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Figure 1. (a) Map of the Long Valley Caldera region. The
spatial pattern from a principal component analysis (black
vectors) and the velocity estimates with data after 2011.75
(blue vectors) represent a radial deformation pattern from . /\ | .
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inflation from Liu et al. [2011]. These models suggest that the deformation sources have little variation in horizon. Note
the different scale between horizontal and vertical velocities.
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Figure 1. Shaded relief map of Long Valley Caldera and Mono-Inyo volcanic chain. Thick lines outline A ‘0 -§ | / 6 % M
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Figure 9. Black lines are 30-day centrally averaged earthquake rates in the larger South Moat Seismic
Zone (SMSZ). Black dots are normalized EDM baselines between CASA and KRAK. (a) In 1980—-2006.
Gray boxes highlight the periods for Figures 9b, 9¢, 9d, and 9e. (b) In 1986-1991. (¢) In 1994-1999.
(d and e) In 1999-2004 (lincar and log earthquake rates). The first dashed line in Figur es 9b, 9¢c, 9d,
and 9e¢ indicates seismic quiescence immediately prior to inflation, while the second dashed line

indicates the peak in seismic activity during the maximum rate of uplift.
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9—: SAR data:(évl\)lls (cm) 0:90 Null solution: 7.8
< EDM data: RMS (cm) 2.06 Null solution: 7.2
Somimart anie & R
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Eﬁ Depth (km) 7.643 3.000-9.000 6.6-8.7
Strike angle () 216 0-360 196-302
X 8 gglracneglcee(m)er E (UTM) 332;64 330008:31036000 o7
o Source center W (UTM) 4172754 4169000-4173000
< Volume change (km?) 0.068 10--0.800
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Fig. 7. Temporal variations in the cumulative number of M >3 earthquakes in Long Valley caldera and the Sierra
Nevada block for 1978-2004, together with the uplift history for the centre of the resurgent dome based on
levelling surveys (solid circles) and extension of the Casa Krakatoa EDM baseline (heavy black line - see Fig. 6
for baseline location). Time intervals (a) to (f) correspond to interval seismicity maps in Figure 8. The earthquake
catalogues for this area are complete for M >3 earthquakes throughout the 19782004 interval.
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Fig. 7. Temporal variations in the cumulative number of M >3 earthquakes in Long Valley caldera and the Sierra
Nevada block for 1978-2004, together with the uplift history for the centre of the resurgent dome based on
levelling surveys (solid circles) and extension of the Casa-Krakatoa EDM baseline (heavy black line — see Fig. 6
for baseline location). Time intervals (a) to (f) correspond to interval seismicity maps in Figure 8. The earthquake
catalogues for this area are complete for M >3 earthquakes throughout the 1978-2004 interval.
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Fig. 11. A schematic representation of basic kinematic relations between dominant seismogenic and magmatic
sources contributing to unrest within the caldera and the Sierra Nevada block to the south for the period
1978-2004. Profile A—A' indicates orientation of the cr ction in Figure 12. Thin red lines are inferred faults
based on the high-resolution hypocentral locations and focal mechanisms of Prejean ez al. (2002). The dashed red
lines are lineations defined by the 1982-199: i .7 (a) to (¢)). Opposing half-arrows indicate relative
sense of strike-slip displacement. Hash marks i n-dip direction on faults with dip-slip displacement
components. (Note that the inferred faults depicted in Figure 9 have no clear surface expression as is common for
faults associated with M = 6 or smaller carthquakes.) Orange circles with radial arrows indicate inflation centres
with the resurgent dome inflation source centred at a depth z of ¢. 6-7 km and the SMSZ inflation source
somewhere in the depth range z of ¢. 10-15 km. The purple pattern overlies the volume of mid-crustal LP
carthquakes and the inferred plexus of basaltic dykes and sills. A thick red line beneath Mammoth Mountain
indicates the seismicity keel (z=7-10 km) that developed during the 1989 swarm, with arrows indicating the
T-axis (extension direction). The thick brown dash-dot line indicates the position of the silicic dyke that fed the
¢. 650-ka Inyo Dom uptions. Large open arrows indicate regional variation in the extension direction with
respect to a fixed Sierra Nevada block based on the stress inversion of Prejean ez al. (2002).
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Fig. 12. Schematic cross-section A-A'! through Long Valley Caldera (see Fig. 9) illustrating depth relations
between the structural and magmatic elements contributing to caldera unrest. Geological units adopted from

'y (2004). LVEW is the 3-km-deep well in the centre of the resurgent dome. Small circles are hypocentres
1> 2 earthquakes within the caldera and beneath Mammoth Mountain for 1978-2004 within 5 km of the
-section. Large circles are mid-crustal LP earthquakes. Filled circles indicate LP events with hypocentres
constrained by a dense, temporary seismic network deployed in 1997 (Foulger e7 al. 1998). Orange ellipsoids
indicate inflation sources inferred from deformation data (Langbein 2003). The source centred 6-7 km beneath
the resurgent dome is behind (north of ) the SMSZ seismicity, which shallows to less than 6 km beneath the
1eau1gsm dome. The structure in the upper ¢. 10 km is generally well resolved by multiple seismological,

physical and geological studics. Deeper structure (> 10 km) is ain, but includes evidence from
feleselemic tomographic studics for a volume of low P-wave velocities (LVZ) in the 15-30-km depth range

