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Characterizing the lithology, age, and physical-chemical properties of rocks and sediments
in the Earth’s upper crust is necessary to fully assess energy, water, and mineral resources
and to address many fundamental questions in the Earth sciences. Although a large number
of geological maps, regional geological syntheses, and sample-based measurements have been
produced, there is no openly available database that integrates rock record-derived data while
facilitating large-scale, quantitative characterization of the volume, age, and material prop-
erties of the upper crust. Here we describe Macrostrat, a relational geospatial database and
supporting cyberinfrastructure that is designed to enable quantitative spatial and geochrono-
logical analyses of the entire assemblage of surface and subsurface sedimentary, igneous and
metamorphic rocks. Macrostrat now contains general, comprehensive summaries of the age
and properties of 33,903 lithologically and chronologically-defined geological units distributed
across 1,474 regions in North and South America, the Caribbean, New Zealand, and the deep
sea. Sample-derived data, including fossil occurrences in the Paleobiology Database, more
than 180,000 geochemical and outcrop-derived measurements, and more than 2.1 million
bedrock geologic map units from over 170 map sources, are linked to specific Macrostrat
units and/or lithologies. Macrostrat has generated numerous quantitative results and its
data infrastructure is being used in several independently developed mobile applications.
However, it is necessary to expand geographic coverage and to refine age models and mate-
rial properties to arrive at a more precise characterization of the upper crust globally.

Keywords: geological synthesis, Earth system science, relational databases, Application Pro-
gramming Interface

I. INTRODUCTION

Alexander Ronov1 was one of the first geoscientists to
demonstrate the scientific value of compiling spatially
and temporally comprehensive data on the age, lithol-
ogy, and volume of rocks in the upper continental crust.
Using a combination of geological maps and borehole ob-
servations, Ronov and his team generated global rock
volume estimates for general lithology types across ge-
ological epochs (or longer duration time intervals) in
the Phanerozoic and latest Precambrian. In addition to
providing basic data with which to describe large-scale
changes in the rock record, Ronov’s rock volume compila-
tion served as the primary basis for calibrating Phanero-
zoic burial and weathering fluxes of biogeochemically im-
portant elements2 and for estimating a wide range of
quantities, ranging from groundwater volumes3,4 to rock
cycling rates5–8.

Although Ronov’s work was a scientific success and
played a key role in the development of some of the first
models describing the geochemical evolution of Earth’s
surface environment9,10, his initial compilations were in-
herently low resolution. The reason stems from the pi-
oneering nature of the work, most of which was carried
out in the 1960s and 1970s, and by his team’s depen-
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dence on small-scale geologic maps and limited bore-
hole data. Both sources of information focus less on
geochronology and more on contact relationships and the
spatial extent of general bedrock types. However, what-
ever Ronov’s compilation may have lacked in temporal
and lithological acuity was, in many ways, compensated
for by the fact that it was globally comprehensive. The
subsequent emergence of geochemical approaches to de-
ciphering changes in Earth systems (e.g., ref. 11) shifted
emphasis away from Ronov’s laborious approach of com-
piling data on the rock record and towards the production
of new geochemical proxy records, some of which could
be extracted with more efficiency and with much higher
temporal resolution in one or more well correlated strati-
graphic sections. Nevertheless, many of the models used
to interpret geochemical proxy records require that as-
sumptions be made about burial and weathering fluxes,
assumptions that are difficult to assess without indepen-
dent data on the rock record12–16. When interrogating
Earth history, there thus remains a great need for spa-
tially and temporally complete quantitative descriptions
of the rock record that can be combined with geochem-
ical models. Data on the rock record are also critical to
calibrating physical models of the upper crust, for mod-
eling ground water volume (e.g., ref. 17), fluid flow (e.g.,
ref. 18, and geophysical anisotropy (e.g., ref. 19), and in-
dependently assessing the nature of geological sampling
of fossils20–23 and other records.

There are several approaches that could be taken to
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arrive at a comprehensive space-time description of the
upper crust that is useful for both scientific questions
and for data integration and informatics initiatives. One
end-member approach aims for the highest-possible res-
olution and uses only vetted, authoritative primary field
data. This methodology is most useful when construct-
ing databases that are targeted for specific measurement
types, when effort is focused on small geographic regions,
or when it is necessary to maximize precision and accu-
racy in order to address specific questions that depend on
individual observations (e.g., the oldest fossil of a given
animal clade, ref. 24). However, restricting data to that
which is only considered today to be the most up-to-date
and/or best available is impractical when characterizing
the entire rock record on a continental or global scale.
By definition, the best and highest resolution data are
sparse relative to the full extent of the upper crust. An
alternative approach is, therefore, to start with basic geo-
logical summaries that are spatially and temporally com-
plete, but that may lack the highest possible resolution.
Such comparatively simple geological summaries are ul-
timately based on primary field data and observations,
but primary data are not the focus. An example is a ge-
ologic map, which represents field data and observations
that have been transformed (using widely accepted pro-
tocols) into a comprehensive predictive model of surface
and subsurface geology (see below).

Macrostrat’s initial primary objective is to aggregate
and systematize basic field-derived data products, such as
geological maps and regional geologic columns, in order
to synthesize a large number of primary field observations
and measurements into a spatially and temporally com-
plete description of the upper crust. There are several
reasons why this starting point is useful, both scientifi-
cally and from an informatics perspective. For example,
low-resolution, but also temporally and spatially com-
plete descriptions of the basic space-time attributes of the
rock record are a useful basis for estimating rock quanti-
ties and ages (sensu Ronov) and for assessing the strati-
graphic distribution of proxy data, such as the strati-
graphic completeness of paleontological sampling25. In
addition, general but complete summaries of the upper
crust can be used to link diverse rock record-derived ge-
ological datasets and to constrain the ages of their con-
stituent data, in both a relative and absolute sense.

A case-in-point is the Paleobiology Database (PBDB:
https://paleobiodb.org), which consists of geographi-
cally located and taxonomically identified occurrences of
fossils extracted from the rock record in order to test,
among other things, hypotheses about the trajectory of
long-term biological diversity26–28. The ages of fossil oc-
currences in the PBDB are currently manually assigned
to a chronostratigraphic age bin or bins at the time of
data entry, but the geochronological time intervals as-
signed to collections are typically coarser than the strati-
graphic rock units that yielded the fossils. Using the
PBDB API29, it is possible to integrate PBDB fossil oc-
currences back into a database describing the rock record,
thereby providing a mechanism to improve and update
the temporal resolution of PBDB fossil occurrences auto-
matically. Incorporating fossil collections into a compre-
hensive geological framework also establishes a mecha-

nism by which other records extracted from rocks can be
linked directly to fossil collections, such as radioisotopic
age estimates.

