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Figure 1: Flow chart showing the or-
ganization of project components

Executive summary
Impact
• Need: a system to integrate diverse datasets and gather/manage feedback for AI/ML algorithms
• Problem: geological data are heterogeneous, complex, and difficult to work with across scales
and sources

• Goal: Rapid human-in-the-loop workflows that are built on an integrated data platform with
automated systems for data discovery and synthesis, harmonized multiscale and multi-modal
datasets, and user interfaces optimized for domain experts

Approach
• Macrostrat will store and represent geological information needed by TA1-3 performers using
existing data models, extended to handle candidate datasets produced by AI/ML models and
feedback on data components

• xDD and COSMOS will provide geologic entity-linked, literature-sourced data to TA1-2
• Existing web-based interfaces will be adapted to support human-in-the-loop feedback, with an-
notation “widgets” for map feedback and map and stratigraphic editing for rapid correction of AI
outputs

Context
We will extend two existing platforms:

• Macrostrat, a comprehensive, widely used database of synthesized geologic information, with:
APIs for flexible representation of geological data (e.g., maps, columns, samples) and web-
accessible user interfaces designed by geologists

• xDD a machine-reading platform for the scientific literature, with automated mechanisms for
document acquisition and processing, access to over 16Marticles, and the COSMOSAI knowledge-
base construction system for extracting structured multi-modal information
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1 Goals and Impact
This TA4 proposal seeks to augment the Macrostrat crustal data system (macrostrat.org) into

an extensible platform that supports AI-enabled crustal characterization, which we dub “Macro-
MAAS.” Macrostrat currently serves as a multiscale, contextual basemap that integrates a variety
of sources of geological information [Fig. 2]. Here, we seek to harness a wider variety of informa-
tion to tune and enrich this crustal framework for CMA. Close integration with the xDD–COSMOS
document extraction pipeline will engage the geoscience literature in ML-assisted crustal charac-
terization. The proposed MacroMAAS system will initiate this hybrid approach, adding new data
ingestion and feedback tools to support AI-enabled CMA. This data platform will both assimilate
AI-generated candidates with expert annotations and connect CriticalMAAS performers to avail-
able data distribution mechanisms.

If realized, the capabilities and integrations demonstrated by MacroMAAS will represent an
advance in our ability to compile widely scattered geological knowledge into comprehensive, vetted
description of the Earth’s crust. This project will serve as a useful test case for applying AI tech-
niques to extend an established “expert system” that implements geological reasoning. The data-
compilation approach and infrastructure developed during this project will be applicable to many
geoscience problems with broad societal impact (e.g., hazard assessment, groundwater modeling,
carbon sequestration). Additionally, successfully integrating AI-generated datasets into Macros-
trat, especially vectorized geologic maps, will allow rapid expansion of a widely used public geo-
logic mapping platform.

2 Technical Plan

Figure 2: User interface elements for Macrostrat’s map
interface [1] showing data system attributes. (a-c) Mul-
tiscale map, with scale traversal by natural zooming. (d)
Regional stratigraphic column and canonical unit proper-
ties. (e) Relevant linked literature entities from xDD. Ar-
rows: a single geologic unit linked across all datasets.

The MacroMAAS platform will sup-
port CMA in three ways: (1) ingesting geo-
logical map and rock unit-linked data from
TA1-3 and other sources and overlaying
them with “human-in-the-loop” (HITL) in-
terfaces designed to harness user feedback
to continuously improve TA extraction al-
gorithms, (2) exposing the full complement
of geological data and annotations in this
system via APIs and custom visualization
software designed for expert users, and (3)
linking geological entities to scientific pub-
lications and integrating the multi-modal
knowledge artifacts they contain into Criti-
calMAAS workflows.

