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Most maps are produced by USGS and state surveys 
USGS State Map Compilation: ~10% of map polygons



Macrostrat’s geologic map: Ingestion and harmonization

Starting point: a vector geologic 
map



Macrostrat’s geologic map: Ingestion and harmonization
Map ingestion into open-source 
PostGIS geospatial database

Attributes are minimally 
cleaned

Unit names and age ranges are 
linked to common definitions 

Manual ingestion assisted by 
Python scripts



Geologic map sources are categorized into four scales and composited



Macrostrat’s geologic map: Ingestion and harmonization

• Maps are composited 
into a topologically 
seamless product 

• This is computationally 
intensive

It is not a single map…it is 
a harmonized “view” of 
many maps with some 
standardization

• NOT seamless map units 

• Source boundaries are often 
quite apparent



Stratigraphy: another representation of geological framework



Macrostrat stratigraphic column database:  continuous time age model

boundaries between units acquire a unique 
chronostratigraphic identity: 

• relative ages: position in a 
chronostratigraphic bin expressed as a 
proportion (e.g., 25% through “Middle 
Cambrian”)  

• absolute ages: position on a numerical time 
line (e.g., 511 Ma) 

• Interpolating between boundaries 
produces a high-resolution, continuous 
record of geologic time 

Unconformity

Unconformity

Unconformity



Macrostrat column database

macroevolutionary pattern – mass extinction – to physical patterns in the rock record.

Studies in stratigraphic paleobiology (Holland 1995, 2000, Patzkowsky & Holland 2012)

would later demonstrate that hiatuses do impose temporal structure on fossil recovery,

forcing last occurrences of taxa to artificially cluster below unconformities and surfaces of

temporal condensation (and first occurrences to cluster above). However, in the marine

shelf system, geographically widespread subaerial unconformities, particularly those span-

ning multiple basins, are also indicative of large-scale environmental changes associated

with the retreat of shallow seas and the emergence of land. Unusually large examples of

exactly this type of environmental shift were what Newell identified as the likely forcing

mechanism for both the hiatuses and the mass extinctions that occurred during their for-

mation. Interestingly, this hypothesis echoed Georges Cuvier, who in the early 19th century

demonstrated extinction to be a real phenomenon based on fossil evidenced and noted

that extinction commonly coincided with stratigraphic indications of “paroxysms” in the

interchange of land and sea, a “catastrophist” view that fell out of favor after Darwin.

Sepkoski (1976) indirectly touched on aspects of Newell’s hypothesis in response to Raup

(1976b) because newly emerging island biogeographic theory (Simberlo↵ 1974a) provided

a specific mechanism by which retreat of shallow seas could cause real drops in diversity

and vice versa: the “species area e↵ect,” a hypothesis that had been explored in the fossil

record already (Simberlo↵ 1974b, Schopf 1974). Consistent with this prediction, Sepkoski

(1976) found that residuals in Raup’s regression of diversity vs. sedimentary rock area (and

volume) were positively correlated with independent estimates for continental flooding. This

suggested that there was a “real” signal in fossil biodiversity that transcended “rock record

bias,” and that this signal was linked to a species-area e↵ect.
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Spatial distribution of Macrostrat columns and a schematic representation thereof. Polygons on
continents are approximate area covered by columns, Oceanic points are o↵shore drilling sites.
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Comprehensive 
and harmonized 
(at least within 
North America)



Geologic maps have a stratigraphic representation



Map harmonization:  Linking columns to maps

Paradox basin 
spatial footprint



Map harmonization:  Linking columns to maps

Paradox basin 
spatial footprint

A space-time 
“scaffold” for the 
Earth’s crust
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Atmospheric oxygen concentration has increased over Earth history, from ∼0 before 2.5 billion years 
ago to its present-day concentration of 21%. The initial rise in pO2 approximately 2.3 billion years ago 
required oxygenic photosynthesis, but the evolution of this key metabolic pathway was not sufficient to 
propel atmospheric oxygen to modern levels, which were not sustained until approximately two billion 
years later. The protracted lag between the origin of oxygenic photosynthesis and abundant O2 in the 
surface environment has many implications for the evolution of animals, but the reasons for the delay 
remain unknown. Here we show that the history of sediment accumulation on continental crust covaries 
with the history of atmospheric oxygen concentration. A forward model based on the empirical record 
of net organic carbon burial and oxidative weathering of the crust predicts two significant rises in pO2
separated by three comparatively stable plateaus, a pattern that reproduces major biological transitions 
and proxy-based pO2 records. These results suggest that the two-phased oxygenation of Earth’s surface 
environment, and the long delays between the origin of life, the evolution of metazoans, and their 
subsequent diversification during the Cambrian Explosion, was caused by step-wise shifts in the ability 
of the continents to accumulate and store sedimentary organic carbon. The geodynamic mechanisms that 
promote and inhibit sediment accumulation on continental crust have, therefore, exerted a first-order 
control on the evolution of Earth’s life and environment.