From an informatics point of view, the most valuable
aspect of structured databases, like Macrostrat, is that
they contain lists of terms and known relationships be-
tween them (e.g., the Waldron Formation occurs in In-
diana and it is Silurian in age). These types of known
relationships can be leveraged during machine reading
and learning tasks to help identify entities and improve
the quality of machine-driven geological data extraction
and inference tasks30,31.

Here, we describe the motivation for Macrostrat and
its general data model. We then outline the cyberinfras-
tructure that currently supports the database and de-
scribe how that infrastructure can be accessed by soft-
ware via an Application Programming Interface (API).
The API currently supplies data to several third-party
applications that are designed to support field work, data
analysis, and educational and outreach activities. One
such application is outlined as a working example of how
new observations can benefit from and improve Macros-
trat data. Finally, we present an overview of the data
currently in Macrostrat and provide some basic results.
These results demonstrate Macrostrat’s scientific utility,
while at the same time exposing the need for enhancing
existing data by further refining spatial, temporal, and
lithological resolution, and extending geographic cover-
age globally.

II. THE MACROSTRAT DATA MODEL

Macrostrat is a relational geospatial database currently
deployed on unix-based systems in both a MariaDB
and PostGIS-enabled PostgreSQL environment. The
database is designed primarily to facilitate quantitative
macrostratigraphic analysis of the entire upper crust.
Macrostratigraphy, the analytical approach, is inherently
chronostratigraphic in nature32. The basic unit of anal-
ysis in macrostratigraphy is, therefore, a temporal gap-
bound package of rock identified at a single geographic
location33,34. A rock package can consist of any lithology,
but the gaps that define the boundaries between packages
depend on the operational definition of a gap. For exam-
ple, if a gap is defined as a break in temporal continuity
(e.g., a hiatus in sedimentation), then it is necessary to
specify a duration threshold for gap recognition (e.g., 1
Myr). A gap duration threshold renders the continuum
of temporal continuity that is inherent in the rock record
into a binary distribution (presence and absence of rock
of a given age at a given location). Alternatively, a gap
could be defined by lithological attributes (e.g., a tempo-
ral gap in siliciclastic sediments could be occupied by a
hiatus in deposition or by a shift to carbonate sediments).
The analytical approach of macrostratigraphy is scale in-
dependent, and the ideal dataset would be compiled at
the finest possible spatial, temporal and lithological reso-
lution so as to allow the application of any arbitrary gap
recognition criteria and scale of analysis (e.g., ref. 35).
The strength of the current version of the Macrostrat
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FIG. 1. Macrostrat North America, with an example column (titled “Exshaw”) highlighted in red on the map and and
rendered chronostratigraphically in the column on the left. Each unit is colored by its dominant lithology and grouped into
packages on the basis of temporal continuity (indicated by the solid dark bars left of the geologic time scale). Although
only the dominant lithology is represented by the colors of units, many units include multiple lithologies and estimates for
the relative volumetric abundance of each (e.g., the expanded Triassic units identified as the Whitehorse Formation and the
Sulphur Mountain Formation consist primarily, but not exclusively, of dolomite and siltstone, respectively).

dataset is its ability to characterize spatial and temporal
variation in the upper crust that occurs on the scale of a
geological province, basin, or continent.

Although the quantitative framework defined by
macrostratigraphy is a good descriptor of the core orga-
nizational concept that motivated database development,
the structure of the database is organized around a more
basic component and includes several additional features,
which are outlined below.

A. Macrostrat Units

The fundamental object in the Macrostrat database is
called a “unit,” which represents a body of rock or sedi-
ment that is recognized at the time of data compilation
as being genetically, lithologically and/or chronologically
distinct from other such adjacent units in a single ge-
ographic location or region. A Macrostrat unit could,
therefore, consist of a thickness of sediment identified in
a measured section or core (e.g., a bed), or a Macros-
trat unit could consist of a lithostratigraphic formation

or other rock body that is described as physically and
temporally distinct in a regionally composited geologi-
cal record (e.g., a geological map unit or a lithostrati-
graphic unit in a regional stratigraphic column). In all
cases, Macrostrat units are recognized within a single ge-
ographic region, referred to as a “column”. Each Macros-
trat “column” consists of a geospatial polygon defining
the lateral boundaries of the focal region (often interpo-
lated), along with descriptive metadata for that region,
such as references supplying column data, column name
etc. (Fig. 1).

Units in Macrostrat are described by a variety of phys-
ical attributes, including thicknesses (usually expressed
as a maximum and a minimum within the focal re-
gion), dominant and subordinate lithologies, attributes
that modify lithologies, inferred environments of deposi-
tion/emplacement, and stratigraphic nomenclature (Fig.
1). All of the attributes that can be assigned to Macros-
trat units and the lithologies that they contain are stored
as dictionaries in separately managed database tables
that also contain related information, such as hierarchy
(e.g., sedimentary rock includes carbonate, carbonate in-



Macrostrat geologic database 4

FIG. 2. Geographic distribution of columns, segregated by project (North America, Caribbean, New Zealand and deep sea), in
the current public version of the Macrostrat database. Columns located on continental crust acquire, by default, a geographic
footprint that is defined by a Voronoi tessellation. The points used to create the tessellation correspond to the approximate
center of the region covered by each composite column. It is possible to edit the spatial topology of columns in order to align
their boundaries with geologically meaningful features. Macrostrat columns from the deep sea are assigned point coordinates
based on the offshore location of each drilling site. For consistency with continental columns, offshore drill sites are represented
by rectangular buffers around those points.

cludes grainstone) and synonyms (e.g., “dolostone” is an
alternative name for “dolomite”). All Macrostrat units
have at least one dominant lithology, but multiple litholo-
gies, and the relative volumetric abundances of each, can
be recorded for each unit. Thus, one way of improving
existing Macrostrat data is to refine the lithological in-
formation that is linked to units, either by providing ad-
ditional lithologies or by adding more detailed attributes
to lithologies (e.g., “stromatolitic dolostone” rather than
“dolostone”).

Each Macrostrat unit is treated as a distinct entity
that is associated with only one column, regardless of
whether or not the geological object that a unit rep-
resents can be traced laterally between multiple adja-
cent columns. Columns are, therefore, equivalent to
independent samples of the upper crust. This design
allows spatial variability in the attributes that are as-
signed to “units,” such as lithostratigraphic names, to be
captured. For example, a widespread time-transgressive
lithostratigraphic rock unit would be intersected by mul-
tiple Macrostrat columns and the age of the correspond-
ing units assigned to that lithostratigraphic unit in each
column could be different, reflecting its time transgressive
nature. In this case, only the lithostratigraphic name ap-
plied to the units would identify them as related in some
way (thereby demonstrating the poor time-correlation
value of that particular lithostratigraphic term). Simi-
larly, a single rock body that varied spatially in thickness
and lithology would be represented by multiple units with
different such attributes in each intersecting column.

