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Figure 5. Comparison of isopach map (A) of Pre-
cambrian and Lower Cambrian rocks (from Fig. 2, this
report) with isopach map (B) of Cambrian, Ordovician,
mentation that occur along the trailing edges
of continents that are separating, differ mark-
edly from those related to a subduction zone at
the leading edge of a continent (such as the
Andean type). Along a subduction zone,
frictional melting at the top of the descending
lithospheric plate generates massive volumes of
andesitic and basaltic magma, and sediments
consist primarily of structurally contorted
graywacke and chert (Dewey, 1969; Dickinson,
1970a).

The present-day continental margin off the
east coast of the North American continent is

B
and Silurian rocks (after Eardley, 1951, PI. 2). Thick-
ness in feet.

considered (Dewey, 1969; Bird and Dewey,
1970) to be a typical example of a stable con-
tinental margin containing a thick linear belt of
sedimentary rock (Drake and others, 1959).
This margin developed when the North Ameri-
can plate was separated from the Eurasian and
African continental plates during the breakup
of the Pangaean continental mass in the early
Mesozoic (Dietz and Holden, 1970). The initial
phases of this separation produced the Triassic
grabens and basalt masses of the eastern United
States.

A continental separation appears to be a

pC-lower C C, O, S

Stewart, GSA Bull, 1972

Thicknesses in feet
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and !110 Ma in the northern and southern regions, respec-
tively (Figures 2b and 2d), and the central region is limited
to 166 Ma (Figure 2c). Both the northern and southern
regions have relatively small but still significant area for
seafloor older than 80 Ma.

3. Topography and Depth-Age Relation
3.1. Topography Prior to Removal of Seamounts
and LIPs

[21] We begin analysis by examining the original to-
pography before any removal of seamounts and LIPs (i.e.,

Figure 1a). Many of the previous topography analyses
were done to bathymetry data sets that included sea-
mounts and LIPs [e.g., Stein and Stein, 1992; Smith and
Sandwell, 1997]. Consequently, sophisticated statistics
with medians and modes were needed in these studies
[e.g., Carlson and Johnson, 1994]. By correcting for
sediments and removing outliers like seamounts and LIPs,
we can employ relatively simple statistical approaches
and perform topography analyses in normal seafloor
areas.

Figure 1. Topographic maps for the Pacific with corrections for (a) sediments, (b) sediments and
seamounts, (c) sediments, seamounts, and large igneous provinces (LIPs), and (d) the seafloor age map.
The black regions in Figures 1a–1c are either above sea level or for seamounts and LIPs. The thick red
lines in Figure 1c define the northern, central, and southern Pacific regions. The thin white lines in
Figure 1c represent contours of seafloor age in increments of 20 Ma. The Behrman projection is used.
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q = −k dT
dz

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-1 °C-1 
for crustal rocks). With z positive down and temperature only 

varying with depth, we get



q = −k dT
dz

Heat in the Earth

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 is ρCT where  
ρ is density 

C is heat capacity (J kg-1 °C-1) 
T is temperature (K) 

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

dq
dz

= A− d
dt

ρCT( )



q = −k dT
dz

Heat in the Earth

We can combine these two equations, removing q, to get:

dq
dz

= A− d
dt

ρCT( )

k d
2T
dz2

= ρC dT
dt

dT
dt

=κ d
2T
dz2

Where κ is thermal diffusivity (m2 s-1). An approximate value 
for some rocks, easy to remember, is 1 mm2/s



Heat in the Earth

k d
2T
dz2

= ρC dT
dt

dT
dt

=κ d
2T
dz2

A key to solving this for the earth is to recognize that  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 Ta in the asthenosphere and T0 at the top. We then solve for 
T(t,z)…

κ t



Heat in the Earth

T −Ta
T0 −Ta

= erfc z
2 κ t

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

erfc(η) = 1− 2
π

e− ′η 2
d ′η

0

η

∫

A key to solving this for the earth is to recognize that  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 Ta in the asthenosphere and T0 at the top. We then solve for 
T(t,z)…