 2016 Elsevier B.V. All rights reserved.

1. Introduction

The extraction and burning of organic carbon-based fossil fu-
els is reversing the processes of photosynthesis and sedimentation, 
thereby causing a rise in CO2 and concomitant O2 drop in Earth’s 
atmosphere (Keeling and Piper, 1996). Although the global climate 
consequences of the former are cause for concern, the industrial-
scale consumption of O2 is not considered a threat, despite the 
necessity of oxygen for animal life. The difference is caused by the 
large quantity of free O2 in the surface environment, a product of 
organic carbon burial and sequestration in sediments. With respect 
to the history of atmospheric oxygen, this discrepancy highlights a 
critically important fact: biological photosynthesis is a necessary 
condition for the rise of atmospheric oxygen, but it is insufficient 
to produce an O2-rich atmosphere unless it is coupled to the se-
questration of organic carbon in sedimentary deposits (Hayes and 
Waldbauer, 2006).

The notion that Earth’s surface chemistry is controlled, at the 
most fundamental level, by mass exchanges between the sur-

* Corresponding author.
E-mail address: husson@wisc.edu (J.M. Husson).

face environment and the lithosphere has been recognized for 
over 100 years (Chamberlin, 1899). However, because data with 
which to constrain global mass fluxes into and out of the sed-
imentary reservoir are difficult to assemble, proxy records are 
used typically to interrogate the evolution of Earth’s surface en-
vironment. For example, measurements of mass-independent frac-
tionation (MIF) of sulfur isotopes (Farquhar et al., 2000) define 
an initial rise in atmospheric oxygen by ∼2300 million years 
ago (Ma) – an event referred to as the ‘Great Oxidation Event’ 
(‘GOE’, Holland, 1999). Measuring levels of atmospheric oxygen 
from the GOE to its present concentration of 21% is notori-
ously difficult. Nevertheless, a proxy-based history has emerged 
in which pO2 was stable but low throughout the Proterozoic 
(∼2300–∼635 Ma), with an anoxic deep ocean (Reinhard et al., 
2013; Scott et al., 2008). This long-term plateau ended in the 
terminal Proterozoic (Sahoo et al., 2012), with a rise that may 
have been gradual (Bergman et al., 2004; Sperling et al., 2015)
or sudden (Berner and Canfield, 1989), but that achieved mod-
ern levels by the early Paleozoic (∼400 Ma). Ideas about pO2
variability within the Phanerozoic (Fig. 1) are informed primarily 
by numerical models coupled to proxy constraints (Berner, 2005;
Bergman et al., 2004).

http://dx.doi.org/10.1016/j.epsl.2016.12.012
0012-821X/ 2016 Elsevier B.V. All rights reserved.
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Fig. 1. Empirical sedimentary and metasedimentary coverage in North America (left logarithmic y-axis, measured as proportion of geologic columns containing any sediment 
of a given age) is displayed along with the canonical history of atmospheric oxygen (right linear y-axis, Lyons et al., 2014). A schematic depiction of major biological events 
in the Earth system is depicted also, including the origins of oxygenic photosynthesizers (Lyons et al., 2014), eukaryotes (Lyons et al., 2014) and metazoans (Erwin et al., 
2011), and scaled biodiversity of Phanerozoic marine animals (Hannisdal and Peters, 2011).