The primary grouping criteria for Macrostrat units is
their assigned geographically-defined column, but units
within a column are also grouped into “packages” (also
known as “sections”) on the basis of temporal and ge-

netic continuity that is defined at the time of data entry.
Package structure can also be calculated dynamically de-
pending on the criteria that are used to define units of
interest and the gaps that separate them (see above). An
advantageous approach, then, is to create columns with
the finest possible temporal and lithological resolution,
which allows packages to be defined and analyses to be
conducted at any arbitrary scale.

Macrostrat has dictionaries of known terms, includ-
ing lithologies, attributes that modify lithologies (e.g.,
“bioturbated sandstones”), environments, minerals, mea-
surement types, chronostratigraphic time intervals, and
lithostratigraphic names. However, Macrostrat does not
attempt to be prescriptive about how individual units are
described. Doing so would effectively prohibit the use of a
large fraction of the published primary field descriptions
and data. Instead, Macrostrat attempts to capture the
language that has been used to describe the rock record
and to then link those descriptions back to a physically-
and, at least in principle, objectively-defined portion of
the upper crust. Ambiguity, uncertainty, and inaccuracy
is, therefore, expected in some cases. Insofar as descrip-
tions of rocks and the data extracted from them can be
geographically located and linked to a physically recog-
nizable rock body, Macrostrat can help to organize ob-
servations and to recognize and resolve inconsistencies.
The overarching goal is to arrive at a working and inclu-
sive description of the upper crust that will continue to
be refined as newer and better information and data are
incorporated.
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B. Columns

The geographic columns that contain Macrostrat units
are of two basic types: 1) those that represent a precisely
located and discrete sample of the upper crust, like those
supplied by boreholes in offshore drilling sites from the
Ocean Drilling Program, Deep Sea Drilling Project, and
International Ocean Discovery Program, and 2) those
that represent a composited summary of the geology
over a geographic area (e.g., refs. 36–40). Both data
types have advantages and disadvantages. For exam-
ple, composited geological columns, by definition, cap-
ture units with limited geographic extents that would
likely be missed in single boreholes. Regionally com-
posited columns, on the other hand, lack information
about the specific spatial distribution of geographically
restricted units and often lack clearly defined vertical po-
sitions (in space) for units.

Macrostrat currently consists of four major groups
of columns that are separated, for convenience, by ge-
ographic region (Fig. 2). Columns are assigned to
“projects” that identify groups of columns, some of
which might share primary source reference(s) or com-
pilation approaches. For example, the deep sea data set
consist entirely of core descriptions compiled from off-
shore drilling sites41,42, whereas the continental record in
North America consists of regionally composited geologic
columns. Because the latter typically lack precise defi-
nitions of geographic extent, the boundaries between all
such composited columns in Macrostrat are interpolated
using Voronoi tesselation and a manually constructed
bounding geometry. The boundaries of Macrostrat col-
umn polygons could be modified to reflect actual geo-
logical provincial boundaries, major structural disconti-
nuities, and other geographic and geologic features, but
doing so requires additional geospatial data to define rele-
vant boundaries and/or manual effort to adjust the initial
tesselation-based geographic footprint for columns.

C. Geochronological Time Intervals

Chronostratigraphic time intervals (e.g., biozones,
ages, periods) are stored in Macrostrat and related to
one another and to numerical ages in both relative and
absolute senses. Chronostratigraphic intervals that have
actual numerical age estimates, principally those pro-
vided by the International Commission on Stratigra-
phy for Global Stratotype Boundary Section and Points
(GSSPs; ref. 43), are referenced to absolute time (subject
to explicit uncertainties and future revision). Chronos-
tratigraphic intervals for which there are no direct nu-
merical age constraints are not assigned numerical ages.
Instead, intervals lacking direct geochronological con-
straints are assigned boundaries with positions that are
defined relative to another chronostratigraphic interval
(e.g., a boundary for a chronostratigraphic bin could be
referenced to 25±5% of the duration through an inter-
national age, which is in turn referenced to boundaries
that do have absolute numerical age estimates, such as
GSSPs). This approach to managing geochronological

time intervals and their numerical ages obviates a need
to associate each interval with an explicit stored numeri-
cal age(s) and makes the actual numerical age constraints
more transparent. This approach also has a data man-
agement advantage: when the numerical age of a chronos-
tratigraphic interval is modified, that change is propa-
gated to all relevant correlated time intervals.

Chronostratigraphic time scales (e.g., international
ages and periods, biozonations, regional chronostrati-
graphic subdivisions) and reference information for each
timescale are also stored in Macrostrat. However, be-
cause a chronostratigraphic time scale is essentially a
group of individual named time intervals, timescales are
only indirectly referenced to intervals (in much the same
way that units are only indirectly referenced to columns
via a join in the database). This approach allows a
one-to-many relationship between time intervals and the
timescales that use them (i.e., the Rhaetian is an interna-
tional age, as well as part of the North American regional
timescale), which in turn enables the creation of custom
time scales from existing time intervals.

D. Continuous-Time Age Model

Each Macrostrat unit that is not directly associated
with a geochronological measurement (e.g., a radioiso-
topically dated ash bed) acquires an initial modeled nu-
merical age by applying basic correlation approaches and
by using contact relationships with other units in the
same column. Because the units that comprise Macros-
trat columns are often shorter in duration than the
chronostratigraphic time bins to which they can be cor-
related, basic laws of superposition allow time to be
distributed more finely within and between units than
bin-based correlations. This means, for example, that
Macrostrat’s continuous-time age model is capable of pre-
dicting the age of an ash bed before the relevant measure-
ment is made. In the case of a numerically-dated unit,
its boundaries are referenced to an absolute position in
time, with uncertainty. These chronological “spikes” an-
chor the chronological position of the bed and serve as
constraints in an incrementally-improving age model.

Although capable of incorporating direct numerical age
estimates, the preliminary age model for Macrostrat was
constructed for each column using only the chronostrati-
graphic bins to which its constituent units were originally
correlated and the relative temporal constraints provided
by contact relationships of adjacent rock bodies within
columns. For example, if there were 10 vertically stacked
sedimentary units assigned to one continous package
(units are always assigned to only one column), and if
together those units spanned completely one chronos-
tratigraphic time bin (e.g., the Frasnian), then the ab-
solute time represented by that chronostratigraphic bin
would be distributed in a relative sense equally and se-
quentially between each successive unit. The oldest unit
would have a bottom age equal to the base of the chronos-
tratigraphic bin (i.e., 0% of the way through the Fras-
nian), the youngest unit would have a top age equal to
the top of the chronostratigraphic bin (i.e., 100% of the
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FIG. 3. Illustration of “binned” (a) versus “continuous” age
model (b), using an end-Devonian gap-bound packaged from
the Zama Lake column in northern Canada. In this exam-
ple, units were originally correlated to one or more epochs
(a). Using superposition (i.e., Chinchaga is overlain by Keg
River, etc.) and more refined opinions about the correlation
of units to a chronostratigraphic time intervals (i.e., the top
of the Waterways Formation is found in the lower half of the
Frasnian), the result is an internally-consistent continuous age
model (b). The boundaries of units have identity and serve
as the basis for age assignments in Macrostrat.

duration through the Frasnian). Unit boundaries be-
tween these two stage-defining tie points would be dis-
tributed equally and proportionally within the chronos-
tratigraphic bin (e.g., the top of the first unit/bottom of
second unit would be at position equal to 10% of the du-
ration of the Frasnian, the top of the second unit/bottom
of the third unit would be at a position equal to 20% of
the duration of the Frasnian, etc.). Because Macrostrat
columns are regionally composited, it is not uncommon
for there to be coeval units in a single column (i.e., there
are “laterally adjacent” units that reflect spatial varia-
tion in lithology within the geographic region covered by
the column). In such cases, units in the same column will
have overlapping ages in the age model.

