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Active orogens are thought to behave as internally deforming critical-taper wedges that are in rough long-term equilibrium with
tectonic influx and erosional outflux. Spatial and temporal variations in climate are therefore hypothesized to have a significant
influence on denudation, topography and deformation of orogens, thereby affecting wedge taper. However, the impact of the
most severe transition in Northern Hemisphere climate during the Cenozoic era—the onset of glaciation—has hitherto not been
empirically documented. Here we analyse the spatial patterns of denudation and deformation, and their temporal variations, in
the heavily glaciated St Elias orogen in southern Alaska. Low-temperature thermochronometry, thermokinematic modelling and
offshore seismic reflection and borehole data suggest that the global-scale intensification of glaciation in the middle Pleistocene epoch
enhanced glacier growth and caused ice streams to advance to the edge of the continental shelf. This led to focused denudation across
the subaerial reaches of the orogen and burial of the actively deforming wedge toe by the eroded sediment. We propose that this
climatically driven mass redistribution forced a structural reorganization of the orogen to maintain critical taper. Our empirical
results thus support decades of numerical model predictions of orogenesis and provide compelling field evidence for the significant
impact of climate change on tectonics.

The kinematic evolution of real-world orogenic systems during
Cenozoic cooling is an ideal but underused phenomenological
venue for quantifying the interplay between plate tectonics and
global climate1–4. Links between these interacting systems are
commonly explored using numerical models of critical Coulomb
wedges5–9. Within critical wedges, linked deformation and erosion
maintain mean orogen surface gradients10,11, such that orogen
form is coupled to climatically influenced denudation pattern
and intensity5–7. Within an orogen dominated by processes of
fluvial erosion, an increase in erosional intensity is predicted to
accelerate rock uplift and decrease orogen width and relief8,9. As
glacial erosion can be more effective than fluvial erosion12,13, a
climate shift towards glacially dominated denudation should have
an observable and profound impact on orogenesis. Numerical
simulations of glaciated critical wedges predict that Cenozoic alpine
glaciation should have intensified and redistributed erosion to
follow patterns of ice flux, thereby reducing mean topography,
contracting orogen width and forcing widespread structural
reorganization4,14. Empirical studies have lagged behind models,
however, and examples of these responses have not previously been
linked to global cooling in a real-world orogen.

THE ST ELIAS OROGEN

The St Elias orogen is a product of the ongoing oblique
collision of the Yakutat terrane into the North American plate
since middle Miocene time15–18. Deformation is currently focused
on the windward flank of the orogen within a thin-skinned
fold-and-thrust belt that accommodates ∼3 cm yr−1 of shortening
(Fig. 1)15,17,19,20. This thrust belt may be approximated as a critical
Coulomb wedge, as it lies above a subducting slab and is
composed of poorly indurated, offscraped Cenozoic sedimentary
units with a tapered mean topographic profile15. The orogen
has rugged coastal topography that receives heavy orographic
precipitation of ∼3–6 m yr−1, which decreases to <0.6 m yr−1 on
the leeward flank21,22. Half of the orogen is currently covered
by erosive, temperate glaciers that extend to sea level and
can move hundreds of metres per year (Fig. 1). During late
Pleistocene glacial maxima, regional ice coverage was nearly
complete and many glaciers reached the shelf edge through
now-submerged sea valleys (Fig. 1)21. The history of global cooling
and regional glacial expansion is constrained by oxygen isotopes
and syn-orogenic strata within the Gulf of Alaska, respectively
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Figure 1 Thermochronometry and tectonics of the St Elias orogen. Red dots
show the location of 59 AHe ages22,32,33. Windward flank ages range from 0.44 to
2 Myr, with the youngest ages (0.44–1 Myr) corresponding with the area shaded red.
Leeward flank ages (north of the green hatched line) range from 6 to 30 Myr. The belt
of most rapid exhumation (shaded red) correlates roughly with the position of the
‘ELA front’22 (shaded blue). The relief map (0–5,059 m elevation) includes offshore
bathymetry (100 m contour interval), major post mid-Miocene structures15,17,33, the
modern distribution of glaciers (white) and deglaciated and ice-proximal areas
covered by alluvium (yellow). The Chugach St Elias fault (CSEF) is the Yakutat–North
American plate suture. Seismic profiles from Fig. 5 are shown in red.