A ‘three phase’ hypothesis for atmospheric oxygen levels (Fig. 1) 
is emerging as a fundamental feature of Earth history, albeit one 
that continues to be tested and challenged (Lyons et al., 2014). The 
potential mechanisms driving this history, however, are less well 
known. An O2-free Archean has been explained by more reduc-
ing volcanism (Holland, 1984) or an absent biological O2 source 
(Kirschvink and Kopp, 2008), but the long-term maintenance of 
an intermediate Proterozoic plateau in atmospheric pO2 (Fig. 1) 
is difficult to explain. Carbon isotopic measurements of Protero-
zoic marine carbonates (Bartley and Kah, 2004; Knoll et al., 1986;
Halverson et al., 2005) imply sustained organic carbon burial rates 
that were ∼1–2× Phanerozoic levels, assuming exogenic carbon 
mass fluxes and their isotopic compositions were approximately 
equivalent (Hayes and Waldbauer, 2006). Such high net O2 produc-
tion rates are potentially incongruent with low pO2 in the Protero-
zoic (Johnston et al., 2009; Schrag et al., 2013; Laakso and Schrag, 
2014; Derry, 2015).

Earth’s sedimentary shell contains 1.25 × 1021 moles of organic 
carbon (Berner and Canfield, 1989), equivalent to ∼33 modern 
atmospheres of oxygen. Despite representing a large, net source 
of O2, the integrated history of deposition and erosion on the 
continents that has yielded this mass of organic carbon remains 
unknown. Although some organic carbon burial does occur on 
oceanic crust (<10% today, Hedges and Keil, 1995), recycling of 
most or all of this sediment can occur as this crust is consumed at 
convergent margins, with a seafloor half-life of ∼62.4 Myr in the 
modern (Rowley, 2002). A recent survey suggests that little car-
bon is returned to the convecting mantle via downgoing slabs, ei-
ther migrating into the overlying mantle and crustal lithosphere or 
volatizing through arc volcanoes and diffuse outgassing (Kelemen 
and Manning, 2015). The fate of the reducing power of subducted 
sediments is a related but more complex question. It has, however, 
been suggested that most or all of the reducing power of deep sea 
sediments is returned to the surface environment during seafloor 
destruction, at least presently (Hayes and Waldbauer, 2006). If cor-
rect, while carbon storage on ocean crust is significant compared 
to the residence time of atmospheric O2 (<1 Myr, Hedges and 
Keil, 1995), the most important determinant of atmospheric O2
on billion year timescales is the net accumulation of organic car-
bon in continental sedimentary deposits – a conceptual approach 
that has been widely applied (e.g., Berner and Canfield, 1989;
Hayes and Waldbauer, 2006; Lee et al., 2016). Here, we con-
sider explicitly the connection between the net growth of Earth’s 
continental carbon reservoir and atmospheric oxygenation. We 
first measure net sedimentary burial in continental settings and 
then use this history to constrain a simple forward model for 
pO2.

2. Methods

2.1. Macrostrat database

Macrostrat (https :/ /macrostrat .org) is a relational geospatial 
database that describes the chronological age and spatial dis-
tribution of rocks and sediments in the upper crust. Data here 
derive from the North American component, characterized by 
23,813 lithostratigraphic units contained within 949 geographic 
columns (Fig. S1). Units in Macrostrat are assigned a variety of 
physical attributes, including thicknesses, dominant and subordi-
nate lithologies, attributes that modify lithologies (e.g. ‘black shale,’ 
‘stromatolitic limestone’), lithostratigraphic nomenclature and age 
estimates. All Macrostrat units have at least one dominant lithol-
ogy, but multiple lithologies, and the relative proportional abun-
dances of each, can be recorded.

Each unit acquires a modeled numerical age by using basic 
correlations to chronostratigraphic intervals and the contact rela-
tionships among units in the same column. For example, if there 
are 5 vertically stacked sedimentary units bounded by hiatuses in 
a column, and if together those units spanned one chronostrati-
graphic time bin (e.g., the Frasnian), then the time represented 
by the chronostratigraphic bin would be distributed, in a relative 
sense, equally and sequentially between each successive unit.

Parsing time in the sedimentary rock record is more difficult in 
the Precambrian as compared to the Phanerozoic, owing to the ab-
sence of widespread index fossils in the former. Thus, even in the 
absence of direct radiometric dating of a stratigraphic succession, 
biostratigraphic arguments potentially allow for the construction 
of a basic age model for many Phanerozoic sediments. The lack 
of a biological chronostratigraphic tool may explain the observed 
longer mean duration of Precambrian ‘sedimentary packages’ – de-
fined here as an interval of sedimentation bound by hiatuses of 
at least 1 Myr duration (Peters, 2006). Consistent recognition of 
Precambrian hiatuses may be more challenging without chronos-
tratigraphic biozones, thereby leading to longer-duration sedimen-
tary packages (Fig. 2a). However, Precambrian packages are also, 
on average, thicker (Fig. 2b). Thus, the distributions of Precambrian 
and Phanerozoic rates of sediment accumulation are quite similar 
(Fig. 2c).