During Phase 1wewill develop and test
systems capable of handling multi-scale ge-
ological data, pipelines to feed raw data to
and ingest data products from TA1-2, and APIs to expose the harmonized results to support min-
eral potential mapping and visualization within expert feedback interfaces. In Phase 2, we will
scale and deploy our system and extend our integrated annotation capabilities to interpretative data
products produced by TA3, with HITL workflows to enable iterative feedback at every stage of the
CMA pipeline.
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Project Components
This project will build on two existing data systems, aspects of which will provide immediate

testbeds for our ability to facilitate activities in TA1-2 and serve as a geological base map for TA3.
The Macrostrat geological data platform Macrostrat is an NSF-initiated platform for curating
geological data about the Earth’s crust. It consists of a database of geologic maps and stratigraphic
columns, compiled from many sources [2]. The software infrastructure atop this database provides
capabilities for data fusion, integrating these distinct types of geological information across scales
to characterize the aggregate properties of the crust (e.g., its mass, age, and composition). As such,
the database is central to a wide range of research problems [3–5]; to date, Macrostrat has been
used in more than 60 publications, including 8 in Science and Nature [6–13].

Macrostrat’s data system is based on industry-standard, open-source software components.
Geologic map and column data reside primarily within PostGIS-enabled PostgreSQL. TheMacros-
trat APIs, written in NodeJS, provide stratigraphic and geologic map information for analytical,
reference, and public outreach purposes, with a CC-BY license [14]. Macrostrat’s API supports
content-rich, easy-to-use web interfaces and mobile apps with thousands of users weekly [e.g., 15].
Macrostrat has become a go-to resource for digital geologic map and stratigraphic data, primarily
because it has amassed voluminous data that cannot be used in aggregate anywhere else. Over 300
different geologic maps, containing more than 2.5M rock unit polygons covering the world, are in-
tegrated into a unified, multi-scale, queryable environment [1]. More than 35,000 rock units from
over 1,500 regional columns covering all of North America and several other regions globally,
and ~2,000 columns in “projects” associated with separate, in-progress data compilation efforts,
are also available. Macrostrat also maintains an archive of geochemical, geochronologic, and other
sample-based data, with over 3M distinct data points available now. In some respects, Macrostrat is
similar other systems that aggregate geological data (e.g., ScienceBase, EarthMRI, and NGMDB).
However, Macrostrat seeks to build a unified, quantitative representation of the Earth’s crust by
bringing many geologic data sources into a common schema and linking shared geologic entities,
allowing aggregate analysis and visualization [Fig. 2].
The xDD—COSMOS machine-reading platform xDD is a digital library and cyberinfrastructure
that supports the location and extraction of information from PDF publications. xDD maintains
publisher agreements that allow the system to access the full text of scientific articles. The system
currently has access to over 16MPDFs, and it grows by thousands daily, making it one of the largest
full-text archives of scientific literature. xDD automatically retrieves documents from publishers
and applies basic indexing and machine-reading tools to the entire corpus; it also allows more
complex ML/AI algorithms to be applied on-demand. The system has roots in geoscience, having
originally been named “GeoDeepDive” and as such includes many geoscientific data sources. xDD
is situated within the Center for High Throughput Computing (CHTC) at UW-Madison, which al-
lows it to leverage substantial distributed computing capacity via HTCondor. xDD’s public API
allows full-text datamining usingweb requests, allowing other systems to readily establish links be-
tween scientific concepts/entities and the literature, leading to new science [e.g., 16, 17]. Recently
demonstrated techniques to extract mineral-potential information from unstructured text [18] can
be applied at scale when used over the xDD corpus.

One of the most powerful applications that has been built on top of xDD is COSMOS1, a deep-
learning system for extracting structured multi-modal information from PDFs [19]. COSMOS seg-

1COSMOS originated in the DARPA AIE “Automating Scientific Knowledge Extraction”.
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ments documents by content type (e.g., figures, tables, text) and builds an indexed knowledge-base
over sets of documents. This system excels at extracting content of specific types from the lit-
erature, for instance allowing a search for “map” and returning the relevant content blocks as an
image linked to bibliographic metadata and in-document semantic context. The AI-driven capabili-
ties of COSMOS will allow deeper integrations with Macrostrat and other data platforms to surface
relevant data from the scientific literature and technical reports and prepare them for inclusion in
geological workflows.
T1 Supply geological data and literature artifacts to CriticalMAAS TAs 1-3

Figure 3: Visualization capabilities enabled by
Macrostrat’s tile server and web frameworks. (a)
Vector tiles atop a high-resolution 3D basemap;
Grand Canyon. (b) On-the-fly compositing of
raster images and elevation maps; Aeolis Dorsa,
Mars. (c) Paleogeographic rotation of Macrostrat
vector tiles to 250Ma. (d) Measurements layer
showing USGS Mineral Resources Data System
[20] sites.