(Fig. 2)23–26. Synchronous with expansion of Northern Hemisphere
continental ice sheets, the concentration of ice-rafted sediments
indicates that moderate glaciation was initiated by ∼5.5 Myr ago
(glacial interval A), but waned during the mid-Pliocene warm
interval (∼4.2–3.0 Myr). Glaciation returned as part of Northern
Hemisphere cooling from ∼3 to 2.5 Myr (glacial interval B),
and, based partly on our new data, significantly intensified in
the St Elias orogen in mid-Pleistocene time (deemed glacial
interval C, which continues to the present). We suggest this
intensification was due to a regional glacial response to a global
change from 40 to 100 Kyr glacial–interglacial climate cycles,
which occurred at ∼0.7–1 Myr (refs 27,28). The onset of glacial
intervals B and C corresponded to increases in detrital flux into
the Gulf of Alaska, including a doubling of terrigenous sediment
flux since ∼1 Myr (Fig. 2)23,24. Because regional modifications
of Pacific–North America plate motion are not known to have
occurred in Pliocene–Pleistocene time15,17,18,29–31, these sediment
pulses suggest that glaciation increased erosion within the St Elias
orogen. In particular, we contend that the onset of glacial interval
C had a critical role in the evolution of the orogen.

ONSHORE LOW-TEMPERATURE BEDROCK COOLING HISTORY

Low-temperature apatite (U–Th)/He thermochronometry (AHe)
constrains the exhumation pattern in the St Elias orogen22,32,33.
Long-term, time-averaged bedrock cooling rates indicate that
the most rapid exhumation since Mid-Quaternary time has
been focused within a narrow east–west band on the windward
flank of the orogen that correlates with the ‘ELA front’, or
the zone between the intersection of mean orogen topography
and Quaternary glacial maxima and minima equilibrium line
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Figure 2 History of glaciation, bedrock cooling and sedimentation. a, Bedrock
time–temperature paths for the St Elias orogen. Lines encompass probable cooling
paths and are constrained by older AHe, AFT and ZHe ages that do not fall on the
plot. b, Globally distributed marine records of benthic oxygen isotopes (a proxy of
global ice volume and temperature) with specific values in black26, range of values
shaded and average in red25. c, History of syn-orogenic sediment accumulation in
the Gulf of Alaska (mean sedimentation rate (cm kyr−1) multiplied by mean sediment
dry bulk density (g cm−3)) from Ocean Drilling Program site 887 (ref. 23). d, Log of
sedimentary facies observed in Ocean Drilling Program site 887. e, Synthesis of
climate events in the orogen including glacial intervals A, B and C and the
mid-Pliocene warm interval (MPW).
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Figure 3 Variation in bedrock cooling rate, topography and climate. Cooling
rates were calculated for AHe, AFT and ZHe data assuming linear cooling between
respective thermochronometers. Time-averaged exhumation rates (±25%) are
based on geothermal gradients accounting for thermal advection. Since the onset of
glacial interval C, cooling rates have been rapid only along the windward flank of the
orogen near the ELA front. Cooling rates before 3.5 Myr on the windward flank and
throughout Yakutat-driven orogenesis on the leeward flank were roughly steady and
considerably slower. Topography (10-km-wide swath), mean precipitation22, the
range of ELA positions21 (modern versus glacial maxima) and the Bagley fault (BF)
are shown below. Data follow transect AA’, from Fig. 1.

altitudes22 (ELA) (Figs 1 and 3). This belt of focused and rapid
exhumation cuts across the structural trend of the orogen and is
more concentrated than orographic precipitation, suggesting that
denudation is controlled by maximum Quaternary ice flux, which
should occur at mean ELA (refs 4,14,34) (Fig. 3). Exhumation is
an order of magnitude slower on the leeward flank, which has
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Figure 4 Two-dimensional thermokinematic model. a, Two-dimensional thermal model of the orogenic wedge after 1 Myr of accelerated exhumation, using techniques
and parameters discussed in the text. b, Component velocity profiles for a at the surface. c, Temperature–time paths for three trajectories shown in a. The solid lines and
dashed lines were calculated from the 2D and 1D model, respectively. Bands represent approximate closure temperatures for the AHe, AFT and ZHe mineral systems. Dots
represent the actual observed ages from the Yakutat terrane colour coded for position relative to each modelled trajectory. Predicted ages calculated using HeFTy (ref. 41) are
shown for trajectory path 1 on the lower right. Model parameters based on transect BB’ from Fig. 1.