Data to create Fig. 1 are available via the Macrostrat application 
program interface (API) at:

https://macrostrat.org/api/v2/units?lith_class=sedimentary&lith_type=
metasedimentary&project_id=1&response=long

The number of columns that have sediments or metasediments are 
tabulated for each one million year increment, with the minimum 
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Formation of the ‘Great Unconformity’ as a trigger
for the Cambrian explosion
Shanan E. Peters1 & Robert R. Gaines2

The transition between the Proterozoic and Phanerozoic eons,
beginning 542 million years (Myr) ago, is distinguished by the
diversification of multicellular animals and by their acquisition of
mineralized skeletons during the Cambrian period1. Considerable
progress has been made in documenting and more precisely correl-
ating biotic patterns in the Neoproterozoic–Cambrian fossil record
with geochemical and physical environmental perturbations2–5, but
the mechanisms responsible for those perturbations remain uncer-
tain1,2. Here we use new stratigraphic and geochemical data to show
that early Palaeozoic marine sediments deposited approximately
540–480 Myr ago record both an expansion in the area of shallow
epicontinental seas and anomalous patterns of chemical sedimenta-
tion that are indicative of increased oceanic alkalinity and enhanced
chemical weathering of continental crust. These geochemical
conditions were caused by a protracted period of widespread
continental denudation during the Neoproterozoic followed by
extensive physical reworking of soil, regolith and basement rock
during the first continental-scale marine transgression of the
Phanerozoic. The resultant globally occurring stratigraphic surface,
which in most regions separates continental crystalline basement
rock from much younger Cambrian shallow marine sedimentary
deposits, is known as the Great Unconformity6. Although Darwin
and others have interpreted this widespread hiatus in sedimenta-
tion on the continents as a failure of the geologic record, this palaeo-
geomorphic surface represents a unique physical environmental
boundary condition that affected seawater chemistry during a time
of profound expansion of shallow marine habitats. Thus, the forma-
tion of the Great Unconformity may have been an environmental
trigger for the evolution of biomineralization and the ‘Cambrian
explosion’ of ecologic and taxonomic diversity following the
Neoproterozoic emergence of animals.

The term Great Unconformity was first used in the year 1869 to
describe the prominent stratigraphic surface in the Grand Canyon that
separates the shallow marine, ,525-Myr-old Cambrian Tapeats
Sandstone from the underlying metamorphosed, 1,740-Myr-old
Vishnu Schist and structurally tilted sedimentary rocks of the 1,200–
740 Myr-old Grand Canyon Supergroup6. The Great Unconformity is
well exposed in the Grand Canyon, but this geomorphic surface, which
records the erosion and weathering of continental crust followed by
sediment accumulation, can be traced across Laurentia and globally,
including Gondwana7,8, Baltica9, Avalonia9 and Siberia10, making it the
most widely recognized and distinctive stratigraphic surface in the rock
record. It is also notable because the Cambrian sediments that overlie it
in many regions preserve the first skeletonized crown-group animals, a
fact that some palaeontologists have interpreted as evidence for stra-
tigraphic bias and an incomplete record of early animal evolution1,6.

Here we use stratigraphic and lithologic data for 21,521 rock units
from 830 geographic locations in North America, in conjunction with
petrologic and geochemical data (Methods; see also Supplementary
Information), to explore the hypothesis that the formation of the
Great Unconformity is causally linked to the evolution of biominer-
alization; this linkage is proposed to occur by means of the geochemical

effects of prolonged continental denudation followed by enhanced
physical and chemical weathering of continental crust during terminal
Ediacaran and Cambrian time.

The Cambrian- to Early Ordovician-aged sediments of the Sauk
Sequence11,12 that overlie the Great Unconformity are time-transgressive,
such that Early Cambrian sediments occur on the margins of the
palaeocontinents and Late Cambrian sediments overlie the Great
Unconformity in continental interiors (Fig. 1). The spatial extent of
the Sauk Sequence is comparable to other Phanerozoic continent-scale
sedimentary sequences11,12, but its geological characteristics are
unique. In most places, undeformed Cambrian sedimentary rocks
deposited on Earth’s surface rest non-conformably on much older
continental crystalline basement rocks, many of which were formed
and/or metamorphosed within the Earth’s crust (Fig. 2a). Thus, the
Great Unconformity marks the termination of an extended period of
continental denudation that exhumed and exposed large areas of
igneous and metamorphic rocks to subaerial weathering before marine
transgression and subsequent sedimentation.

