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1. Introduction

1-1. Ground deformation
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Figure 1.1 SAR data can detect various surface deformation. For exar
earthquake (Left, 2015 Gorkha earthquake, Lindsey et2@ll5), inflation of
magma chaber beneath volee (Center, Okmok volcano, Lu et al., 2006), a
subsidence in urban area due to huge pumpage of ground water (Right, Hon
Li and Liao, 2008).



1-2. Synthetic aperture radar (SAR)
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1-4. Dike intrusion episode
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2. Observation methods & application

2-1. Interferometric SAR
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Figure 2.2 Example of azimuth streak in interferometry (ALOS/PALSARbfANd], Rth
568, Frame 7130, Ascending). These data covered around Lake Natron, Northern T.
and contain signal of crustal deformation associated with the 2007 Natron rifting
(Left) INSAR result (2007.07.07 2007.10.07) without azimuth streak. (RightlSAR
result (2007.07.0Y 2007.11.22) with NESW trending azimuth streak.
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=l G
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v 3
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‘_El = InNSAR
< .| C @ >
S
, Time-series analysis
2
Day Week Month Year 10 years >

Time

Figure 2.3 Detection field of surface deformation using SAR data. Detection range of ci
deformation using INSAR is few centimeters to few meters scale within few years. '
spatial resolution of offset tracking is inferior to that of INSAR, offset tracking can ol
robust deformation data. Tinseries analysis is suitable for which slow and Ic

deformation, like afterslip.
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-——. % e=e3e &£ = =34 " h—eddk ™My e | 5
Mo — — L o 1 —fee %l % %o %t
- "2 b%  oVedad ™/ InSAR | o= TMa ™

2-2. Offset tracking technique

INSAR— ~ SARe D ad ™= L A < == Offset tracking?s -
44 o - %1 LT - L A{ INSAR- <= Offset
tracking| oK H- ¥ i — %o O fi 4L Y eV - - A VHe ¥
Conves DA se= af  ene| s Bdvonies| -

L AV E INSAR #
AL

o Unwrapping— e
%o ™ 4 = Offset tracking
| InSAR# | 0
o — L]k Y% Y
A — — L

- B %% (g,
Kobayashi et al2009;Howat et al.,
2007 (Fig. 2.3) |

(Range offset)<

Figure 2.4 Result of additive color process ¢

(Azimuth offset)— 2 —
Co-registered image (Left) and unprocess

e ad |1 < %2 % 3 . . : :
image(Right) data covering Yuriharawn, Tottori

+ I='" Vke | pref. (ALOS2/PALSAR2, Path 21, Frame 290

— 3= - == Descending, Righboking). The result displays thi

2 (Ascendings Descendiny ¥%s  difference of backscatter intensity between two S,
E k4 4 InSAR— —q % images (Red: 201%0.10, Cyan: 2015.10.23
| L _" | < | 2% ™ /| 2 Co-registration process can match two images v

subpixel precision.
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4 =™ (Fiakkoetal, 2000 t |-~ | LB - 4 — %1 % Offset
tracking— < A (Tobita et al., 2001 ALOS/PALSAR— Stripmap mode- FBS
:d)# tdVedar 128« 128H ¥i — %1 # R —
%1 | 384x 1128m< o4 Offset tracking| -LoA{is%nEw s —
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(Strozzi et al., 2002

2-3. INSAR processing

INSARL ™= L A{VvE-| ™M=%— % #N| 3 %o
J||S'='E|SSLC — 9 8 2o s 98h,”i°4iﬁ‘98'ﬁ!
PHfi =0 o 2Nef SLC — ~ | Rawe D 4% dhoo0
ofiad <= A < #2324 — #£SIC <of=™{ %N
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Affne  — | - &£ 4 < e< |4 o &£ k1 <%z %
Fy V2 — - L A< % 144 (Fig.2.5)
| H-¥i~%1{ - L o=y Y% 0=™Ma™ 2%
me L e T e vm'w! ez
/ L #he i 2D (Adaptive spectral filterft Y51 = el X7 L A
(Goldstein and Werner, 1998) s i 2424 A -~ - ne =~ ai (eg., 'k
A=4)L td=e3et<slnefvE % % Nef -
14 |2 — - Lo2z <=m™ Y% l0 mme i & 4= o=
™ Z | 0 L AL <%# %= ™Mo ™ %Ne| | — 0~2 -
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(Unwrapping % -~ o4  Unwrapping— | ~ 2=Nef| L<=| Brunchcut

18



Orbit
data

Initial interferogram
Dy

Estimate
2D model
function

—

=

Final interferogram

2n
Phase [rad.]

Figure 2.5 Flow of INSAR processing from initial interferogram and final result. T
initial interferogram contains orbital fringe, topographiode, and noise of 2D functiol
curved surface. These figures are in radar coordinate (c.f. Arrows in figures).

