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Crystal clocks: measuring the timing of volcanic eruptions

1. Introduction

A common question for the many people who live
within the surrounding areas of the 111 active volcanoes
of Japan must be: “when will the next eruption occur?”.
My research aims to address this question from two
perspectives. On the long-term scale, the past eruption
frequency of a volcano can be determined by using the
“Ar/”Ar dating technique. On the short-term scale,
the possible warning times to be expected before an
eruption occurs can be determined by using the diffusion
chronometry technique. Both techniques rely on using
volcanic crystals as “clocks”, which have recorded the
timing of previous volcanic events. I will outline the
background of each technique and how I am applying

them to investigate volcanoes in Japan.

2. “Ar/”Ar dating

Material such as ash and lava are sequentially
deposited on the flanks of active volcanoes as eruptions
occur throughout their lifetimes. These layers of
material thereby provide stratigraphic records of the
eruption histories of volcanoes. Using geochronological
techniques, the ages of the deposits can be measured and
the long-term eruption frequency of individual volcanoes
can be determined. In order to be prepared for future
eruptions, accurate and precise constraints on the timing
of past volcanic activity are required (Yamamoto et al.,
2018).

The *Ar/”Ar (“argon-argon”) geochronological
technique is particularly useful for measuring the
eruption ages of Quaternary lava flows at arc volcanoes.
Such lavas commonly contain moderate amounts
of potassium, of which the isotope *’K undergoes

radioactive decay to the “’Ar isotope of argon. The decay
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occurs at a known rate after a lava flow cools to form
a hard rock following the eruption of hot magma. By
measuring the argon isotopic composition of a sample,
the time since decay has occurred can be measured and
the age of the rock can be determined.

In the case of *Ar/”Ar dating of lava, the mineral
feldspar acts as a “crystal clock”. During the cooling
of a lava flow following its eruption, small crystals
of feldspar form and incorporate potassium into their
structure, some of which then decays to *’Ar. Samples
collected from lava flows are crushed so that the feldspar
can be picked out and prepared for analysis. During
analysis at the GSJ “’Ar/”’Ar geochronology facility (Fig.
1), feldspar aliquots from lava samples are incrementally
heated by a CO, laser to cause the crystals to melt and
release the argon gas that that they have entrapped. The
extracted gas passes through a series of purification steps
before its argon isotopic composition is measured by a
mass spectrometer. The data are used to calculate the
amount of radiogenic *’Ar produced within the crystals,

which tells us when the lava-forming eruption occurred.

Figure 1. The GSJ “°Ar/**Ar geochronology facility.
Samples are heated by a CO, laser (within brown box,
left) and gas is extracted into the mass spectrometer
(grey box, centre) via the vacuum and purification system
between them.



I am currently preparing lava samples from Mount
Chokai volcano for *’Ar/*’Ar dating. This large mountain
has been built up over ~500,000 years by effusive and
explosive eruptions (Ban et al., 2001). A section of
lava stratigraphy is well-exposed along the west-facing
sector collapse scar, which was produced during a large
debris avalanche event ~2,500 years ago (Minami et al.,
2019; Fig. 2). I have collected samples from this site
and other such locations on the mountain. The samples
will be prepared and analyzed at the GSJ “’Ar/*Ar
geochronology facility in order to determine the
frequency of eruptions at this active volcano. Defining
the eruption history of the volcano will also allow us to
investigate how crustal magma systems evolve over time,

and how they respond to depressurization events such as

large-scale sector collapses.

Figure 2. A series of lava flows exposed on Mount Chokai
volcano. People on the upper left ridge can be seen for
scale.

ascent and
eruption

mixing

magma
recharge

3. Diffusion chronometry

Numerous studies have shown that magma mixing
is a typical process of open-system plumbing systems,
which commonly occurs immediately prior to eruptions
at active arc volcanoes in Japan. The occurrence of
magma mixing as an eruption precursor has two major
consequences: (1) the introduction of new magma
induces changes to seismicity, ground deformation
and gas chemistry that can be recorded by monitoring
equipment; and (2) the hybridization of two magmas
results in chemical zonation of crystals derived from
each magma type. Comparing the records provided by
monitoring and petrology is necessary to advance our
understanding of the types and timescales of processes
that trigger volcanic eruptions.