Continental-scale marine transgression during the Cambrian–Early
Ordovician accentuated rates of weathering on the Great Unconformity
by shifting landward the position of the erosive transgressive shoreface
system, often called the ‘wave-base razor’13, as well as adjacent trans-
itional backshore, aeolian and fluvial systems. As a result, much of the
soil and weathered basement rock (regolith) that covered low-relief
continental interiors7 was eroded and mobilized during the transgres-
sion, thereby exposing silicate mineral surfaces to weathering over an
area that is unprecedented in the rock record (Fig. 2a). This is import-
ant because freshly exposed rock weathers chemically at rates more
than three times faster than undisturbed soils and regolith14,15, and

1Department of Geoscience, University of Wisconsin, Madison, Wisconsin 53706, USA. 2Geology Department, Pomona College, Claremont, California 91711, USA.
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Figure 1 | Sauk Sequence in North America. Distribution and age of the
oldest Phanerozoic sedimentary rocks in North America.
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that early Palaeozoic marine sediments deposited approximately
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Phanerozoic. The resultant globally occurring stratigraphic surface,
which in most regions separates continental crystalline basement
rock from much younger Cambrian shallow marine sedimentary
deposits, is known as the Great Unconformity6. Although Darwin
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of profound expansion of shallow marine habitats. Thus, the forma-
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Ediacaran and Cambrian time.
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Unconformity in continental interiors (Fig. 1). The spatial extent of
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unique. In most places, undeformed Cambrian sedimentary rocks
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continental crystalline basement rocks, many of which were formed
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igneous and metamorphic rocks to subaerial weathering before marine
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Ordovician accentuated rates of weathering on the Great Unconformity
by shifting landward the position of the erosive transgressive shoreface
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continental interiors7 was eroded and mobilized during the transgres-
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Figure 1 | Sauk Sequence in North America. Distribution and age of the
oldest Phanerozoic sedimentary rocks in North America.
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fact that some palaeontologists have interpreted as evidence for stra-
tigraphic bias and an incomplete record of early animal evolution1,6.

Here we use stratigraphic and lithologic data for 21,521 rock units
from 830 geographic locations in North America, in conjunction with
petrologic and geochemical data (Methods; see also Supplementary
Information), to explore the hypothesis that the formation of the
Great Unconformity is causally linked to the evolution of biominer-
alization; this linkage is proposed to occur by means of the geochemical

effects of prolonged continental denudation followed by enhanced
physical and chemical weathering of continental crust during terminal
Ediacaran and Cambrian time.

The Cambrian- to Early Ordovician-aged sediments of the Sauk
Sequence11,12 that overlie the Great Unconformity are time-transgressive,
such that Early Cambrian sediments occur on the margins of the
palaeocontinents and Late Cambrian sediments overlie the Great
Unconformity in continental interiors (Fig. 1). The spatial extent of
the Sauk Sequence is comparable to other Phanerozoic continent-scale
sedimentary sequences11,12, but its geological characteristics are
unique. In most places, undeformed Cambrian sedimentary rocks
deposited on Earth’s surface rest non-conformably on much older
continental crystalline basement rocks, many of which were formed
and/or metamorphosed within the Earth’s crust (Fig. 2a). Thus, the
Great Unconformity marks the termination of an extended period of
continental denudation that exhumed and exposed large areas of
igneous and metamorphic rocks to subaerial weathering before marine
transgression and subsequent sedimentation.

