition to occur.
The intermediate density profile (red) refers to a Fe–FeS core containing
iron and iron sulfide in equal amounts.
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influence the thermochemical evolution of the
planet and accounts for 4.5 billion years of plan-
etary evolution. The geophysical parameter-
ization relies on a unified description of phase
equilibria, seismic properties, and thermochem-
ical parameters. The parameterizations (38) re-
flect, in going from seismic over geodynamic
to geophysical parameterization, a decrease in
the number of degrees of freedom, as the two
latter parameterizations depend increasingly
onmineral physics information and therefore
better-resolved parameters. Because themean
density of the core depends on that of theman-
tle and therefore on the bulk mantle composi-
tion, we considered six differentmodel martian
compositions (12, 14, 43–47) as part of the geo-
physical inversion. To solve the inverse problem,
we employed a stochastic algorithm (48) that
samples models that fit the differential body
wave travel times within uncertainties and are
consistent with prior information (38).
We plotted the results from the joint in-

version of the differential body wave travel
times and the geophysical data (Fig. 2). The
S-wave velocity profiles (Fig. 2A) we obtained
from the three parameterizations were found
to be in good agreement. More scatter exists in
the P-wave velocity profiles, which reflects
fewer P-wave observations, and structure is
only constrained to 800-km depth (Fig. 2A).
All parameterizations provide a good fit to
the ScS-P travel time observations (Fig. 2B).
Above 800-km depth, the velocity profiles are
similar to those obtained by the uppermantle
inversion (32), and below, the S-wave velocity
profiles showadistinct increase around 1050-km
depth, equivalent to the 410-km seismic dis-
continuity in Earth’s mantle that marks the
onset of the mantle transition zone, where
the dominant upper mantle mineral olivine
transforms to wadsleyite. The CMB occurs
between 1520- and 1600-km depth, correspond-
ing to CMB pressures of 18 to 19 GPa and tem-
peratures in the range of ~1900 to 2000 K.
These conditions are unfavorable for the stabi-
lization of bridgmanite and imply that the lower
mantle of Mars is mineralogically comparable
to Earth’s mantle transition zone. This means
that a relatively dense and thermally insulat-
ing lowermantle is absent inMars, which favors
the development of an early thermally driven
dynamo as a means of explaining crustal
magnetism because of elevated core heat flux
(1, 49, 50).
In agreement with geodetic observations

that require a liquid core (10), the observation
of ScS with substantial relative amplitudes
compared with direct S waves rules out a
solid outer core because reflection coefficients
would be too small at a solid-solid interface
[fig. S6-2 (38)]. The separate inversions con-
verge on the same mean radius but show
more spread in mean core density (Fig. 2C),
which reflects the trade-off with mantle

density through bulk mantle composition
(indicated by the blue circles in Fig. 1C). On
the basis of the distributions, we estimate
core radius to be 1830 ± 40 km, at the upper
end of premission estimates (4, 8, 15, 16) that
were based on an earlier and slightly lower
degree-2 Love number [0.169 ± 0.006 (51)],
and mean core density in the range 5.7 to 6.3
g/cm3. We also conducted separate inversions
using the geodynamic method to consider
the influence of individual datasets on the
retrieved core properties (38). These inversions
showed that the mean core radius changed
from 1836 km (seismic data only) to 1815 km
(geodetic data only), whereas the mean core
density remained unchanged. To test the in-
fluence of the source depth, we fixed it to
50 km for all events—consistent with (29, 32)—
and found that this would change the core
radius to 1820 ± 40 km, within the above range.

Compositional constraints on the core typ-
ically derive from geochemical models coupled
with metal-silicate partitioning and mass ba-
lance arguments (52–55) but depend on the
assumed compositions of the building blocks
(56, 57). Although sulfur is commonly considered
the main light element (14, 44, 45, 55) be-
cause of its abundance in the mantle as de-
termined from the martian meteorites (58)
and its siderophile nature at the P-T-fO2 con-
ditions of the formation of Mars’ core (59),
additional light elements, including C, O, Si,
N, and H, are all potentially viable candidates,
as in Earth’s core (60–63). Ni is also expected
to be a core constituent based on meteorite
compositions (64) and should make up 5 to
6 wt % (4). The purple-shaded areas in Fig. 2C
indicate how the mean core density varies with
S content in the Fe-S, Fe-S-O, Fe-S-O-H, and
Fe-S-O-H-C systems, based on thermodynamic
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Table 1. Consolidated differential travel times of S and ScS for the events used in this study.
Magnitudes, Mw, are from the Marsquake Service catalog, version 6 (30), as defined by Böse et al. (82).
Depth estimates are based on the identification of the depth phase sS (see the main text). The events are
labeled by mission Sol of occurrence and sublabeled alphabetically for Sols with more than 1 event.

