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Shelf-Slope break, Canadian Rockies

this is what my slides notes said but | need to check and see what this really was
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Heat in the Earth

Heat moves from hot to cold. The rate at which moves—the

heat flow—is proportional to the gradient in temperature and

a constant, the thermal conductivity (k, about 2-3 W m-! °C-1

for crustal rocks). With z positive down and temperature only
varying with depth, we get

dT
— k2
1 dz




Heat in the Earth

dT
—
1 dz

A change in temperature requires either that heat be created in
the rock or that the heat flow in differs from the heat flow out.
The total heat in a body 1s pCT where
p 1s density
C 1s heat capacity (J kg1 °C-1)

T is temperature (K)

If radioactive heat production is 4 (J m-3) then

dq _ ,_4

dz E('DCT)




Heat in the Earth

q=—rK—""
dz
d d
i s ( pCT )
dz t
We can combine these two equations, removing ¢, to get:
d*T dT
k= = pC—
dz* P dt
dr  d°T
—=K
dt dz’

Where « is thermal diffusivity (m? s-1). An approximate value
for some rocks, easy to remember, is 1 mm?2/s




Heat in the Earth

d*T dT
k = pC—
dz* P dt
dT d*T
P
Z

A key to solving this for the earth is to recognize that Vxz is
dimensionally a length and so provides a natural length scale.

We are initially interested in a simple problem: the cooling of
a half space of asthenosphere. We assume that the temperature

is T, in the asthenosphere and 7} at the top. We then solve for
1(t,2)...




Heat in the Earth

A key to solving this for the earth is to recognize that vt is
dimensionally a length and so provides a natural length scale.

We are initially interested in a simple problem: the cooling of
a half space of asthenosphere. We assume that the temperature

is Ty in the asthenosphere and 7} at the top. We then solve for
1(t,2)...

T—Ta R z
= CricC
T,-T, N

The erfc is the complementary of the error function which, if
you care, 1s defined as

2 n ’2
erfc(n)=1-—| e " dn’
=t- e an




Error function solution

Cooling halfspace
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So from this when depth is 4 times sqrt(kappa*t), you are pretty unaffected from surface cooling.
Lithospheric thickness then doubles when time quadruples (so thickness proportional to sqrt (t))

Curve is vs depth for a specified time (can flip it over to see temperature change over time at a specified depth)



Topography from cooling in the Earth

T—Ta ; z
= erfc
I,-T 2Kt

While temperature can be interesting, we want topography. We
have to appeal to i1sostasy and relate temperature to density.

First up, 1sostasy, which says that the pressure (P.) at some
depth of compensation (z.) is the same everywhere. For terrain
under the oceans, this can be expanded

P=["pgdz=dgp, +[ pgd

Where d is the depth of the ocean at this point




Topography from cooling in the Earth
=1, erfc—
L-T, 2kt

P=] pgdz=dgp +| pg

We set the pressure under a mid-ocean ridge (ignoring the
crust) against that of some older piece of seafloor:

LT+ | ”%dz =g+ W)kpw ' p%d




Topography from cooling in the Earth
r-T z

< =erfc
T,-T, N
P = Jocpgdz =dgp, + chgdz

We set the pressure under a mid-ocean ridge (ignoring the
crust) against that of some older piece of seafloor:




Topography from cooling in the Earth
r-T,

= erfc
O_ a 2\/—
P = Jocpgdz =dgp, + L"pgdz

We set the pressure under a mid-ocean ridge (ignoring the
crust) against that of some older piece of seafloor:

+J pgdz= (d,d' +w) gp,, +J’ gdz

d ge W
d P, dz#{ i P, dzl—twp }LL +W 3@’2

J Ap(e)-p.)e:

Now we need to relate density to temperature...




Topography from cooling in the Earth

T—Ta ; z
= erfc
I,-T 2Kt

wlo.=p.)=], . (p(e)=p.)e

ridge

Now we need to relate density to temperature. ..

plz)-p,=-pa(1(2)-T.)

Where a is the coefficient of thermal expansion. Now we
combine these and integrate from seafloor down to get...

z

w(pa — pw) = Jozé—paoc(TO — Ta)erfc 2\/;(7dz’

:paa(n—lg)jwerfc dz’

z
N




Topography from cooling in the Earth

’
z

w(pa — pw) = JOZ;—paoc(To = Ta)erfc Zx/gdz,

’

z

dz’

:paa(n—]“(])jowerfcz -

Notice we integrated all the way to infinity because
temperatures converged. We can then use a solution to the
integral of the erfc to get:

_20,0(T, %) [xt

p.—p, \m

The important thing is that subsidence is a function of the
square root of age (so long as the assumption of a cooling half
space is valid)




The halfspace cooling model
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Displayed another way...

n=145x10°

S~

Depth (km)
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172
Crustal age Ma Hillier, JGR 2010

Challenging 2008 paper claiming half space works for everything. Raw data points...



But we want ; o ww o

to understand [ o A
ancient '
subsidence
recorded by
sediments

Bond and Kominz, GSA Bull, 1984




Assume we start with lithosphere and stretch it...




Assume we start with lithosphere and stretch it...

As drawn, this is out of 1sostatic equilibrium, so the thinned
lithosphere must subside (for us, below sea level)




Assume we start with lithosphere and stretch it...

As the lithosphere cools, the top of the crust will get deeper
over time. How can we measure this?

Well, we fill the edge of the ocean with sediment...




Assume we start with lithosphere and stretch it...

If we know the water depth of the sediments at the top, we
know the depth of the top of the crust...
But we are back out of isostatic equilibrium, so the margin
sinks




Assume we start with lithosphere and stretch it...

So although the thickening sediment keeps up, it is now
thicker than the purely thermal/tectonic subsidence we want.

So we want to estimate the load from these sediments, remove
it and allow the lithosphere to rise back up and then we’ll
know how much the basin floor subsided...

The process of doing this is termed backstripping.
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“Uniform” refers to crust and mantle lithosphere strained the same. It is a 2-D sections beta=1 does go down because of adjacent areas. Point in paper
was that form of the curve is not sensitive to the 2-D aspect.



Construction of Tectonic Subsidence Curves
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Bond and Kominz, GSA Bull, 1984
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Lower dots with error bars are delithified sedimentary thicknesses (error bars show range of max and min delithified thicknesses); dots between parallel
lines are tectonic subsidence



WATER DEPTH IN KILOMETERS
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So best fit about 560 Ma, overall errors considered 590-550 Ma for start of thermal subsidence. The age is largely determined by the change in slope of

the “R1” (tectonic subsidence) curve.
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so maybe 530 Ma or 540 instead of 560?

Of course the timescale has been improved in subsequent years, so a proper age probably a bit younger (numerically)



If rift cooling phase starts near base of
Cambrian, what about the stuff below?
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tectoni tting:
11l - Passive margin; cratonic supersequences
Il - Early passive margin constrained by continental edge

| - Rift deposition basinward of hinge zone

tratigraphic Packaging:

Il - middle member Wood Canyon Fm and above
Il - Noonday Dolomite through lower member Wood Canyon Fm
| - middle and upper Kingston Peak Fm

Fedo & Cooper, Sed. Geol. 2001

But if rift-drift is at Noonday, which is 2000m below base of C, then how does this work?
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An alternative might be multiple rifting episodes? One near 710 Ma, other near 550 Ma
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Now can maybe go farther back and see how subsidence is including the “syn-rift” sediments. Seems to push things farther back.
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Now can maybe go farther back and see how subsidence is including the “syn-rift” sediments. Seems to push things farther back.



A) Stage 1 780-720 Ma

B) Stage 2 720-660 Ma

Siberia

[[] Archean

[[] 2.2-1.8 Ga (Trans Hudson)
\:| 1.8-1.6 Ga reworked (Mojave)
[ 1.8-1.6 Ga juvenile (Yavapai)
M 1513Ga (Granite-Rhyolite)
V 1.4-1.3 Ga granite plutons

M 1.3-1.0 Ga (Grenville)

I:‘ Y sedimentary basins

. Z sed basins

dike swarm

rift zone (dashed inactive)
ocean ridge (interpretive)

convergent orogenic belt

¥ paleo-latitude, declination from

paleomagnetic poles P1 to P8

# adjusted paleo-latitude, declination

P1- 780 Ma Gunbarrel dikes (Harlan et al., 1997)

P2- 785 Ma Mundine dikes (Wingate and Giddings, 2000)
P3- interpolated Australia

P4- 720 Ma Franklin dikes (Heaman et al., 1992)

P5- 635 Ma Elatina Fm (Sohl et al., 1999)

P6- 610 Long Range A dikes (Murthy et al., 1992)

P7- 530 Ma Wirealpa Fm (Klootwijk, 1980)

P8- 520 Ma Tapeats Fm (Torsvik et al., 1996)

M1- 2.3-2.0 Ga Nd model ages, 1.4 Ga A-type granites

(Goodge et al., 2008)

M2- Achean cratons, Paleoproterozoic belts
M3- rifted Cuyania terrane (Thomas, 2011)

Paleo-Pacific

C) stage 3 660-580 Ma

D) stage 4 580-520 Ma

Yonkee et al., Earth Sci Rev, 2014

So this interpretation is of slow rifting for about 200 my and then full creation of Laurentia.




Do we need two episodes of extension?

SOUTHERN

Upper carbonate-
bearing member

Siltstone member

Quartzite member | :

\nsitional member [-7

NOPAH
RANGE

DESERT
RANGE

NORTHERN
SPRING
MOUNTAINS

Upper Mbr.

_

Middle Mbr.

Lower Mbr.

Carrara Formation

/ Zabriskie Formation

Wood Canyon
Formation

n—  F

D-E
Members

Noonday
Formation

Proterozoic
crystalline rocks

\

Upper quartzite |-

and siltstone
member

Siltstone and
carbonate
member

A-B
Members

Rainstorm

Member
o

Lower quartzite
and siltstone
member

Units E-G

- :

Stirling
Formation

Units H-L |+

\ Carbonate |- -
member | *

7 —

_Oolite marker

Johnnie
Formation

— 77— — 7 —

Noonday Formation?

_ 7 — 7 -

Witkosky and Wernicke, Geosphere, 2018

Age, Thickness,
AXa m

500m]
514=—0

520 =t

541 -

550 =

—1000

579 =

585 mm

624 =—

635m]

8
e
[
=]
o
Q
]
£
E
o
2 Me
0
]
Q
o
540 Ma -~/
[
Il E¢
Inl 560(?) Ma = -7
11 e
11
I )
| <700-680 Ma
>700-680 Ma
(Rs)
S0
210
Tlg
9|3
0|3
<
Ble EL4
s(g =
HH
&
£|&
0
Explanation.

M sandstone
dl conglomerate

ﬁ slitstone
shale

(2]
-<— Pahrump Group —>

NOPAH RANGE

1®

diamictite
Eﬂ diabase sill

Levy and Christie-Blick,
GSA Bull, 1991

= Zabriskie

Ely Springs
Eureka
Pogonip

Nopah
Dunderberg

Bonanza King

Carrara
Wood Canyon
Stirling
Johnnie

Noonday

Kingston Peak

Beck Spring

Crystal Spring

dolomite
4] timestone
-1 chert
U!! chert nodules
stromatolites
microbial lamin




Do we need two episodes of extension?
S (strat thickness inE) t (age in Ma)
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Goal of the paper was to date late pC section, but this required looking at the subsidence history. Relation from strat thickness to tectonic subsidence from
backstripping and assuming no large unconformities. Note upper left panel does not require time. Ages before Cambrian extrapolated but compare well to
global glacial episode (e.g., Rainstorm Member). From this, infer that ~540 Ma extension is artifact of carbonate compression and expansion of oceans
onto land (509-485 Ma rapid accumulation but little subsidence). That change in slope is what drove the pick from earlier models.

(There is a lot of subtlety here. Estimate of the thermal decay timescale from 541 and 509 Ma points 55-53 m.y., comparable to Phanerozoic thermal decay
times elsewhere, indicating a purely thermal subsidence is plausible. Explore models with and without underlying Pahrump group. They don’t need time of
start of subsidence.