Continental-scale marine transgression during the Cambrian–Early
Ordovician accentuated rates of weathering on the Great Unconformity
by shifting landward the position of the erosive transgressive shoreface
system, often called the ‘wave-base razor’13, as well as adjacent trans-
itional backshore, aeolian and fluvial systems. As a result, much of the
soil and weathered basement rock (regolith) that covered low-relief
continental interiors7 was eroded and mobilized during the transgres-
sion, thereby exposing silicate mineral surfaces to weathering over an
area that is unprecedented in the rock record (Fig. 2a). This is import-
ant because freshly exposed rock weathers chemically at rates more
than three times faster than undisturbed soils and regolith14,15, and

1Department of Geoscience, University of Wisconsin, Madison, Wisconsin 53706, USA. 2Geology Department, Pomona College, Claremont, California 91711, USA.
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Figure 1 | Sauk Sequence in North America. Distribution and age of the
oldest Phanerozoic sedimentary rocks in North America.
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The sedimentary rock reservoir both records and influences changes in Earth’s surface
environment. Geoscientists extract data from the rock record to constrain long-term
environmental, climatic and biological evolution, with the understanding that geological
processes of erosion and rock destruction may have overprinted some aspects of their
results. It has also long been recognized that changes in the mass and chemical compos-
ition of buried sediments, operating in conjunction with biologically catalyzed reactions,
exert a first-order control on Earth surface conditions on geologic timescales. Thus, the
construction and destruction of the rock record has the potential to influence both how
Earth and life history are sampled, and drive long-term trends in surface conditions that
otherwise are difficult to affect. However, directly testing what the dominant process
signal in the sedimentary record is — rock construction or destruction — has rarely been
undertaken, primarily due to the difficulty of assembling data on the mass and age of
rocks in Earth’s crust. Here, we present results on the chronological age and general prop-
erties of rocks and sediments in the Macrostrat geospatial database (https://macrostrat.
org). Empirical patterns in surviving rock quantity as a function of age are indicative of
both continual cycling (gross sedimentation) and long-term sediment accumulation (net
sedimentation). Temporal variation in the net sedimentary reservoir was driven by major
changes in the ability of continental crust to accommodate sediments. The implied history
of episodic growth of sediment mass on continental crust has many attendant implica-
tions for the drivers of long-term biogeochemical evolution of Earth and life.

Introduction
Charles Darwin articulated one of the most widely perceived discrepancies between the sedimentary
rock record and a prediction from a scientific hypothesis. Specifically, he was disturbed by the sudden
appearance of complex animal fossils (trilobites, in particular) in the ‘lowest-known’ fossil-bearing
strata. This observation seemed to pose a serious challenge to his ideas about gradual, continuous
evolution of life from a single common ancestor. To account for this apparent discrepancy, Darwin
predicted that there had to be a long history of Earth and life, as yet unseen by geologists of his time.
‘To the question why we do not find records of these vast primordial periods’, he wrote, ‘I can give no
satisfactory answer’ [1]. Darwin proposed that one obvious solution to this problem was rooted in the
essential character of the rock record itself:

“I look at the natural geological record, as a history of the world imperfectly kept, and written in a
changing dialect; of this history we possess the last volume alone, relating only to two or three
countries. Of this volume, only here and there a short chapter has been preserved; and of each
page, only here and there a few lines.”
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tectonically driven cyclicity related to supercontinent formation and breakup (Figure 2A). In each time step,
sedimentary rock already deposited is assigned randomly a probability of destruction, ranging from 0 to 0.0035
Myr−1, corresponding to residence times of infinity to 286Myr. This treatment results in the time-varying
erosion rates shown in Figure 2B. These combined histories result in a surviving rock record that shows peri-
odic oscillations, but that declines inexorably downward with increasing age (Figure 2C). In another scenario,
sediment burial varies randomly (Figure 2D), but sedimentary rock is only episodically eroded (Figure 2E).
Such a scenario results in a ‘stepped’ rock record, but decreasing rock quantity with increasing age remains the
predominant process signal (Figure 2F). In each case, for every rock age cohort, its time-integrated probability
of erosion is non-zero (even if it is an integration of a highly variable erosion history; Figure 2B,E) and thus
must decline with increasing age (Figure 2C,F). Other model variants, involving burial and erosion histories
that are both periodic, yield this same conclusion (Supplementary Figure S1).
In the empirical data (Figure 1), this expected exponential decay is not observed. Instead, two separate states