Event tS-tP (s) tScS-tP (s) sigma(tScS) Depth (km) Mw

S0235b 167 511 3 24 ± 5 3.5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0407a 168 510 10 25 ± 5 3.0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0484b 172 513 20 33 ± 5 2.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0173a 173 512 3 24 ± 5 3.6
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0409d 177 510 5 25 ± 5 3.1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0325a 230 500 20 30 ± 5 3.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fig. 3. Schematic dia-
gram of Mars’ interior
structure. The cross sec-
tion depicts the core-
induced shadow zone for
seismic waves. The surface
topography is a cut
through the MOLA map
(81) on a great circle arc
from InSight through
Olympus Mons. The
S-wave shadow zone is
minimal and probably filled
by diffracted S waves
(Sdiff), whereas the
P-wave shadow zone is
large and contains
specifically the Tharsis
region. The existence of an
inner core cannot be
determined by current
data, and the seismic ray
paths shown assume no
inner core. Topography
and InSight lander are
exaggerated in scale.
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may provide important information on planetary formation in
general, which is unavailable from the study of the Earth. Distinct
compositional layers in the mantle have different elastic prop-
erties, making them detectable by seismic waves.

The size of Mars’ core is currently uncertain by at least ± 15%,
and it is unknown whether it is entirely liquid or contains a solid
inner core, like the Earth’s. The size of the core of a planet
determines whether large-scale mantle plumes, which have been
postulated to explain Martian volcanoes, can persist over a long
period of time, whereas a geodynamo in a liquid core is required
to generate a planetary magnetic field. Measurements of strong
magnetization in the oldest parts of Mars’ crust indicate that a
dynamo once existed, but also that it has vanished. Data on the
current state and size of the core, e.g., from waves reflected at the
core–mantle boundary or a shadow zone, will help to understand
why Mars’ internal magnetic field disappeared.

The estimated number of quakes on Mars per year varies by
three orders of magnitude2, with an even larger uncertainty for
released energy. The amount and distribution of present‐day
seismicity, which SEIS will measure for the first time, has
implications for the thermal evolution of Mars and the present-
day spatial pattern of mantle convection5.

InSight’s heritage and challenges
Seismometers played an important role in early missions to
planets and satellites. The first seismometers were sent to the
Moon by Ranger 3, 4, and 5 in 1968, and all Apollo missions
conducted seismic experiments. Likewise, both Viking Mars
landers carried seismometers in 1976. While the Apollo lunar
seismic network recorded thousands of moonquakes during its 8
years of operation and shaped our current view of the Moon’s
interior6, the Viking seismometers were less fortunate. One failed
to uncage and the other, located on top of the lander, recorded
19 months of wind noise, but only one candidate marsquake7.

After these sobering results, seismologists have had to wait for
more than 40 years for another chance to hunt for marsquakes.

Compared with installing a seismometer on Earth, the chal-
lenges to SEIS were unprecedented: it had to be deployed in a
previously unknown spot by a robotic arm and be leveled
remotely. All further installation steps, e.g., placing the wind and
thermal shield (WTS) right on top of SEIS, also had to be
commanded remotely hours in advance, without any chance of
direct interaction (Fig. 1). Mars is a hostile environment for a
sensitive seismometer, with large temperature swings and epi-
sodic winds. Several layers of shielding guard SEIS against
adverse influences (Fig. 1). The deployment took more than
2 months, whereas the lunar seismometers were deployed and
leveled in less than an hour by astronauts. In addition, SEIS has
to deal with the challenges of being the only seismometer on
Mars, and thus having to constrain the source of a marsquake
and Mars’ velocity structure at the same time.

So far, SEIS, which can detect motions in the nanometer range,
measured the lowest seismic noise floor yet recorded anywhere in
the solar system8 in the period band between 5 and 20 s, which is
dominated by oceanic noise on Earth. SEIS is further equipped
with a geophysical sensor suite, including wind speed and
direction sensors, barometer, thermometer, and magnetometer,
which help to identify and remove environmental effects on SEIS.
These sensors also produce remarkable science of their own, e.g.,
by providing continuous meteorological data sampled at a much
higher rate than on all previous missions9, or by measuring the
crustal magnetization at the Martian surface, instead of that from
the orbit, for the first time10.

