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FIGURE 2 | (A) Diagram showing the dependence of flat slab subduction in
nature on slab width (trench-parallel extent) and subduction zone age.
Diamonds represent subduction zones/segments without a flat slab. Filled
circles and white circles with an outline represent subduction zones with a
present-day flat slab and flat slab in the geological past, respectively. For the
black circles and white circles with black outline subduction zone age and
slab width represent the age and width at the time of flat slab inception. For
the black diamonds subduction zone age and slab width represents their age
and width at present. For the gray circles, white circles with a gray outline and
gray diamonds slab width represents the width at subduction initiation. See
Appendix and Tables 1, 2 for data choices, justification and uncertainties.
Black bars and gray bars are not error bars but indicate range of age
estimates and slab width estimates, where data point location represents the
average or the best estimate (see Appendix and Tables 1, 2). Thick
horizontal gray lines connect subduction initiation data point with present-day
subduction zone data point (diamonds) or flat slab subduction initiation data
point (circles) of the same subduction zone (segment). Subduction zone data
points: 1-South America with 1a-Southern Peru segment (Nazca ridge),
1b—Central Peru segment, 1c-Central Chile segment (Juan Fernandez ridge),
1d-Colombia segment, 1e-Northern Chile segment, 1f-Southern Chile
segment; 2-Mexico-Central America with 2a-Mexico segment, 2b—Central
America segment; 3-South America (Central Andes segment); 4-South
China; 5-Farallon (Laramide segment); 6—-Calabria; 7-Gibraltar; 8-Hellenic;
9-Scotia; 10-Manila; 11-Sangihe; 12-Puysegur; 13-Halmahera; 14-North
Sulawesi; 15-Cascadia; 16-Nankai-Ryukyu; 17-Lesser Antilles-Puerto Rico;
18-Tonga-Kermadec-Hikurangi; 19-Aleutians-Alaska; 20-Melanesia (New
Britain-San Cristobal-New Hebrides); 21-Northwest Pacific
(Kamchatka-Kuril-Japan-Izu-Bonin-Mariana) with 21a-Kamchatka-Kuril-Japan
segment, 21b-Izu-Bonin-Mariana segment; 22-Sunda
(Burma-Andaman-Sumatra-Java-Banda) with 22a-Burma-Andaman
segment, 22b-Burma-Andaman-Sumatra-Java segment. The light gray zone
indicates the approximate location of the boundary separating the domains
where flat slab subduction is not possible (lower left) and possible (upper
right). Note that for the individual subduction zone segments (1a-f and 2a-b)
the entire width of the slab that these segments form part of has been plotted.
(B) Map showing the location of those subduction zones and segments
plotted in panel (A).
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Figure 3 | Predicted per cent hydration of mantle wedges worldwide
produced over last 50 Myrs. Predictions from thermal models with
decoupling to 80 km and vertical water transport (Supplementary

Table 2); models are steady state except where noted in Supplementary
Discussion 4. The colours denote hydration, whereas larger circles show
arcs with well-constrained geometry (uncertainty in forearc crustal
thickness <10 km and uncertainty in depth to slab below volcanic
front®® < 20 km). The numbers code to subduction zones listed in
Supplementary Tables 1 and 2, the following of which are discussed in the
main text: 1, Alaska Peninsula; 4, Cascadia; 5, Mexico; 31, New Britain;
33, North Vanuatu; 46, Nankai; 48, North Honshu.
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Figure 1| Map showing station locations for the CAFE seismic and
magnetotelluric stations (wideband and long-period) across central
Washington state, USA. The numbers in parentheses indicate the number of
stations for each category. WB, wideband; LP, long-period.
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Pommier, A. and Evans, R.L., 2017, Constraints on
fluids in subduction zones from electromagnetic
data. Geosphere, 13, 1026—-1041.
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Figure 2. Detection of fluids using ic studies. Comparison b the p ical view of a ion zone (left: after Schmidt and Poli, 1998; Grove et al., 2012; Timm et al., 2014)
and an electromagnetic profile (right: Cascadia, McGary et al., 2014). Labels in the slab to stable hyd i ph hibole; cld—chloritoid:; I; i P i

chl—chlorite. The location of the model profile is shown on the inset map of Figure 6. Dashed lines
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Fig. 2 Subduction zone with fore-arc metasomatism model. Arc magmas form below the volcanic front (A), where fluid-fluxed melting of mantle
peridotites occurs. In front of the region of arc magma generation (A’) subducted sediments melt and their hydrous melts rise and react with peridotite.
Since temperatures in front of the arc (A”) are below the solidus of peridotite, hydrous sediment melt reacts to form a phlogopite-pyroxenite metasome.
Fluids expelled by phlogopite-pyroxenite formation rise through the mantle wedge B into the crust € to form reservoirs and hot springs. Map modified from
GeoMapApp, www.geomapapp.org/ with Global Multi-Resolution Topography (GMRT)47.