T1a Extend Macrostrat for TAs 1-3 The infrastruc-
ture supporting Macrostrat is well-oriented to in-
gesting and distributing geologic information from
a variety of sources, and it can immediately be-
gin providing data services in support of TA 1-3
workflows. A new scalable instance of Macros-
trat, “MacroMAAS” (Macrostrat Mineral Assess-
ment with AI Support) will be created in the CHTC
infrastructure at UW–Madison. This system will be
based on the current instance of Macrostrat, and will
include all of its data. The data system will be con-
tainerized, converted to a service-oriented architec-
ture, and established as a “code-as-infrastructure”
GitHub repository. Individual services (e.g., the
API, tile server, and backup subsystems) will be in-
cluded as submodules or by reference to versioned,
published Docker images. In Phase 2, this system
will be deployed on a scalable cloud infrastructure
[T4].

During Phase 1, MacroMAAS will be primarily geared towards providing geologic map and
column data to TA3. It will also be capable of supplying a variety of data to TA1-2 that can
be useful for distant supervision and other model-training tasks. TAs will gain immediate API
access to standardized data from over 300 geologic maps, which have been ingested, normalized
into a common representation, enhanced to a minimum standard of age and lithologic information,
and semantically linked to Macrostrat’s stratigraphic archive. Point datasets, such as geochemical
measurements, are also linked into this framework and are extensible as needed.

Raster data infrastructure Macrostrat maintains several public-facing, highly performant map
data services as part of its core infrastructure. Its tileserver provides a global, multiscale geologic
dataset to a large user base (~100,000 users/day). However, current systems are optimized for
static vector map layers. Macrostrat has develop a prototype tile server infrastructure [21] that also
supports raster data2. This system is derived from a new generation of “dynamic tilers” for serving
geospatial data in cloud environments [e.g. 23]. It retains the performance and efficient caching of
Macrostrat’s existing tile server while allowing dynamic, on-demand tile generation from arbitrary
datasets in multiple map projections [Fig. 3]. The system is optimized for distributed computing,

2Raster capabilities are designed to support both planetary-scale basemaps as part of PI Quinn’s contributions to
orbital Mars science [22] and future structural modeling efforts for Macrostrat.
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allowing dynamic compositing of raster layers and referencing of remotely-stored (i.e., in object
storage buckets) cloud-optimized GeoTIFFs [24]. This flexible system will allow pipeline inputs
and outputs to be explored and queried without substantial data transfer between CriticalMAAS
performers. ByMilestone 2, this new tile server will be integrated into MacroMAAS, with a layer
ingestion API to allow cloud-stored datasets to be registered for standalone or composited display.
Steps to access tile layers in web interfaces and GIS software (ArcGIS; QGIS) will be documented.

Model feedback capabilities Several evolutions to Macrostrat’s database schema and APIs
will be needed to enable feedback on AI-generated datasets. Support will be added for “candidate”
datasets for all TA target data, by extending existing models (maps, columns, and measurements)
with fields to distinguish between model-generated and canonical datasets, and to record readiness
levels (e.g. candidate, corrected, and accepted) for AI-generated data. A feedback subsystem will
center around a single table maintaining polymorphic links to data models. This table will store
quality flags, comments, specific locations or areas, and, in some cases, provenance information
for corrected datasets. The resulting system will accommodate CriticalMAAS outputs alongside
geologic information (maps, columns, and geochemistry) from other sources, and enable feedback
atop all of these datasets.

