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Seismic Tomography Provides Geometry 
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Do LLSVPs store compositional 
heterogeneity? 

Are these just thermal 
structures? 
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Key parameter: Buoyancy! 
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Body tides 
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Solid Earth deformation under luni-solar stresses Body tides: Solid Earth deformation under luni-solar stresses 

Whole earth deformation senses deep 
and large-scale structure 

 
Low frequency process would hopefully 

be sensitive to density structure 



Global GPS measurements show sub-mm level variability in 
body tide 

Sub-mm precision of semi-diurnal body 
tide measurement 
Highly non-uniform response 
Use this data for tidal tomography 

Yuan et al (2014) 

deformation amplitude after 1D effects removed 

Lau et al (2015; 2017) 
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3D corrections to be made 
(1) Ocean Tidal 
Loading (Agnew, 2012) 

(2) Boundary 
Topography 
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density structure 
of the mantle 

Lau et al (2015; 2017) 



Tidal Tomography 

Lau et al (2015; 2017) 

δρ (ML) 

δρ (DL) 

δρ (DO) 

Consider bottom 700 km of 
deep mantle 
 
Impose vS and vB structure 
from selection of seismic 
tomography models. 
Isolate 3 regions: 
 
Deep LLSVP (DL) 
Deep Outside (DO) 
Mid LLSVP (ML) 
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~ 1000 km

Above the core, surrounding the 
LLSVP, the mantle is slightly 

buoyant 
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Results: Buoyancy of Deep Mantle 
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The ML region shows positive 
excess density to a greater degree 

core

~ 1000 km



Results: Buoyancy of Deep Mantle 

Lau et al (2015; 2017) 

LLSVPs represent regions of 
negative buoyancy 

 
Covariance between DL and ML 

 
Reduces our ability to resolve δρ 
independently within these layers 

core

~ 1000 km



Results: Buoyancy of Deep Mantle 

Lau et al (2015; 2017) 

The source of negative buoyancy 
must be due to chemical 

heterogeneity 
 

Negative buoyancy also provides a 
mechanism to stably preserve 
chemically distinct reservoirs 

implied by geochemistry 
 

The depth distribution of this 
excess density cannot be resolved 
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Joint tides-Stoneley mode study? 
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Measures of intrinsic dissipation, Q-1? 

body 
tides 
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Phenomenological model 

“Maxwell” visco-elastic model 

! ! 1
<latexit sha1_base64="t/yzODbUuUZ02YtZ/tcZQoy4v1w=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkqigj0WvHisYD+gCWWz3bRLN7thdyLE0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dV9+i4Y1SmKWtTJZTuRcQwwSVrAwfBeqlmJIkE60aT27nffWTacCUfIE9ZmJCR5DGnBKw0cKuBStiIBKACLmPIB27Nq3sL4HXiF6SGCrQG7lcwVDRLmAQqiDF930shnBINnAo2qwSZYSmhEzJifUslSZgJp4vDZ/jcKkMcK21LAl6ovyemJDEmTyLbmRAYm1VvLv7n9TOIG+GUyzQDJulyUZwJDArPU8BDrhkFkVtCqOb2VkzHRBMKNquKDcFffXmddC7r/lXdu7+uNRtFHGV0is7QBfLRDWqiO9RCbURRhp7RK3pznpwX5935WLaWnGLmBP2B8/kDLW2TYw==</latexit>

! ! 0
<latexit sha1_base64="/fP5v8u0bLETV2LTDbojYMGch4k=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBA8hV0VzDHgxWME88DsEmYns8mQeSwzvUJY8hdePCji1b/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR5gkrJIkqHiCacEnPQYasmGJATt9ytVv+bPgVdJUJAqKtDsV77CgaaZZAqoINb2Aj+FKCcGOBVsWg4zy1JCx2TIeo4qIpmN8vnFU3zulAFOtHGlAM/V3xM5kdZOZOw6JYGRXfZm4n9eL4OkHuVcpRkwRReLkkxg0Hj2Ph5wwyiIiSOEGu5uxXREDKHgQiq7EILll1dJ+7IWXNX8++tqo17EUUKn6AxdoADdoAa6Q03UQhQp9Ixe0ZtnvRfv3ftYtK55xcwJ+gPv8wdaBZCq</latexit>



Insights from experiments: Phenomenological model 

“Extended Burgers” visco-elastic model 

! ! 1
<latexit sha1_base64="t/yzODbUuUZ02YtZ/tcZQoy4v1w=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkqigj0WvHisYD+gCWWz3bRLN7thdyLE0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dV9+i4Y1SmKWtTJZTuRcQwwSVrAwfBeqlmJIkE60aT27nffWTacCUfIE9ZmJCR5DGnBKw0cKuBStiIBKACLmPIB27Nq3sL4HXiF6SGCrQG7lcwVDRLmAQqiDF930shnBINnAo2qwSZYSmhEzJifUslSZgJp4vDZ/jcKkMcK21LAl6ovyemJDEmTyLbmRAYm1VvLv7n9TOIG+GUyzQDJulyUZwJDArPU8BDrhkFkVtCqOb2VkzHRBMKNquKDcFffXmddC7r/lXdu7+uNRtFHGV0is7QBfLRDWqiO9RCbURRhp7RK3pznpwX5935WLaWnGLmBP2B8/kDLW2TYw==</latexit>

! ! 0
<latexit sha1_base64="/fP5v8u0bLETV2LTDbojYMGch4k=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBA8hV0VzDHgxWME88DsEmYns8mQeSwzvUJY8hdePCji1b/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR5gkrJIkqHiCacEnPQYasmGJATt9ytVv+bPgVdJUJAqKtDsV77CgaaZZAqoINb2Aj+FKCcGOBVsWg4zy1JCx2TIeo4qIpmN8vnFU3zulAFOtHGlAM/V3xM5kdZOZOw6JYGRXfZm4n9eL4OkHuVcpRkwRReLkkxg0Hj2Ph5wwyiIiSOEGu5uxXREDKHgQiq7EILll1dJ+7IWXNX8++tqo17EUUKn6AxdoADdoAa6Q03UQhQp9Ixe0ZtnvRfv3ftYtK55xcwJ+gPv8wdaBZCq</latexit>

Jackson & Faul 
(2010) 



Insights from experiments: Phenomenological model 

Jackson & Faul 
(2010) 

“Extended Burgers” visco-elastic model 

! ! 1
<latexit sha1_base64="t/yzODbUuUZ02YtZ/tcZQoy4v1w=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkqigj0WvHisYD+gCWWz3bRLN7thdyLE0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmRangBjzv2yltbG5t75R3K3v7B4dV9+i4Y1SmKWtTJZTuRcQwwSVrAwfBeqlmJIkE60aT27nffWTacCUfIE9ZmJCR5DGnBKw0cKuBStiIBKACLmPIB27Nq3sL4HXiF6SGCrQG7lcwVDRLmAQqiDF930shnBINnAo2qwSZYSmhEzJifUslSZgJp4vDZ/jcKkMcK21LAl6ovyemJDEmTyLbmRAYm1VvLv7n9TOIG+GUyzQDJulyUZwJDArPU8BDrhkFkVtCqOb2VkzHRBMKNquKDcFffXmddC7r/lXdu7+uNRtFHGV0is7QBfLRDWqiO9RCbURRhp7RK3pznpwX5935WLaWnGLmBP2B8/kDLW2TYw==</latexit>

! ! 0
<latexit sha1_base64="/fP5v8u0bLETV2LTDbojYMGch4k=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBA8hV0VzDHgxWME88DsEmYns8mQeSwzvUJY8hdePCji1b/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR5gkrJIkqHiCacEnPQYasmGJATt9ytVv+bPgVdJUJAqKtDsV77CgaaZZAqoINb2Aj+FKCcGOBVsWg4zy1JCx2TIeo4qIpmN8vnFU3zulAFOtHGlAM/V3xM5kdZOZOw6JYGRXfZm4n9eL4OkHuVcpRkwRReLkkxg0Hj2Ph5wwyiIiSOEGu5uxXREDKHgQiq7EILll1dJ+7IWXNX8++tqo17EUUKn6AxdoADdoAa6Q03UQhQp9Ixe0ZtnvRfv3ftYtK55xcwJ+gPv8wdaBZCq</latexit>