(e.g. Dawson et al. 1990; Weiland et al. 1995).
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Fig. 2. Shaded relief map of Mammoth Mountain and vicinity. Green outline encompasses the extent of major dacite flows erupted from
Mammoth Mountain vents. Solid red lines are mapped faults and dashed red line is the topographic margin of the caldera floor. Circles with
inner hash marks are ~700 years BP phreatic explosion craters. Triangles indicate seismic stations (with 3-letter station names). Circles indicate
continuous CO,-monitoring stations. The borehole dilatometer POPA is co-located with the seismic station MDP. Blue lines indicate 2-color

EDM baselines. H.L.=Horseshoe Lake, L.M.=Lake Mary.
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Fig. 4. Time history of Mammoth Mountain unrest from 1978 through 2003. (A) Cumulative number of M > 1.2 brittle failure (BF) carthquakes
and deep long-period (LP) earthquakes. Me indicates the completeness threshold for brittle-failure earthquakes located in the vicinity of
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CUMULATIVE SEISMIC MOMENT

Fig. 5. Comparison of the cumulative seismic moment for Mammoth Mountain earthquakes (A) and Long Valley Caldera earthquakes (B) for
1978 through 2003. SM=South moat. Note that the moment scale for caldera earthquakes (B) is three orders of magnitude larger than for
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Fig. 9. Double-difference hypocentral locations (orange dots) for brittle-failure carthquakes in the 1989 earthquake swarm in relation to other key structures associated with Mammoth
Mountain unrest. Solid dots are hypocenters for a subset of deep LP earthquakes from 1990 to 1999 clearly recorded on a minimum of 10 nearby stations in the NCSN seismic
network with root-mean-square traveltime residuals <0.3 s. (Pitt et al., 2002). Inverted triangles are high-quality hypocentral locations for deep LP earthquakes recorded during the
summer and fall of 1997 by a temporary array of 3-component digital seismic stations (Foulger et al., 1998). Purple area outlines epicentral distribution of deep LP earthquakes and
inferred plexus of mid-crustal dikes and sills (see depth section, B). (A) Map view showing outline of Mammoth Mountain (closed green line), local faults (heavy black lines),
approximate trace of caldera ring-fracture system (dashed, thick gray line) and lakes of the Lakes Basin. MMF—Mammoth Mountain fumarole, DF—seismicity triggered by the 2003
Denali Fault earthquake, HM—seismicity triggered by the 1999 Hector Mine earthquake. Also see key in map legend. (B) Depth section A-A’" perpendicular to dominant northwest-
striking structural trends spanning the mountain. Opposing double arrows indicate sense of slip on fault surfaces. Gray hemisphere section just above sea level is hypothesized shallow
CO, reservoir (Sorey et al., 1998). Inferred plexus of dikes and sills coincident with deep LP earthquakes indicated by orthogonal pattern of elongate purple ellipses.
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Fig. 11. Cross-section of Long Valley caldera (modified from Sackett et al., 1999) showing the location of the intrusion. LVEW
marks the location of the Long Valley exploratory well. The present-day shallow hydrothermal system consists of several rela-
tively thin zones of hot water, flowing laterally from west to east at depth of less than 1 km (Sorey, 1985; Sorey et al., 1991).
The dimensions of the ellipsoidal intrusion are speculative and based on an overpressure AP~1 Gpa and shear modulus
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Figure 1. Sketch of the geological map superimposed on the
digital elevation model of the Campi Flegrei caldera. The
inner caldera basin (dashed black line) is composed mostly
of Quaternary soft materials and young volcanic deposits.

Figure 2. Setup of the 3-D finite element models (3DHET).
(a) Mesh and boundary conditions. (b) Mechanical configu-
ration of 3DHET represented here by the distribution of the
shear modulus () along two profiles, west-east and south-
north, respectively. Poisson’s ratios (/) vary in the range of
0.2-0.4. A positive volume (I Mm?) is imposed to a spher-
ical reservoir located in the center of the caldera basin at
3 km depth (see text for more details).
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(c and d) Time series relevant to the two pixels where the largest velocities are measured for the ascending
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“correction” for the 3-D material heterogeneities is considered.
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Table 3. Inversion Uggpected”

deformation assuming the standard approach.

