
Solid Earth Dynamics

Bill Menke, Instructor

Lecture 9



Today

Icebergs, sedimentary 

basins and isostasy

definition of gravity 

anomalies

gravity of anomaly of an 

isostatically supported mountain



Note

I changed some of the densities in the 

lecture from what I presented in class

to values that I thought more accurate





ℎ

𝑑



balance of forces

𝑓𝑏 + 𝑓𝑔 = 0

𝑓𝑔

𝑓𝑏

ℎ

𝑑

𝐴



balance of forces

𝑓𝑏 + 𝑓𝑔 = 0

𝑓𝑔

𝑓𝑏

𝑓𝑏 = 𝜌𝑤𝑎𝑡𝑒𝑟 − 𝜌𝑖𝑐𝑒 𝑔𝐴d

𝑓𝑔 = −𝜌𝑖𝑐𝑒𝑔𝐴ℎ

ℎ

𝑑

𝐴



balance of forces

𝑓𝑏 + 𝑓𝑔 = 0

𝑓𝑔

𝑓𝑏

𝑓𝑏 = ∆𝜌𝑔𝐴𝑑

𝑓𝑔 = −𝜌𝑖𝑐𝑒𝑔𝐴ℎ

ℎ

𝑑

𝐴



balance of forces

𝑓𝑏 + 𝑓𝑔 = 0

𝑓𝑔

𝑓𝑏

∆𝜌𝑔𝐴𝑑 = 𝜌𝑖𝑐𝑒𝑔𝐴ℎ

ℎ

𝑑

𝐴

𝑑 =
𝜌𝑖𝑐𝑒
∆𝜌

ℎ



𝜌𝑖𝑐𝑒 = 917
𝑘𝑔

𝑚3

𝜌𝑠𝑒𝑎 𝑤𝑎𝑡𝑒𝑟 = 1003
𝑘𝑔

𝑚3

∆𝜌 = 86
𝑘𝑔

𝑚3

𝑑 =
𝜌𝑖𝑐𝑒
∆𝜌

ℎ

𝜌𝑖𝑐𝑒
∆𝜌

=
917

86
= 10.66



𝜌𝑖𝑐𝑒 = 917
𝑘𝑔

𝑚3

𝜌𝑠𝑒𝑎 𝑤𝑎𝑡𝑒𝑟 = 1003
𝑘𝑔

𝑚3

∆𝜌 = 86
𝑘𝑔

𝑚3

𝑑 =
𝜌𝑖𝑐𝑒
∆𝜌

ℎ

𝑑 =
𝜌𝑖𝑐𝑒
∆𝜌

ℎ = 1066 𝑚

100 m

1066 m



Floating Board Experiment

𝜌𝑜𝑎𝑘 = 800
𝑘𝑔

𝑚3

Analog to Wet Clay Sediment on Granite

𝜌𝑤𝑎𝑡𝑒𝑟 = 1003
𝑘𝑔

𝑚3

∆𝜌

𝜌
= 0.20

𝜌𝑠𝑒𝑑 = 2100
𝑘𝑔

𝑚3
𝜌𝑔𝑟𝑎𝑛𝑡𝑒 = 2500

𝑘𝑔

𝑚3

∆𝜌

𝜌
= 0.20



Do Experiment



Each Board:   4 km of Wet Clay

leaf on top of first board

𝑑 =
𝜌𝑠𝑒𝑑
∆𝜌

ℎ

6 Boards:

𝑑 + ℎ = 𝐿

𝑑 = 𝐿 −
∆𝜌

𝜌𝑠𝑒𝑑
𝑑

ℎ =
∆𝜌

𝜌𝑠𝑒𝑑
𝑑

𝑑 = 𝐿 − ℎ

𝑑 +
∆𝜌

𝜌𝑠𝑒𝑑
𝑑 = 𝐿

1 +
∆𝜌

𝜌𝑠𝑒𝑑
𝑑 = 𝐿

𝑑 = 𝐿 1 +
∆𝜌

𝜌𝑠𝑒𝑑

−1



Each Board:   4 km of Wet Clay

leaf on top of first board

𝑑 =
𝜌𝑠𝑒𝑑
∆𝜌

ℎ = 𝐿 1 +
∆𝜌

𝜌𝑠𝑒𝑑

−1

= 5.25ℎ = 0.84𝐿

6 Boards:

𝑑 + ℎ = 24

𝑑 = 20

ℎ = 4

20

4



20

4

4

How deep did the leaf get?



4

How deep did the leaf get?

20 − 4 = 16 km20

4



4

How hot was it there?
geothermal gradient 20 degC/km

How deep did the leaf get?

20 − 4 = 16 𝑘𝑚20

4



18.6

5.4

4
How hot was it there?

How deep did the leaf get?

18.6 − 4 = 14.4 𝑘𝑚

16 𝑘𝑚 × 20
℃

𝑘𝑚
= 320℃

think coal



20

4

4

How long does it take to warm up?



∆𝑇

𝑥 𝑥

∆𝑇

𝑥

∆𝑇



∆𝑇

𝑥 𝑥

∆𝑇

𝑥

∆𝑇

d

heat has to move a distance d



𝑥

∆𝑇

𝑥

∆𝑇 ∆𝑇

𝑥

= +

apply principle of superposition

already at
equilibrium

just this top
part needs to
fill in



𝑑 = 4κ𝑡

𝑡 =
𝑑2

4κ

𝑑 = 18000 𝑚

κ = 1.6 × 10−6 𝑚2𝑠−1 (granite)

𝑡 = 1.74 𝑚𝑦

“geologically
short time”



Gravity anomaly

gravity minus a reference amount

∆𝑔 = 𝑔 − 𝑔𝑟𝑒𝑓



Gravity anomaly

often measured in milligals

1 gal = 1 cm/s2 = 0.01 m/s2

unfortunately, not an SI unit



Gravity anomaly

gravity minus a reference amount

𝑔𝑟𝑒𝑓

acceleration at sea level

corrected for latitude, 𝜑

corrected for altitude, ℎ

𝑔𝑟𝑒𝑓 = 𝑔0 𝜑 + 𝑓 ℎ, 𝜑



𝑔0 𝜑

for latitude, 𝜑

1967 Geodetic Reference System Formula

just an empirical formula



𝑔 = −𝛾𝑀
1

𝑅𝑜 + ℎ 2
+ 𝜔2𝑅𝑜 cos𝜑 1 +

ℎ

𝑅𝑜

=
𝛾𝑀

𝑅0
2 1 +

ℎ

𝑅𝑜

−2

+𝜔2𝑅𝑜 cos𝜑 1 +
ℎ

𝑅𝑜

≈ C − 2
𝛾𝑀

𝑅0
2

ℎ

𝑅𝑜
+ 𝜔2𝑅𝑜 cos𝜑

ℎ

𝑅𝑜

for altitude, ℎ 𝜑 = 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒

≈ C + −2
𝛾𝑀

𝑅0
2 +𝜔2𝑅𝑜 cos𝜑

ℎ

𝑅𝑜
𝑓 ℎ, 𝜑





100 pounds at pole

99.5 pounds at equator



100 pounds sea level

99.75 pounds 10 km



additivity of gravity and gravity anomalies







this is the same as

𝜌2 = 2500

𝜌1 = 2000



this is the same as

𝜌1 = 2000

𝜌2 = 500

𝜌1 = 0

+



negative density anomalies allowed, too
this is the same as

𝜌2 = 2500

𝜌1 = 3000



this is the same as

𝜌1 = 3000

𝜌2 = −500

𝜌1 = 0

+



what is the gravity anomaly over the iceberg?



𝜌𝑖𝑐𝑒

𝜌𝑖𝑐𝑒

𝜌𝑤𝑎𝑡𝑒𝑟



𝜌𝑤𝑎𝑡𝑒𝑟



𝜌𝑖𝑐𝑒



𝜌𝑖𝑐𝑒 − 𝜌𝑤𝑎𝑡𝑒𝑟



𝜌𝑖𝑐𝑒

𝜌𝑖𝑐𝑒

𝜌𝑤𝑎𝑡𝑒𝑟



𝜌𝑤𝑎𝑡𝑒𝑟

Ths one produces the reference field, 𝑔𝑟𝑒𝑓



𝜌𝑖𝑐𝑒 − 𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑖𝑐𝑒

These two produce the anomaly, ∆𝑔



𝜌𝑖𝑐𝑒

approximate as point masses

𝑀1

𝑀2

but what are the right masses?



𝜌𝑖𝑐𝑒

approximate as point masses

𝑀1 = 𝜌𝑖𝑐𝑒𝐴ℎ

𝑀2 = −∆𝜌𝐴d

= −𝜌𝑖𝑐𝑒𝐴ℎ

= −∆𝜌𝐴
𝜌𝑖𝑐𝑒
∆𝜌

ℎ

= −𝜌𝑖𝑐𝑒𝑀1



𝑥

𝑀1

-𝑀1

ℎ

2

𝑑

2

E

0



𝑥

∆𝑔1=
𝛾𝑀1

𝑥2 + 𝑎2

-𝑀1

ℎ

2

𝑑

2

𝑎 = 𝐿 − Τℎ 2

0

𝐿

𝑏 = Τ𝐿 + 𝑑 2 ∆𝑔2= −
𝛾𝑀1

𝑥2 + 𝑏2



but the two forces are not in the same direction

solution

use vertical component, only



𝑥

∆𝑔1𝑧=
𝛾𝑀1

𝑥2 + 𝑎2
cos 𝜃

𝑎

𝜃

𝜃

cos 𝜃 =
𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡

ℎ𝑦𝑝𝑜𝑡𝑒𝑛𝑢𝑠𝑒
=

𝑎

𝑥2 + 𝑎2

=
𝛾𝑀1𝑎

𝑥2 + 𝑎2 3/2



𝑥

-𝑀1

𝑎

0

𝑏

∆𝑔𝑧= 𝛾𝑀1

𝑎

𝑥2 + 𝑎2 3/2
−

𝑏

𝑥2 + 𝑏2 3/2

=

𝑀1



𝑥∆𝑔𝑧= 𝛾𝑀1

𝑎

𝑥2 + 𝑎2 3/2
−

𝑏

𝑥2 + 𝑏2 3/2

𝑥 = 0

∆𝑔𝑧= 𝛾𝑀1

1

𝑎2
−

1

𝑏2
> 0 as 𝑏 > 𝑎



𝑥∆𝑔𝑧= 𝛾𝑀1

𝑎

𝑥2 + 𝑎2 3/2
−

𝑏

𝑥2 + 𝑏2 3/2

𝑥 ≫ 𝑏

∆𝑔𝑧=
𝛾𝑀1

𝑥3
𝑎 − 𝑏 < 0 as 𝑏 > 𝑎



𝑥∆𝑔𝑧= 𝛾𝑀1

𝑎

𝑥2 + 𝑎2 3/2
−

𝑏

𝑥2 + 𝑏2 3/2

𝑥 → ∞

∆𝑔𝑧= 𝛾𝑀1 0 − 0 = 0



∆𝑔1𝑧

∆𝑔2𝑧

∆𝑔𝑧

Mostly,
the presence of 
the keel
makes the 
anomaly ....

Only slightly negative



∆𝑔1𝑧

∆𝑔2𝑧

∆𝑔𝑧

... less intense
than it otherwise
would be



Judging from the 
size of the 
mountain, it 
should have a 
gravity anomaly 
like this

But actually, it 
has a smaller 
anomaly like this

so the mountain
must have a root
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