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Executive Summary

Overview

Evidence of the widespread occurrence of microplastics
throughout our environment and exposure to humans and other
organisms over the past decade has led to questions about
the possibility of health hazards and mitigation of exposures.
This document discusses nanoplastics as well as microplastics
(referred to solely as microplastics); the microplastics have
a range from 1 micrometer to 5 millimeters (1 pum—5 mm) in
length, whereas the nanoplastics are less than 1 pm in length
(sidebar ES1).

A myriad of environmental exposure pathways with
microplastics to humans and wildlife, including ingestion,
inhalation, and bodily absorption, are likely to exist.

A growing body of evidence has documented bioaccumulation
of microplastics in tissues and organs of humans and wildlife,
benthic community effects, and potential nutritional and
reproductive effects in some wildlife species. Understanding if
or when environmental exposures pose a health risk is compli-
cated by the diversity of microplastic sizes, morphologies,
polymer types, and chemicals added during manufacturing or
sorbed from the environment; ongoing challenges in analytical
methods used to detect, quantify, and characterize microplastics
and associated chemicals in our ecosystems; and the fact that
ecotoxicological studies regarding microplastics are still in
their infancy. Therefore, the study of environmental exposures
and potential related health hazards of microplastics to the
public and wildlife is a One Health (sidebar ES2) research
topic that necessitates integrated science approaches.

A better understanding of the sources, pathways, fate, and
biological effects of microplastics has become a priority of the
Federal Government, State governments, Tribes, stakeholders,
and the public. Examples of Federal and State microplastic-
focused legislation and programs to prioritize microplastic
research and reduction include the Federal Microbead-Free
Waters Act of 2015, California Senate Bills 1422 and 1263
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(2018), the U.S. Environmental Protection Agency (EPA)
Trash Free Waters Program, the National Institute of Standards
and Technology’s Microplastic and Nanoplastic Metrology
project, and Minnesota’s microplastic project. With its unique
expertise and capabilities, the U.S. Geological Survey (USGS)
is well positioned to help fill some of the most important
microplastic science gaps.

This strategic science vision document for microplastics
identifies current (2023) microplastic science gaps and
prioritizes research relevant to the mission, expertise, and
capabilities of the USGS. It is intended for USGS scientists
and stakeholders to use as a starting point for planning, priori-
tizing, and designing collaborative environmental microplastic
science. Many of the microplastic science gaps and priorities
are scalable, from local to national, and thus, can be made
commensurate with available funding and evolving analytical
and field tools, laboratory capacity, and stakeholder needs.
Current (2023) or future research by academia and other
Federal or State agencies, and Tribes may be aimed at some of
the same microplastic science gaps identified in this document.
Therefore, this document can be used as an information
resource to maximize strengths and capabilities and minimize
redundancy in communication and collaboration.

Newly emerged Enallagma damselfly from North Dakota
wetland. Photograph by Rachel Harrington,
U.S. Geological Survey.
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Sidebar ES1. Microplastic Terminology

Common terminology for the categorization of
plastic debris, modified from Hartmann and others (2019).

Macroplastics

The term “macroplastics” is used to describe plastic
fragments (greater than 1 centimeter [cm]) that are created
from the fragmentation of plastic as a result of photodeg-
radation and mechanical abrasion due to wind action.

Mesoplastics

The term “mesoplastics” describes plastic fragments
such as virgin (newly manufactured) resin particles. They
are typically 5—10 millimeters (mm) in length and are
created from the breakdown of macroplastics.

Microplastics

Microplastics are defined as smaller plastic particles
that are approximately 1 micrometer (um) to 5 mm in size;
these particles in the environment result from the disposal
and breakdown of consumer products and industrial
waste. There are two types of microplastics: primary and
secondary. Some examples include the following:

* Primary:

* Nurdles—Preproduction plastic pellets used in
manufacturing.

* Microbeads—Plastic beads used in the
production of personal care products.

* Secondary:
* Fibers—Plastic strands from clothing.

» Foam—Plastic pieces created from the
breakdown of food and drink containers.

» Fragments—Plastics created from the further
fragmentation of macroplastics.
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Microscope image of
microplastic fragments.
Photograph by

Andrew Spanjer,

U.S. Geological Survey.

Nanoplastics

The “nanoplastics” term refers to extremely small
(less than 1 pm) pieces of plastic that are created by the
breakdown of plastic products.

Sidebar ES2. Definition of One Health
Within the Department of the Interior

One Health is a transdisciplinary scientific approach
that builds capacity, fosters trust among multidisciplinary
partners and stakeholders, and promotes good stewardship
of natural and cultural resources with the goal of
optimizing human, plant, animal, and ecosystem health.

Existing Capabilities and Laboratory Capacities

USGS capabilities relevant to the microplastic science
gaps identified in this document include field and analytical
methods development, nationwide stream and groundwater
monitoring networks, hydrological testing facilities, and
chemistry and toxicology laboratories. Additionally, the
USGS has long-standing partnerships with other Federal and
State agencies, Tribes, universities, and stakeholder groups.
These partnerships jointly pursue research on emerging
topics and the development or enhancement of methods
and technologies. USGS scientists include hydrologists,
chemists, biologists, microbiologists, ecologists, wildlife
toxicologists, physical scientists, statisticians, and modelers,
among others. With its nationwide network of offices and
staff, the USGS is unique in its ability to design and use
nationally distributed and nationally consistent field and
laboratory protocols with rigorous quality assurance and
quality control (QA/QC) which are in line with the baseline
requirements of the USGS Quality Management System
policy (revised in 2022, U.S. Geological Survey, 2022).

In 2023, scientists using laboratory equipment can detect
and quantify microplastics in environmental samples.
However, standardized sampling protocols, equipment
upgrades, and methods development are needed to automate
analytical processes to improve efficiency, cost, and quality
assurance, to achieve production-level capabilities for
analyses. An integrated science approach will advance
current understanding of environmental microplastic
occurrence, sources, pathways, exposure, biological effects,
and mitigation (sidebar ES3).

Scope of Science

This document describes both short- and long-term
science opportunities related to the nationally relevant study of
microplastics. Short-term opportunities are those that could be
achieved in the next 1-2 years. Long-term opportunities, with
a timeframe of 3 or more years, are those that require methods
development or equipment acquisition, are larger in spatial
and temporal scale, build on other science gaps, and cannot be
funded with existing resources.




The microplastic science opportunities were identified
through literature gap analysis and consideration of USGS
expertise and capabilities. Importantly, the USGS capabilities
include utilization of long-standing partnerships with other
agencies to leverage expertise and funding. The science
opportunities that could be addressed by USGS capabilities
are organized into six categories: (1) environmental sources,
pathways, and fate; (2) human and wildlife exposure routes;
(3) ecotoxicology; (4) sampling protocols; (5) analytical
methods; and (6) interdisciplinary science at the USGS to
support microplastic research (table ES.1). These opportunities
are described in detail in later sections of this document.

Executive Summary

Sidebar ES3. Vision for the
U.S. Geological Survey’s Study of
Microplastics in the Environment

The broad geographic footprint of U.S. Geological
Survey (USGS) science centers across the Nation,
multidisciplinary natural science expertise, and nationally
consistent laboratory and field capabilities will uniquely
position the USGS to support a nationwide integrated
science approach to microplastic risks in our environment.
This approach can deliver nationally relevant information
in support of stakeholder decisions related to microplastics
including the identification and data analysis to aid with
both mitigation and prevention of microplastic-associated
hazards for public and environmental health.

Table ES1. Short- and long-term science opportunities for researching microplastics that could be addressed by

U.S. Geological Survey capabilities.

[USGS, U.S. Geological Survey, QA/QC, quality assurance and quality control]

Section 2.1—Environmental sources, pathways, and fate

Characterize microplastics (morphologies, sizes, polymers, additives, relative concentrations) from different No Yes
sources and pathways across different regions to inform source and pathway apportionment and relative
importance.

Create geospatial tools that identify, map, and prioritize microplastic sources based on contributions and (or) No Yes
health hazards across the United States.

Evaluate proxies or surrogates for source and pathway tracking (optical properties, chemical fingerprints, Yes Yes
co-occurring chemicals or chemical mixtures).

Evaluate microplastic mitigation and sequestration in a variety of natural and built environments. No Yes

Create field and laboratory experiments to determine geochemical controls on fate; for example, redox No Yes

conditions, partitioning, suspension and (or) resuspension, colloidal transport, advective transport, biofilms,

fragmentation/breakdown.

Determine natural and anthropogenic drivers that deliver microplastics to groundwater. No Yes

Investigate sorption and desorption of contaminants in environmental matrices, and leaching of chemicals No Yes

included in plastics formulations.

Characterize the fragmentation or breakdown properties of different polymers into smaller size fractions under No Yes

varied environmental conditions.

Assess the effect of natural organic matter and micro-organisms (biofilms) on transport and sorption of No Yes

microplastic-associated contaminants.

Section 2.2—Human and wildlife exposure routes

Environmental exposure

Identify exposure routes that have not been adequately researched for wildlife and humans through a literature Yes Yes

review.

Uptake and translocation to tissues

Identify intrinsic and weathering factors that may affect uptake by key wildlife at different trophic levels. Yes Yes

Identify factors of microplastics and organisms that affect translocation within bodies of wildlife. Yes Yes
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Table ES1. Short- and long-term science opportunities for researching microplastics that could be addressed by

U.S. Geological Survey capabilities.—Continued

[USGS, U.S. Geological Survey, QA/QC, quality assurance and quality control]

Section 2.2—Human and wildlife exposure routes—Continued

Trophic and ontogenetic transfer

Evaluate transfer of plastics and the degradation of compounds from organism to organism within food webs. Yes Yes
Determine if maternal transfer occurs through egg-laying and live-bearing wildlife. No Yes
Identify migratory and ontogenetic movements of microplastics in wildlife. Yes Yes
Section 2.3—Ecotoxicology
Design toxicology and bioavailability studies focused on intrinsic and exogenous chemicals associated Yes Yes
with microplastics.
Conduct systems toxicology studies to define modes of action and adverse outcome pathways. No Yes
Plan mixture toxicity studies (polymer, chemical, and their interactions). No Yes
Conduct microcosm or mesocosm studies to understand effects at the population, community, and No Yes
ecosystem levels.
Section 2.4—Sampling protocols
Evaluate existing sampling protocols and equipment for microplastics in different media (that is, surface Yes Yes
water, stormwater, groundwater, bed and suspended sediment, soil, biota, and atmospheric deposition) to
assess biases, representativeness, reproducibility, strengths, and weaknesses.
Develop nationally consistent protocols for sampling microplastics in different media. No Yes
Develop guidance for field QA/QC. No Yes
Section 2.4—Sampling protocols—Continued
Develop a field manual documenting nationally consistent protocols for sampling microplastics in No Yes
different media.
Section 2.5—Analytical methods
Build on existing analytical capacity to benefit stakeholders. Yes Yes
Coordinate with other Federal agencies in establishing standardized analytical protocols. Yes Yes
Develop production-level capabilities for the detection, quantitation, and polymer characterization of No Yes
microplastic particles in the environment; for example, fluorescent microscopy, machine learning of
optical images.
Develop research methods for targeted analyses of embedded and sorbed chemicals. No Yes
Develop research methods for nontargeted analyses of embedded and sorbed chemicals. No Yes
Evaluate new technologies for real-time measurements or surrogate estimation of microplastics in surface No Yes
water, in coordination with researchers from other organizations.
Section 3.1—lInterdisciplinary science at the USGS to support microplastic research
Provide tools and models for risk assessment associated with microplastics based on a One Health approach. Yes Yes
Provide an interdisciplinary science framework to understand contaminant movement and transformation, No Yes
exposure pathways, bioaccumulation, and ecotoxicity.
Improve understanding of conceptual and other models and decision-support tools that provide actionable No Yes

information for prediction, prevention, and mitigation of environmental microplastic risk to ecosystems
through comprehensive evaluation and prioritization of sources, source apportionment, fate, exposures,
and toxicity.
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1.0. Introduction

Microplastics are a specific class of plastics characterized
by their size, generally defined as plastics smaller than
5 millimeters (mm) but larger than 1 micrometer (m)

(see sidebar 1 for microplastic terminology; Hartmann and
others, 2019). The term “microplastic” was first used in
scientific literature to describe plastic pollution in 1990 (Ryan
and Moloney, 1990). Since then, interest in microplastics has
grown considerably, especially in recent years: the number of
scientific articles on microplastics each year increased from 4 in
2010 to 3,847 in 2023 (based on a Web of Science search using
keyword “microplastics”; Web of Science, 2024). This docu-
ment is focused on microplastics, but the microplastic science
gaps and opportunities identified herein are also applicable to
smaller nanoplastics (less than [<] 1 um).

Most microplastic research to date has focused on
microplastics in marine waters, in part because of past
research on the ocean as the final sink for highly visible and
attention-grabbing microplastics and the early focus on the
Pacific garbage patch (Ryan, 2015). Estimates of the mass
of plastic particles smaller than 5 mm in the world's oceans
are as high as 35,000 metric tons (Eriksen and others, 2014).
Despite the early focus on the marine environment, recent
research has documented that microplastics have been
detected in other environmental compartments (physical
environments separated by spatial differences), including in
freshwaters, urban stormwaters, irrigation waters, seafood,
soils, air, and rain (Cole and others, 2011; Li and others, 2018;
Smith and others, 2018; Enyoh and others, 2019; Wetherbee
and others, 2019; Qi and others, 2020), indicating the myriad
environmental pathways of exposure to humans and wildlife.
Although the research is still nascent, evidence documents
that microplastics are now in human blood (Leslie and others,
2022) and lung tissue (Jenner and others, 2022). A growing
body of evidence also documents that microplastics can

Trapping emergirig adult aquéitic insects in Prarie ;,
Pothole wetlands of North Dakota. Photograph by /
, U.S. Geologica
Sy i

/

adversely affect benthic communities (Redondo-Hasselerharm
and others, 2020) and have been implicated in adverse effects
on nutrition and reproduction in wildlife (Susanti and others,
2020). The principle of One Health describes the interdepen-
dence of human, wildlife, and ecosystem health (see sidebar 2;
see section 3.0., “Vision for Integrated Science”). There is
increasing evidence that microplastics may present a potential
One Health hazard.

Microplastic research increasingly addresses more
complex questions with improvements in field collection and
analytical methods. Our understanding of microplastic sources
and pathways is improving through more holistic, watershed-
scale mass-balance approaches (Fahrenfeld and others, 2019).
Research into biological exposure is demonstrating microplastic
uptake in wildlife across trophic levels and at different life
stages (Athey and others, 2020; Cousin and others, 2020).

In addition to monitoring data, laboratory studies are addressing
microplastic toxicity, documenting both chemical and physical
effects (Huang and others, 2020), including physical interactions
among polymers and exposed organisms (digestion blockage
and tissue abrasion), and effects from chemical leachates

and absorbed contaminants (see sidebar 3 for terminology
concerning chemical interactions).

It is difficult to compare studies across all lines of research,
in part due to nonstandard analytical, sampling, and experi-
mental methods (Weis, 2020). Intergovernmental agencies,
including the World Health Organization, the Organisation for
Economic Co-operation and Development, and the Group of
20, have called for prioritizing microplastic research (Marsden
and others, 2019; Organisation for Economic Co-operation
Development, 2019; Xu and Karlsson, 2019). There is a need
for organized research by Federal agencies, such as the USGS,
who have the expertise to systematically approach the topic
of microplastics. The USGS can fulfill this need by using a
consistent methodology and prioritizing research based on
identified regulatory needs, monitoring data gaps, applied
modeling approaches, and ecotoxicological investigations.
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Early local, State, and Federal government regulations
concerning microplastics were aimed at curbing sources
of microplastics to the environment. In 2015, the Federal
government passed the Microbead-Free Waters Act of
2015, which became Public Law 114-114. It prohibited
“the manufacturing, packaging, and distribution of rinse-off
cosmetics containing plastic microbeads” (U.S. Food and
Drug Administration, 2023). In addition, eight States and
multiple local governments have introduced motions to
reduce sources of secondary microplastics by banning the
use of single-use plastic bags in shops and grocery stores,
and some cities have done the same for plastic straws
(Usman and others, 2022).

Other legislation is aimed at monitoring and managing
microplastics in drinking and ocean waters. California passed
two bills in 2018 to establish standard definitions and
methodology for monitoring microplastics and to address
ecological risk from microplastics. California Senate
Bill 1422 (SB—-1422) required the Water Resources Control
Board to “adopt a definition of microplastics in drinking
water” and to “adopt a standard methodology to be used in
the testing of drinking water” (State of California, 2017b).
This standard methodology was subsequently be used for
4 years to test drinking water for microplastics, resulting
in public disclosure of results. California Senate Bill 1263
(SB—1263) required a newly formed California Ocean
Protection Council to “adopt and implement a statewide
microplastics strategy,” (State of California, 2017a); the
strategy was released in 2022 (California Ocean Protection
Council, 2022). Minnesota Department of Health was
directed to sample microplastics in surface and groundwater
in the State (Minnesota Department of Health, 2019),
and the USGS is leading the effort. Future legislation on
microplastics at all levels of government is either pending or
introduced (for example, Save our Seas 2.0 Act [33 U.S.C.
4201 note]), and continued focus on the issue may be
expected in the coming years. There are no health risk
levels or regulatory thresholds (for example, minimum risk
levels, maximum contaminant levels) that have been set by
the U.S. Environmental Protection Agency (EPA) or other
regulating agencies for microplastics in drinking water
(Sorensen and others, 2023).

USGS microplastic-related research is directed
by public concerns and fundamental science questions.
Resource managers and the public throughout the
United States rely on the USGS to lead studies (for example,
environmental monitoring) on local to national scales
across multiple ecosystems (land, freshwater, and marine).

Scientists at the USGS have broad expertise in both fate and
characterization of chemicals and chemical mixtures, as well
as environmental and ecosystem health; thus, it is one of the
few Federal agencies equipped to engage in comprehensive
scientific research on microplastics. Interest in determining
the sources, pathways, fate, and biological effects of
microplastics continues to grow among stakeholders with
whom the USGS interacts. The USGS participates in an
advisory capacity to local, regional, and Federal working
and interest groups on microplastics and nanoplastics, such
as the Chesapeake Bay Scientific and Technical Advisory
Committee’s Plastic Pollution Action Team (Chesapeake Bay
Program, 2024), the International Joint Commission’s Great
Lakes Microplastics Working Group (Hataley and others,
2023), and the U.S. Government Nanoplastics Interest Group
(National Nanotechnology Initiative, 2024), which provides
insight based on the latest USGS research and coordinates
the need for better science. While much is still unknown
with respect to human and ecological implications associated
with the various types, shapes, and chemical composition of
microplastics in the environment, this science vision docu-
ment serves to identify current (2023) gaps in microplastic
knowledge and science needs and provide a framework for
how USGS capabilities can address those gaps.

Recent, but limited, work by the USGS has focused on
the occurrence of microplastics in water bodies, precipita-
tion, and biota (Baldwin and others, 2016; Lenaker and
others, 2019; Wetherbee and others, 2019; Baldwin and
others, 2020; Baldwin and others, 2021; Lenaker and others,
2021). These efforts demonstrated the potential for bringing
existing expertise and capabilities across the USGS to
address microplastic science gaps. These efforts also demon-
strated unique opportunities for the USGS to build on and
expand our expertise, capabilities, and capacities to address
a broader range of environmental microplastic science topics
of national significance. As the USGS seeks to expand
environmental and analytical capabilities for assessing
microplastics in the environment, coordination with other
Federal agencies involved in studying plastic pollution and
the effects of plastics on human and ecological health will
be critical. Open dialogue with the EPA Office of Research
and Development, National Oceanic and Atmospheric
Administration (NOAA) Marine Debris Program, National
Institute of Standards and Technology (NIST), and U.S. Food
and Drug Administration has been essential for sharing
research and field methods and determining the USGS role in
the Federal Government’s response to microplastic pollution.
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Sidebar 1. Microplastic Terminology

Common terminology for the categorization of
plastic debris, modified from Hartmann and others (2019).

Macroplastics

The term “macroplastics” is used to describe plastic
fragments (greater than 1 centimeter [cm]) that are created
from the fragmentation of plastic as a result of photodeg-
radation and mechanical abrasion due to wind action.

Mesoplastics

The term “mesoplastics” describes plastic fragments
such as virgin (newly manufactured) resin particles. They
are typically 5—10 millimeters (mm) in length and are
created from the breakdown of macroplastics.

Microplastics

Microplastics are defined as smaller plastic particles
that are approximately 1 micrometer (um) to 5 mm in size;
these particles in the environment result from the disposal
and breakdown of consumer products and industrial
waste. There are two types of microplastics: primary and
secondary. Some examples include the following:

e Primary:

* Nurdles—Preproduction plastic pellets used in
manufacturing.

* Microbeads—Plastic beads used in the
production of personal care products.

* Secondary:
* Fibers—Plastic strands from clothing.

» Foam—Plastic pieces created from the break-
down of food and drink containers.

» Fragments—Plastics created from the further
fragmentation of macroplastics.

Microscope image of
microplastic fragments
Andrew Spanjer,

U.S. Geological Survey.

Nanoplastics

The “nanoplastics” term refers to extremely small
(less than 1 pm) pieces of plastic that are created by the
breakdown of plastic products.

Sidebar 2. Definition of One Health
Within the Department of the Interior

One Health is a transdisciplinary scientific approach
that builds capacity, fosters trust among multidisciplinary
partners and stakeholders, and promotes good stewardship
of natural and cultural resources with the goal of
optimizing human, plant, animal, and ecosystem health.

Sidebar 3. Chemical Interaction
Terminology

Definition of common chemical interaction terms,
modified from a variety of sources (Hartmann and
others, 2017; Lambert and Wagner, 2017; Hartmann and
others, 2019).

Absorption

During absorption, chemicals penetrate and become
embedded within the plastic matrix.

Additive

An additive is a chemical added to a plastic polymer
during manufacturing to improve characteristics, such as
elasticity, resistance to weathering, or flame retardance
and performance.

Adsorption

During adsorption, chemicals bond to the surface of
the plastic.

Desorption

The reverse of sorption is desorption, during which
the sorbed chemical is released from the plastic back to
the fluid stage.

Plastic polymer

A plastic polymer has a molecular structure
consisting primarily of a large number of similar units
(monomers) bonded together (that is, synthetic organic
materials in plastics and resins). Properties of plastic
polymers (surface charge, surface area, molecular chain
arrangement, functional groups, acid-base character)
affect the sorption of chemicals.

Sorption

The term “sorption” refers to the transfer of
chemicals from a fluid phase (air and water) to a plastic
polymer (or other solid). This includes both adsorption
and absorption.
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2.0. Science Needs, Data Gaps,
and Opportunities for Microplastic
Research

2.1. Environmental Sources, Pathways, and Fate

Microplastics have been documented in every environ-
mental compartment due to the ubiquitous use of plastics, their
environmental persistence, the global connectedness of aquatic
environments, and the long-range transport of microplastics.
Microplastic sources and environmental pathways are diverse.
While some of them may be easily identified and mitigated,
identifying microplastic sources and pathways in an entire
ecosystem or watershed is a significant challenge for researchers
and resource managers. For instance, how do you prioritize
and mitigate multiple inputs from land, water, and air? A better
understanding of the relative contributions and characteristics
of different microplastic sources and pathways and the factors
affecting the fate of microplastic particles in the environment
can inform policy and mitigation strategies (fig. 1).
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2.1.1. State of the Science

2.1.1.1. Microplastic Sources

Primary microplastics are those that are manufactured
in the microplastic size range and include scrubbers or
microbeads used in personal care products, abrasive materials
used in cleaning and air-blasting products, and feedstocks
used in plastic manufacturing (resin powder or nurdle pellets,
see sidebar 1). Secondary microplastics are fragments from
the breakdown of larger plastics through physical, chemical,
or biological processes. Sources of secondary microplastics
include synthetic fibers shed from textiles (clothing, carpets,
upholstery) during general use, washing, and drying (Hartmann
and others, 2019; Kapp and Miller, 2020; Tao and others,
2022), and breakdown of larger plastics including fishing
equipment, car tires (through road wear and reuse applications
in artificial turf and rubberized pavements), agricultural
plastics and mulches, and single-use items such as bags,
bottles, cups, takeout containers, straws, cigarette butts, and
medical waste, among many others (Hidalgo-Ruz and others,
2012; Eerkes-Medrano and others, 2015; Duis and Coors,
2016; