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The state-of-the-art gravimetric observations:

GRACE

Satellite Altimetry
- Tectonic features in ocean basins(Sandwell etc)
- Ocean mass change

Absolute gravimeter: FG5 -
Relative gravimeter: CG5 ~ EG ~ 5130 SG
| Superconducting Gravimeter (SG) Time-varying gravity |
- High precision in determining the mass redistribution
inside the Earth.
- Free oscillation of the earth, in particular triggered by
the very big earthquakes.
| Airborne/shipborne gravimeter (S130) Static gravity |




Airborne/shipborne gravimeter (S130) Superconducting Gravimeter (SG)
Static gravity Time-varying gravity
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Superconducting Gravimeter

ELECTRICAL LEAD TO

ROOM TEMPERATURE
. —
A
_}@7 |—GETTER
TILT METER— o PSEAY VACUUM CAN SUPPORT
R :‘4}"“&5‘ *1 roo
H B A 1\
i iF
L
it P B A s
~ oy B o
VACUUM CAN LID —f= SR \\J ‘L\\/j MU META
msuLaTinG _| 0 SISy
SUPPORT RODS b &
%
v
SILICON DIODE 4]
THERMOMETER SO0 HEATER
1
ELECTRICAL FEEDTHROUGH
¢
vacuum can—f= |7
SUPERCONDUCTING e TEMPERATURE
SHIELD
GERMANIUM :
THERMOMETER
CAPACITATIVE PLATE /
LEADS | COPPER MAGNET FORM
CAPACITATIVE SENSING 4
PLATE /
UPPER SUPERCONDUCTING
o] con
#—|—superconouCcTING sPHERE
MAGNETIC FEEDBACK COIL Y
o
i
| LOWER SUPERCONDUCTING
j coiL
4
SHIELD SUPPORT £—f—He GAS FILL CRIMP
| P T i T r T T T T TR EETEEETEEITS "j

Gravity Sensing Unit
GWR website, http://www.gwrinstruments.com/)

Superconducting Gravimter (SG T48)

in Hsinchu



Superconducting Gravimeter Gop satons 013
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Groundwater modeling

Governing groundwater flow equation is derived from Darcy’s law and continuity
equation (Bedient and Huber, 2002), and can be expressed as:

i(Kxb@j+i K b@ +£(bia—hj—W:S@
OX ox) oyl Voy) oz oz ot

where Wis recharge/discharge, hhead, bthickness of aquifer, Sstorage coefficient.

In unconfined aquifer, storage coefficient is equal to specific yield (S,), and the
thickness of aquifer is equal to head.

In confined aquifer, storage coefficientis S =S b ( S, specific storage), and the
thickness of aquifer is constant.

Modular three-dimensional groundwater flow model (MODFLOW; Harbaugh et al.,
2000)

A program developed by the USGS for modeling 3D groundwater field

Using block-centered finite-difference method to compute water head at each grid.



The modeled water levels north of the HF are too high,
causing groundwater to discharge into the Touchien River

[ ]
MOdEI A' more rapidly than the observations; the water should
s ideally stay on the south side of the study area.
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Hsinchu Fault (HF)
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B YRR TR ( DTM ) RIS From CGS report

Almost none outcrop evidence found
in field investigation [Tang, 1968]
Very quiet in terms of seismic activity
Surface deformation monitored by
GPS did not find significant slip [Shea
et al., 2011]

Static gravity could not tell fault from
folding [Pan, 1965]

Geomorphology strongly suggested
existence of fault [Chen et al., 2004]
Seismology supported the existence
of the fault [Yang et al., 1996]
Borehole well data showed positive
evidence (from CGS)



Impact of Fault-imposed Boundary Condition on Groundwater Flow

Caine et al. [1996]
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Impact of Fault-Imposed Boundary Condition on Groundwater Flow

Wibberley and Shimamoto [2003] Q',”N
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Impact of Fault-Imposed Boundary Condition on Groundwater Flow