East (km)  North (km)  Depth (km) AV (Mm*/yr) ms East (km)  North (km)  Depth (km) AV (Mm®/yr) s
period Min Max  Min  Max Min Max Min Max (em) Period Min Max Min Max Min Max Min Max (cm)
93-96 4263 426.6 4519.1 4519.6 2.5 3 049 -0.46 0.2 9396 426.5 426.6 4520 45202 2.5 3 035 028 0.12
96-97 4263 426.5 4518.7 45194 27 32 074 065 026 9697 4262 4269 4519.5 4520.7 25 3.1 045 -037 026
9799 426.6 427.3 45192 4520 26 3 —1.05 —0.88 033 9799 4268 427.3 4520.1 4520.8 2.6 29 —0.68 —0.59 031
99-00 4264 426.8 4519.5 45202 34 3.5 —13  -125 027 9900 4266 427 4520 45209 29 34 092 —0.83 030
00-01 4263 427.2 45189 45191 25 3 053 07 031  00-01 4265 4272 4519 45202 2.5 3 03 048 031
01-05 4262 4267 4519 45194 26 3 -07 063 0.6 01-05 4262 4267 45192 45197 26 3 047 —039 0.14
0507 425.9 4265 4519 45192 28 3 031 032 012 0507 426.1 4267 45186 45205 3 32 021 029 0.2

“Source parameters obtained by the inversion of the Campi Flegrei  “Source parameters obtained by the inversion of the SBAS-DInSAR data

“corrected” for the 3-D heterogeneitics effects. See also Figure 5.
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Figure 6. Pressures changes (AP) of a spherical source
located at about 3 km depth beneath CF caldera between
1992 and 2008. AP has been calculated with relation (A2)
(see Appendix A) considering the AV resulting from the
inversion of the SBAS-DInSAR data set for the “standard™
approach (blue solid line) and afier the “correction” proce-
dure (red solid line) for a shear modulus (y) of 7 GPa. Since
AP depends also from the source radius, the range 0.25 <a <
2 km has been evaluated; thus the vertical axis is scaled
accordingly. Among the source radii considered, the values
consistent with AP range of 10-30 MPa, thus explaining the
seismicity observed at Campi Flegrei during the 2000-2001
uplift phase [Bianco et al., 2004], are shown by the blue and
red bars in the top left comer. See also text for more details.
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mechanisms computed for the different seismic zones are indicated (De Natale ¢z al. 1995). Also shown is the
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Fig. 9. (a) Fit between the data and the horizontal penny-shaped crack model (see Table 1 for source parameters). Error bars are two standard deviations. Levelling:
January 1981 to September 1983; EDM: September 1980 to September 1983; gravity changes Ag from February 1981 to September 1983. No major deformation episode
was detected between September 1980 and January 1981. The average deformation rate between 1974 and 1981 was 0.001 +0.002 m a™' (after Battaglia et al. 2006). (b) Fit
between the data and the vertical prolate spheroid model (see Table | for source parameters). Error bars are two standard deviations. Levelling, June 1990 to January
1994; EDM: November 1991 to June 1995; gravity changes Ag from June 1991 to January 1995. The subsidence rate was 0.015+0.006 m a™' in 1990-1994, and
0.01240.006 m a™ in 19911995 (after Battaglia et al. 2006).
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Fig. 1 Hill-shaded relief of the
greater Yellowstone region. The
light blue areas are water bodies
and the yellow lines mark the
Quaternary faults (U.S. Geologi-
cal Survey 2006). Orange repre-
sents topographic margins of the
Yellowstone caldera and the
Henrys Fork caldera, and green
represents the boundary of
Yellowstone National Park. HF
indicates Hebgen fault, RCF Red
Canyon fault, PLCF Post-Lava
Creek fault, ESRCF East Gallatin-
Reese Creek fault, MPF Mirror
Plateau fault, EBF Elephant Back
fault, 7F Teton fault, /L Hebgen
Lake, YL Yellowstone Lake, YC
Yellowstone caldera, SC Sour
Creek resurgent dome, ML
Mallard Lake resurgent dome,
HFC Henrys Fork caldera, NGB
Norris Geyser Basin, YNP
Yellowstone National Park. The
small blue triangles indicate the
locations of continuous GPS
stations (OFW2, WLWY, HVWY,
NRWY, LKWY, and MAWY)
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Fig. 2 Line-of-sight deformation superimposed on the hill-shaded
relief of the region. Solid white lines mark the Quaternary faults (U.S.
Geological Survey 2006), small red dots indicate seismicity during
each interferogram period (the earthquake records are from the
University of Utah Seismographic Stations’ Yellowstone National
Park Earthquake Catalogs for 1983-2010), and light blue areas are
water bodies. a ERS stacked interferogram of 17/08/1992-28/06/1993
and 28/06/1993-30/08/1995, b ERS interferogram of 19/09/1996-28/
09/2000, ¢ ERS interferogram of 20/07/2000-29/07/2004, d ENVI-
SAT interferogram of 22/09/2004-19/07/2006, e ENVISAT interfero-
gram of 23/08/2006-18/06/2008, and f ENVISAT interferogram of 27/
08/2008-08/07/2009. The dotted black lines marked with X-X" and Y-
Y indicate the location of deformation profiles presented in Fig. 3
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Fig. 7 The InSAR data of 2005-2006, model, and residual are
represented in (a), (b), and (¢), respectively. The small blue arrows in
(b) represent the GPS data while the small red arrows represent the
GPS model. The red rectangle in (b) is the projection of the planar
source; the along-strike edge is marked with a solid red line. Projections
of the Mogi sources are marked with three black stars in (b)