InSight’s first recording of marsquakes and outlook
Mars has proven to be presently seismically active, producing
more than 150 quakes within the first 7 months of observation,
which form two distinct groups (Fig. 2). This was not anticipated,

a b

c

Fig. 1 The first seismometer in Elysium Planitia, Mars. a Image taken by the south-pointing Instrument Context Camera (ICC) on the InSight lander
during the deployment of the WTS to cover SEIS. The sensor assembly itself is contained within the remote warm- enclosure box, the visible orange–brown
hexagon. The broadband seismometer itself is furthermore located in an evacuated container to decouple it from the diurnal temperature changes, and
shield it from Brownian motion of atmospheric molecules. b ICC image of the final deployment, with SEIS beneath the WTS to the right and the Heat flow
and Physical Properties Package (HP3) sitting to the left. c Artist conception of the final deployment situation, including the lander in a panoramic view from
the south. Images by NASA/JPL-Caltech.
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火星 InSight 着陸機搭載の地震計 (Image credit: NASA/JPL-Caltech)

コア-マントル境界からの反射波の検出 
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crustal composition is assumed (Neumann et al., 1996). Anal-
ysis of global gravity and topography data implies that the
thickness of the farside crust exceeds that of the nearside by
about 15 km on average (Wieczorek et al., 2006). Nevertheless,
the gravity-based results are model-dependent, and it is possi-
ble to construct models without large differences in crustal
thickness between the nearside and the farside hemispheres.
A difference in crust thickness between nearside and farside is
thought to contribute substantially to the 1.7 km offset of the
center of mass relative to the center of figure of the Moon in the
direction of Earth (Hood and Jones, 1987; Kaula et al., 1974;
Zuber et al., 1994). Wieczorek and Phillips (1998) had com-
puted a variety of crustal thickness maps for the Moon, assum-
ing both homogeneous and dual-layered crusts. The
homogeneous crust model characterized by a constant crustal
density provides a total crust thickness of 66 km, whereas the
preferred dual-layered model of the lunar crust consisting of a
31 km thick upper crust and a 29 km thick lower crust yields a
total thickness of 60 km. The gravitational field measurements
of the LP spacecraft suggest a mean crustal thickness of about
70 km assuming Airy compensation of the lunar highlands
(Konopliv et al., 1998) (see Chapter 10.05 in this volume).

Early seismic studies favored crustal thickness of about
60 km beneath the Apollo network (Goins et al., 1981;
Nakamura et al., 1982; Toks€oz et al., 1974). An early analysis
of body wave phases from artificial impacts of known impact
time and location provided evidence for a dual-layered crust
about 60 km thick beneath the Apollo 12 and 14 stations near
Mare Cognitum (Toks€oz et al., 1974), whereas a putative thick-
ness of 75!5 km was derived from seismic data near the
Apollo 16 highland site (Goins et al., 1981). More recent
studies, however, favor thinner crusts of only 45 km (Khan
et al., 2000), 38 km (Khan and Mosegaard, 2002), or 30 km
(Gagnepain-Beyneix et al., 2006). Chenet et al. (2006)
attributed travel time variations observed from impact events
to crustal thickness variations at impact sites and obtained
thicknesses between 30 and 40 km at most sites that are also
compatible with gravity field data. The mean thickness of the
lunar crust is estimated as 49!15 km if an Airy-type compen-
sation mechanism (hydrostatic balance between crust and
more dense mantle) applies (Wieczorek et al., 2006). A bulk
density of the lunar highlands crust of 2550 kg m"3, substan-
tially lower than previously thought, has been inferred from
the GRAIL high-resolution gravity data and suggests an average
crustal porosity of 12% to depths of at least a few kilometers
(Wieczorek et al., 2013). Furthermore, these authors find that
the low bulk crustal density can be used to construct a global
crustal thickness model in agreement with the Apollo seismic
constraints and that the bulk refractory element composition
of the Moon is not required to be enriched relative to that of
Earth in case of a thin lunar crust with a mean thickness
between 34 and 43 km.