Macrostrat’s initial age model uses the fewest possi-
ble parameterizations (i.e., correlation to chronostrati-
graphic time intervals and superposition) to arrive at an
internally-consistent continuous-time age model (Fig. 3).
As a result, the model lacks explicit statements of un-
certainty and does not take advantage of all other in-
formation that could be temporally informative, such as
thickness and lithology. However, the age model is read-
ily improved. Data produced by geochronological labo-
ratory facilities, for example, can be incorporated into
Macrostrat’s age model and then propagated to all data
resources linked to it (e.g., a radioisotopically-dated ash
bed within a Macrostrat unit would automatically con-
strain the ages of all fossil and geochemical samples linked
to that unit and adjacent units, as in Fig. 3). Additional
approaches to correlating and constraining ages, includ-

ing, for example, constraints from event ordination44 and
astrochronological tuning (e.g., ref. 45).

By incorporating numerical age estimates into a
comprehensive framework describing the rock record,
geochronological lab facilities can readily acquire broader
geological context for measurements and help to priori-
tize effort by identifying geographic or temporal portions
of the rock record that could benefit the most from new
measurements. Because the unit-based architecture of
Macrostrat can accommodate any arbitrary scale of par-
titioning, including a dated horizon in a sedimentary unit
requires only dividing the containing unit into the dated
horizon and adjacent components (e.g., a dated ash bed
from the middle of a single Macrostrat unit would require
division of that unit into three portions, the portion of
the unit below the bed, the bed itself, and the portion of
the unit above the bed). The new dated horizon would
then serve as a “spike” constraint on numerical age, with
analytical error.

E. Lithostratigraphic Names and Hierarchies

Macrostrat manages the names that are assigned to
rock units (e.g., lithostratigraphic members and forma-
tions) in three ways. First, “concepts” are used to des-
ignate groups of names that identify the same entity.
For example, the “Dakota” concept applies to lithostrati-
graphic names of formation rank, including the “Dakota
Sandstone,” “Dakota Formation,” and “Dakota Con-
glomerate.” The stratigraphic concept of “Dakota” also
applies to a lithostratigraphic name of group rank, the
“Dakota Group.” All four of these lithostratigraphic
names and ranks are separately stored in Macrostrat but
they are also all identified as belonging to the same lithos-
tratigraphic concept: “Dakota.” Concepts are also as-
sociated with additional information, including descrip-
tions of usage, geologic age, general lithological and/or
temporal properties, geographic region, and source ref-
erence. The overall structure of the concept component
of Macrostrat’s lithostratigraphic nomenclature is com-
parable to the USGS Lexicon46.

In addition to grouping lithostratigraphic and other
rock-body names that refer to the same geological entity,
Macrostrat explicitly stores nomenclatural hierarchy. For
example, the “Dakota Formation” (one of the names and
ranks used in the “Dakota” concept) is the parent of four
member-level lithostratigraphic names. Explicit storage
of nomenclatural hierarchy makes it possible to access
Macrostrat data from any nomenclatural starting point
and to then automatically obtain all of the parent and
child lithostratigraphic names and their variants, as well
as the rock units to which they are applied in space and
time.

Currently, more than 36,000 lithostratigraphic names
are stored in Macrostrat, most of which derive from
modified versions of the USGS National Geologic Map
Database, Australian Lexicon, Canadian Weblex, and
British Geological Survey Lexicon stratigraphic lexicons,
as well as other external resources. Reference to these
sources and URLs linking back to original Lexicon data
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pages are provided for concepts wherever possible, but
most of the relevant information associated with strati-
graphic names is also available from within Macrostrat.

Lithostratigraphic names are notorious for lacking
chronostratigraphic significance and, in some cases, for
dizzying historical convolutions. However, this fact does
not diminish their prevalence in the published literature
or their usage on geologic maps, the field books of geol-
ogists, and museum specimen labels. Lithostratigraphic
names are, in many regions of the world, the lingua franca
for parts of the rock record that are, at least in princi-
ple, readily recognizable in the field. Macrostrat’s data
structure is capable of storing lithostratigraphic terms
and doing so in a way that exposes their spatiotempo-
ral disparities and inconsistencies. Indeed, the ability of
Macrostrat to provide a quantitative space-time index of
lithostratigraphic nomenclature is one of the informatics-
related strengths of the database (see below).

Like most components of Macrostrat, there remain am-
biguities and errors in the nomenclatural hierarchy and
assignments of names to Macrostrat units. For example,
it is possible for some lithostratigraphic homonyms to not
be resolved properly as synonyms. Such ambiguities and
errors are readily fixed when they are discovered, and any
changes made to the database propagate automatically.
Just as the field of geology (and all empirically-grounded
science) remains in a constant state of refinement and im-
provement, none of the information in Macrostrat should
be viewed as static. The database continues to improve
as human expertise is applied to the process of data cu-
ration and as new constraints on and hypotheses for the
chronology and physical properties of the upper crust
emerge.

F. Geologic Maps

Bedrock geologic maps are working hypotheses for the
surface expression of physical, three dimensional rock
bodies and structures in the upper crust that are typically
derived from a combination of aerial imagery and field-
based measurements and observations. A continuous spa-
tial model is then generated from these observations us-
ing widely accepted (but heterogeneously applied) meth-
ods and criteria47,50,51. Similar to Macrostrat columns,
which constitute working hypotheses for the chronologi-
cal distribution of rock bodies that can be refined by the
addition of new constraints, new field data and observa-
tions can result in revisions of a geologic map. Maps (and
Macrostrat columns) are, therefore, more akin to model
output than they are to primary data. Nevertheless, ge-
ologic maps are useful starting points for framing geo-
logical field problems and for motivating additional data
collection and hypotheses. They can also serve as useful
data in their own right7,20,52–54. Many of the pamphlets
and legends accompanying geological maps also contain
detailed field descriptions of rock units that are difficult
to discover and are therefore underutilized. One objec-
tive of the geologic map component of Macrostrat is to
rectify this situation and to expose the information be-
hind geological maps to a wider range of uses, ranging

from the facilitation of geological field work to machine
reading and data synthesis tasks.