A simplified scenario of magma mixing and the
impacts on crystal zonation is outlined in Figure 3. In
panels A and B, the changes over time to the zonation
of crystals derived from relatively Mg-rich and Fe-rich
magmas are shown. Prior to mixing (tl), the crystals are
in equilibrium with their host magmas. Immediately after
magma mixing (t2) the crystals grow rims that reflect the
composition of the hybridized magma. The boundaries
between core and rim of these crystals are initially
sharp (lower B), but they become diffuse as chemical
re-equilibration between the adjacent zones occurs at

magmatic temperatures (upper B).

B Diffusive relaxation of the
compositional profile over time

__

3 .
distance from rim

—_—
Mg content

Initial sharp boundary between
the core and new rim of crystal

I

-—

distance from rim

—_—
Mg content

Figure 3. Cartoon of magma mixing (A) and the result on crystal zonation patterns (B).
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Diffusion ceases when the magma is erupted, and
the zonation patterns of crystals are then preserved
after this time (t3). The time that it takes for the shape
of the compositional gradient to change from sharp (at
mixing) to diffuse (at eruption) can be determined using
a modeling technique, called diffusion chronometry. The
rate of Fe-Mg diffusion in olivine and orthopyroxene is
well-known, thus, these crystals can be used as “clocks”
to tell us how much time passes between magma
mixing and eruption. Constraining the timescales over
which magmatic processes trigger eruptions is critical
to interpreting geophysical monitoring signals and
preparing for future hazards at active volcanoes.

Saito et al. (2010) and Tomiya et al. (2013) applied
diffusion chronometry modeling of olivine and
magnetite, respectively, for the recent eruptions of
Miyakejima in 2000 and Shinmoedake in 2011, and
estimated that magma mixing occurred a few days before
the eruptions. Recent studies have shown that accounting
for diffusion anisotropy within volcanic crystals is a
critical step in such investigations. Their results should
be reexamined in light of this, as well as expanding the
number of mineral types and chemical elements that can
be measured and modeled. I have collected samples from
the deposits of these eruptions in order to extract olivine
and orthopyroxene phenocrysts from the pyroclastic
material. Crystal orientation and multi-element chemical
data will be collected and applied to diffusion models
to determine the timing between magma mixing and
eruption for these case studies. In order to obtain
accurate diffusion timescales, chemical profiles should be
collected with careful evaluation of crystal orientation.

For example, to determine accurate diffusion timescales
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for orthopyroxene from lava flows erupted at Ruapehu
volcano in New Zealand, we obtained compositional
profiles perpendicular to the c-axis of orthopyroxene.
The profile shows a perfect fit with a modelled diffusion
profile, which gives us a precise timescale of 5.1 days

(Fig. 4; unpublished data).
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Figure 4. An example of using diffusion chronometry to determine magma mixing timescales for lava
flows from Ruapehu volcano, New Zealand. A reverse-zoned orthopyroxene crystal is shown in the
left panel. This back-scattered electron image shows a dark, Mg-rich rim. The middle panel shows the
orientation of the crystal. The selected direction of the compositional profile (red arrow) is perpendicular
to the crystal c-axis (001). The right panel shows the match between compositional data and the
model, which is used to calculate a timescale for the Fe-Mg diffusion within the crystal (t = 5.1 days).