been interpreted to be a deformational backstop that is isolated
from the deforming wedge by an active backthrust (Bagley fault)
that makes the orogen doubly vergent33 (Figs 1 and 3). Higher
temperature apatite fission-track (AFT) and zircon (U–Th)/He
(ZHe) thermochronometry33,35, however, indicate that this pattern
has been in place only during the past 0.5–2 Myr (Fig. 3). During
this time frame, bedrock cooling rates across the windward flank of
the orogen increased markedly, but have remained slow and steady
on the leeward flank (Figs 2 and 3). The acceleration of bedrock
cooling in the wedge is believed to have corresponded to an increase
in average denudation rate from ∼0.3 to 3 mm yr−1 (±25%), with
peak erosion rates upwards of 4 mm yr−1 (±25%) proximal to the
ELA front. To maintain critical Coulomb form, this pronounced
acceleration in exhumation between the windward and leeward
flanks required motion along the backthrust to increase (Fig. 3).

To further constrain the timing of accelerated erosion and the
thermal evolution of the orogen, we used the finite-difference
package FLAC3D (Finite Lagrangian Analysis of Continua)36,37

to solve the advective–diffusive heat equation for constrained
tectonic15,17,19,20,33, thermal38,39 and surficial22,33,40 boundary
conditions. Details of the model are provided in Supplementary
Information, Figs S1–S3, Video S1. The thermokinematic model
uses rock trajectory paths based on a two-sided wedge5,7 and an
initial steady-state thermal regime developed under a uniform
exhumation rate of 0.3 mm yr−1. Using these parameters, the
model simulates an increase to spatially variable exhumation of
3–4 mm yr−1 and predicts the resulting thermal histories of rock
samples now exposed at the surface (Fig. 4). A one-dimensional
(1D) model simulating vertical rock trajectory paths was used
to constrain the pre-acceleration cooling history, owing to
uncertainties in rock trajectories earlier in the history of the orogen.

We ran the model three times, simulating an onset of accelerated
erosion at 1, 1.5, and 2 Myr. Results indicate that erosion-induced
heat advection would increase the near-surface (0–4 km depth)
geothermal gradient from 25 ◦C km−1 to a maximum of 44 ◦C km−1

after 1 Myr. Thermal steady state with a near-surface geothermal
gradient of 50 ◦C km−1 would only be reached after 3 Myr. Using
the predicted thermal histories for each model, we calculated AHe,
AFT and ZHe cooling ages using the program HeFTy (ref. 41)
(Fig. 4, Supplementary Information, Note S1). Although each
model run predicts AHe cooling ages that are comparable to the
ages measured on the windward flank of the orogen (0.5–2.0 Myr)
(refs 22,33), the 2.0 and 1.5 Myr model runs predict AFT and
ZHe cooling ages that are significantly younger than observed
(Fig. 4). Likewise, the cooling ages produced when the model
is run to steady-state conditions are also inconsistent with the
thermal history of the orogen (see Supplementary Information,
Fig. S3)42. Only the 1.0 Myr model run results in AFT and ZHe
ages that are comparable to actual measured ages (4–6 Myr and
10–13 Myr, respectively)33,35, suggesting that the acceleration in
erosion occurred in mid-Pleistocene time. The exact timing of
the acceleration, however, varies in detail depending on the
imposed boundary conditions and modelled rock trajectories. For
example, a model with a simple vertical trajectory yields a slightly
younger, although still mid-Pleistocene, constraint on the onset
of accelerated onshore erosion (see Supplementary Information,
Fig. S4). The mid-Pleistocene timing of accelerated denudation
is therefore a robust result and is consistent with the offshore
record of sediment flux (Fig. 2). These two independent temporal
constraints, taken together, signify that an orogen-scale increase in
erosion occurred roughly coeval with intensification of glaciation
at the onset of glacial interval C.
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OFFSHORE RECORD OF GLACIATION AND DEFORMATION