κ t
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T −Ta
T0 −Ta

= erfc z
2 κ t

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
T0 −Ta

= erfc z
2 κ t

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

First up, isostasy, which says that the pressure (Pc) at some 
depth of compensation (zc) is the same everywhere. For terrain 

under the oceans, this can be expanded

Pc = ρg dz
0

zc∫ = dgρw + ρg dz
d

zc∫
Where d is the depth of the ocean at this point



Topography from cooling in the Earth
T −Ta
T0 −Ta

= erfc z
2 κ t

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

Pc = ρg dz
0

zc∫ = dgρw + ρg dz
d

zc∫

dridgegρw + ρg dz
d

zc∫ = dridge + w( )gρw + ρg dz
dridge+w

zc∫
ρa dzdridge

dridge+w∫ + ρa dzdridge+w

zc∫ = wρw + ρ z( )dz
dridge+w

zc∫
w ρa − ρw( ) = ρ z( )− ρa( )dz

dridge+w

zc∫



Topography from cooling in the Earth
T −Ta
T0 −Ta

= erfc z
2 κ t
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w ρa − ρw( ) = ρ z( )− ρa( )dz
dridge+w

zc∫

Topography from cooling in the Earth
T −Ta
T0 −Ta

= erfc z
2 κ t

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

Pc = ρg dz
0

zc∫ = dgρw + ρg dz
d

zc∫

dridgegρw + ρg dz
d

zc∫ = dridge + w( )gρw + ρg dz
dridge+w

zc∫
ρa dzdridge

dridge+w∫ + ρa dzdridge+w

zc∫ = wρw + ρ z( )dz
dridge+w

zc∫
w ρa − ρw( ) = ρ z( )− ρa( )dz

dridge+w

zc∫

Now we need to relate density to temperature…



Topography from cooling in the Earth
T −Ta
T0 −Ta

= erfc z
2 κ t

w ρa − ρw( ) = ρ z( )− ρa( )dz
dridge+w

zc∫
Now we need to relate density to temperature…

ρ z( )− ρa = −ρaα T z( )−Ta( )
Where α is the coefficient of thermal expansion. Now we 
combine these and integrate from seafloor down to get…

w ρa − ρw( ) = −ρaα T0 −Ta( )erfc ′z
2 κ t0

′zc∫ d ′z

= ρaα Ta −T0( ) erfc ′z
2 κ t0

∞

∫ d ′z



Topography from cooling in the Earth

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:

w =
2ρaα Ta −T0( )

ρa − ρw

κ t
π

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)

w ρa − ρw( ) = −ρaα T0 −Ta( )erfc ′z
2 κ t0

′zc∫ d ′z

= ρaα Ta −T0( ) erfc ′z
2 κ t0

∞

∫ d ′z
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Figure 8. A comparison between our best-fitting Pacific plate model, and
the best-fit models of Parsons & Sclater (1977) and Stein & Stein (1992).
Parsons & Sclater (1977) used selected data from the deepest parts of the
Pacific measured away from seamounts, plateaus and the Hawaiian Swell,
and described the subsidence using a model of a 125 km conductive plate,
with a basal temperature of 1333◦C, a conductivity of 3.1 W m−1K−1, and
a volume expansivity of 3.28 × 10−5 K−1. As Robinson & Parsons (1988b)
acknowledge, the data set Parsons & Sclater (1977) used was biased to deeper
values because they did not eliminate measurements taken over regions of
negative dynamic topography. Stein & Stein (1992) used sediment-corrected
depths from all parts of the Pacific and Atlantic Oceans. By definition, they
found the average depth as a function of age to be shallower than that found
by Parsons & Sclater (1977), and described the subsidence using a model of a
95-km-thick cooling plate with a basal temperature of 1450◦C, a conductivity
of 3.1 W m−1K−1, and an expansivity of 3.1 × 10−5 K−1. The zero-age
depth for all three curves is 2800 m. The data is the same as plotted in
Fig. 7(a). Our best-fit plate model provides a poor fit to the variation of
depth with age between the ages of 80–130 Ma. Furthermore, because the
other authors used different data selection criteria to us, their models do not
provide an adequate description of our estimate of the variation of depth
with age once they depart from a conductive

√
t cooling trend either.

thickness is approximately 90 km, given a zero-age depth of 2650 m.
A least-squares fit of a

