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Deformation of tectonic plates

60" 70 g0 80" 1a0° 10° 120° 180

60"

« Strain rates inferred from = b : /) TW
summation of Quaternary ' o 2
fault slip rates (white axes),
and spatial averages of
predicted strain rates (black
axes) given by fitted
velocities

« Fitted strain rate field is a
self-consistent estimate in
which both strain rates and
GPS velocities are matched
by model strain rates and
velocity fields.
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Start with velocities with respect to stable Plates
(deformations)
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Calculate strains and rotations
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2D Dilatation Rate
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Rotation rate tensor from o N e

Interseismic GPS rotatlon &
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GPS Plus focal
mechanism data

Downclip coml:)ression
at bottom 01(: wbz

Downclip extension at
intermediate clepths

Thrust mechanisms
along interPIate

bounclarg

Normal faulting on outer
rise 3 orem)?

cap_nc/rtvel4_9303_13bv19/_.5v2///




cap_south/rtveld4_9303_13bv19/_.5v2///

Regjon of 1960 M9.5
earthcluake.

Something Furmg going

on

Along coast — vectors
show convergence, but
slower than to north

inland — vectors reverse
Also — strike sliP Faulting
aloné LiC]Uiﬂ(‘}-O]CClUi

ault sgstem.



E:arthquake ac:tivit9 — oy . n ‘ -

Almost no interplate or
wbz.
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Silent sliP in subduction zones

Non-secular GPS clisPIacemcnts

CouPIed with seismic tremor
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Silent sliP in subduction zones

Non-secular GPS clisPIaccmcnts

Couplecl with seismic

tremor
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GLACIAL ISOSTATIC ADJUSTMENT (GIA)

OLD - POST GLACIAL REBOUND (PGR)

An interplag between

eJce load historg
«Geomechanical structure of region
— Mantle Viscosity Pro{:ile

22 Lithosp here thickness

Ice load historg reflects climate (ancl
tol:)ogra[:)h 4 /tectonics?).

Geomechanical structure reﬂects
tectonic settin gl




Raised beaches on Koz;gsgya, central-northern Barents Sea,
where the /}ighcst marine limit on Svalbard occurs (10 m a.s.l). The

the marine limit is ca. 10,000 years. Photo: Olatur
lngo’/fsson, 1991.
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Buogancg

In the earth we call it isostasy. |

= A B 5_/ Two end
H 1 members for

B R | ﬂoating
L. ecluilibrium.

A) uniform densitg, toPograPhg and "root".
B) varying clensity, topo ra|:>|19 with uniform
clel:)th to "Ease“



Now add "strong’, elastic |ithosl:>hcre

(b) regional compensa
r load load
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lithosphere :
| ‘ lithosphere

asthenosphere

Lithosl:)here NOT Lithospl‘lere IS strong
strong enough to enoual*l to “suPPort“

support load loa (wcight) o
(weight) o mountain.
mountain.

So far we are considering equilibrium states.
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Oceanic Geomechanical structure

varies simplg with age of Seatloor
Young — thin |ithosphere and hot, low viscosit9 mantle

Old - thick lithothere and cold)ﬁgher Viscositi? mantle
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CONTINENTAL GEOMECHANICAL

STRUCTURE

Varies between two global extremes:

Fennoscandian (Stable Craton)

Litlnosphcre thickness > 75 km
U Mantle viscositg >5x10%° Pas

| Mantle viscositg Y 10% Pas
Basin and Range / Iceland/Other

| ithos
U Mant

Sheric thickness  ~ 10 km

e Viscositg <1x10Y Pas
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America

Sellaet al., 2007



PGR North America
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PGR in Iceland (goung oceanic structure)

-Deglaciation fo

e PGR Inlce

Iowing maximum at ~ 12000 3rsBP

and was completecJ in 1000 yrs

- U Mantle Viscosity <1x10Y Pas

. Compare to Fennoscandia — PGR still occurring.