NEWS LETTER Vol.6 No.5 9



10

iESF ey

A TATHEEE (AD ) &9 SEICHD Tl
7eDiX, 190 FIC7 7 I —arva—4HF—
LY T D [RT2v 7 A NIV BERINE
B TATHE#R) 8T CnizoE Rl & T
L7z, ZORHIE, F2WAI 7 —L0%D 140
BRI othEDTLE. 28 FH TAI WO =
RN D X DR T=DiE, 19550 % — |k
~ Az (NLHBRIZET 54— h~ 2 s
&) Tl Zhund, BUFEREO MM & 55
DHEREDRRA &9 BEDRINZ, 7 — A L DR E
MO LZ2 S, ALEINIIFREL TEELE.

EHOMBEREETVICLIEZE=2a—TF V1Y
NI =2 DT AT 4T IRENLHY E LN
(McCulloch and Pitts, 1943), L x# EELL TH
PRI =< AN ERLT, FHRAHEL TR0
CWORENRHY E L. TORREZFTLIZD
73 Hinton and Salakhutdinov (2006) |2 X % &A%
—a—I 0%y U= TULE. EEFENARE S
720, FIWAI T —HZKBfFEELRE. RET
XEATAO 7o i T OMEEE 13RS, T — L bbb Y
DOBHLHEBEZDNTEHLWET N, BUEREE~D
WHEWS RTIHE, FEHOLARD D EBNWE
kB

Za—F Ry U —7 3D CHMRHAE
ITH/X—t v a VEREICWRT, 27200 THEK
L7ebDTE. TORIA—FET—2IZHI LD
T D LT, AT DR I2TDHE0)
HLOTY. DD, REIZ OV TOREMHGEED 72
CTHLMEZMS ZENRTEDHEEZLNTEE
Lz, oL, EOLI T —2%EDLHITFIH
THZEBAENTH D0 E V- B NT
WRETHDLEZEZOLND L IR DOH Y F
kB

NEWS LETTER Vol.6 No.5

HEHRAD Al KMTDEA

NERE WET I KZIXARIIL—T)

Al Z{E > IHERRDENG)

Al Z 15 LI HORBFZEIX, 7 A U B adiz L
T, HRF T TWET. Z20FERH DI,
MR IE 226 PR S 72 & OB RFA % 5 7 L
" (Ross et al., 2018; Zhu and Beroza, 2019) & \» -
7=, WERFECTIThb W BRI 2 = 2 —
TINFy NU—7 TEEHZ HHDTT.

ZOENTIE, RE TR (EEERRA L LI
HENET) 2 ALK > THRT D &V R BT
biTWET. Zhix, HEBoOREIE~ 7=
Fa— FROENR - BUAREERE R & Lo T fuban
FEBEIZ L - CRlib 3725 T, MEHO K E %l
GENC TR D720 D H DT,

EMRICEH (T DHETATAD Al ZIfTOBA

FERMHC B W TIZ AN AR IEE v ¥ — 2R E
LY, EEREmTOA—/N—a ' a—X
TABCL) #PHF L7203 570 L (FEMRMF LINK 2018
9IRS, AIREFIHICHEZANTEY £
T MERERASEY X — (GS) 2B\ Th, —
BROMFIEHE N A B ORFIEIC AL Hiffi &2 B Anbhd
TWET (ERIED, 2018; HK, 2019).

TGW g - KILAFZEERE BT 7 h =2 AWF5E 7
N—TIZBNWTIE, ERfTy T =X ROR
M EEN ZZZMH O R 245 T, AN LERerst
U =L LT, HERREIEZ - EERFSEIC
Al Al 2 B0 Afuis e TWE T

INETYH, MEAE IR O MY
(B 21X, TEBIEIZ 23035 8 10TE BT O TR EE) %,
Z ZTCHRAT DN EBEOMWE 2 W THF 4 i
DTV E L (K1), NIRRT L - T,
T oW B EEHEET S 2 ENTEET. bt
BOFBEEBIZ LT, WBIChN2IEEmb 2