√
t subsidence curve to the median depths in

Fig. 9(b) younger than 80 Ma is d = −2527−336
√

t . In the South-
east Atlantic, the best-fit thermal plate thickness is approximately
95 km with a zero-age depth of 2650 m. A least-squares fit of a

√
t

subsidence curve to the median depths in Fig. 9(d) younger than
80 Ma is d = −2444 − 347

√
t . In both regions, the departure

from
√

t subsidence as the ocean ages is more rapid than would be
expected given plate-like subsidence, and there is a couple of hun-
dred metres of shallowing at ages in excess of 100 Ma. Because of
uncertainty in the sediment correction and the continental margin
gravity anomaly, we terminated the reference table at 150 Ma in the
Northeast Atlantic and at 120 Ma in the Southeast Atlantic.

4.1.4 North Indian Ocean

Results for the North Indian ocean are shown in Fig. 10(a) and
listed in Tables A9 and A10. Because of the limited number of
data points and low correlation between topography and gravity
at ages in excess of 120 Ma, we terminated the reference table
at 120 Ma. There are very few regions with near-zero gravity
anomalies, and the depth–age curves calculated using only those
regions do not appear to follow a simple

√
t subsidence trend. How-

ever, the entire Indian ocean is covered by a very-long-wavelength

negative gravity anomaly, which has no clear topographic expres-
sion. We investigated the effect of subtracting the longest wave-
length gravity field before processing the data, and found that it
improved the correlation between the selected blocks of gravity
and topography significantly (compare Figs 10c and d). The new
reference depth–age trend is shown in Fig. 10(b), and is deeper
than the trend in Fig. 10a because the baselevel has been shifted;
we find the average subsidence is fit well using a model of a
90-km-thick conductive plate. We attempted the same procedure
in the Pacific and Northwest Atlantic, but found that it made the
correlation worse (for instance, rs in the Pacific in the age range
90–100 Ma was reduced from 0.89 to −0.22).

4.2 Correlation between gravity and topography over
swells and troughs

The correlation between selected 30 min block-medians of gravity
and sediment-corrected topography in each age-bin is illustrated in
Fig. 11 and described below. For sample sizes larger than 100, the
probability that a correlation with rs > 0.2 occurred by chance is
less than 5 per cent.

4.2.1 North pacific

The best and most convincing correlations between gravity and to-
pography are in the central Pacific between the ages of 60–110 Ma.
The highest correlation coefficient is 0.89 in the age range 90–100
Ma, where the best-fit linear slope is 27.6 mGal km−1 (Table A1).
The slope and strong correlation are characteristic of convective
swells and troughs (e.g. McKenzie 1994). On older ocean floor,
the gravity anomalies are mostly negative. rs decreases to 0.4–0.6
within individual age bins, and the best-fit slope increases to between
30–40 mGal km−1. This may be a result of unwanted pollution from
unexcluded regions of thickened crust (such as small seamounts),
which have a higher admittance between topography and gravity
than dynamic swells. These results differ little if topography is plot-
ted against residual gravity rather than observed gravity.

4.2.2 Atlantic and Indian

Plots of gravity versus topography show a greater degree of vari-
ability in the Atlantic than they do in the Pacific. This may be in
part a result of a more pronounced uncompensated surface rough-
ness associated with slower spreading rates (Hayes & Kane 1991)
and a lack of variation of dynamic topography within individual age
bins. For instance, in the Northwest Atlantic between the ages of
80–90 Ma, the best-fit slope of observed gravity versus topography
is 65 mGal km−1 (Table A3), which is approximately the expected
value for uncompensated crust (e.g. McKenzie & Fairhead 1997,
Figure 4a). Elsewhere in the Northwest Atlantic, the slopes vary
from 30–40 mGal km−1 within individual age bins, with rs varying
from 0.5–0.9. The Northeast Atlantic is more consistent: between
the ages of 40–100 Ma the slopes vary from 30–40 mGal km−1,
and rs from 0.5–0.75. Similar results are found in the North In-
dian ocean once the very-long-wavelength gravity field is removed:
between the ages of 40–100 Ma, the slopes within individual age
bins vary from 35–45 mGal km−1 and the coefficients from 0.5–0.9
(Table A10). In the Southeast Atlantic (Table A7), the slopes are
lower (20–25 mGal km−1), as are the correlations (0.2–0.7). Plotting
topography versus residual gravity instead of gravity again makes
relatively little difference to the results.

C© 2006 The Authors, GJI, 166, 553–573
Journal compilation C© 2006 RAS

Crosby et al., JGI 2006

Pacific Plate

Pacific younger than ~70 
Ma obeys our square 

root of age rule



[12] The number of data points in the bins (n), estimated
standard deviations (sx), mean residuals (x), standard errors
(sx/

p
n), and confidence from observations in the bin that

flattening exists are given in Table 1. The statistics used are

explained in section 4. Similar figures, but assuming only
10 independent depth observations in each bin are given in
Table 2.
[13] These results change little if the model fitted by

Korenaga and Korenaga [2008] is used except that residual
depths (i.e., the shallowing) become larger, e.g., mean depth
for t > 100 Ma is about 867 m.

4. Interpretation and Discussion
4.1. Is Flattening (or Otherwise) Indicated by Depth
Observations of ‘‘Normal’’ Seafloor?

[14] To interpret the z-t data resulting from the extraction
of ‘‘normal seafloor,’’ Korenaga and Korenaga [2008]
describe depth as

z ¼ Aþ B
p
t þ e;

where e is an error term with a Gaussian distribution, zero
mean, standard deviation se, as is implicit in any OLS fit of
a regression line to depth age data [e.g., Marty and
Cazenave, 1989]. A 68% ‘‘confidence zone’’ was then
determined for seafloor older than 70 Ma (about ±500 m),
and age-depth data points plotting in this zone considered
consistent with half-space cooling. Since these appear in a
majority, Korenaga and Korenaga [2008, Figures 5a and
5b] deduced that seafloor conforming to the half-space
cooling model dominates normal seafloor at almost all ages.
Korenaga and Korenaga [2008], however, also state that
after filtering ‘‘the signal of seafloor flattening is still
present.’’ In the context of geophysical models of the
lithosphere, ‘‘flattening’’ means that the sample of n
observed normal seafloor depths in a Dt bin is as a whole
shallower than predicted by the cooling half-space model. If
variability from nonmodeled sources e [Korenaga and
Korenaga, 2008] is allowed for ‘‘flattening,’’ it means that
the average of the observed sample is shallower than the
average of the population predicted by the cooling half-
space model. So, Korenaga and Korenaga’s [2008]
statements appear to be contradictory. By ‘‘the signal of
seafloor flattening is still present,’’ however, they mean that
individual data points shallower than the upper confidence
bound of their z /

p
t description exist for old seafloor.

Referring to individual data points, they make no comment
on the observed sample or population. Thus, there is no
contradiction, but their statement has no relevance to
models in the form (z = A + B

p
t + e) [Korenaga and

Korenaga, 2008], approximating the cooling and contrac-
tion of the lithosphere.
[15] The results replicated here agree with Korenaga and

Korenaga [2008] that the majority of depth data are within
±500 m of a z /

p
t model, which approximates their

‘‘confidence zone.’’ However, the bulk of data from old
seafloor (t > 70 Ma) appear above the prediction of the z /p
t model in [Korenaga and Korenaga, 2008, Figures 5a

and 5b]. This observation is borne out in Figure 1, which
shows the average of depth data (t > 70 Ma) to be
significantly shallower than the model. Korenaga and
Korenaga [2008, Figures 7a and 7b] and Figure 1 also
show that data from old seafloor outside the confidence
interval are almost entirely above it, quantitatively in a ratio
of 4:1. Thus, while individual data points might be argued

Figure 1. Age-depth data representing normal seafloor
generated by replicating the methods of Korenaga and
Korenaga [2008]. Flattening is present at old ages.
(a) Model z = 2648 + 336

p
t is that of Korenaga and

Korenaga [2008] (bold black line). Data (gray dots), 68%
confidence zone digitized from Korenaga and Korenaga
[2008] (thin black lines). (b) Data (gray dots), mean ± 2sx in
1 Myr bins for the data are gray lines, and the model ± 500 m
are black lines. (c) Histograms of residual depths (i.e.,
observed-model) for age bands shown as darker gray shades
with increasing age. Circles indicate mean residual depths,
and errors are ±1s of the means (i.e., sx/

p
n). Histogram of

70–0 Ma is shown at one-fifth of true counts for ease of
plotting. Visually, this understates the relative area of young
seafloor but has no effect on the key statistic, the mean
residual depth for the Dt bins. Residual of 1.2 m for 70–
0 Ma seafloor arises because fitting the model gives equal
weight to each 1 Myr age bin, while the raw statistics weight
each data point equally.
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Displayed another way…

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



Bond and Kominz, GSA Bull, 1984

But we want 
to understand 

ancient 
subsidence 
recorded by 
sediments



Assume we start with lithosphere and stretch it…



Assume we start with lithosphere and stretch it…

As drawn, this is out of isostatic 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.



time (m.y.)1/2

Bond and Kominz, GSA Bull, 1984

If we can get a 
number of estimates 
of the depth of the 
top of the crust, we 
can compare that 
history to models of 
thermal subsidence. 

This can point to the 
time when cooling 
of the lithosphere 
starts

“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

Bond and Kominz, GSA Bull, 1984



Bond and Kominz, GSA Bull, 1984

But there are 
other issues: 

sediments have 
compacted 
when made 
into rock
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6.1.3 Subsidence Analysis 

The large variety of tectonic processes that form sedimentary basins discussed 
above illustrates the necessity to find a data set that can be collected in the 
field and that can be used to constrain the nature of the basin forming process. 
Such a data set exists in the subsidence history of a basin as recorded by the 
sedimentary basin fill. In order to constrain the evolution of subsidence from 
the stratigraphic record, three steps are necessary: 

— Documentation of the stratigraphic section, 
— Consideration of compaction of sediments, 
— Consideration of the water depth. 

If we are also interested in the tectonic component of the subsidence (as we 
usually are), then a fourth step is necessary: 

— Consideration of the sedimentary loading: back stripping. 

When mapping the stratigraphy of the basin fill with the intention of using it 
for subsidence analysis, the following data must be collected or assumed for 
each layer: 1. thickness, 2. lithology, 3. age and 4. water depth at deposition. 
Porosity of the sediments and information on the thermal evolution are ad-
ditional data that can be extremely helpful. On the following pages we show 
how the subsidence history may be extracted from this data. 

Compaction. Because of their porosity, sedimentary strata are compacted 
by overlying layers after their deposition. Thus, the thickness of each layer 
in a sedimentary sequence was larger at the time of its deposition than it is 
when measured in the field. In order to consider the influence of sediment 
compaction on the thickness and density of the stratigraphic column, the 
porosity must be known. Empirical studies show that the porosity of rocks 
decreases exponentially with depth. In general we can describe this with the 
relationship: 

cj) = cj)0e-cz . (6.1) 

Figure 6.5. The decrease of porosity of a 
range of rock types with depth. Calculated with 
eq. 6.1 and using the following material con-
stants. Sandstone: <j>o = 0.4, c = 3 • 10~4 m _ 1 ; 
limestone: <fio = 0.5, c = 7 • 10~4 m _ 1 ; slate: 
</>o = 0.5, c = 5 • 10~4 m _ 1 . The grain den-
sity pg of these three rock types is: sandstone: 
pg = 2 650 kgm" 3 ; shale: pg = 2 720 kgm" 3; 
limestone: pg = 2 710 k g m - 3 (data from Sclater 
and Christie 1980; s. also Bond et al. 1983) 
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But there are 
other issues: 

sediments have 
compacted 
when made 
into rock



Construction of Tectonic Subsidence Curves

Bond and Kominz, GSA Bull, 1984



Bond and Kominz, GSA Bull, 1984

These kinds of 
diagrams are often 
called geohistory 

diagrams.

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



time (m.y.)1/2

Bond and Kominz, GSA Bull, 1984

Life is more complex if 
crust and mantle 

lithosphere stretch 
differently—and the 

finite width of the basin 
is taken into account



Levy and Christie-Blick, GSA Bull, 1991



Levy and Christie-Blick, GSA Bull, 1991

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.



GSA 2022 timescale

Levy and Christie-Blick, GSA Bull, 1991

so maybe 530 Ma or 540 instead of 560?

Walker, J.D., Geissman, J.W., Bowring, S.A., and Babcock, L.E., compilers, 2018, Geologic Time Scale v. 5.0: Geological Society of America, https://doi.org/10.1130/2018.CTS005R3C. ©2018 The Geological Society of America
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Of course the timescale has been improved in subsequent years, so a proper age probably a bit younger (numerically)
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If rift cooling phase starts near base of 
Cambrian, what about the stuff below?
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But if rift-drift is at Noonday, which is 2000m below base of C, then how does this work?



and lithospheric mantle (McKenzie, 1978), which was applied by Bond
and Kominz (1984) and Bond et al. (1984, 1985) to estimate early
Paleozoic subsidence patterns along the Cordilleranmargin; (2) concen-
trated simple shear and extension along a lithospheric-scale, low-angle
detachment zone (Lister et al., 1986), which was applied by Lund
(2008) to interpret changes in rift characteristics along the Cordilleran
margin; and (3) depth-dependent extension and necking of crust and
lithospheric mantle (Braun and Beaumont, 1989; Davis and Kusznir,
2004), which is predicted by thermo-mechanical models (Huismans
and Beaumont, 2008).

Model 1 predicts uniform crustal and mantle lithosphere thinning
and extension with initial subsidence, followed by thermal subsidence
as mantle lithosphere cools and thickens (Fig. 14A). Continued exten-
sion leads to development of a new ocean basinwith symmetric passive
margins. Igneous processes may accompany tectonic extension and
modify subsidence patterns (Fig. 14B; Buck, 2004). Dike intrusion de-
creases lithospheric strength and partly accommodates extension,
resulting in less crustal thinning, which combined with thermal
thinning of mantle lithosphere may lead to initial uplift rather than
subsidence. Parts of rift zones have extensive volcanic deposits and
widespread dike intrusions (White and McKenzie, 1989), whereas
other parts may lack widespread surface volcanic rocks but still have

dikes present at depth that contribute to reduced lithospheric strength
during rifting (Buck, 2004).

Model 2 predicts spatially decoupled crustal andmantle lithosphere
extension across low-angle detachment and associated listric normal
faults, with initial subsidence where crust is extended and initial uplift
where mantle lithosphere is attenuated, followed by spatially variably
thermal subsidence (Fig. 14C). The dip and shear sense of the detach-
mentmay change across transfer zones along the length of a rift. Contin-
ued extension leads to development of an asymmetric “lower plate”
margin with highly thinned crust and tilted half grabens above normal
mantle, and an “upper plate” margin with slightly thinned crust above
highly attenuated mantle lithosphere. This model predicts paired mar-
gins with opposite asymmetry. However, some paired margins have
“upper plate” characteristics (limited upper crustal extension) on both
sides of ocean basins, indicating other processes may lead to decoupled
crust and mantle lithosphere extension (Driscoll and Karner, 1998;
Davis and Kusznir, 2004).

Model 3 incorporates depth-dependent rheology and decoupling of
crust and mantle lithosphere extension, which give rise to a variety of
rift styles (Fig. 14D; Buck, 1991; Davis and Kusznir, 2004). Variations
in rift styles are related to: initial crust and mantle lithosphere thick-
nesses; rheology that depends on thermal state and fluids; topography;

Fig. 13. Cumulative stratigraphic thickness, estimated tectonic subsidence, and model subsidence for early and final rifting intervals (dashed lines) each followed by thermal relaxation.
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et al., 2000), whereas Laurentia stayed at low latitudes, which requires
early rift timing. However, significant extension and igneous activity
along W Laurentia did not begin until after 720 Ma, inconsistent with
the Missing Link model, and thus the narrow gap reconstruction is
preferred. Neoproterozoic dike swarms, including the 780 ± 1 Ma
Gunbarrel and 717 ± 2 Ma Franklin swarms in W Laurentia (Harlan
et al., 2003; Macdonald et al., 2010), 827 ± 6 Ma Gairdner, 824 ±
4 Ma Amata, and 755 ± 3 Ma Mundine Well swarms in Australia
(Wingate et al., 1998; Wingate and Giddings, 2000), and 820–780 Ma
swarms in the South China block likely record plume activity that
presaged break up of Rodinia (Li et al., 1999).

Early rifting from~720 to 660Ma resulted in development of region-
al extensional basins along E Antarctica–Australia and W Laurentia
(stage 2, Fig. 16B). Limited paleomagnetic data during this time span
suggest continued low paleo-latitudes. Correlation of similar age
diamictite- and volcanic-bearing stratigraphic sections in E Antarctica,
SE Australia, and W Laurentia suggest a connected rift system (Goodge
et al., 2004).

Following early, incomplete rifting, thick, mostly marine siliciclastic
and minor carbonate strata were deposited during thermal subsidence
within an elongate basin system that was wider and deeper along NW
Laurentia (stage 3, Fig. 16C). Marinoan (~635 Ma) glacial strata were
deposited along parts of the margin (Calver et al., 2013). Localized

igneous activity initiated along parts of theMississippi Valley graben sys-
tem, E Laurentia, and Baltica (Murthy et al., 1992; Torsvik et al., 1996).

Final rifting and associated volcanism led tofinal separation and tran-
sition to drift from570–520Mawith opening of ocean basins betweenW
Laurentia and E Antarctica–Australia, and between E Laurentia, Baltica,
and Amazonia (stage 4, Fig. 16D). Thick passive margin strata were de-
posited along the margins of Laurentia. A complex system of convergent
orogenic belts developed along margins of western Australia–E
Antarctica, India, Congo, Kahlahari, Amazonia, and other blocks, with
continued rapid convergence from ~570 to 500 Ma leading to assem-
blage of Gondwana (Meert, 2003; Cawood, 2005; Gray et al., 2008) and
development of the ~520–500 Ma Ross-Delamarian belt along eastern
Australia–E Antarctica (Boger and Miller, 2004).

The interpretivemodel illustrated in Fig. 16 shows slow rates of plate
motion duringmuch of the Neoproterozoic, with development of partly
failed rift basins during protracted break up of Rodinia. The paucity of
major convergent margins prior to 700 Ma suggests limited sea floor
spreading and associated heat loss by mantle convection, which may
have been partly compensated by plume activity. Continued rifting
and thermalweakening culminated in final break up of Rodiniawith de-
velopment of extensive sea-floor spreading centers, rapid plate motion
(typical rates ~15 cm/yr), development of multiple convergent orogen-
ic belts, and eustatic sea level rise, synchronouswithmajor evolutionary

A) B)

C) D)

Fig. 16. Plate reconstruction model shows protracted rifting and final separation of Australia-E Antarctica fromwestern Laurentia during stages 1 to 4. Reference paleo-latitudes and dec-
linations for Utah in Laurentia and Adelaide in Australia blocks are indicated for paleomagnetic pole references P1 to P8 (Harlan et al., 1997; Wingate and Giddings, 2000; Heaman et al.,
1992; Sohl et al., 1999; Murthy et al., 1992; Torsvik, 1996). Margin fits are based on listed referencesM1 toM3 (Goodge et al., 2008; Thomas, 2011). Figure constructedwith aid of GMAP
software of Torsvik (2012).
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So this interpretation is of slow rifting for about 200 my and then full creation of Laurentia.
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The pervasive ball-and-pillow and other paleoliquefaction structures in 
sand-rich interval I (unit B) are most simply interpreted as re!ecting a period 
of high sediment !ux during early Johnnie Formation deposition. These struc-
tures may have signi"cance for the timing of the transition from mechanical 
stretching of the lithosphere to purely thermal subsidence, because (1) rapid 
subsidence is characteristic of both the rift phase and early thermal sub sidence 

phase of passive-margin formation (e.g., Sawyer et  al., 1982), and (2)  such 
structures could be evidence for seismic shaking (e.g., Sims, 2012). The obser-
vation that essentially the entire 160 m thickness of unit B is affected implies 
that, whatever its cause, it was persistent over a sustained period of time. The 
other signi"cant observation is that with only one exception, paleo lique fac-
tion structures do not appear anywhere else higher in the section, despite 
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Figure 13. Lithostratigraphic columns of 
the Johnnie Formation and enveloping 
Ediacaran–Cambrian formations at three 
key localities in Nevada and California, 
indicating the stratigraphic distribution 
of sand-rich intervals versus siltstone/
carbonate-rich intervals. Informal mem-
ber and unit designations in the southern 
Nopah and Desert Range sections are  after 
Stewart (1970); note that the informal 
“Carbonate member” in the Desert Range 
section is predominantly sand-rich carbon-
ate and !ne- to medium-grained ortho-
quartzite with no siltstone. Bold numbers 
to the left of the scale bar are ages in Ma 
as follows: 509—base of Middle Cambrian 
(Palmer and Halley, 1979); 514 and 520—
base of Bonnia-Olenellus and Fallotaspis 
trilobite zones, respectively (Hunt, 1990; 
Hollingsworth, 2005); 541 and 550—base 
of Cambrian and !rst-appearance datum of 
cloudinids (Corsetti and Hagadorn, 2000; 
Smith et al., 2016; Narbonne et al., 2012); 
579, 585, and 624—model age esti mates 
from this study; 635—base of Ediacaran 
(Petterson et  al., 2011). Roman numerals 
indicate sand-rich intervals beginning with 
unit B of the type Johnnie Formation.
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of τ for values of tectonic subsidence Y in a series of models that encompass 
these parameter variations (Table 5). In addition, we de!ned Y according to 
two different assumptions for the point at which mechanical stretching ends 
and purely thermal subsidence begins, where Y = 0 (i.e., e = E0r). One is at the 
lowest exposed stratum (base of unit A), and the other is within unit C, above 
the youngest ball-and-pillow structure at the top of unit B, assuming seismic 
shaking ended near this point. In Table 5, models with no Pahrump Group sub-
strate are designated Yns, and those that include the substrate are designated 
Yws; intermediate-density models contain no additional subscript, and low- and 
high-density models are also subscripted “low” and “high,” respectively. Mod-
els with “**” de!ne Y = 0 within unit C, and models with no superscript assume 
Y = 0 at the base of unit A. We de!ned the value of Y for which e = 0 to be the av-
erage of Y(393 Ma) and Y(383 Ma), designated Y(c. 388) in Table 5. The results 
are insensitive to this choice because there is so little variation in Y between 
444 and 383 Ma. We cannot choose the next younger point in the subsidence 

pro!le (359 Ma), because it clearly re#ects the onset of subsidence associated 
with Antler foredeep sedimentation.

The contrast in τ between models Yns and Yws is only 3 m.y., with τ = 55 
and 52 m.y., respectively. As expected from Equation 4, the de!nition point 
of Y = 0 has no effect, because we de!ne e1 and e2 on the basis of differences 
in Y values late in the subsidence history. For models with no substrate, vary-
ing the density between Yns, low and Yns, high (corresponding to the assumption 
of high and low sediment grain density, respectively) has a substantial ef-
fect on τ, which ranges from 42 to 65 m.y., respectively. For models Yws, low 
to Yws, high, the sensitivity is even greater, with τ varying from 36 to 63 m.y., 
respectively. Clearly, the upper part of these ranges accords with subsidence 
patterns in Mesozoic and Cenozoic basins. Despite the nearly 30 m.y. varia-
tion in τ among these models, we note that there is relatively little variation 
in the modeled age and duration of the Shuram excursion (Table 5). Among 
this suite of models, the onset varies by 12 m.y. (from 569 to 581 Ma), the 
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Figure 18. Plots showing subsidence data 
and model for northwest Spring Moun-
tains section of southwest Laurentia: 
(A) observed subsidence (stratigraphic 
thickness) (S ) vs. tectonic subsidence (Y ); 
(B) temporal control on Y  vs. time applied 
to Cambrian and younger points (solid 
circles), where temporal model is shown 
with plus symbols; (C) similar to B, except 
showing S vs. t ; and (D) same as C but 
with axes inverted. Dotted red line and 
number in B show projected age of the 
base of Johnnie unit A; dotted red line and 
circle in D show the amount of additional, 
hypothetical strata that would be needed 
below unit A in the Spring Mountains in 
order for sedimentation to extend linearly 
back in time to 635 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.