Elevation (meters)
8

70 7.5

Sigmundsson (1991)



Lithosphcx%
strcngth here

lsostasy on|3 here
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Full story of Iithospl‘wcric flexure takes bending
moments into account, get “bulge“ outboard.
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Glacial Isostatic Adiustment (GIA)

[used to be known as Post Gladial Rebound (PGR)]

An interpiay between

eJce load history
«Geomechanical structure of region
— Mantle viscositg Profﬂc

— Lithosphcre thickness, elastic
(Hexure) Propcrtics

e Ice load history reflects climate (and
topogra P?‘ y /tectonics?).

e Geomechanical structure reflects tectonic
setting.




How the earth suPPorts loads — Part | - lsostacg

v YYYYVYY YVYVY

< >
Mantle Flow Mantle Flow

Elastic Bending

Gari, unPub from web

Mantle




How the earth suPPorts loads — Part 2 — Elastic
strength

Elastic shortening

v Y Y YYYY YYVY v

g ———— e

Mantle

Gari, unPub from web
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Glacic
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- The red doted line shows Skvarca's 1967 traverse, which is now a Iarge lake (Lago st
Guillermo).
Between 1990-9% Skvarca measured a drastic thinning rate at Glaciar UpsaIa of 1 m/ yr.

PRODUCCION PRONENINA

EL VENTISQJERQ UPSALA Y EI IRDON FRONTERIZO ENTRE CHILE Y LA REPUBLICA ARGENTINA

' 7© P. Skvarca




GLACIAR UPSALA:

.

Glaciar Be"tacch-
i

| DRAMATIC RETREAT

Lago
Guillermo .~
49°55'S

)
[
l—

{f
!
|
{
!
!

50°00'S

4 Km
]

Area loss 1986-2010: ~ 48.5 km?

Retreat 1986 - 2010: 7 KM

The retreat rate increased

from 260 m/ yrin1978-2008
to 740 m/yr in 2008-2009.

The major Part of |arge thinning rate
is dueto stretching, caused ]39 the
rclcasc o{: backstrcss.

From Pedro Skvarca O



e ol e
se GPS as a scale. Measure response of earth

Principa"g vertical) to loa changes.




What afttects geomechanical structure in Patagonia

I [ . -
Seatorte

Ridge subduction -~ Formation of a slab window

Modifies the gcoclgnamic Propcrtics

~ hotter upper mantlc/ astl‘lenospherc, thinner Iithosphcre
— reminiscent of Basin and Range structure.

~Taitao Triplc
Junction
~ Ridge subduction |.

PGR in Patagonia?

Contincntal, but not Fennoscandia
(thick, cold).

More like Basin and Range? (thin, hot)

- / G
Thorkekon er



lvins and James (1999)

Examined parameter space for PGR models of Patagonia:
- If Patagonia has Fennoscandian or intermediate mechanical structure
PGR should be <1 mm/ yr.
- If Patagonia has Basin and Range like structure
- PGR should be ~ 10 mm/ yr
and PGR will ]:)c& minated bg recent changes inice load, NOT LGM

nort term isostatic memory) __

\ And noted:
\ Ilkelg

ontectonic grouncls

0N \
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Vertical Velocity [mm/yr]
\

~71 GPS and 16
L (2004 results,
Kendrick Ph.D. thesis)

- -Clear coherent

; vertical signal

. observed in the regjon
of Patagonian Ice
1= Fields.

= ~Rates too fast and
sPatiaug incomPatible
to be continuing
recovery from LGM.

up 00t
-~ »

lpq.:-’.qlb\@f'ﬁE What is it recovering



- Since 2004, we
have built a new
%eocletic network
ocused on GIA.

- Provides increased
sPatial resolution of
GIA signal.

- Provides |onger time
series.

- Introduces
continuous GPS




Focus on Southern

Patagonian Ice
Fields

14.7 mm/yl

Black - new results

Points with no
vectors have either
<4 measurements
or <6 year jaan

)

(stay tune

*



Contours from qietricl'] etal, 2009

T

-50°

520
76

Need better
sampling, but
suggestion of
shallower
2 graclicnt on west,
o Possiblc change
» 1N gcodgamic
' structure due to

subductcd
+ Antarctic PIatc.