@ displacement <1 m 75""””7 :li.:m wnn?: NO fault core
Micarelli et al. [2006] A

Permeability decrease restricted to few
millimetres of rock adjacent to the fault
surface

- Porosity reduction in the finest size
fraction of the sediment

(©) displacement 1§ m W Discontinuous fault core with
o cataclasis onset

Permeability decrease within 1-2 cm of
rock close to the fault surface

- Porosity reduction in the finest size
fraction of the sediment
- Empty fossil shell crushing

Continuous fault core

Permeability decrease within first few
centimetres close to the fault surface

- Empty fossil shell crushing
- Rotation-enhanced patrticle abrasion
- Late precipitation of calcite cement




Impact of Fault-lImposed Boundary Condition on Groundwater Flow

Caine et al. [1996] showed that if a water-resistant
core has been formed, a decrease of conductivity
usually occurs in the direction perpendicular to the
fault plane.

Flowvector  ~~
K>1m/d -

]
- I
I

! Flow vector
1 K<0.001m/d

Flow vector
K>1m/d

Damagezone Fault gouge Damage zone

At a location where the water flow is parallel
to the fault plane, the conductivity may
increase due to the increase in permeability
provided by the microfractures in the damage
zone [Wibberley and Shimamoto, 2003].

$C M p Yang et al., 1996

B
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Hsincheng
Sea level Fault

it Micarelli et al. [2006]

showed that the
existence of a fault
core is always
associated with
significant
displacement of slip.
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1. Toukoshan Formation

2. Cholan Formation L]
3. Chinshui Formation

4, Kueichulin Formation

5. Shangfuchi Formation

6. Hopai Formation

T. Talu Shale

8. Peiliao Sandsone

2, Chuhuangkeng Formation+ Piling Shale
10. Mushan Formation

11, Wuchushan Formation

Mechanisms of fault slips include
cataclasis, particulate flow, grain-
scale mixing, and clay smearing, and
different mechanisms result in
different types of deformation
bands [Bense et al., 2003].
Therefore, the existence of a fault
core provides evidence that the
underlying fault may be active.



Model B:
With Fault
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213200

o == Contours of hydraulic head (Model A) [ Fault
= Contours of hydraulic head (Model B) River
w3 Flow vectors (Model A) ) Monitoring wells
w3 Flow vectors (Model B)



Model A & Model B

Groundwater table {m)
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Gravity Effects
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€ Gravity: sum of mass anomaly in space
Groundwater well: limits of spacial distribution

€ Monthly data is enough to define the result of gravity
rhanoa dua tn water level and fault.
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Ocean Research | (ORI) shipborne gravity

since 2009 to the present
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Free-air gravity anomaly related to topographic feature

1

7]

w . E
60 - Hengchun Ridge - 0 60 - Hengchun Ridge 0
Tsan-Yao [
40 - mud volcanoe 40 F;ﬁgl?ago
= 201 b1 g 20 -1
I I PAN A5 2 A 3
\47] e \/
=20 - : - -2 =20 - -2
Kaoping
40 JLCanyon . . 40 T T T
120" 15"  120°30" 120"45" 121" 00" 120" 15" 120" 30"  120"45" 121" 00"
S IEl ichi N S Fangliao N
40 Liuchieuyu : 40- Ridae 0
Lower 0 Tsan-Yao
20 Fangliao zo-Kentin mud volcanoes o/
= Basin = = basi angliao .
g [ I ) d -1 5 3 0 =l Canyon 1 5
£ g /
—290- /-’ | ~20- L2
Kaoping -2
-40 Litl ol T T T —40 T T T
21° 30" 21'45" 22'00"  22°15" 22" 30" 21" 30" 21'45" 22'00"  22°15" 22" 30"
—topo. —this study Hwang et al (2014) Hsu et al (1998) Mud diapirs