New APIs will support ingestion and feedback for TA model results. Current Macrostrat
ingestion pipelines are powerful but require manual data-cleaning steps; these will be streamlined
for unsupervised use [T2a]. Documented API endpoints will allow ingestion of candidate outputs
from TA pipelines [T2], and submission/retrieval of model feedback [T3] by TA1-3 pipelines.
These proposed APIs will be the first Macrostrat data services to allow direct data entry by external
users. Accordingly, they will be wrapped with a token- (for automated pipelines) and password-
based (for expert users) authentication scheme based on xDD’s current system.
T1b Extract literature artifacts using xDD-COSMOS and deliver to TA1-2 The xDD and COS-
MOS machine-reading and knowledge extraction systems provide another capability that can be
harnessed to enable mineral potential mapping. xDD has access to a large subset of the geoscien-
tific literature, and its ML-powered COSMOS overlay can provide extracted figures, tables, and
other content types for document collections. Extractions will be generated for specific keywords
relevant to CMA. The COSMOS pipeline will then extract and enable searchability of figures and
tables within these sets. Relevant information (e.g., local-scale geologic maps or tables of element
assays) will be identified and provided as data to the TA1 and TA2 modeling pipelines, via APIs as
needed. Embedding models trained over geological corpora will also be made available via APIs
and as stand-alone data products. This application of AI capabilities in the xDD infrastructure will
augment Macrostrat’s core data records with specific information that can be of immediate value
to TA3 mineral mapping. This pipeline will be implemented by a graduate student (CS) working
closely the project team. Because of its internal nature, the project will provide early and continu-
ous opportunities for initial testing of data pipelines [T2] and feedback interfaces [T3], laying the
groundwork for integration with more complex TA2 modeling pipelines.
T2 Ingest geologic data from TAs 1-3

Macrostrat capabilities to ingest structured geologic data, adapted to handle AI-generated can-
didates [T1], will be used to stage candidate datasets from TAs 1-3 and harmonize them with
Macrostrat’s other holdings. This process establishes the basis for expert feedback and correc-
tion workflows [T3] that will enable model iteration. In Phase 1, AI-generated candidate datasets
produced by TA1-2 will be integrated into Macrostrat data holdings, linked to known geological
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entities (e.g., rock units from maps and/or columns), and resurfaced via APIs for use in TA3. TA3
interpretive datasets will be ingested in Phase 2 [T5].
T2a Ingest geologic maps from TA1 and link entities Geologic map candidates produced by TA1
will consist of vectorized geospatial data. These data can be direct inputs to TA2-3, but they are
also amenable to ingestion into Macrostrat’s geologic map system, which initiates a cascade of en-
tity linking and standardization that can enrich maps and integrate them into multiscale products.
Macrostrat’s current map ingestion pipelines, will be adapted to MacroMAAS by automating sev-
eral manual data-cleaning steps; possibly looser initial capture can be tolerated for AI-generated
candidates, especially since quality flags and feedback tools will allow adjustment after import.
Staging maps in MacroMAAS will make them accessible via Macrostrat APIs and tile servers,
preparing them for deployment in visualization, annotation, and map editing interfaces to support
expert feedback [T3a].
T2b Ingest geologic data from TA2 and link entities Documents processed by TA2 will yield a
variety of data describing location-specific rock unit properties that are useful for critical mineral
assessment (e.g., ore grade and tonnage). These data can be directly input to TA3, but in many sit-
uations Macrostrat will be able to provide additional linked information (e.g., spatial and temporal
distribution of a given rock body, associated structures, etc.), potentially increasing context for the
extractions. We will specify schemas for ingesting point-based geological data into Macrostrat and
then surface the data in APIs accessible to all TAs. This will also stage TA2 data for visualization
in feedback interfaces that will enable HITL iteration [T3b].
T3 Build human-in-the-loop interfaces for model and extraction improvement

Figure 4: User interfaces for model feedback. (a) Ex-
isting training and feedback widgets for xDD–COSMOS
entity extraction pipeline. (b) Prototype widgets for feed-
back onmap-unit and deposit candidates, based inMacros-
trat components and user interfaces [1, 25]. (c-d) Existing
software which will be employed to correct AI extractions.
(c) Mapboard GIS map editing app, showing capabilities
for topology creation and editing. (d) Macrostrat strati-
graphic column editor.