Depth [km]

Lo
45.0°

48

—
446 44.4
Latitude

1100’
~1105" @
&
~111.0° {g")
o
S — —111.5° NS

442 440

Fig. 8 Conceptual model for
the Yellowstone deformation.
The white lines, on the surface
displacement map at the top of
the model, represent the Quater-
nary faults and the black areas
are water bodies. YL indicates
Yellowstone Lake, SC Sour
Creek resurgent dome, ML
Mallard Lake resurgent dome,
YC Yellowstone caldera, NGB
Norris Geyser Basin

2005 F£~06 F£IZH L TIL,
Sour Creek & Mallard DE4LE K
—. & NGB @i & 10. 36km,
17. 27km, 16. 62km [ZZEBRAVK
HoNd,

XIRETILCE, BERF—L
TIZ 10. 5km x 33. Tkm O EAATE
0.09m AR BN B,




F£1.4-2%

AIO0—R—2OEBT—4

- 5= £% S SCHRIR R (YS-8)

A4ATO0—R +F—2AILTS (Yellow Stone)

&S £ RE X B Mih 5580 REEE BIFEHRELTEIA - 2FLEATLDHDLED)
A R P - BEED o it Sl ERk-AIK | B0 | BRED
n extraordinary eplsode o el lowstone eopnysica = P gy N = N o o
YS- . . Y& y . i .l s s . wER | # 4 s | 4 . A ;
Chang, W. L. et al. 2010 | caldera uplift, 2004-2010, from GPS and | Research Letters, a8 :kf GPS ’I“& fERE b4 OF A5 | BfuE | #BE |, ﬂ”?"’i #Eiﬁ Ut B ¥ M | BE o= BE —”E_ M*’_i
8 InSAR observations 37, 123302 Ag Ll S REHE| BE | BE Lz Lz A5 | B3
L) L) L)
E-SUVIEH E-RYVITDRE B LEEAREERE)
— = | i . —~— = | GPS RUTFiH SARFEMICL Y, 41 TA—X b—2AILT 5 TIE 2006 F£~09 FITHWNT, 3~4 BETHEERENFDL, 5122009 £TIE 2om/EM S 0. 5om/FEAEFL LIz, ETILEHFTIE A
IA—Xb=2AHI DHIREENDF L LVEITES LT mEDHILTSH —— S . N . RN s —— ' - s . o =
1 A f;;‘?:gf)i%gg éﬂ'&?ﬁ%ﬁ &l TR L FS T RS LI/ TBYTEBORE Tkn~10kn 122 JLROT 7T BAIEA LT85, LTS FORKRBBES 2008 F~10 FOKFIEMEIZ & HMEEBOERILIEST, HLFSD
-F - AR " ° EFHHDL, ALTSORENSEEADELERIFLIZEFESN S,
BARYHE A HAERE R (FESHE - FEEEES) B
North S
ase|. GPS LAl & LI,
2004 ££~06 (5| ZHE =, 2006
F£~10 FITBLTHELI#
#L, &K 25cm DEENAD
£ %, 2010 £EORH 6 7 AT
g3 [ | A pr
g 2008 £ E~2009 £TlF, E£TF
Fi% SAR g7 © 2.50m Bk, KT 0. 8om 1L
@i § LOEEMNALNZA, BERE
gl 2, EREESAEICH T TR
GPS A##T 3 BERMSHDN, E5IZIEH
445 © \ Fn_o5 ey LT SHBTIRILBIERNA S
____________________ LOS velocity (cm/yr) na
(uplift 0 (subsidence) -1.5 °
................ Figure 3. 2008-2009 Yellowstone ground motion deter- Fits SAR fEATIC &I,
mined by InSAR (LOS velocity in background) and 2008 &£~2009 £TIX, BEF
GPS (red and white arrows denote vertical and horizontal —LTERE, HAILTSED
A v T A AR T velocities, respectively) observations. Squares and trian- . - San ~
w 57 05 06 07 08 09 54 05 06 07 08 G4 05 06 07 08 03 gles represent permanent and campaign GPS stations, Norris TILIEREA#H BN D,
3 Year respectively. Two ENVISAT IS2 images of 08/27/2008
Figure 2._ _Tcmpural_ variations of Yellu\_\'stone caldera ground deformation determined by GPS: Each dot represents a and 09/16/2009 were used to form the interferogram.
" — : ‘ daly posidon st From e o gt he upardvend dentc o s and p motns, el v Ellipses and bars represent 2- errors,
(b) - 1105 -110 Jan. 2010 earthquake swarms.
B = 2
£ [0 Monthly caldera eartt 3
& 10| === Cumulative seismic moment (before Dec.2008) e =
¢=; - Cumulative seismic moment (after Dec.2008) E Aug/2005 - Jul/2007 20 Sap2008 -Sep/2008
g.u . = GPS-measured vertical displacement i 1.5 € 0
E ~ WLWY ™ S _
. = {0 13
E 2.0+ 10 E’. g 9 1 ! /‘ ;;—IO R N
E _E R £ R Uy 2 ETIEHIZENIE,
= e B2 NS ] e - N 8 € ¢ —— wo
gsp £5E 3 € 4 o g 8 HAITSTDOZRS Tkm~9%km @
(i F3 =4 T N, - " ~ o N
3 =E £ £ k] BFZEV o BEREET DL (EER) M
grop o Jos & 2] | - RSN, HHEEMERL,
- 3 - : % 2004 ££~06 £ 0. 11km*/ £
S | ..t o 5. 2005 £~08 £ 0.06~
S e | , o) o = n Th 0.07km*/4F, 2008 £&£~09 &£
2006 | 2005 | 2006 | :!(e)?:: " 2008 | 2009 2010 EFIL 20 East (km) 0. 03km*/ FEADF LMK H SN
fRAR Sep/2007 - Sep/2008 g vachy vy ‘ Openlig Rate (chiyi) %, ALTS5IBD Noria DF
riaur I, @ Mo shoving e Yelkwane sl sytem s atons of oo v nd compie . T I g Tk~ 13kn 1= BT, 0. 02
YL, Yellowstone Lake. White and gray circles show background seismicity and swarm earthquakes during the period of the ~—0_ 004k|‘n3/$ ()] 1$*§i§ }]l] E &
2004-201 Idera uplift, res ively. Th lar; rthquake swarms at the north of Yellowstone Lake (2008-12) and the = o N N