Vertical vclocity, mm/ yr.

Contours from 1&J (1999) ,T Kendrick, (2004)

ComPare
GPS results
for vertical
velocity to |

modc'::is

N
[T\

/ \

/ \

/ \
\
\

Km from ~ 5
East-West cross section of vertical velocities.

Sites around La

StccP graclicnt in vertical

velocities on east.
(contours at 20, 15, 10, 5, 3, 1 mm/ur)

slower than tl%ose to norl:h.

[ .48

O Argcntino are



GIA also Provicles imPortant "correction” when
using gravitg to measure changcs N Ice mass.

GRACE Observation (cm/year), P4AM6+300km

-44
-46F
-48
_50 =
-52

-54 1

Vertical vcloc'rty, mm/yr.

8 [ e S .. g . ey 1

-60 1 1 1 1 1
275 280 285 290 295 300 305

-2 0 2 4 6 8 Km from -73.5

East-West cross section of vertical velocities.

Chen et al, 2007



Upsala Glacier/Lago Guillermo
iedma Glacigr 8

Estancia Porfiada — reference
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Time series —
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(maP below) TS on
left.

© v<=1 mm/yr

O 1<v<=2 mm/yr
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© 5<v<=50 mm/yr
O 50<v mm/yr
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TS on right.
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Conclusions

- Clear coherent vertical signal observed in the
region of Patagonian Ice Fields.

~ Uplhct rates and steeP gradient to the east suPPort
interPretation of weak geomcchanical structure and
response to recent load changcs (little ice agc) |

- Need better geodgnamic models and ice/load
historg to cxplain along and across strike variation.

- Still need to cluanthcg elastic resl:)onse‘?

- GIA/PGR results will Provide imPortant non-ice
mass changes for gravitg / altimetrg missions.



Similar efHects and tectonic cluestions in Antarctica
Projects —~

WAGN
TAMDEFE

POLENET



Raglei gh
Wave
veloc:itg

Geomechanical Structure of Antarctica: Part |
Ragleigﬂ wave veloc:itg

*Proxy for lit *1osl:>|neric thickness

_ thin is “weak”

Determines wavelength and amplitucle of isostatic

Danesi & More”i, 2001 rCSPOHSC



Raglcigh
Wave
Velocity

Geomechanical Structure of Antarctica: Part |

Ragleig
*proxy for lit

N wave velocitg

105Pheric thickness

-t

hin is “weak”

Determines Wavelength and amplitucle of isostatic

Danesi & Morelli, 2001

res POHSC

Result -- West Antarctica thin



Geomechanical
Structure of
Antarctica: Part ]

Sv Velocitg
*proxy for

tem Peratu re

_ hotis lower
viscositg (runny} .

Determines sl:)eecl of
isostatic response.

Danesi & Morelli, 2001



Geomechanical
Structure of

Antarctica: Part ]

.0L¢

Sv Velocitg

‘PfOXﬂ For
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Model of Present»-clag
surface elevation
change due to PGR
anfreloading of
ocean basins with
seawater. Red areas
rising due to removal
of ice sheets. Blue
areas {:a”ing due to re-
Fi“ing of ocean basins
when ice sheets melted
and because of
co”apse Forebulges
around the ice sheets.

Paulson, A, http://grace.jloi.nasa .gov/clata/logr




Crustal response to loads
Annual lake |oacling
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Bevis et al, 2005

Crustal response to loads — Amazon River
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Crustal resPonse to loacﬂs — Amazon River

Time series for MANA.
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Resl:)onse omc crust to loacﬂing From
Bralﬂmaputra and Gandes

B BT ST ST AT SR Y AT A AT AT Ay Ay Ay Ay sy

Rec]uires continuous GPS to observe non-
secular (in this case annual) signals.
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Elastic deformation in vertical from loading — complication or
another interesting signa ?
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Loading deformation

Weather sgstems:

Aerial extent — thousancls o1C square l<m.

Period — weeks.