EMTEET. MUNEOIS IR TR, WiEimE
7R EWREOM L OWEIEE LR E D
7, MEL T Y £7 (Uchide etal., 2014).
TN — T TIIHERAERT v v VEEE I A
F7fsto—ER & LT, REOHUINIEE DR EHE
25, 10 km A5 — /L OFEM7R Mgl 1155 % B0 & 7
2T HHY A EIT->TEY £9. BEERMGTIZON
TIFBEIZATEIED (2019) Ik THEL TR F
T REMAE A HEE T D BRI E A D), AL A
2T D PIEOHE D ETFE A EA T
50y, FEREWTWSMNEWS [P JfEhEME] <
I (X2). ZHE TPEMEMRNEZ A D H THiAs o
TETEBY, REOT —Z BB 572 DI K
BB > TWET. 22T, Y7 L—F T,
AL EAR 215 U7z B @i 2 B 0 $eli 2 B3 LT
FI. FEROWIFEIZIENATH RSN TEY 7
73 (Ross et al., 2018; Hara et al., 2019), Y%7 /L —7°
TlX, EBROB/NEOMEIZISHA LT, MG
NERE OMOBFIEI ENT Z LI ERZEWT,
ez ED THE W EEZTEBY £9 (Uchide,
2019).

DRENTIE, BUNEZ 2 5 8 5 RS S
1500 SFEERE SN TWET. KBTI X DB
FERVDABHINTEY, FRICIEH SN TWET.

FeE OB OBUINERIZE B L7256, K0 Bk
ReRBIR A LEIZ R 2560800 £ (B2,
WHIE DY, 2015; A5 TE1E 7y, 2016). < DA RRE
LD, MERET — 2ol cd. 2k
AICAT 2 ED 720D TTR, IERICFRB 200
F9. T TYIN—T T, BEOMBBH SO
T—=2EHWT, HEZRHT 28NS L Tk
D ET. ERRFHIEER O T — X LB OA A8
% ZET, EEHESN T — X OfAEHIL LB A
ADZ &, RN Z 4 £ CTU RICHEE LT
TDHEINEBHOTEND FT.

Al ZE S TZREDZEE LIV

Al &l 5 7= HFFE D I IE, & OB R I %+
MahsbobHTEE L. HICEEEZET LD
N, FRELOT—2%2 DX 5T —%, B
LT —4, TART—=ZIZHETDNE NS ET
7
Blilido 0 LI D FIETIEX, AT —2
MEfROH ) OMERELTBWT, ZHIIEG
THEIIL=2—F Ny NT—27 LD/ T A —
AERELET. PR =a—FLFy hT—7
TS 2 LT, ZOBRICAVWONRD T —
2y MEIIET — 2 EIEONE T

ERAHN=ZX L INHEEED
(W7 B A ) EREROSH
2014 ERFEIAEDIME &ﬁ@@@ﬁl"ﬁ] 5..:.’,....._,..
Fikh AR FEAH
T OB ERARD BRI T D EE R
fiZER hG 135 D fEEA (B L) DEREE

X1 ButEEZE R WCHEREIZ DR,

NEWS LETTER Vol.6 No.5

11



12

Al Z AW FgE Tl b R a2 1 72 i uid e & 7

WOR, wmFEETT. ZhE, =2—F 4 xy b
U= BN ZIET — 2 X0 IC#EAET 589
2725 TLEW, ZRLSNOH LT —Z ZiTiE)
IREREH A L b O RIETY. WEEIc
RO TWIRWNE D INEERT D201, T —
Z LR T =2ty hEHAWET. ZHUDNKRGE
F—=HTY. BFET — X EAT D L) mET 8
T A=K OPEII U LEHA. BRIET—F ZHW
TR, FIBRD IR T RERA TV E T

LT LE=ET ALDOEH SR - TENRIT
NER Y FHA. FOD, T —%. BiET—
ZEFFELEIBICHOT—FEy NRKLEITRDY
FI. BT AT —HTT.