are evident, one during the Precambrian and another during the Phanerozoic. Each differs dramatically in
mean value, but has little or no long-term trend up or down. The boundary between these two states is widely
recognized as the ‘Great Unconformity’ [37–39], a surface of non-deposition, and highly spatially variable
amounts of crustal exhumation, that separates Phanerozoic sediment from Precambrian crystalline basement
(and a much lesser amount of Precambrian sediments and metasediments). Within the Precambrian and
Phanerozoic, fluctuations are observed that, at least during the Phanerozoic, closely correspond to ‘tectono-
stratigraphic’ units of Sloss [40] and the supercontinent coalescence-breakup cycle [41,42]. It is notable that
these are the exact same ‘cycles’ that Garrels and Mckenzie [4] suggested might be a signature of plate tectonics,
and that Sloss [40] identified qualitatively based on field relationships. Several shorter-term fluctuations in sedi-
ment storage on the continents are also evidenced, such as a drop in quantity attributable to sea level fall
during the late Ordovician glaciation [43]. The breakup of the supercontinent Rodinia [44] during the
Cryogenian–Ediacaran (720–541Ma) undoubtedly played a role in the increase in sediment abundance
across the Cambrian transition, with the onset of thermal subsidence of Laurentia’s margins beginning in the
terminal Ediacaran [45,46]. These familiar drivers, however, cannot be invoked to explain fully the data,
notably why the mean value of preserved Phanerozoic rock quantity differs so markedly from that of the
Precambrian (Figure 1).

Significance and implications
The results in Figure 1 provide prima facie evidence for the hypothesis that erosion and rock cycling are not
the primary process signals in the surviving sedimentary rock record [16]. Instead, the weight of evidence

Figure 1. Time series of North American sediment abundance for the past 3500 Myr.
This quantity is measured as the changing proportion of columns (n = 949) that contain sedimentary or metasedimentary rock.
The total signal is parsed into major rock types (shaded polygons beneath the black line). For example, at 493 Ma, 378
columns contain sedimentary or metasedimentary rock, 307 of which contain carbonate and 234 contain silicilastics
(predominantly sandstones and mudstones); 164 contain both (inset map).
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Fig. 4. Isostatic global sea level and continental coverage model. (A)
Temporal evolution in average continental freeboard driven by erosion,
subsequent thermal subsidence, and sediment accumulation. Neoprotero-
zoic glacial erosion is distributed in proportion to the duration of each
glacial interval. (B) Corresponding modeled continental coverage fraction
assuming a constant hypsometric profile, compared with the observed North
American record from Macrostrat (7–9) and Ronov’s (23) global record of
Phanerozoic marine sediment coverage.

consideration of local tectonics. However, one feature remains
problematic: the time delay between the end of Neoprotero-
zoic glaciation and the Cambrian increase in preserved sediment
abundance. Potential causes for this misfit may fall into three
broad categories:

i) Erosional loss of the Ediacaran record, glacial or otherwise,
provides the most direct mechanism. Maintaining low pre-
served sediment abundance over the 92 My of the Ediacaran
(and particularly the 39 My from the Gaskiers to the base
of the Cambrian) through erosional means would be trivial
compared with the kilometer-scale erosion we propose for
the Cryogenian. While a late Ediacaran glaciation has been
suggested (68, 69), precise geochronological constraints are
lacking and key observations [e.g., Cloudina in the matrix of
an Ediacaran diamictite (70)] have not been replicated.

ii) Nondeposition resulting from sediment starvation may be
expected if glacial peneplanation (71) sufficiently reduces the
available topography; reduced sediment supply could persist
on tectonic timescales until orogenesis provides a renewed

clastic input. However, there are Ediacaran basins which are
not sediment starved.

iii) Chronological bias may result in an underestimation in the
volume and extent of Ediacaran sediments if ambiguous units
are mistakenly assigned to the Cambrian. The residual cur-
rency of the phrase “Precambrian basement” testifies to the
historical association of the first sediments above crystalline
basement to the Cambrian system. However, we hope that
this known problem (72) has been largely corrected over
recent decades.

While none of the above hypotheses alone is entirely satisfac-
tory, all imply a range of testable predictions that may be better
understood with future work.

Inferences and Conclusions
The first quantification of continental submergence by Egyed
(76) indicated dramatic emergence throughout the Phanerozoic
(i.e., declining marine coverage), as in Fig. 4B. While the original
interpretation of this record has been obviated by plate tecton-
ics (77), the paradigm of monotonic continental emergence as
a result of global cooling has persisted (78, 79). We suggest that
this paradigm must be reevaluated. The correspondence between
the modal elevation of the continents and global sea level (SI
Appendix, Fig. S15) is not coincidental, but rather a direct conse-
quence of subaerial erosion on a tectonically active Earth (80);
given active orogenesis and felsic continental crust, any buoyant
continental mass with negative freeboard must thicken by oroge-
nesis and sedimentation until it reaches zero or slightly positive
average freeboard, if not otherwise limited by delamination or
gravitational collapse. The negative continental freeboard which
enabled extensive continental coverage and subsequent recovery
(i.e., emergence) throughout the Phanerozoic (9, 76) may thus
be an anomaly enabled by glacial erosion below ice-free oceanic
base level.