Distribution of mud diapirs: Chen, S.C,, et al., 2014

Free-air gravity anomaly

22°30" 4= T 22°30°
22°15'{ $ 22°15'
22°00" 3 22°00°
21°4%' 7} 21°45'
21030' TN A B o e il i G 21030!
120°15* 120°30 120°45%5" 121°00°
40 -30 -20 10 0 10 20 30 40

No data area is filled by Hwang et al., 2014



Bouguer gravity anomaly
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Bouguer gravity anomaly
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Lateral density anomaly
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Surface Gravity Anomalies
Possible causes to have the “slightly” lateral density anomaly,

(1) Intrusion of fluid or mud diapir to the shallow strata. —p  negative gravity anomaly

(2) The convergent structures, folding, faulting, etc =P  positive gravity anomaly at folding
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Tectonic deformation modelling - DynEarthSol2D

Free in shear and normal components

Force
2.5 cm/yr

Fixed in normal component

Free in shear component Free in shear component

Winkler foundation

Convergent rate: 2.5 cm/yr

[Geometry_de5|gn]. Rheology type : elasto-visco-plastic
) :zceg::' width, height, Sediment Light/dense material Oceanic crust
[Material parameters] Density (kg/m?) 2400/2460 1800/2460 2800
rheology type, number of materials, Bulk modulus (GPa) 20 8 50
density, bulk modulus, shear modulus, Shear modulus (GPa) 6 3 30
viscosity, heat capacity, plastic strain, Viscosity (Pa.s) 1e17 1e18 1e24
cohesion, friction angle Plast!c stra!n 0 0 0 0
Plastic strain 1 1 1 1
[Others] Cohesion 0 (MPa) 40 40 40
temperature, erosion and sedimentation  Cohesion 1 (MPa) 4 4 10
rate, water loading, weak zone Frictionangle 0 (") 10 10 30

Frictionangle 1 (") 1 1 15




Geometry design

Two layers Light material Dense material
density = [ 2400, 2460, 2800]  density = [ 2400, 1800, 2460, 2800 | density = [ 2400, 2500, 2460, 2800 ]
2.5emiyr 2.5 emfyr 2.5emfyr
3 km sediment - ' 3 km sediment e

winkler fundation

winkler fundation winkler fundation

density = [ 2400, 2460] density = [ 2400, 1800, 2460] density = [ 2400, 2500, 2460]
2.5emfyr 2.5 cmiyr 2.5 cm/fyr
3.5 km sediment :: 35 km sediment ::

£ 20 km >
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Two layers Light material Dense material

DB: md214.000001.viu DB: mcw5.000001.viu DB: mdw5d.000001.viu
Cycle: 190000 Time:10034.8 Cycle: 190000 Time:10034.8 Cycle: 190000 Time:10034.8
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Two layers Light material Dense material
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DB: md15_21.000000.viu
Cycle: 0 Time:D

Fold

Two layers

Light material
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Is positive gravity from tectonic structure? Changing bottom material with more viscous one.
L. Varying density of middle materials.
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Gravity anomaly (mGal)

Elevation (km)

Dehydration from light material
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Setting of dehydration:

Water content of light materials
decrease from 0.54 to O,

while density increase

from 1800 to 2700 kg/m3.
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Does geometry matter?
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B T I Models vs. Seismic prof"es e e e e e

graviy (mGal)

———
Seismic profile will be blurred by

“

_high water content material or steep strata.




Verifying consequent gravity with the numerical modelling
® The light materials, e.g. fluid, gas, etc, can form diapir-wise structure penetrating srata,
however which will always generate a negative gravity anomaly

® The dense buried materials cannot be injected into upper layers, while their folding or
faulting can move parts of them to shallow levels = may have positive gravity anomaly

@ Dehydrated dense diapir-wise materials can balance with upwelling diapirs but sink
eventually = positive gravity anomaly

- A clue to study the physical properties of the underlying strata, density, compaction,
shear/bulk modului etc.
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