Offshore seismic and borehole data indicate that the 1 Myr increase
in denudation across the subaerial deforming wedge and the coeval
increase in offshore sedimentation corresponded to an orogen-
wide change in glaciation. High-resolution seismic images acquired
along the Bering trough and across the seaward deformation front
(the Pamplona zone) constrain sedimentation and ice coverage
on the continental shelf (Fig. 5). An irregular low-angle angular
unconformity occurs near the shelf edge. On the basis of correlation
with biostratigraphic studies on industry wells43 and assuming early
Pleistocene sediment accumulation rates for the shelf typical of late
Neogene time, this unconformity is thought to have formed during
the mid-Pleistocene and marks the onset of what we refer to as
glacial interval C. We interpret this unconformity to represent the
first ice advance that extended beyond the present inner continental
shelf (<25 km from the modern coast) and subsequently crossed
the entire submarine extent of the deforming wedge to the shelf
edge. Two further seismic profiles show that this unconformity
occurs outside the modern sea valley and thus, was produced by
a regional erosional event (Fig. 5). These profiles also show that
the morphological sea valley did not form until after this regional
erosional event, implying that glacial advances to the shelf edge
corresponded with a transition in glacier morphology from smaller,
more dispersed termini throughout the inner shelf to focused ice
streams that carried greater ice discharge.

The mid-Pleistocene unconformity also represents a transition
in deformation style across the submarine extent of the orogenic
wedge. Before the advance of ice streams to the edge of the
continental shelf, the Pamplona zone experienced long-wavelength
folding and related faulting (Fig. 5). Growth strata between 1.5
and ∼0.5 s indicate that these structures were buried during their
latest growth, but ultimately shut-down in mid-Pleistocene time

as erosion bevelled the tops of the folds. Since this shelf-wide
erosional resurfacing, ∼400 and ∼200 m of undeformed sediment
has accumulated adjacent to and in the Bering trough, respectively.
Although minor shortening still occurs on the most seaward
structure of the Pamplona zone outside the Bering trough44, it is
probably too small to significantly affect wedge taper. The lack of
significant active shortening across the toe of the wedge is unusual,
given the expectation that the frontal thrusts of a critical wedge
should accommodate the greatest fraction of convergence10,11.
These results imply that the cessation of shortening across the
offshore extent of the wedge was coeval with, and causally related
to, both augmented onshore denudation and lowering of the
submarine critical taper by subsequent sedimentary burial. We
suggest both are a product of increased glacier coverage at the
onset of glacial interval C and represent examples of climate-forced
tectonic change.

QUATERNARY EVOLUTION OF THE ST ELIAS OROGEN

On the basis of the above synthesis of onshore and offshore
observations, we propose a kinematic model for the Quaternary
evolution of the St Elias orogen and examine it in the context of
change to a more intense glacial climate. Before the mid-Pleistocene
glacial expansion (glacial interval C), denudation rates across the
upper, subaerial portion of the orogenic wedge were relatively slow
(∼35 km2 Myr−1 unit flux) and deformation extended from the
backthrust to the offshore, forearc limit of the Pamplona zone
(Fig. 6a). Since the onset of glacial interval C, however, denudation
rates across the subaerial wedge have increased (∼190 km2 Myr−1

unit flux) and become focused at the ELA front. This change
required accelerated motion along both the backthrust and a
vertically stacked array of hinterland forethrusts (Fig. 6b). As the
wedge contracts owing to backthrust motion, these forethrusts

796 nature geoscience VOL 1 NOVEMBER 2008 www.nature.com/naturegeoscience



© 2008 Macmillan Publishers Limited.  All rights reserved. 

 

© 2008 Macmillan Publishers Limited.  All rights reserved. 

 

ARTICLES

~3 cm yr–1 shortening

syn-glacial strata

<0.6 m precip. yr–1 3–6 m precip. yr–1

VE = 1:1

Yakutat terrane

Pamplona Zone

South BB’ North

VE = 1:1

Yakutat terrane basement

~35 km2 Myr–1

Pamplona zone

North American Plate 
deformational backstop

North American plate
deformational backstop

Ba
ck

sto
p

Offshore 
deposition 

Ba
ck

sto
p

Glacial erosion 

Prevailing winds

160 km 140 km 120 km 100 km 80 km 60 km 40 km 20 km 0 km

160 km 140 km 120 km 100 km 80 km 60 km 40 km 20 km

Yakutat terrane undifferentiated

~190 km2 Myr–1

Hinterland for ethrusts

2
1
0

12

0
4
8

4
3
2
1
0

0
4
8
12

Exhum
ation 

(km
 M

yr –
1)