Systems that enable efficient human-
computer interaction are critical to digital
data synthesis and can greatly enhance the
efficacy of AI-driven workflows [e.g. 26].
From its outset, the Macrostrat team has
designed the data system to support web
interfaces that enable rich geological visu-
alization and reasoning. Accordingly, the
Macrostrat team maintains substantial capa-
bilities for user interface development, hav-
ing produced a variety of modern, opti-
mized, and broadly accessible web and mo-
bile applications [e.g., 1, 15]. This exper-
tise will be drawn on to produce geologically
rich model feedback workflows. Broadly,
feedback interfaces will comprise “widgets”
in map and stratigraphic context [Fig. 4 b];
more substantial corrections will be made
using existing map and column editing ap-
plications [Fig. 4 c-d]. Editing interfaces will
be produced by PI Quinn and CHTC staff in
close collaboration, with internal testing and documentation support by a graduate student.
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T3a Annotate and edit geologicmaps The complex spatial and temporal relationships encoded by
geologic maps present particular challenges for their digital authoring; these same challenges com-
plicate feedback for AI-generated maps. Macrostrat has sought to streamline the time-consuming
process of creating geologic maps with editing tools that allow rapid digital manipulation of map
boundaries and stratigraphic relationships. These tools will be integrated into MacroMAAS to ap-
ply corrections to TA1 vector geologic maps. Edits will support both feedback and retraining for
TA1 models, with finishing edits to bring AI-generated datasets up to a uniform quality standard.
Widget-based annotation tools will also be provided for candidate maps, focusing on validating
unit identifications and confirming accurate capture of spatial boundaries [T3b].

Stratigraphic editing Macrostrat’s column acquisition/editing user interface supports the cre-
ation and manipulation of a temporal layout of geologic units. A modernized React-based web app
[Fig. 3 d] awaits testing and integration with user-management capabilities [T1a]. An additional
capability will be added to display column information styled as a “correlation of map units,” with
colors and labels synced to geospatial representations. This output will allow geologists to apply
typical map quality criteria, including the temporal layout of units, to AI-generated maps.

Geospatial map editing The Mapboard GIS system [27], created by PI Quinn, complements
Macrostrat with tools for efficient creation of geologic maps. Geological contacts are assembled
into a space-fillingmap using iterative topological algorithms implemented in PostGIS [28]; an iPad
app [29] supports fluid map editing that mimics pen-and-paper workflows. Mapboard GIS server
components will be integrated into MacroMAAS byMilestone 4 to support editing of AI-generated
candidate vector maps. This systemwill allow geologists to rapidly and intuitively correct map spa-
tial information. Compatibility with GIS workflows (ArcGIS; QGIS) will be maintained alongside
optimized, iPad-based map editing.

Cooperative map vectorization Rich editing interfaces for map-associated data form the cen-
terpiece of the MacroMAAS workflow. These new editing interfaces will be documented and
made available to external users byMilestone 4. In the second half of Phase 1, these interfaces will
be aligned with ingestion APIs to tighten model-feedback iteration, leading to a reactive “mixed-
initiative” system [26] for AI-supported map digitization.
T3b Annotate geologic data extractions and linked entities Feedback onAI-synthesizedmineral-
assessment information (TA2) will be chiefly provided using “widget”-based tools [Fig. 4 b], which
will allow annotation of model quality, and, where appropriate, basic correction of links to Macros-
trat vocabularies (e.g., geologic units, lithologies, minerals). Views adapted fromMacrostrat’s web
interface [1], based on React and the Mapbox mapping environment, will situate these tools in map
and stratigraphic context. The web codebase is partially transitioned to a system of reusable React
components (e.g., column renderers, map pages) that will simplify addition of new pages and tools
[25]. Rich geological syntheses and model inputs will be presented alongside candidate extractions
to increase the quality and efficiency of feedback. Interfaces will be constructed at Milestone 2,
with results integrated to support TA2 pipelines atMilestone 4.
Phase 2 (option) tasks