a b
c() — —— ( ....................... o log (p)
E s00. —
- 600 ——
40 £ 700 —
- ) 800
3 ; =
;260 1100 \woﬂ e e
8 1200 \\ |
& B e
80 sj}:’:‘) 1300 \
()
2209 K — 1400
100{ | 100
240, . 20
120150 50 0 km 50 100 -50 0 km 50

Fig. 3 Original (a) and synthetic (b) MT models for the Cascadia subduction zone. Colour scale is log electrical resistivity (p). a Shows the inverse MT
model along the ‘CAFE’ line in the Cascadia subduction zone, western North America, adapted from McGary et al'’ with the region of interest highlighted.
Reprinted by permission from Springer Nature, Nature, Pathway from subducting slab to surface for melt and fluids beneath Mount Rainier, McGary et al'7,
©2014. b is the synthetic MT model, which was created by forward modelling and then inverting the MT responses from a subsurface with conductivities
defined by mantle peridotite, arc melts, and the phlogopite-pyroxenite metasome, melt, and saline fluids produced by melting of subducted sediments. The
synthetic model reproduces the main conductive features, which are offset trenchward of Mt. Rainier (red triangle). Labels (A, A’, B and C) follow the
regions labelled in Fig. 2. Black circles in (b) show the locations of small (magnitude < 3) earthquakes that have occurred in the mantle wedge since 1980.
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Fig. 1. Sampling localities of the volcanic rocks of the Mariisky sequence and vent extrusion of Cape Mary, Schmidt Peninsula.
Modified after the GDP-200 map [4]. (/) Quaternary deposits; (2) formations with age indices; (3) early Cretaceous volcanic and
volcanogenic—sedimentary rocks of the Mariisky sequence; (4) vent extrusions of Cape Mary; (5) fault; (6) number and locality of

samples.

98



FIHAN

Werner, R., Baranov, B., Hoernle, K., van den Bogaard,
P., Hau, F. and Tararin, 1., 2020, Discovery of ancient
volcanoes in the Okhotsk Sea (Russia): New constraints
on the opening history of the Kurile back arc basin.
Geosciences, 10, doi:10.3390/geosciences 10110442.
Kiw<lix, THillo &KL T&H % Hydrographer
Ridge & TR DAL REE K IC H 272 ISR SNtk
%1 (Sonne KILHE) > 5 ERE X 17Ut O MBI A1 (32
YRIY, MERSY, FAE) 7 — % LEHER 2 RE T 5.
40Ar/39Ar AR & HiBRAL 2219 7 — ¥ 1, Hydrographer
Ridge (3.2-3.3 Ma) & Sonne X[L#E (25.3-25.9 Ma) @
MEILR & FMAEITEIROZN 6 L X CHEBLTws
EERRLTEY, BEO- Y —RICHRT 3 L 2R
B, Sonne KILFFDERIE T EBRIEK DR 28 L T
B0, 1.3-1.8 cm/y OB WL RHE 2 /8, T BT
MOBEH T — & EARD T — 513, WHAAD T 0L A,
T B DK E X OIRATIH O IR AR IIC R Z 572 2

Japan Sea
/TSB_YAR JB f

/

Google Earth

140°E 30°N

150°E 160°E

Figure 9.

Marginal seas of the NW Pacific and their back arc basins:
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Figure 1. Location of the submarine volcanic edifices in the Kurile Island Arc system. Small yellow
triangles indicate volcanoes according to Avdeiko et al. (1992) [14]. Large red triangles mark volcanic
edifices discovered during the R/V Sonne cruise SO178 and large dark blue (Hydrographer Ridge)
and green (Geophysicist volcano) triangles back arc volcanoes which have been investigated in the
framework of the German-Russian KOMEX project. Black dashed line connects young or recent back
arc volcanoes located at the greatest distance from the trench axis (white dashed line). Black numbered
arrows mark the migration track of the “Sonne Volcano” by spreading in (1) SW-NE directions or (2)
NNW-SSE direction (2). Arrow #1 roughly corresponds to the axis of the basement rise in the central
part of the Kurile Basin. The doted polygon indicates the area mapped by multi-beam echo-sounding
on SO178. The shaded area marks the extent of a recently discovered fore arc extension structure
(e.g., Lelikov et al., 2008 [15], Emelyanova et al., 2012 [16]). The purple diamond shows the location
of the dredge hauls on the Vityaz Ridge which yielded the trachy-andesite discussed in this study.
The base map is from “The GEBCO_2014 Grid, version 20150318, http://www.gebco.net”. Contour
interval is 1000 m. BS = Bussol Strait, FS = Frisa Strait, BG = Bussol Graben.
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AB—Aleutian,