While nonconformity between sediment and crystalline base-
ment is ubiquitous on all continents, it is highly diachronous (6).
This diachroneity of amalgamated unconformities has helped to
obscure the global significance of Neoproterozoic glacial erosion.
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Fig. 5. Capture of the Great Unconformity by Laurentide glacial erosion,
illustrated by the correspondence (73) between Precambrian basement
exposure as mapped in the Geologic Map of North America (74) and the
extent of the Laurentide ice sheet at 18 ka as estimated by Licciardi et al.
(75). Note the survival of Phanerozoic cover under the ice divide near
Hudson’s Bay, where basal sliding velocities are low.
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tectonically driven cyclicity related to supercontinent formation and breakup (Figure 2A). In each time step,
sedimentary rock already deposited is assigned randomly a probability of destruction, ranging from 0 to 0.0035
Myr−1, corresponding to residence times of infinity to 286Myr. This treatment results in the time-varying
erosion rates shown in Figure 2B. These combined histories result in a surviving rock record that shows peri-
odic oscillations, but that declines inexorably downward with increasing age (Figure 2C). In another scenario,
sediment burial varies randomly (Figure 2D), but sedimentary rock is only episodically eroded (Figure 2E).
Such a scenario results in a ‘stepped’ rock record, but decreasing rock quantity with increasing age remains the
predominant process signal (Figure 2F). In each case, for every rock age cohort, its time-integrated probability
of erosion is non-zero (even if it is an integration of a highly variable erosion history; Figure 2B,E) and thus
must decline with increasing age (Figure 2C,F). Other model variants, involving burial and erosion histories
that are both periodic, yield this same conclusion (Supplementary Figure S1).
In the empirical data (Figure 1), this expected exponential decay is not observed. Instead, two separate states

are evident, one during the Precambrian and another during the Phanerozoic. Each differs dramatically in
mean value, but has little or no long-term trend up or down. The boundary between these two states is widely
recognized as the ‘Great Unconformity’ [37–39], a surface of non-deposition, and highly spatially variable
amounts of crustal exhumation, that separates Phanerozoic sediment from Precambrian crystalline basement
(and a much lesser amount of Precambrian sediments and metasediments). Within the Precambrian and
Phanerozoic, fluctuations are observed that, at least during the Phanerozoic, closely correspond to ‘tectono-
stratigraphic’ units of Sloss [40] and the supercontinent coalescence-breakup cycle [41,42]. It is notable that
these are the exact same ‘cycles’ that Garrels and Mckenzie [4] suggested might be a signature of plate tectonics,
and that Sloss [40] identified qualitatively based on field relationships. Several shorter-term fluctuations in sedi-
ment storage on the continents are also evidenced, such as a drop in quantity attributable to sea level fall
during the late Ordovician glaciation [43]. The breakup of the supercontinent Rodinia [44] during the
Cryogenian–Ediacaran (720–541Ma) undoubtedly played a role in the increase in sediment abundance
across the Cambrian transition, with the onset of thermal subsidence of Laurentia’s margins beginning in the
terminal Ediacaran [45,46]. These familiar drivers, however, cannot be invoked to explain fully the data,
notably why the mean value of preserved Phanerozoic rock quantity differs so markedly from that of the
Precambrian (Figure 1).

Significance and implications
The results in Figure 1 provide prima facie evidence for the hypothesis that erosion and rock cycling are not
the primary process signals in the surviving sedimentary rock record [16]. Instead, the weight of evidence

Figure 1. Time series of North American sediment abundance for the past 3500 Myr.
This quantity is measured as the changing proportion of columns (n = 949) that contain sedimentary or metasedimentary rock.
The total signal is parsed into major rock types (shaded polygons beneath the black line). For example, at 493 Ma, 378
columns contain sedimentary or metasedimentary rock, 307 of which contain carbonate and 234 contain silicilastics
(predominantly sandstones and mudstones); 164 contain both (inset map).
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􀆅 􀆄

􀆄

􀱢
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siliciclastic volcanic

USGS OFR 1972(22)XDD–COSMOS
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46.049° N, 60.407° W

􀆄
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