All bedrock and surficial geologic maps consist fun-
damentally of geospatial polygons and, optionally, lines
and points, all with associated attributes. Polygons rep-
resent geologic map units, believed by the authors to
have some physical and/or genetic continuity. Lines rep-
resent faults, fold axes, dikes, marker beds, and other
surface-expressed lineaments. Points describe the loca-
tion of fabric orientation measurements (e.g., foliation
and bedding strike-dip) or other measurements (e.g.,
paleocurrent directions) or location-specific observations
(e.g., mineral/fossil occurrences). Macrostrat’s PostGIS
geological map database stores three groups of informa-
tion for all bedrock and surficial geological maps: 1) the
original vector-based map objects (polygons, lines, and
points) and their attributes, 2) standardized representa-
tions of maps that capture elements common to all geo-
logical map objects (see below), and 3) tables that store
intersections of geological map objects and Macrostrat
entities (i.e., units, lithologies, lithostratigraphic names,
chronostratigraphic intervals).

The original sources that supply bedrock and surficial
geologic map data are heterogeneous in all respects, in-
cluding digital vector file formats (e.g. shapefiles, ArcInfo
Coverages, File Geodatabases) and the conventions used
to represent and store geometries and their attributes.
By simply ingesting geological map data into a com-
mon GIS environment, a new synthetic dataset with wide
utility is created. Going one step further by harmoniz-
ing map data into a basic but common core structure
(defined by general field type, not by prescriptive field
contents, see below) requires some effort, but it is also
a straightforward task. Currently, Macrostrat’s harmo-
nized map database is logically partitioned into four ar-
bitrary map scales (Fig. 4) for convenience and to en-
hance the query performance of the system. Despite
this scale-based separation at the database-level, each
polygon, line, and point ingested into the harmonized
dataset acquires an internally-unique identifier and main-
tains key-based links back to all original map data.

In order to be included in Macrostrat’s harmonized
geologic map system, an original map source must have
polygons in vector format and those polygons must in-
clude at least basic information about age and gen-
eral lithology. Additional, sometimes lengthy, descrip-
tions are also accommodated, including map unit names
and text-based descriptions and comments pertaining
to them. It is often necessary to transcribe the con-
tents of accessory publications (e.g., map unit descrip-
tions in separately provided PDFs) into the GIS envi-
ronment in order to fully leverage the information. In
some map sources, lithologies are explicitly separated
from descriptions, in others, the text-based descriptions
include lithologies. Both conventions are accommodated
and the first step twoards standardization is arrived it
through simple string-based matching using Macrostrat
lithology definitions. The only data that are rigidly stan-
dardized among all maps are lithostratigraphic nomen-
clature (“clean” versions of formal names are inserted
into a specific field, regardless of how those names are
formatted/represented in the original data) and numer-
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https://macrostrat.org/map/#2/39.0/3.9

https://macrostrat.org/map/#3/56.32/-86.13 https://macrostrat.org/map/#9/38.1745/-110.8411

Triassic (1) sedimentary rocks in Salt 
southeastern Utah
Age: Early Triassic (252.17 - 247.2 Ma)

Stratigraphic name: Moenkopi Formation

Comments: �uvial, mud�at, sabkha, shallow marine; 

redbeds

Lithology: Major:: {mudstone},Minor:: {sandstone},In-

cidental:: {siltstone, limestone, evaporite, conglomer-

ate}

Reference: USGS compilers, 2005, State geologic map 

data: State Maps. 1060836.

Moenkopi Formation
Age: Scythian - (252.17 - 247.2 Ma)

Thickness: 0 - 600m

PBDB Collections: 20

Unit ID: 14778

Reference: Macrostrat.org

Journal of Geophysical 
Research Wiley
Lienert, Barry R., Helsley, C. E., 1980. 

Magnetostratigraphy of the Moenkopi 

Formation at Bears Ears, Utah.

D

D

Earth and Planetary Science 
Letters Elsevier
Bressler, Stephen L., Elston, Donald P., 1980. 

Declination and inclination errors in 

experimentally deposited ...

FIG. 4. Geological maps at multiple scales and their accessibility from and integration with Macrostrat. A, Generalized
geological map of the world47. B, Geologic Map of North America48. C, Geologic map of Utah49. D, Result summary obtained
by clicking on map at location of point D. A summary of some of the original map data is shown in left panel; middle panel
contains Macrostrat-derived data matched to that map polygon; right panel shows example literature data obtained by using
stratigraphic name to identify content in the GeoDeepDive infrastructure (https://geodeepdive.org).

ical ages (the time intervals assigned to map units are
maintained, but all numerical ages derive from Macros-
trat chronstratigraphic interval definitions).

Lines (e.g., faults, dikes, fold axes), are not required for
a map source, but when they are present, a similar con-
vention is followed when standardizing structure between
maps. Long-form original descriptions, when applicable,
are preserved but a standardized field describing line type
(e.g., “normal fault”) is designated or created. One prob-
lem that is unique to lines is the asymmetry that they
often have (e.g., the side of a line that the “teeth” ap-

pear on in a thrust fault, which indicate the over-riding
block). There are no widely-used protocols for identi-
fying such asymmetries on vector lines and most map
sources do not contain any direct digital information.
Macrostrat’s standardized line structure does allow for
the specification of line asymmetry (by convention, the
point defining the start of the line is the reference point),
but most sources require manual revision, and that pro-
cess can remain incomplete for maps. Points (e.g., foli-
ation or bedding strike-dip, lineation trend-plunge, min-
eral occurrence) are also optional data for each map.
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FIG. 5. Elevation profiles along lines can be dynamically generated by clicking on two points on Macrostrat’s geologic map,
accessible at https://macrostrat.org/map.

Standardization of point data typically involves assess-
ing/verifying conventions for dip direction (e.g., implicit
use of a ”right-hand rule”) and normalizing descriptions
of point types (e.g., ”bedding”).

After a map’s polygons and, optionally, lines and
points, have been imported into the standardized
database, links between geologic map objects and
Macrostrat objects (units, lithostratigraphic names,
lithologies, etc.) are established using a combination
of spatial and temporal intersection and simple string
matching (Fig. 4d). The link between map polygons
and Macrostrat units is the most complicated step, as
it involves: 1) analyzing the strings that are used to
name rock units (a step that is informed by the nomen-
clatural hierarchies stored in Macrostrat), 2) quantita-
tively assessing the spatial intersections/distances be-
tween Macrostrat units and geological map objects, and
3) testing for overlap in the stated geological ages of each.
A geologic map polygon and a Macrostrat unit that over-
lap in all three attributes (geography, age, name) con-
stitutes the highest confidence match. Relaxing one or
more of these congruences might reduce confidence in
the match, but it may still be valid (e.g., a Macrostrat
unit and a geologic map polygon may not intersect spa-
tially, but they may be within 75 km of overlapping and
share all other attributes, making them highly probable
matches). Matches between Macrostrat units and map
polygons, and the basis for them, are made algorithmi-
cally, but it is also possible to manually remove and add
matches.