Thbb, TEO=a—FVxy NU—TFT
NEBDZDITE, FTEHORRL3ODT—F &y
FNBRENZ/2 DT, RLT =%ty h&EfE-T
LE DL, WURIEOFHMATERI 2> TLE
WET.

(@)

W NHE O DA, 1EIER CHATCRAE L
IR D HIER TR % [F] LRI CRidk L7235, 131
FULT—2BHEERDET. ZNHIEFELEHAAL
WMOT =2 72D TTN, FEMZRI LT —FITo
TLEI EWVIERERH Y 3. A XHEH )
LDEIT—HLEEZDHIELTEDINL LLEY
Ao Al &2 WTZHURIETEMET O 6T 13,
FEHDCEHEINTOERA. DK D AL
7, Al HANOE G 28 AD T2 DI LB TIE R0
MEEZTEBY 7.

Al ZRWSHEZHRDOSHE

BEE, TETIThh T2 HEEE R %
Za—JNVFy N7 CEEHEZD LV
BEDLNLTWET. ZNETHHERBIOMTEIX
ITONTEE LD, FERANEE OFFEEIT RN
EEZONTEELE. EBEOT—F~OiH7e &
ZHELT, 4%, ALICX D HEBROESZ R

P
wHE): £ |

X2 (a) PIRAEHRIEDE.

NEWS LETTER Vol.6 No.5

(b) PIE#IENRIE & WIEE - §ND DI5ME & DR



DTN Z LD EEZTRBY 7.

— 5T, TNETHLN TR TeT — 408
HIrTE &R L OREN R AT 5 X 5 ezt
TWT W 6B 2Tl £9. HEKB7OR
25T, BMESEFICBWTED X S REY A
DA TS 22 LT, BHERENRINETLITES
TR F ETHAREELH Y . B E I
FIERFT L TWBEMTT N, ¥/ 1r—7LLTH
PR ARt CnE W EZXTEBY £1.

S

Hara, S., Y. Fukahata, and Y. Tio (2019), P-wave first-
motion polarity determination of waveform data in
western Japan using deep learning, Earth, Planets
and Space, 71 (1), 127, doi:10.1186/s40623-019-
1111-x.

Hinton, G. E., and R. R. Salakhutdinov (2006), Reducing
the Dimensionality of Data with Neural Networks,
Science, 313 (5786), 504-507, doi:10.1126/
science.1127647.

AT, WHZEE, T LA 72 (2016), FEHEF

RN & % (LA AL SRR o B ) R o %
SEVEREIR LIS 5, G - R SRR
16, 53-77.

ATk, NHEE, REE/LF, B TLA 7y,

hIEARE (2019), BEARHLIR O HBNIGC T~ »

T OER, HEBAEMIEH S, 70 (3), 273-
298.

WA (2019), Al (AN TLZEIRE) Z{GH L 7=k
£ D IEffE 72 85 7E A@&%%%ﬁ—%ﬁﬁ@
b U 72 S8 8Y 72 M AT LB 7 —, GSJ 1
=a—2Z, 8 (5), 125-127.

McCulloch, W. S., and W. Pitts (1943), A logical calculus
of the ideas immanent in nervous activity, The
Bulletin of Mathematical Biophysics, 5 (4), 115-
133, doi:10.1007/bf02478259.

E%EZ$E@%@%%%EK#%H%%
ﬁ%* % (2018), iEbEET @}iﬁﬂﬁrﬁ@\

iéﬁfﬂ%@&%kﬁ?ﬁﬂ £ 2 fig ik
@ﬁ%jﬁﬁé%iﬁBuw# %), 74 (2),
1441-144e.

Ross, Z. E., M.-A. Meier, and E. Hauksson (2018), P
Wave Arrival Picking and First-Motion Polarity
Determination With Deep Learning, Journal of
Geophysical Research: Solid Earth, 123 (6), 5120-
5129, doi:10.1029/2017JB015251.