v\testernoca(])dc:r:liou:];ary (;SFI’%CJO lc) ;relsheot)vv;“in r§§ zﬁ'clls(l.u(}r;y\;(ines :h(l)\tv cQuZ;rr:;r;?alSts. E(I;) ?\;;)nth](y (e)gnhqu;l?es;nd 0 § I& T v) L’J\E E é *L 6 o
the cumulative seismic moment within the caldera, together with vertical displacements of the GPS stations WLWY and £
OFW2. _ 3
£ ° REEIL, RS 8km HEICHF
[BARE (BHIRE) ] § ETBEAIELI-TIIEY
+ GPS : 2004 £ ~2010 £ EHROMBEHEEZRLTL
- F i SAR AT : 2004 £ ~2009 £ 1 5.
" Figure4. Source models of the Yellowstone crustal motion for three periods from 2005 to 2009. (left) Observed horizontal
d c'"/y" (white arrows) and vertical (black arrows) GPS velocities with background colors showing LOS velocity field measured by
_60 & mmiye InSAR. Gray crosses are InSAR data points used for source inversion. Red and blue dashed rectangles represent surface
—40 -20 o 20 projections of modeled inflating and deflating sources, with solid lines indicating the up-dip edges of the dislocations.
East (km) (right) Oblique view (from NW) of the modeled sills superimposed on a seismically imaged partial-molten body (see text).
The distribution of opening rates of the inflating sill is shown on the top. The vertical exaggeration is a factor of two.
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Fig. 3. (A) Observed Yellowstone ground motion, 2004-2006. Black and  Residuals between data and model predictions. (E) Three-dimensional view
white arrows are vertical and horizontal velocity vectors, respectively, measured ~ (from the southwest) of the modeled volcanic sills superimposed on a
by GPS. Background colors represent average LOS velocities interpolated by  seismically imaged magma body (25). (F) Opening distribution of the modeled
reduced InSAR data points (gray crosses) (11). (B) Modeled ground motion. inflating sill. We first assumed a uniform dislocation beneath the caldera to
Surface projections of the modeled expanding and contracting sills are shown  solve for the geometry of the sill. The dislocation was then discretized into 30
by red and gray rectangles, respectively. Solid lines highlight the tops of the  patches, and the opening of each was estimated to best explain the spatial
sills. (C) Modeled and observed ground motion along the profile A-A"in (B). (D) variation of the caldera uplift (11).
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Fig. 4. Schematic diagram of plausi-
ble magmatic and hydrothermal pro-
cesses responsible for 2004-2006
accelerated Yellowstone caldera uplift
and Norris subsidence. Black dots are
earthquake hypocenters from October
2004 to March 2007 (see Fig. 1A for
the epicenters). The yellow area shows
the seismically imaged magma body
in Fig. 3E. Background colors repre-
sent cubical dilatation, in unit changes
of volume, induced by the modeled
inflating sill. Fluids exsolved from
magma crystallization can be trapped
beneath the nonpermeable rocks near
the brittle-ductile transition zone,
taken as the 80th percentile focal
depth of earthquakes (white dashed
line) (21, 22), to produce the caldera
uplift.
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Figure 2 | Four interferograms showing the
deformation during the episode of uplift at
NUA. A colour change from violet to blue to
green to yellow to red marks an increase in the
range (distance from the satellite to points on the
ground) of 28.3 mm. The white circles represent
epicentres of earthquakes recorded during the
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Figure 1| A map of structural, thermal and volcanic features in and around ? d
Yellowstone caldera. (Map taken from Christiansen'.) The red symbols £
mark volcanic centres that erupted after the caldera-forming event 640 kyr 2
ago. The areas of known past or present thermal activity are coloured yellow. - N Distanco along XX (am)
The ring-fracture zone of the caldera is shown green, and the slumped zone \/ NUA oD f& gEEﬁ : 0. 08k ~0. Thar?
between the ring-fracture zone and the best estimate of the caldera rim is 4G s a NUA CEEE—2, jﬁlﬂ:ﬁia
shown salmon. The park boundary is the dashed black line. Faults active in — S L E SR e e s (o F=L(DLTSE)ISRRE
T L k < Distance east (km) —_ 7 75; J’“ 6 n 6 o