Whereas early determinations of the MoI factor (Konopliv
et al., 1998) are consistent with a core radius between 220 and
450 km, independent observations of the lunar magnetic
moment induced in the geomagnetic tail of the Earth suggest
that the lunar core radius is 340!90 km (Hood et al., 1999).
Using electromagnetic sounding methods, Shimizu et al.
(2013) deduced estimates of the electrical conductivity of the
lunar mantle and the size of the lunar core from Kaguya

(SELENE) magnetic field data. The core radius is related to
the ratio between the induced and inducing magnetic dipole
moments and estimated to be 290 km with an upper bound of
about 400 km (95% confidence limit) (Shimizu et al., 2013).
Based on the knowledge of the Moon’s mean density and MoI
factor as derived from LP data and the tidal potential Love
number k2 and quality factor Q as obtained from the entire
set of lunar laser ranging data, Khan et al. (2004) obtained
information on the radial distributions of density and seismic
velocities. The resultant structural model suggests the presence
of a molten or partially molten iron core with radius and
density of about 350 km and 7200 kg m"3, respectively
(Khan et al., 2004). A recent reprocessing of the Apollo seismic
data that once allowed the existence of a lunar core with a
radius of 170–360 km (Nakamura et al., 1974) supports not
only the presence of a partially molten mantle layer above a
liquid core with a radius of 330 km but also the possible
existence of a small solid inner core (Garcia et al., 2011;
Weber et al., 2011). The possible range of density models
that simultaneously satisfy the mean density and MoI of the
Moon is shown in Figure 7.

10.02.6.3 Composition

The lunar surface is divided into light-colored heavily cratered
highlands and smooth dark lowland maria, which are most
prominent on the nearside. The circular maria are frequently
associated with mass concentrations (mascon basins) causing a
positive anomaly in the lunar gravity field due to the larger
density of the basalt layer compared to that of the surrounding
anorthositic crust. Uplift of the crust–mantle interface provides
another contribution to the positive gravity anomaly. Some
mascon basins that do not appear to be associated with mare
volcanism are known (Konopliv et al., 1998, 2001). Neumann
et al. (1996) and Wieczorek and Phillips (1999) had suggested
that the lunar mascons might partly result from superisostatic
uplift of the crust–mantle interface. The highlands are
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consistent with the mean density and moment of inertia factor of the
Moon (Mol¼0.3931). The thickness and density of the anorthositic lunar
crust are fixed at 60 km and 2900 kg m"3, respectively.
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for the rock mantle. It is widely believed that a large part of
the ice shell may actually be liquid allowing for an internal
ocean. This is suggested by the results of the Galileo mission
magnetic field measurements that indicate a field induced
by Europa’s motion in the magnetic field of Jupiter. Moreover,
model calculations show that tidal dissipation in the ice may
produce enough heat to keep an ocean underneath an ice lid a
few tens of kilometers thick. It is also possible, depending on
little known values of rheology parameters and thermal
conductivity, that radioactive decay and tidal heating in the
rock mantle may keep the ocean fluid (Chapter 10.18).

Ganymede has an ice shell about 800 km thick, a 900 km
thick rock mantle shell, and a metallic core with about the
same radius. The case for an iron-rich core is particularly
appealing for Ganymede because the magnetometers on
Galileo have detected a self-generated field on this satellite
(see Chapter 10.06). The intrinsic magnetic field of Ganymede
is most likely generated in an iron-rich core. The magnetic field
data also suggest an induced component although the evidence
for the induced field is much less strong. If the latter interpre-
tation is correct, then Ganymede may also have an ocean of
perhaps 100 km thickness at a depth of around 150 km. Since
tidal heating is negligible at present, the heat that keeps
the ocean molten must either be derived from radioactive
decay in the rock mantle or from heat stored in the deep
interior during earlier periods of strong tidal heating or even
from accretion. In any case, the existence of the self-generated
field is evidence enough for a molten core or, at least, a molten
core shell.

Callisto is unusual among the Galilean satellites because
the gravity data suggest that its interior is not completely dif-
ferentiated. It is likely that there is an ice shell a few 100 km
thick overlying a mixed interior of ice and rock also containing
iron. It appears as if Callisto has traveled an evolutionary path
different from that of Ganymede. The layering may have
formed as a consequence of the slow unmixing of the ice and
rock/iron components (Nagel et al., 2004). The model requires
that Callisto has never been heated above the melting temper-
ature of the ice. It is possible if not likely that the iron is no
longer present in its metallic form but is oxidized to form
magnetite and fayalite. The oxidation of the iron, if it occurred,
would have precluded the formation of a metallic iron core. As

for Europa and Ganymede, the magnetic field data suggest an
induced field and an ocean for Callisto as well. Since Callisto is
not in the Laplace resonance, tidal heating can be discarded as
a heat source. The Cassini gravity data for the largest Saturnian
satellite Titan suggest that it too is incompletely differentiated,
thereby resembling Callisto, a satellite, the surface of which is
so different.