(1) No dissipation 
Elastic response 
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(2) broad, low strength, high 
frequency plateau 

elastically accommodated grain 
boundary sliding, occurring at a 

distinct timescale 
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(3) mild constant frequency 
power law 

Diffusion along grain boundaries 
results in absorption band 
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(4) Frequency dependence with 
dissipation becomes viscous fluid 

Seamless transition into steady 
state regime 
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Our goal 

Our task 
 

Use most up to date tidal theory (Lau et al., 2015; 2017) 
 

(2) Use a experimentally constrained viscoelastic model 
(Jackson & Faul, 2010) 

 
(3) Use the widest period band of data possible 



Our goal 

Our task 
 

Use most up to date tidal theory (Lau et al., 2015; 2017) 
 

(2) Use a experimentally constrained viscoelastic model 
(Jackson & Faul, 2010) 

 
(3) Use the widest period band of data possible 

Is the absorption band finite?  
If so, what is its range? 

How consistent are planetary scale observations 
with laboratory models? 



Are geophysical and experimental observations consistent? 

Q-1
⨁ = ”planetary dissipation” 

Planetary observation of dissipation that includes 
dynamical and depth sampling effects  

 
Not the same as intrinsic dissipation 

 
Allows mode and tide dissipation data to be 

placed on same figure 

Geophysical observations must: 
sample the similar parts of Earth’s mantle 
span a wide enough frequency band  

Seismic data:  https://igppweb.ucsd.edu/~gabi/rem.html 
Tidal data: Benjamin et al. (2006) Lau & Faul (2019) 



Are geophysical and experimental observations consistent? 

Geophysical observations must: 
sample the similar parts of Earth’s mantle 
span a wide enough frequency band  

Seismic data:  https://igppweb.ucsd.edu/~gabi/rem.html 
Tidal data: Benjamin et al. (2006) Lau & Faul (2019) 

frequency dependence can’t be fit by 
single straight line 



Methodology 

Lau & Faul (2019) 

Modelling 
 
(1)Take 4 major mantle mineral assemblages and 
assuming an adiabatic profile 
 
(2) Impose viscoelastic model using the Extended 
Burgers model as in Jackson & Faul (2010) 
 
(3) Leave 5 free parameters in the lower mantle: 
Potential Temperature 
Strength of high frequency plateau 
Grain size 
Strength of absorption band 
Activation volume 
 
(4) Predict normal mode and tidal  
planetary dissipation using updated theory 
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(3) Leave 5 free parameters in the lower mantle: 
Potential Temperature 
Strength of high frequency plateau 
Grain size 
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Activation volume 
 
(4) Predict normal mode and tidal  
planetary dissipation using updated theory 

few experimental constrains 
in lower mantle 

use mantle convection study  
(Dannberg et al., 2017) 
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Results 

Lau & Faul (2019) 

No single slope can explain this trend 
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intrinsic dissipation shows transitions in 
slope at the right periods … 



Results 

Lau & Faul (2019) 

…and planetary dissipation, when 
modeled correctly, can reproduce the 
data 

colored symbols: modeled 
planetary dissipation 

intrinsic dissipation shows transitions in 
slope at the right periods … 



Results 

Lau & Faul (2019) 

colored symbols: modeled 
planetary dissipation 

modes sample transition between high 
frequency plateau and absorption band 
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colored symbols: modeled 
planetary dissipation 

Tides sample absorption band but 
periods are too short to sample viscous 
regime 



Results 

Lau & Faul (2019) 

previous pictures of intrinsic 
dissipation 

 
- finite absorption band 

- conflicting trends between 
seismic and tidal data 



Results 

Lau & Faul (2019) 



Thank you 

Lau et al. (2017); Lau & Faul (2019) 

Tidal constraints on frequency 
dependent rheology 

Tidal constraints on deep mantle 
buoyancy 
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