BB—Bowers, kmB—Komandorsky, KB—Kurile, JB—Japan, YAB—Yamato, TSB—Tsushima. Ridges and
rises separating the back arc basins: BR—Bowers, SHR—Shirshov, YAR—Yamato. Extension structures
in the Aleutian and Kurile fore arcs: SB—Steller Basin (Baranov et al., 1991 [52]), KFES—Kurile
Fore Arc Extension Structure (Laverov et al., 2006 [50]). The white line marks the trench axis,
white lines with arrows indicate active shear zones: KSZ—Komandorsky (Baranov et al., 1991 [52]),
SHSZ—Sakhalin-Hokkaido (Jolivet et al., 1987 [3]), KSS—Kurile Sliver Shear (Kimura 1986 [53]). White
lines with arrows at both ends mark the opening direction of the back arc basins. Two opening directions
are suggested for the Kurile Basin: NNW-SSE direction in Middle Miocene and NE-SW direction later
than Late Miocene (TuZino and Muramaki 2008 [54]).

99



De Grave, J., Zhimulev, F.I., Glorie, S., Kuznetsov,
G.V., Evans, N., F. Vanhaecke, F. and Mclnnes,
B., 2016, Late Palacogene emplacement and late
Neogene—Quaternary exhumation of the Kuril
island-arc root (Kunashir island) constrained by
multi-method thermochronometry. Geosci. Front., 7,
211-220.

T-EHE X, - AT L2 R L, LARIAHAR
SR THERAGHED & A L F v v AN s, Bl
fEDINE, FE =M oBEME L z2nz2E 5 2P IEE)
72 B KD 6 78 5 0 O DKL 6L S 1
%, HE®EE, TEINO RN, LSO E i iz
BL, KWOWMENRTH 5. HEEIE, BT
St KIE» S k2 Tiay 7Ly 7 28
FznzE) (XEHE) ZUCaBE G - BEK
HEADDIHEINKILNDG S 2% Eifay 7Ly 7 Ak
SRR ENS, Fifar 7L v 7 ATk, Prasolov/
Dokuchaev K& a v 7Ly 7 A EWHEIN 5 HAEDIK
HPED TICHET 5, 0L 7z b —F VA -1ik
PICEE DG AR 2o D/NS B EAEERD SIRES
N7z, 31 Ma ® LA-ICP-MS U/Pb 4E % 78 3 Hif BT
Bt )L a vt Prasolov ay 7Ly 7 A 660

7z.

2022

ZOHEIEIE, FEBEOHEBEIEREZ SN Tk

Ihvifvz e znd, BERAUEKAD7 4 vy a
v+ +Jv 27, U-Th-Sm/He £ X O’ ) a v U-Th/
He fi#h7) 1%, 1.9-0.8 Ma @ He 4E{R% & DEB D
KERFERE I, BEHHICBED L~V a2
bRz Ll ey, BEREOIEIX, BfEET

Ik hRECEALE,

Okhotsk
Sea

Pacific
Ocean

(A

Upper Complex

D Early Pleistocene - Holocene volcanoes,

basaltic - andesitic flows/plateau of the
Lower Complex

Fregat complex
Late Pliocene Dokuchaev Complex
(Grando)diorite, Plagiogranite, Porphyry

Oligocene - Pliocene volcanic
> | Rybakov & Kamuy Fm (undivided)

db AL Oligocene Prasolov Complex
(Grando)diorite, Plagiogranite

E Active volcanic centres
I ‘Yuzhno-Kurilsk village

Figure 2. General geological map of Kunashir Island, southwest Kuril Islands (based on
Kovtunovich et al., 2002). Location for Fig. 3 is indicated.
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Figure 1. (a) General location of the Kuril Island arc in the Northwest Pacific, (b) position of Kunashir Island in the Kuril arc and general regional geographic setting, and (c) tectonic
sketch map of the Kuril island arc. The study area, the island of Kunashir (K), is indicated by the red box.
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