(Goldstein etal., 199 < 4| % -Ff= o £ A Lo
0%l L=o%m Fy=™o £ Nef| - eo- = i 4 Unwrappingh
1 - | - L JisHnzn] 2 << 2% ~dam L = Le
L < = — Unwrapping— | Minimum CostFlow (MCF)  (Costantini, 1998Chen and
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2-4. Other application of SAR data

2| F0™% 2| SARe D adk ™y — % -
< o= o= ™ 2 41 <%z % — | —
™ iy = 94 em¥%f mm—odsd>—  #Ne| (Fig.23) a4 ™
Lygrv - 4 — —-'2ko2% -4 (eg.,Lu and
Liao, 2008; Tong et al., 20)3 — O < o= | PSInSAR [Permanent
Scatter In8R] (e.g., Ferretti et al., 2000 SBAS [Small BAseline Subset] (e.g., Beradino et al.,
2002) 02 % g 14 |F] - L e=m %™
~ L Azimuth offset|f4 L ™ # — L b < %2 %
MAI [Multiple Aperture Interferogram]Bechorand Zebker, 2006 ™e LNe| FFTL
™=0ds <0 2 — SARe D ad/ 4. 4 < - 1= /4 4-a-z
L e k- £ {=< — e ad | <%z %
L~ 14 < %] SBI(Split Beam Interferogramg L 4 < -
™4 - - L - %Bog{l-—— E {sw-iqf]
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3. Case study 1: 2007 Natron rifting event

N4z | £ 4 $o0o SAReD a4d ™y - & A
3 #| 2 4 $o0 2007 aAfi@ns # oV b omme  wmz i)
- e A < eV ofimas — Natron #2007 7 Y|l
/ 2% gV = % eV | Naton — - - -
- M5-' e %9 “V1<% td=™| A%~ InSAR
-f=1 - - e AL = | A (e.g., Calis et al,
2008) 1 4 |f | tooa] sei = oL o= e%e™q -
-yms L ed2a| 1 — %[ |4V mSAR— —q &
™= ™My Al 1=— —  eda—q%f - &L =y
4= 2— % d = %4 - edad |kdv<s| qom™
cm b EHVe et LNed mbos| oaem 2]
e R Wk B Yo -
= ™= A — | 2015 6 -~ Tectonophysics t

8 r t 4 v [Y. Himematsu, M. Furuya, Aseismic striksip associad with the 2007 dike
intrusionepisode in Tanzania, 2015, Tectonophysics, 65&0%210i:10.1016/j.tecto2015.06.005

3-1. Background

2007 7 %9 V[ =aAfimas — Natron # Sv -~y
L € b mme -z fi 1 % =V Natron | £K™ D L A
L < %# % — =#Ne| =h'o — - A4 Natron |
- 2-4mm— % =™ 1 <% GPS | [%r1d =™
(Saria et al., 2014; Stamps et al., 2008)fi @ 5 = - %1 — |
Y% == 2% < -=L | =m™| (Ristemaetal., 1998) -
- | — Oldoinyo Lengai (N2.75, E35.9) (Foster, 1997
# Ne| Gelai  (N2.6C°, E36.F) (Macintyre, 1974y 2= — %  A{ (Fig.31) o %
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# L Oldoinyo Lengai | z L 0 vavd A < o=

=
—JL_

2/3={ (e.g., Dawson et al., 1968, 1H9 20 ~ VEI (Volcanic Explosivity Index) 3 -

L 54 — % =V (e.g., Dawson et al., 1968)

2007 7 17 r~ ofi@ A — Natron 3 — - # Mw —
ZNof Vvz2Do0fisv=m8" 2 (Mw)59— ¥ =V (e.g., Calais et al.,
2008) Global CMT (Centroid Moment Tensor) projecthttp://www.globalcmt.org)¥s =™
{oae ~ = - | M5 — %9 V1<% [¥%-t
J=m A b-oonu |mOYL AN - | 1Smfq L

™ map ] AL L=y v fiasfi o2 1 dY —
2007 6 1 Y|-180 ~ 1400 — = & |k%~ <V (Albaric et al., 2010)
t |- — | % - < - %|- 4 Oldoinyo Lengai

Ya |F +  e=mis bl [k oV wmzfis— < -

- or A Oldoinyo Lengai % <V i1 <Ll |F%e-of =™ (Vaughan et
al., 2008; Kervyn etal., 20102007 6 ~ 9 %ov-=-v— % 31 2

e==Ng v 2007 9 rof = d L 1y 0 - oV
(Kervyn et al., 2010)

Table 3.1SAR data set showing PALSAR acquisition

Pair No. Date (yyyy/mm/dd) Track Path Frame B_perp [m]
1 2007/07/07W 2007/10/07 Ascending 568 7130 -249.05
2 2007/06/05 2010/06/13 Descending 236 36703680 -39621