Although explicit links between geologic map polygons
and Macrostrat units can have ambiguity (e.g., due to dif-
ferences in the way lithostratgraphic units are grouped in
a map source vs. in Macrostrat), the process is stream-
lined and the results are repeatable. There also tends to
be a large amount of agreement between geologic maps
and Macrostrat units because the language that is used to
describe rocks in the field is often consistent, at least over

the past several decades in many areas of North Amer-
ica. Because spatial expression of rock units is (at least
in principle) more objectively defined than estimates of
their age or interpretations of their origin, many poten-
tial ambiguities that could occur are removed by quan-
titative tests for spatial and basic descriptive overlap.
The end result of matching map units to Macrostrat col-
umn units benefits both data sets. Geological map poly-
gons inherit the relevant Macrostrat unit(s) modeled ages
(Fig. 3), which are often much more precise than the
epoch or longer interval geochronological intervals that
are commonly designated on geological maps. Similarly,
any other data that have been linked to a Macrostrat
unit, such as PBDB fossil occurrences or paleocurrent
measurements55, can be inherited as attributes of map
polygons. Macrostrat units, in turn, benefit by acquir-
ing new information about field properties, such as con-
straints on their surface expression and more complete,
first-hand descriptions of lithology and other attributes.

Macrostrat’s geologic map coverage is globally com-
plete at the smallest map scale (Fig. 4a), but larger scale
coverage is patchy geographically, and it will always be
so because that is the nature of the way geological maps
are produced. Nevertheless, there are currently some 2.1
million geologic map polygons from more than 170 dis-
tinct sources globally integrated in a seamless “Google
Maps”-like environment (see for a complete listing and
spatial index). More than 15,000 Macrostrat units in the
regions covered by columns (Fig. 2) have been matched
to bedrock polygons. The process of adding new geo-
logical map data and linking relevant data to Macros-
trat is efficient. Once a map is added to the system,
validated, and then transferred to the primary server,
all data automatically propagate throughout the entire
system (e.g., all new map data automatically show up
in the web-based map viewing application accessible at
https://macrostrat.org/map, as well as third-party ap-
plications).
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Route Formats Description
/columns json,csv,geojson search and summarize columns based on unit properties

or geographic location
/sections json,csv summarize units by gap-bound packages
/units json,csv,geojson search and summarize units based on their properties
/defs/lithologies json,csv rock types and hierarchies
/defs/lihtology attributes json,csv modifiers applied to rock types
/defs/environments json,csv depositional environments and hierarchies
/defs/strat names json,csv lithostratigraphic names and hierarchy
/defs/strat names concepts json,csv grouping, attributes and sources for strat names
/defs/intervals json,csv chronostratigraphic time intervals
/defs/timescales json,csv chronostratigraphic timescales
/defs/measurements json,csv measurements and measurement groups
/defs/minerals json,csv mineral names and chemistries
/geologic units/map json,csv,geojson geologic map data for lat-lng coordinate or stratigraphic name

TABLE I. Select Macrostrat API routes available in version 2. Each route described here is preceded by the base URL
https://macrostrat.org/api/v2, which also returns this table in expanded, JSON format. Omitting a version in the base URL
(i.e., v2) defaults to the latest version of the API. The version number should be included in the URL to ensure that a given
API call behaves consistently as the API is updated and modified. For information on parameters accepted by each route and
its response, visit the base route route (e.g., https://macrostrat.org/api/v2/defs/lithologies).

Expanding and improving the geological map dataset
is currently limited by the time required to find, down-
load, and import geological maps into Macrostrat’s GIS
environment. Some geological maps have also not yet
been made publicly available in a vector-based format or,
if the data are available, they are not public or have li-
censing terms that prohibit their modification and reuse.
The latter is particularly regrettable because geological
maps are usually produced with public funds and repre-
sent important, basic geological field data that are often
underutilized.

G. Topographic Data

Geological map units are intimately connected to
Earth’s surface topography. For this reason, we have
integrated NOAA’s ETOPO156 and the most recent re-
lease of NASA/JPL’s Space Shuttle Radar Topography
Mission (SRTM) data57 into the Macrostrat geological
map infrastructure. It is notable that both elevation data
sets are raster-based, rather than vector based, illustrat-
ing that Macrostrat (by virtue of its GIS underpinnings)
is capable of harnessing any type of geospatial data. El-
evation can be readily intersected with all other Macros-
trat data (e.g., bedrock geologic maps). Although not
yet extensively utilized in Macrostrat’s public applica-
tions, topographic data are accessible in basic capacities
within the mobile application, Rockd, described below,
and within Macrostrat’s map web interface (Fig. 5).

H. GPlates Paleogeographic Rotations

Paleogeographic context is critical to many questions
in historical Earth systems science58,59. Geological data,
in turn, provides fundamental constraints on paleogeo-
graphic reconstructions60,61.

Using GPlates software and associated rotation mod-

els from various authors60,62–66, we are able to provide
a working paleogeographic hypothesis for all Macrostrat
and Macrostrat-linked data, such as maps and fossil col-
lections. Our infrastructure deploys these rotation mod-
els using the PyGPlates Python package. This soft-
ware enables us to rapidly apply different reconstruction
models and ages to myriad data, and is currently used
as a web service that powers the paleogeographic view
in Rockd (see below). Eventually, we hope to develop
more efficient methods for paleogeographic reconstruc-
tions that allow for dynamic rotations of complex fea-
tures such as geologic map polygons.

I. Application Programming Interface (API)

Database design is a critically important component of
any data infrastructure that impacts the efficiency and
reliability of data entry, editing, and retrieval. Most of
Macrostrat’s data, outlined in general terms above, are
stored in approximately third normal form (see Fig. 6 for
a simplified schematic). However, modern methods of ac-
cessing data that are housed on remote repositories typ-
ically do not require any detailed knowledge of database
design or software. APIs provide a set of tools for build-
ing software, and in the context of databases, they pro-
vide a specification for how to make remote requests
for data using a standard protocol (usually HTTP) and
a parameterization that does not depend upon knowl-
edge of underlying database software, schemas, or server-
executed code. The remote server’s responses to requests
are also formatted using standards that are not specific
to any one end use. The general principles governing
the deployment of APIs vary, but most modern exam-
ples follow a Representation State Transfer (REST, ref.
67) model. Although there are few widely agreed upon
implementation details of a REST-ful system, one of the
primary principles is the identification of data resources
using Uniform Resource Identifiers (URIs), for example:
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FIG. 6. Simplified schematic of core database elements and their relationships in Macrostrat. Columns (as in Fig. 1) store
spatial data and group one or more units. Purple cylinders represent external database resources. Orange cylinder represents
GPlates paleogeographic rotation model. Intermediate join tables as well as other internal tables, relationships, and table fields
are omitted for clarity.

https://macrostrat.org/api/v2/defs/strat_
names?strat_name=waldron&rank=fm

This URL returns metadata that is specific to the API
(version number and data license), along with relevant
data, which in this case is basic summary information for
all lithostratigraphic names of formation rank that have
a name string matching “waldron.” Lithological nomen-
clatural concepts, as described above, are a different ob-
ject and therefore have a different URL, for example:

https://macrostrat.org/api/v2/defs/strat_name_
concepts?name=waldron

This returns data for all lithostratigraphic concepts
with names matching the string “waldron” (case insen-
sitive) including a unique identifier for each concept and
additional information about age, usage, source informa-
tion, and any available links back to original resources
(e.g., USGS Lexicon).