Exhum
ation 

(km
 M

yr –
1)

Depth (km
)

Depth (km
)

a

b

c

0 km

Figure 6 Proposed model of climate-related influences on orogen kinematics. a, Structural model before glacial interval C, drawn along line BB’. Exhumational flux and
orogen architecture based on thermochronometry22,33 and geologic data15,17,33 (Fig. 1). b, Post glacial interval C structural model and exhumational flux. c, Interpretative
model of the effect of glacial erosion and deposition on the orogenic wedge. Before glacial interval C (left), the wedge is wider and has greater relief. After the intensification
of glaciation (right), deformation has been concentrated at the ELA front and the wedge has narrowed owing to the accumulation of shortening. Active faults are shown in red.
For a–c, straight dashed lines depict structures with only minor amounts of slip and wavy dashed lines depict inactive structures. VE: vertical exaggeration.

are themselves progressively truncated and incorporated into
the hanging wall of the backthrust, probably explaining the
Pliocene–Pleistocene shift in deformation away from the North
American–Yakutat terrane suture (Chugach St Elias fault)33. Coeval
with these onshore changes, the offshore wedge was buried by
sediment and became inactive. On the basis of mass balance, only
∼20% of the sediment eroded from the subaerial wedge since
1 Myr (Fig. 6a) currently covers the inactive Bering trough segment
of the offshore wedge; the remainder was probably transported
farther offshore to the Surveyor fan and more distal portions of
the Gulf of Alaska23. Periodic glacial advances may erode a fraction
of this cover and redeposit it on the slope and fan, but the eroded
material is replaced by renewed rapid deposition during interglacial
periods40. This kinematic evolution fits with the classic model of
critical Coulomb wedges, in which perturbations in denudation
lead to structural reorganization and out-of-sequence thrusting to
maintain critical taper8–11. In this case, Quaternary climate change
seems to have focused glacial denudation across the subaerial
wedge resulting in increased rock uplift through accelerated
thrust motion, while coeval glaciogenic deposition lowered the
submarine critical taper and stabilized offshore structures through
load-induced normal stress (Fig. 6c).

A consequence of the shutting-off of the offshore Pamplona
zone is that the inactive wedge has been progressively consumed
by the active onshore wedge at∼3 cm yr−1, such that the wedge has
narrowed by ∼20% since mid-Pleistocene time (Fig. 6). As long as
aggressive erosion continues unabated, the St Elias orogen should

continue to contract owing to the accumulation of shortening, until
the inactive deformation front merges with the active deformation
front and establishes a new equilibrium form. At the onset of
glacial interval C, however, the zone of active deformation within
the wedge narrowed by a much greater extent (∼50%) (Fig. 6),
suggesting that effective deformation within orogens may be
confined to narrow zones within a larger wedge complex and may
fluctuate depending on climatic conditions. This redistribution of
deformation is consistent with model results that indicate active
wedges should contract in response to an increase in fluvial
erosion8,9 or a transition to or intensification of glacial climate4,14.

EFFECT OF GLACIATION ON OROGENESIS

The unique perspective offered by combining these distinct
data sets provides an empirical view of how an orogen evolves
kinematically in response to a climate shift towards intense glacial
conditions. The observations imply that Quaternary deformation
within the St Elias orogenic wedge has been directly influenced by
glacial erosion. The trigger for the reorganization of the orogenic
wedge was not the onset of Northern Hemisphere glacial conditions
at ∼3–2.5 Myr, but rather the intensification of glacier coverage at
∼1 Myr and, perhaps, a shift in glacier morpho-dynamics towards
more erosionally effective ice streams. This last process may have
been in part facilitated by the formation and development of
fjords and the resulting change in glacial morpho-dynamics45.
The response of a critical wedge to climatic perturbations may
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therefore function on the basis of thresholds, such that enhanced
glacial erosion and glaciogenic deposition may have pushed the
orogen to a tipping point, beyond which a structural reorganization
and narrowing of the entire wedge were required. An implication
of these results is that the onset and acceleration of alpine
glaciation in late Cenozoic time should have modified denudation
and deformation within numerous mountain belts worldwide,
although probably on a more subtle level than the St Elias orogen,
which is tectonically very active and has been subjected to one of the
most extreme temperate glacial climates on Earth. This hypothesis
is consistent with climate as the driver of observed changes in
exhumation rates, sedimentation rates and relief within many
orogenic systems over the past few million years1,2. Where present,
glaciation may thus have a significant role in the internal processes
of mountain building, empirically supporting the paradigm that
orogenic architecture, kinematics and evolution may be heavily
influenced by external climatic processes.