In Phase 2, an end-to-end system will be deployed to support feedback workflows for TA1-3.
This will allow MacroMAAS to support mineral assessment workflows from the ingestion of raw
maps and literature to the final generation of mineral potential maps.
T4 Deploy MacroMAAS in Kubernetes Unlike the current deployment of Macrostrat, a production
MacroMAAS system will support direct access by AI pipelines and feedback providers while man-
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aging potentially large numbers of AI-generated data revisions. Macrostrat services containerized
in Phase 1 [T1a] will be deployed in a Kubernetes cluster on CHTC infrastructure, allowing mod-
ern capabilities for scaling, replication, and load balancing. Maintenance load will be shared with
Macrostrat and xDD core services, and colocation in CHTCwill tighten integration with COSMOS
and other high-throughput AI-based processing workflows. CHTC staff will work closely with the
project team to optimize and deploy the MacroMAAS stack in this infrastructure.
T5 Ingest interpretive data products from TA3 TA3 ML/AI mineral potential mapping pipelines
will synthesize data generated by TA1-2, evidence layers served by MacroMAAS, and other GIS
data products into mineral potential maps, which are likely to be geospatial rasters defining mineral
occurrence probabilities and uncertainties. Although most needed functionality will be established
in Phase 1, we target Phase 2 for fully ingesting these AI-generated data products intoMacroMAAS
for visualization within an ecosystem of applications and model-feedback interfaces [T6].
T6 Annotate mineral potential model predictions TA3 mineral potential model predictions and
uncertainties ingested into Macrostrat’s raster infrastructure [T5] will be made available in widget-
based feedback interfaces for during Phase 2. Feedback tools will allow geologists to identify and
correct false positives and tune inputs by adjusting model-appropriate parameters. Requirements
will be gathered from TA3 performers byMilestone 6, and feedback interfaces will be constructed
by Milestone 8, supporting active iteration on TA3 models by the end of the project timeline.
Deliverables

This system will be delivered as a set of containerized software and data components: (1) The
MacroMAAS system, which will augment Macrostrat capabilities for organizing crustal data along
with data extracted from the geological literature via xDD; (2) pipelines to ingest and coordinate
AI assessment and feedback atop MacroMAAS; and (3) human-in-the-loop feedback tools for rich
annotation of AI-generated datasets, drawing on Macrostrat linking capabilities and designed by
geologists. All software infrastructure developed during this project will be open source, and the
entire system will be portable to USGS and other organizations. Geologic map datasets produced
during this project will be made available to the general public via Macrostrat’s mapping API,
producing an immediate broader impact.

3 Capabilities and management plan
The PIs are geo- and computer scientists who are experts in digital stratigraphy, geologic

mapping, large-scale machine learning, and cyberinfrastructure. PI Quinn is an early-career geo-
scientist who has worked broadly in crustal structure, remote sensing and geologic mapping, and
is now focused on building end-to-end software to enhance geological science [30]. Quinn leads
efforts to broaden the Macrostrat data platform [31], and conceptualized and built Macrostrat’s col-
umn visualizations, 3D/paleogeographic map interfaces [1], tileserver, the Mapboard GIS mapping
system [29], and other software/visualization building blocks [32–36]. Research Scientist Quinn
will oversee and coordinate project activities. Co-PI Peters is a geoscientist and the leader of the
Macrostrat project, having inaugurated its approach and used it to produce high-impact science.
Professor Peters is also a leader in summarizing data from the geologic literature, and was instru-
mental in developing the xDD and COSMOS systems; Peters will assist with project management
and oversee Macrostrat-related work. Co-PI Venkataraman is an expert on developing software
systems for large-scale machine learning and data analysis. Assistant Professor Venkataraman is a
founding Project Management Committee member for Apache Spark and more recently developed
Marius, an engine for training large scale graph embeddings; he will supervise graduate students
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and oversee AI method development for locating and extracting geologically-linked information
from publications. Co-PI Bockelman has extensive experience in operating scientific services using
“cloud native” technologies. Bockelman will oversee xDD and MacroMAAS infrastructure.

The PIs will be supported by already in-place CHTC staff who will provide software develop-
ment, data management, and infrastructure support for the project. Graduate students in computer
science and geoscience will help construct literature data pipelines and validate feedback work-
flows. Project participants will meet weekly with PI Quinn and collaborate regularly on software
development tasks. PI Quinn will additionally host weekly meetings open to participants in all TAs
to coordinate their use of the MacroMAAS platform.
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