22



'i}“);*\ \;\‘:
Y

-3.0°

Figure 3.1Shaded relief map for Lake Natron, Northern Tanzania. Inset show the rr
northern Africa with the location of Lake Natron (Yellow star) and vectors of rela
plate motion (Black arrows). There are two active volcanoes (Red triangles; Mt.
and Mt. Lengai). Almost focal mechanism of M>5 earthquakes (Yellow circles) dt
the D07 Natron rifting event show normal slip. Large beach ball and orange «
indicate the focal mechanism and location of main shock (M 5.9), respectively.

footprints (Red: ascending track, Blue: descending track) covers the seismicity

event.
—mz fil - e | InSARL ™y Z - =az-
t 4 = ™| (Calais et al., 2008; Baer et al., 2008; Biggs et al., 2009, 2003) |k | ™74 L
ESA (EuropearSpaceigency:. ) %2002 ~ L -V ENVISAT
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(Environmental Satellite) - t 4 =™ Chbandt/ mem~ . (  56cm)d ™=

i e ASAR (Advanced Synthetic Aperture Radar: "ob)r S = t
4 Vv SARe > ad ™= ™y  Calaisetal (2008) | —wmz fi s - € AL
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Figure 3.2 Time-series of the cumulative moment release (Blue line) and PALSAR

(Colored vertical lines and arrows). Yellow square covered the duration of the swari

24



-= ™=z 1L == T’V'-” —0 < ABxFE < o= - e o) -
F{ L—2| 0o % Oldoinyo Lengai — ~ A{v=-vogqdd 14
[Vvis<s¥% 4L oV < t = ™ Biggs etal. (2009)] Somalian- Nubiank "
>, — < b - - oV * wm®' fiyd qioH- # o
pp— -z fi ) < AR 2N [ — — 1<k” D - |

~ Nef < ™e L A{edad ov — < Oldoinyo
Lengai — - = ™= | ~ Oldainyo Lengai # 0

% ot o%f Vis%| | o ™< o= ™

— £z | ™4 L Descending %t 4 v ENVISAT/ASAR— ¢ > =4

™y INSAR —  —qd =™y V%[ =1 — 2 a—q 4%l
cei L — L g=my | -z fi - €
d 4V ™y%do™ 5V - 0 % 0V < E R
-%™M= e a— % |tV — e~ " D> h— SARe D 4d M=
- % %o L gflesa{s +ed - <oddam™ -~ A
# Nef < 44 3V < Oldoinyo Lengai < — % td=
%V Y& — ooaur/ —Ll_r=m™m=| o % tdl=1 0%V
— | <| o SAR—# D> 2 ¢ ey d ™= | 0
edad o Voo L <N % | —Feo %
LH Vs AR afv e —fes L of - :
Fv%rtd=™Veda— L nona{vE~ |4 — ¥ ———. ™
= A ALOS/PALSAR (2006 JAXA . 23.6cm) — SARe D a4d ™
- | - edad {vE-2 — (Ascending [Heading angle:
-12.07(deg)], Descending [Heading angld:67.94(deg)]) % |- td vVedad ™
| INSARs< Offset trackip 4 ™ 1 <~ |4 3 — ¢d o
A (Fig.32)/ 44— - 0 - %3 ™= L 51<r | =
3 L b1 < %2 % —wmz fi )~ 21 g - -
e 3 | rda - 2] v tqd=mom™ +
AvE- eidlc yay - e < - [Vt oz
LA - r Y%Nof| %> e Yor=™=L L A ¢ k-2

25



A m= s L

3-2. SAR data observation
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Figure 3.3 Schematic geometry of
direction of displacement. INSAR result shows 1
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Figure 3.4 Postrifting ascending interferogram (2007.10.0.@010.07.15). Arrows indicate
the satellite flight direction (Flight) and the direction of microwave irradiation (Look).
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Figure 3.5Ascendig and descending interferogram observation (a, d), calculation fron
distribution in Fig. 3.10 (b, e), misfit residual generated by subtracting the calculation
the observation (c, f). The unit vector of lioksight are (g g, &) = (0.613, 0.31,-0.779)
for ascending and {es;, &) = (-0.612, 0.131,0.780) for descending, respectively. Black ¢
lines show the top of faults and dike segment.
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and Hamiel, 2010; Fukushima et al., 20Mi0pile et al., 2012)
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Figure 3.6 Observation result and model calculated from fault slip distribution of azir
offset for ascending track. These figure show the displacement along the flight dire
(Heading angle:12.07 [deg.]). Black dot lines trace the phase discontinuities in the azi
offset result trending NISW. Red lines indicate the location of offset ajnsil trending
WNW-ESE.
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Figure 4.17Horizontal slice of coulomb stress chang€FF) associated with the dike
opening. Positive stress changes indicate promoting fault slip.Jyeeéailts are eastipping

fault (Left) and eastlipping fault (Right) Red triangle shows the location of Dabbahu volca

72










