The terrestrial planets (Figure 11) have ice in only modest
concentrations and mostly consist of the rock/iron compo-
nent. The rock/iron component in these planets, just as in Io,
Europa, and Ganymede, is differentiated into a mostly iron
core, a silicate rock mantle, and a crust consisting of the low-
melting point components of rock (Chapter 10.02). The crust,
a layer of some tens of kilometer thickness, forms by partial
melting of the mantle and melt separation from the mantle.
Crustal rock is still being produced on Earth by volcanic
activity, but volcanic activity has mostly ceased early on Mars
and Mercury (compare Chapters 10.02, 10.08, and 10.09 and
Toplis et al. (2013) for discussions on Mars).

Seismology has provided us with a detailed image of the
interior structure of the Earth. It is expected that future missions
will provide us with similar data for the other terrestrial planets
(see Chapter 10.03). The most likely candidate here is Mars and
the Moon, for which mission scenarios with seismological net-
works have been repeatedly studied. The seismological data for
the Earth show that there are phase transformations mostly at
moderate pressures and depths and chemical discontinuities.
The existence of these layers and their thicknesses and depths
will vary among the planets. For instance, it is likely that
Mercury’s mantle will not have major phase-change layers sim-
ply because the pressure in this small planet does not reach the
levels that it reaches within the Earth, but it may be chemically
layered as is the Moon. Although the latter is even smaller than
Mercury, the seismic data available suggest a layered structure.

Figure 11 Basic interior structure of the terrestrial planets. To the first
approximation, all terrestrial bodies possess a layered structure
consisting of an innermost metallic core (light gray section), a silicate
rocky mantle (dark gray layer), and a thin crust of volcanic origin, which
is chemically distinct from the mantle (black layer not drawn to scale).
While planetary radii are known precisely, core radii (light gray section)
are not, apart from the case of the Earth’s core, which consists of a liquid
part surrounding a solid inner core (not drawn) with a radius of 1220 km.
Reproduced from Tosi N, Breuer D, and Spohn T (2014) Evolution of
planetary interiors. In: Spohn T, Breuer D, and Johnson TV ( eds.)
Encyclopedia of the Solar System. Amsterdam: Elsevier.

Figure 10 Interior structures of the Galilean satellites of Jupiter, Io,
Europa, Ganymede, and Callisto (background to foreground).

Physics of Terrestrial Planets and Moons: An Introduction and Overview 11

水星 
高密度 ，小さい慣性モーメント  
→ 大きなコアを持つ  
→ 巨大衝突でマントルが剥ぎ取られた？ 
　 ↔ 水星は意外にも揮発性元素に富む  

(e.g., カリウム; Peplowski et all. 2011)

( ≃ 5400 kg m−3) ( = 0.346)

(Rc/R = 0.8)

Tosi et al. (2014) in Encyclopedia of the Solar System 

地球型惑星・月のコアサイズ

地球

金星

水星

月

火星



まとめ

26

内部構造の推定方法：平均密度，慣性モーメント，重力場，磁場 
ダイナモ磁場，残留磁化 → ダイナモ領域の存在 (鉄コアなど) 
地震波 → 詳細な地球の内部構造モデル，コア中の軽元素，月・火星のコア 
慣性モーメント：天体の回転させにくさ，質量の中心集中度 
→ 構造は一意に決まらないが，コアサイズ・密度などを制約 
→ 水星の大きいコア
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27

1. 密度一様球の慣性モーメントファクターが0.4であることを示せ． 

2. 二層モデルの球 (Figure 1) において， 

,  (鉄/岩石) とした時， 

慣性モーメントファクター  を有効数字3桁で計算せよ．

Rc = R/2 ρc/ρm = 8/3
I

MR2

z

R

−R

ϕ

Rc

天体半径 , 質量  
マントル密度 , コア密度 

R M
ρm ρc

Figure 1. 二層モデルの球状天体