Uchide, T., P. M. Shearer, and K. Imanishi (2014),
Stress drop variations among small earthquakes
before the 2011 Tohoku-oki, Japan, earthquake
and implications for the main shock, Journal of
Geophysical Research: Solid Earth, 119 (9), 7164-
7174, doi:10.1002/2014JB010943.

Wm%%,Aﬁﬁﬁ,MTV4by(mm i

FLR AL BER IS B 1 5 Hakis D HEE D 1= D
fifs B b 2= AL, @ME HHUEM SRR S, 15,
211-233.

Uchide, T. (2019), Focal mechanism estimation based
on the automatic P-wave polarity picking using a
machine learning, AGU Fall Meeting, S43E-0697.

Zhu, W., and G. C. Beroza (2019), PhaseNet: a deep-
neural-network-based seismic arrival-time picking
method, Geophysical Journal International, 216 (1),
261-273, doi:10.1093/gji/ggy423.

NEWS LETTER Vol.6 No.5

13



NEREE RS

EBIRS (2019F108~11A)

(6 AEna]

201946 A 27 H
RATZESRFHMSS (AN, RELE /X
)

BEig N OSEHR DSERTERFEIC D W T

(8 AiEhna]

201948 A 30H
WERAEZEIRAFME R BEIERE S M F
FREARE (BRHE / 3XRE)
AAErREE D BECERTERMIc DOWT

(9 AEm7]

2019 9H 10H
WEREEZER (B THE / XBHE)

8 BOHEFRENCDWTHRET - SHML /2.
TRICTARK.

ST I3

2019 9H 25H

HABS - TEBBAVWOEARMETTILRTS
(RIS / NER)

HAEE - TEBEAVOHE - FRICDOWT

[10-11 B]

2019 10A2H
wEATZESRAFMES (AN, RELRE /X
BE)

BB OEREREIc DLW T

20194 10A7H

BN T 7RV OEICET SRR S, #EN
KFeaetEHES (AR (B, RSHE /X
RIT)
EHRBEORE 1 v BOBAUT -5 2HEFD, @
BRZ7RVWOHEBICEIT ZMBERHTE=F UV
7 OFHERE 2T o 1o

20194 10 B 9H
WERAEZER (B THE / XBE)

9 BDHEIEB)IC DLW TIRET - FHE L /2.
TRICTARK.
http://www.jishin.go.jp/evaluation/seismicity_
monthly/

http://www jishin.go.jp/

SR I

2019 F 108 23 H
RREREZENMEZRE e (FRHE /B
FT)

2019 11 A1H
RRBREFEMhERINE (BHLE / #m)

2019 11 A8H

BN T 70VWOMEICE T 2FHIRN S, HER
KFeatgER (AR (), RSHE /X
RIT)
ERBORE 1 v BOBAT -5 =2HEFD, B
BRZ7RVWOHMEBICEIT ZMBERHTE=F >
7 DFHERE 2T o 1.

2019 11 A 18H
RRBREZENMERZE e (S@LE /#
)

20194 11 A 27 H
RFARETRFFXLTEE (EREF / RTHR
Hr) (EREE / RFORET)
RFIFDZER ICBIT 2 KITEEDFHME

2019F 11 A29H
RRBREZEmERINE (BHLE / #m)

-~

14

IEVG —2—XL#%— Vo0l.6 No.5 (E%&35%)

2019 F 12 A %17
1T - & EULMRERAREN EERRIMR AT
TERTRE - KILBTIRERFT

fmEEY RIRET

NEWS LETTER Vol.6 No.5

FuwabtE T 305-8567

TR D IEHE 1-1-1 RRE 7
Tel: 029-861-3691 Fax: 029-861-3803

URL https://unit.aist.go.jp/ievg/index.html



	薩摩硫黄島硫黄岳における高温火山ガスの調査
	Crystal clocks: measuring the timing of volcanic eruptions
	地震研究へのAI 技術の導入
	外部委員会等 活動報告（2019年10月～11月）