Most responses returned by the Macrostrat API are,
by default, formatted in JavaScript Object Notation
(JSON), a platform-independent, open standard format.
Responses formatted as comma-separated values (CSV)
can also be obtained for most routes by adding the pa-
rameter “&format=csv” to the URL. Routes returning
geographic objects (i.e., points, lines, and polygons) can
also be formatted as GeoJSON or TopoJSON by supply-
ing an appropriate “&format=” parameter.

Basic documentation for each route in the Macrostrat
API is accessible by invoking the base URL. For example,
general information about the Macrostrat API as a whole
and all available routes are returned, in JSON format,
by https://macrostrat.org/api. The base URL of
each listed route (e.g., https://macrostrat.org/api/
columns) similarly returns simple documentation that is

specific to the given route, including accepted parame-
ters, available response formats, and brief explanations
for the returned fields and their values.

API requests can be generated, made, and processed
programatically in any programming or scripting envi-
ronment that is capable of making and receiving HTTP
requests. Examples of such environments currently in
wide use among geoscientists include R, Python, and
MATLAB. Figure 7a shows one such example in which
the abundance of coal is quantified as a time series
in Matlab by requesting the appropriate data via the
Macrostrat API and plotting it using Matlabs built-in
plotting functions (with additional customizations). To
make this figure, North American units that are identi-
fied as containing any amount of organic sediment are
first requested by properly-formatting a URL:

https://macrostrat.org/api/v2/units?lith_type=
organic&project_id=1

The continuous-time modeled ages of the units are used
to define gap-bound package structure in each column –
in this instance, defined as the number of unique columns
occupied by coal units in 1 Myr plotting increments. For
convenience, Macrostrat includes an API route that gen-
erates such package summaries for the specified subset of
units (https://macrostrat.org/api/sections?lith_
type=organic). For geological discussion of these re-
sults and their pertinence to our understanding of the
mechanisms for Paleozoic coal formation, see ref. 68.

Owing to Macrostrat’s integration with paleogeo-
graphic data and models (see above), the latitudinal dis-
tribution of organic-rich units could also be analyzed as a
time series (Fig. 7b). In this instance, the long-form API
response would be required because paleogeographic ro-
tations are not included in the short-form API response
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FIG. 7. (a) Time series showing the number of organic sediment-bearing packages, a result published and discussed in ref. 68.
(b) Paleolatitude vs. time for organic-rich sediments. Each line segment shows the latitudinal position over the duration of a
sedimentary unit containing organic-rich sediments.

(to allow the most basic and commonly-used data to be
retrieved with the lowest network overhead possible):

https://macrostrat.org/api/v2/units?lith_type=

organic&project_id=1&response=long

The Macrostrat API can also be used to obtain other
relevant data, such as international chronostratigraphic
period names, abbreviations, ages and their conventional
colors. This API call is in fact used to generate the graph-
ical timescales in Fig. 7. The Macrostrat API can also
be used to supply data in a GIS environment. Figure 8
shows one such example in the free software application
QGIS. Data from three separate API calls, corresponding
to the three features shown on the map, are represented:
columns containing Late Jurassic shale (gray polygons),
outcrop expression of the Morrison Formation (red poly-
gons) from geologic maps, and Late Jurassic Paleobi-
ology Database fossil collections (blue dots) that have
been matched to the relevant Macrostrat units. The API
URLs are shown at the top of figure 8; the bottom panel
illustrates where URLs should be called within QGIS to
add each feature, Middle panel shows the resulting map.

III. EXAMPLE APPLICATIONS

The power of APIs is that they allow the same data to
be analyzed and displayed in many different ways. Sev-
eral mobile and web applications that use the Macrostrat
API are now publicly available, including the iOS and
Android application Flyover Country and the iOS appli-
cation Mancos, each developed by third parties. Here, we

briefly describe the Rockd mobile application developed
by the Macrostrat group.

Rockd (https://rockd.org) is an iOS and Android ap-
plication, built using the Ionic framework, that lever-
ages Macrostrat’s geologic map data as well as lithos-
tratigraphic nomenclature, lithologies, paleogeographic
reconstructions, and other location-specific information.
One of the fundamental questions that Rockd aims to
help users answer is, “what rock am I standing on, and
where and when did it form?” Finding the answer to
such a question previously required either knowledge and
direct observation of the rock record or finding a scale-
appropriate geological map and estimating a location on
that map relative to landmarks or a GPS device’s coordi-
nates, which could require conversion to the coordinate
system used on the map. Then, once a geological age
and context was acquired from a map or other published
source, a user would still typically have to locate and
consult other sources for a reconstructed paleogeographic
position at the time that the rock formed.

Macrostrat’s data infrastructure allows users to answer
the “what am I standing on” question in real time any-
where in the world, with levels of detail that vary region-
ally. For example:

https://macrostrat.org/api/v2/geologic_units/
map?lat=40&lng=-89

This API statement, which can be automatically gen-
erated by an application running on most mobile devices,
returns all geologic map-based data for the specified
latitude-longitude coordinates (in World Geodetic Sys-
tem 1984). In the case above, Macrostrat has three differ-
ent geological maps that intersect this point at different
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API route data format age �lter
other
�lters

type API call here

https://macrostrat.org/api/v2/columns?format=geojson_bare&interval_name=Late%20Jurassic&lith=shale

https://macrostrat.org/api/v2/geologic_units/burwell?format=geojson_bare&strat_name_id=1351

https://macrostrat.org/api/v2/fossils?format=geojson_bare&interval_name=Late%20Jurassic

Late Jurassic shales
Morrison Formation (GMUS)

Late Jurassic fossil collections

FIG. 8. Example Macrostrat API routes illustrating general URL formatting and the spatial compositing of Macrostrat data
within QGIS visualization application (version 2.18).

scales. Information about the map unit from each source,
along with reference information, is returned. This same
data infrastructure also allows users to get elevation using
digital elevation models (ETOPO1, SRTM1) instead of
the elevation reported by their device’s GPS chip, which
is prone to large errors in vertical position (GPS- and
device-specific uncertainty in horizontal position still oc-
curs and will affect elevation estimates; precision of the
GPS-supplied latitude-longitude estimate is reported in
Rockd). Additionally, by retrieving data from a web API
wrapper of GPlate’s60 PyGPlates Python package, users
are automatically given their paleogeographic position
for any time going back to 750 Ma. When the age of
the geological materials that the user is standing on are
within this temporal window, the reconstructed position
is one tap away. Global paleogeographic reconstructions
and the user’s paleoposition on them for all time intervals
are shown on stylized maps from C.R. Scotese69. Rockd’s
reliance on Macrostrat’s API (and it’s own internal API)
allows the application to be continually updated without
any user intervention (e.g., a new geological map added

to Macrostrat will be accessible without requiring that a
user install a new version of the application).