the Quaternary are marked with black lines. The labelled features are Norris
Geyser basin (NGB), Mammoth Hot Springs (M), Sour Creek dome (SC),
Mallard Lake dome (ML), Hebgen Lake (HL) and Yellowstone Lake (YL).
The white arrows show interpreted magma migration paths. The red square
in the inset map (bottom right) shows the location of the study area.
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inFig.3. (C

greater than M = 0.0 that occurred before the uplift episode

a, A stacked interft formed by

were performed using Coulomb 2.5; ref. 25.) a, Dilatation at the surface
resulting from the NUA uplift episode. The arrow labelled ‘NGB’ marks the
location of Norris Geyser basin, and the arrow labelled ‘Nymph Lake’ marks
the location of the newly formed line of fumaroles near Nymph Lake. The
black lines are mapped faults active in the Quaternary". The black rectangle
is the surface projection of the best-fit expanding sill. The broken line shows
the approximate location of the 640,000-year-old caldera rim. b, Cross-
section through X—X' in a resulting from the uplift episode. The peak
dilatation is just under 7 microstrain at the surface. The cyan circles show

model. ¢, Residual interfe

the interferograms in Fig. 2a—c. b, Synthetic i.n:erferogram

(1 January 1992 through to 31 December 1997) and the red circles show
earthquakes greater than M = 0.0 that occurred during the uplift episode
(1January 1998 through to 13 August 2003). Earthquakes 10 km each side of
the X-X' line are projected onto the cross-section. Size of circles is scaled to
earthquake magnitude. Note that for better visualization, this scaling is
different for the red and cyan circles; for two earthquakes with the same
nmagnitude (one cyan, one red), the red circle plots at twice the diameter of
the cyan circle.

Figure 3 | Observed and modelled uplift at NUA and subsidence of the
caldera floor. The black outlines are the surface projections of a north-
northwest-trending expanding sill, and two northeast-trending contracting
sills. The dashed line is the outline of Yellowstone National Park.
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Elevation along the profile is shown by the black dotted line.

interferogram (b) from the observed interferogram (a). d, Deformation
profiles from Y to Y'. The colours denote: blue, 1996-2000 deformation;
cyan, 1996-2001 deformation; green, 1996-2002 deformation; black,
2002-2003 deformation; and red, deformation from best-fit model (b).
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Figure 1. Location map showing Taupo Volcanic Zone and footprints of ALOS images used in this study
Geothermal fields are outlined in red (modified from Bibby ef al. 1995; Hole ef al. 2007).

ing paths 324-325 and ing path 628).

GPS
Fi% SAR
iy

175°30"

Figure 3. Line-of-sight displacement rates caleulated by fiting linear trend to time series for ALOS PALSAR ascending path 325. ¢GPS velocities are
plotted as described in Fig. 2. Red square shows reference region used in SBAS processing. Brown rectangles outline subsidence at Ohaaki (top panel) and
Tauhara-Wairakei (bottom panel) geothermal systems.
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fastest subsidence.
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Figure 13. Results of modelling with cllipsoidal sources (Yang et al. 1988) and tabular source (Okada 1985). Top row observed (a) and residual (b) lincar

rates for Kawerau [
(d). coordinates of TL and BR corners are (—38.48N, 176.25E) and (—38.58N, 176.40E)]. Bottom row results of modelling with tabular source (Okada,
1985) for Wairakei and cllipsoidal (Yang ef al. 1988) source for Tauhara (coordinates of TL and BR corners are (—38.58N, 176.00F) and (—38.72N. 176.17F)).
Observed (¢) and (g) and residual (1) and (h) linear displacement rates for Tauhara-Wairakei geothermal system from ascending and descending orbits.

of TL and BR corners are (—37.95N, 176.60F) and (—38.15N, 176.80F)] and Ohaaki [observed (c) and residual

Table 2. Best-fitting parameters of ellipsoidal sources for Kawerau, Ohaaki and Tauhara
geothermal fields.