ANALYTICAL METHODS

Thermochronometry data and methods used for this work are
presented in detail in supporting publications22,33, although the
primary results, the pattern and history of exhumation, are
shown here (Figs 1–3). AHe, AFT and ZHe thermochronometers
have typical closure temperatures of ∼70, 110 and 180 ◦C,
respectively. Closure temperatures vary in detail, depending on
grain size and sample cooling rate, and were estimated using
standard procedures and mineral parameters. For the background
geothermal gradient in the St Elias orogen (25 ◦C km−1), which
is constrained by vitrinite reflectance data, industry wells and
onshore thermochronometry33,35,38,39, typical closure temperatures
of these mineral systems reflect the history of exhumation from
∼2–7 km depth22,33. As shown by numerical modelling results, rates
of exhumation on the windward flank of the orogen are sufficiently
high that advection of heat towards the Earth’s surface would
result in an elevated geothermal gradient. To account for heat
advection, AHe-based exhumation rates from the windward flank
of the orogen were calculated assuming an elevated geothermal
gradient of up to 45 ◦C km−1. The ±25% error of calculated
exhumation rates is based on cumulative analytical uncertainties
in laboratory measurements (±10%) and likely uncertainties in
geothermal gradient.

Two-dimensional thermal profiles were calculated using the 3D
finite-difference code FLAC3D (ref. 36,37) in which we modified the
thermal solution method to solve the advective–diffusion equation
for an imposed velocity field:

∂T

∂t
=

k

ρCp(x,y,z)

(∇2T)−

(
u
∂T

∂x
+ v

∂T

∂y
+w

∂T

∂z

)
−A(x,y,z)

in which k is thermal conductivity, Cp is heat capacity, ρ is
density, u,v,w is velocity in an externally fixed Cartesian reference
frame and A is radioactive heat production. The model domain is
140 km long, 1 km wide and 15 km deep, representing the backstop
of the North American plate and the uppermost part of the
subducting Yakutat terrane (consisting of a thick sediment package
overlying the subducting Yakutat terrane basement). The upper
surface ranges in elevation from sea level to 2,500 m with smoothed
topography. Model parameters include a fixed surface temperature
of 0 ◦C (ref. 21). The base of the model is given a fixed temperature
of 375 ◦C, determined from an average geothermal gradient of
25 ◦C km−1 (refs 38,39). Constrained by the architecture of the
orogen15,17,18,33, modelled rock trajectories are based on a standard
two-sided wedge5,7, which consists of conjugate thrusts along which

most of the deformation is taken up. Relative motion between
the North American plate and the Yakutat terrane was set at
30 mm yr−1 (refs 19,20), which is accommodated by the two thrust
faults and by exhumation. Imposed exhumation rates are based
on thermochronometry and subsidiary offshore sedimentation
data22,33,40. The entire model domain has a thermal conductivity
of 2.5 W m−1 K−1 and uniform radiogenic heat production of
0.4 µW m−3.

The marine seismic data presented here were collected in
2004 aboard the R/V Maurice Ewing. We acquired ∼1,800 km of
high-resolution seismic-reflection profiles along the Gulf of Alaska
continental margin using dual 45/45 cubic inch generator–injector
airguns with better than 5 m vertical resolution31. Processing
included trace regularization, normal move-out correction,
bandpass filtering, muting, frequency–wavenumber filtering,
stacking, water-bottom muting and finite-difference migration.
Glacial erosion surfaces were identified in the data based on
stratal truncations and associated chaotic reflectivity indicative
of diamicton formed in ice-proximal/marginal settings46.
Approximate chronology was established by correlating sequences
beneath the angular unconformity near the shelf edge in the
2004 data with strata in nearby industry wells that were dated
biostratigraphically43 (Fig. 5). In particular, the last observation of
the Pliocene planktonic foraminifera Neogloboquadrina asanoi at
∼2,250 m below the sea floor in Exxon well 50 places the seismically
imaged strata pursuant to this article in the Pleistocene and defines
the angular unconformity as mid-Pleistocene.
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