In addition to giving local geological context to all
users, Rockd allows registered users to record their own
field observations and to make them public. User obser-
vations can leverage existing geological knowledge, such
as stratigraphic names, lithologies, and taxonomic names
that are known to occur around the observer’s location.
Providing this type of location-specific information to
users in advance of their data acquisition can speed up
the process and improve the quality of data by reducing
the need for typing entries. Delivering local geological
context also encourages users, at least in principle, to fo-
cus their efforts on making observations that supply new
information or that complements or revises existing in-
formation, thereby enhancing local geological knowledge
and improving the completeness of unit descriptions. All
Rockd photos, observations and locations acquire distinct
persistent URLs that, when made public by user choice,
can be shared (e.g., https://rockd.org/checkin/1727) and
commented on by other registered Rockd users. Thus,
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FIG. 9. Dashboard application view in the mobile application
Rockd (version 2.3.2). Location-based queries are automati-
cally generated by the App and relevant local geological data
are displayed to the user. No interaction after App launch
is required to obtain this estimate. Logged-in users can con-
tribute field observations and tag geological units, thereby
potentially enhancing Macrostrat with on-site data.

the app offers a vehicle to label locations with alterna-
tive interpretations or suggest modifications to the data.

As a crowd-sourced geospatial database focused on
geologically-relevant locations, most of which are asso-
ciated with one or more photographs, Rockd data can
be useful when exploring local geology. User-contributed
checkins (Rockd’s term for a location with one or more
observations) can also help streamline field work and the
planning of field trips. The ability to create custom, or-
dered groupings of locations that can be named and iden-
tified by a single URL is forthcoming and will serve as
the organized “field trip” component of Rockd.

Rockd has its own GIS database to store and distribute
user-contributed data, but the Macrostrat API makes the
application entirely functional in read-only mode to any
user, including unregistered users. Basic geological data,

from more than 2.1 million bedrock polygons from 170 ge-
ological maps from around the world, tens of thousands of
lithostratigraphic names, most with hierarchy and ages,
lists of known lithologies, minerals, and more are all sup-
plied by the Macrostrat API. Many different types of
geological applications serving many different purposes
can therefore be constructed from or augmented with
Macrostrat data. All such applications would acquire
the ability to be continuously updated automatically as
the database expands and improves.

IV. SUPPORT AND LICENSING

The data and functionality currently offered by
Macrostrat were compiled and built by Peters and a
small team working with him since approximately 2006.
Grants focused on scientific questions from the National
Science Foundation, the American Chemical Society, and
the USGS supported initial data compilation and analy-
sis during the period from 2006 through approximately
2010. New data and functionality powering third-party
applications and the API have come online since 2013 and
continue to be expanded and improved, thanks primar-
ily to support from an NSF CAREER award and grants
from the NSF EarthCube initiative, both of which have
objectives that include the building of data infrastructure
components.

All Macrostrat data are provided “as-is” and licensed
under a Creative Commons Attribution 4.0 International
license (CC BY 4.0), which requires attribution (com-
plete attribution includes the database as well as origi-
nal references associated with the data used). Individ-
uals and teams making use of Macrostrat data or tools
are encouraged to contact Macrostrat team members and
seek active collaborations, which may help to enhance or
customize access to data, contribute to hypothesis testing
and development, and motivate additional improvements
to the Macrostrat platform.

V. EXAMPLE RESULTS AND FUTURE DIRECTIONS

As discussed at the outset, the primary scientific
motivation for building and continuing to improve
Macrostrat is testing fundamental hypotheses about
rock preservation and cycling32,54 and the drivers of
biological33,41,70–72 and biogeochemical14,16 evolution.
Recent implementation of the preliminary continuous-
time age model (Fig. 3) has enabled us to conduct sub-
stantive quantitative analyses of the Precambrian sed-
imentary rock record and to compare that record to
the Phanerozoic. Shifting to a time interval-free ap-
proach to measuring rock quantity was important be-
cause the much longer subdivisions of Precambrian time
impart a strong signal when conducting interval-based
analyses44. The longest-term history of sediment quan-
tity in the area covered by Macrostrat (Fig. 2) is re-
markable in several different ways (Fig. 10). Most no-
tably, the step-wise increase in sediment quantity across
the Precambrian-Cambrian boundary marks what has
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been called the “Great Unconformity”72,73. Determining
whether this strong signal of increased sediment quantity
on the continents is North America-specific or a global
phenomenon is critical to addressing many fundamental
questions about the evolution of Earth and life16.

A current major limitation of Macrostrat is the ge-
ographically restricted nature of its surface-subsurface
data (i.e., columns). Currently, Macrostrat columns
cover approximately 15% of the global continental crust,
most of which is in North America (Fig. 2). Although ev-
idence suggests that there is indeed a global expression
of the Great Unconformity16,74, testing this hypothesis
requires geographic expansion of column coverage. We
hope that this objective will be facilitated by engaging
geoscientists with regional expertise and leveraging their
in-hand knowledge. Because the units comprising each
column in Macrostrat can, at least initially, comprise only
the most basic information on lithology, age, and thick-
ness of geological units, many regional geoscientists now
have the necessary knowledge and data in-hand. The
accuracy and precision of the general summaries can be
improved once the scaffolding that completely describes
the upper crust is in place.

To facilitate the task of geographic expansion, some of
the basic data required for column entry has already been
incorporated into Macrostrat. For example, Australia
is represented by geological map data at multiple scales
and by the entire Australian stratigraphic lexicon. These
data, in combination with definitions of lithology, lithol-
ogy attributes, and chronostratigraphic intervals, mean
that the process of entering a new column in Australia
would require: 1) defining the geographic region of in-
terest by designating a bounding geometry, 2) defining a

chronostratigraphic succession of units that are linked to
lithologies, thicknesses and, optionally, lithostratigraphic
names and environments of formation. In order to ob-
tain the highest-quality initial columns, participation of
regional experts is the ideal path forward. Launching a
globally-comprehensive initiative to harness regional ge-
ological expertise and synthesize it in Macrostrat would
have many far-reaching, positive impacts, including en-
abling key hypotheses to be tested and establishing a
digitally-accessible, comprehensive working model of the
age and material properties of rocks in the Earth’s upper
crust.
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