Kawerau Ohaaki Tauhara Wairakei
Longitude (° £km)  176.698 £ 0.20 176.306 £ 0.43 176.084 £ 0.13 176.08
Latitude, (° £km) —38.055+0.15 —38.524+0.19 —38.676 £ 0.09 —38.62
Depth (km) 1.3£02 .9 =0.3 04£02 0.5¢
AV, x 109 m? —0.13 +0.05 —0.27 £ 0.09 —0.07 £0.03 —47.1
Strike (%) 60 + 84 125 /103 —63" £+ 18
Dip (°) 32+25 28 +25 0¢
€ 0.24 0.78 0.89
RMS 0.2 0.2 0.3

“Parameter determined as AV = ATFﬂab2 (Tiampo et al. 2000).
Constrained to the range [—75, —30] (positive degrees N-to-E, clockwise).
“Fixed during the inversion. € is eccentricity parameter.

Tauhara Tl&,
BEE0.4km [2HLVT0.07x 10
km'/EDEENH BN D,

Wairakei TI,
BRE0.5kmI2H T 47.1x10°
km'/EDEENH BN D,
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Fig. 1. (A) Location of the Taupo Volcanic Zone (TVZ). (B) Location of the main structures of the TVZ (the main calderas are underlined by dotted circles). (C) Location of lake levelling
sites (diamonds), Waihi, Horomatangi and Kaiapo fault traces (dotted lines) and historical activity (NNE-SSW rectangle, after Wilson ct al,, 1984). Coordinates are in New Zealand Map

Fig. 2. (A) Cumulative number of shallow earthquakes (<6 km depth) recorded between January 1979 and December 2007, (B) Location of the shallow seismicity epicentres recorded between
January 1979 and December 2007 in the Lake Taupo area, and (C) recorded during specific time periods: (1) February 1983, (2) 18 June to 3 July 1983, (3)5 to 10 March 1984, (4) 17 o 20 March
1987, (5) 19861996, (6) July 1997 to December 1998, (7) December 2000 to June 2001, (8) October 2001 to September 2007. Data are from h
and from Webb et al. (1986) for the 1983 seismic swarms. Coordinates are in New Zealand Map Grid Projection (km).
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Fig. 6. Location map of Wairakei—Tauhara geothermal field showing lakes and rivers (black), road outlines (white), resistivity boundary (grey) (after
m / Bromley et al., 2000), the locations of the power stations (PS) and selected benchmarks discussed in the text.
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Fig. 1. Location map showing the geothermal fields in the TVZ (from Bibby et al., 1995), 1—Tokaanu, 2—Lake Taupo, 3—Wairakei, 4—

Tauhara, 5—Rotokawa, 6—Mokai, 7—Ongaroto, M:

kino, 9—Neg;

iki, 10—O; , 11—Ohaaki, 12—Atia-muri, 13—Te

Kopia, 14—Reporoa, 15— Waiotapu/Waikite, 16—Waimangu, 17—Horohoro, 18—Rotorua, 19—Fast Rotorua, 20— Tikitere/Rotoiti 21—
Taheke 22—Rotoma/Tikorangi, 23—Kawerau. The locations of the calderas and the TVZ boundary are after Wilson et al. (1995), TA—Taupo,
Mo-——Mangakino., WH-—Whakamaru, MA-—Maroa, KA Kapenga, RO Rotorua, RE—Reporoa, OK-—Okataina. The current active fault
locations are from the New Zealand Active Faults database (GeoNET, 2006a). The average footprints of the SAR images used in this study are

shown.
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Fig. 8. Unwrapped interferograms of the Wairakei Tauhara

Table 2
Deformation in mm/year of Taupo Fundamental (Taupo FM)
benchmark relative to benchmark A93

Levelling InSAR
(mm/yr) (mm/yr)
Period Taupo FM  Period Taupo FM

06/1997-03/2001 —1
03/2001-12/2004 +8

05/03/1999-11/08/2000 -5
13/06/2004-31/10/2004 +11

field showing lis {-sight di in mm/year: (a) ERS stack of four

-80 interferograms 01/10/1999-10/12/1999, 05/03/1999-23/07/1999, 27/08/1999-05/11/1999 and 02/06/2000—11/08/2000, (b) Envisat interferogram
13/06/2004-31/10/2004. Vertical displacement rates (in mm/year) obtained from levelling (after Energy Surveys Ltd, 2005): (¢) 06/1997 to 03/2001,

-100 (d) 03/2001 to 12/2004. The locations of levelling benchmarks used in the interpolation are shown. (¢) Residual of (a)—(c). () Residual of (b)-(d).

2004 £ 6 A~10 A (b)

1997 £ ~2001 £ (c)
36mm/FEEEHE A (1TNA25)
2001 &£ ~04 4 (d)
52mm/ 4 EREEEA  (1TNA25)

1997 £~2001 £ (e)

2001 &£~04 £ ()
1997 & (/N E LV EE (RMS9)
BAHE LR R (9740)

2001 ££~2004 EDIERIZE
0. 46mm/m/ £ ~0. 56mm/m/ £
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Feigl, K. L. and Ali, S. T. (FRBA) :

Rapid uplift in Laguna del Maule volcanic field of the andean southern volcanic
zone (Chile) measured by PALSAR interferometry, PI No 092, pp.1—6.
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Fournier, T. J., Pritchard, M. E. and Riddick S. N. (2010) :
Duration, Magnitude, and frequency of subaerial volcano deformation event: New

results from Latin America using InSAR and a global synthesis, Geochemistry

Geophysics Geosystems, 11, 1, pp.1—29.
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Figure 1. Photo of Laguna del Maule, taken 2007-08-
# 17 by Nancy Nangel, showing recent shorelines
= exposed by lowering water level.

Table 2. Interferometric pairs analyzed in path number is 113 and frame number 6450.

---DATEl--- --- DATE2--- ORBIT1 ORBIT2 HAMB.m DTDAY DYEARL DYEAR2
2007 FEB 12 2009 FEB 17 5602 16338 -72.6 736 2007.1151 2009.1288
2007 FEB 12 2010 JAN 05 5602 21035 71.7 1058 2007.1151 2010.0110
2007 FEB 12 2010 FEB 20 5602 21706 55.4 1104 2007.1151 2010.1370
2007 DEC 31 2010 JAN 05 10299 21035 -57.3 736 2007.9973 2010.0110
2008 FEB 15 2010 JAN 05 10970 21035 -57.7 690 2008.1229 2010.0110
2008 FEB 15 2010 FEB 20 10970 21706 =75.7 736 2008.1229 2010.1370
2008 FEB 15 2010 APR 07 10970 22377 -239.7 782 2008.1229 2010.2630
2008 APR 01 2010 APR 07 11641 22377 -76.0 736 2008.2486 2010.2630

2007 2R128& 200942 A
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Figure 4. Interferogram for Laguna del Maule, spanning the 736-day time interval from 2007-FEB-12 (ALOS
orbit number 5602) to 2009-FEB-17 (ALOS orbit number 16338). The path number is 113. The frame number is
6450. The altitude of ambiguity is —72.6 m. One fringe corresponds to one cycle of phase change, or 118 mm of
range change. The incoherent area corresponds to the water surface in the lake.
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Figure 7. Final estimate of the volume change rate
and depth parameters in the Mogi model. Error
bars indicate the intervals of 69% confidence. Map
projection is Universal Transverse Mercator.

Figure 8. Temporal adjustment of the volume of the
Mogi source using the minimum-length solution of
Berardino et al. [16].

Figure 5. Interferograms for Laguna del Maule, spanning the 736-day time interval from 2007-FEB-12 to 2009-
FEB-17. The altitude of ambiguity is ~72.6 m. The panels include (a) observed phase; () modeled phase
calculated from the initial estimate of the 4 free parameters in the Mogi model of a spherical source; (c) initial
residual phase; (d) angular deviations for the initial estimate; (¢) observed phase, as resampled by a quadtree
algorithm; (1) modeled phase calculated from the final estimate; (g) final residual phase: and (h) angular
deviations for the final estimate. In the upper three rows, one fringe corresponds to one cycle of phase change, or
118 mm of range change. In the bottom row, the colors denote the angular deviation in phase between 0 and 1/2
eyele. Coordinates are UTM easting and northing in km.
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Figure 2. Interferometric coherence from ALOS for the volcanic arcs of Latin America draped over shaded
topography. (a) Central America and México, (b) the northern Andes, (c) the southern Andes, and (d) the Caribbean.
The time period for most interferograms is 1 year, and the baseline is about 1 km, although in a few cases (especially
the Caribbean), only shorter time periods are available. For a complete list of interferograms used, see Tables S1—S4.
Coherence is calculated in a 5 x 5 pixel moving box. Large triangles with black outlines are volcanoes from the
Smithsonian Institution (Global volcanism report, available at http://www.volcano.si.edu), and yellow triangles show
volcanoes mentioned in the text. (¢) A reference map of the study area.
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Figure 3. At Laguna del Maule in southern Chile, (a) an Envisat image spanning March 2003 to February 2004
shows no deformation, but (b and ¢) recent ALOS images show inflation. Both of the ALOS interferograms are used
to model the deformation source as an inflating sill like structure (Table 2). (d) The residual from the image spanning
January 2007 to January 2008 and (¢) the model prediction for that image. The surface projection of the model is
drawn as a black rectangle with the updip edge of the sill shown in bold (Figure 3¢). (f) The model prediction for
February 2007 to December 2007. The black line shows the Chile-Argentina border. White triangles show Holocene

1 (Smithsoni itution, Global volcanism report, available at hitp://www.volcano.si.edu), while black
triangles are from the catalog of [Gonzalez-Ferran, 1995]. The line of sight (LOS) between the satellite and the
ground is shown by the arrow. The inter have been pped and then pped at different intervals to
highlight different magnitudes of deformation.
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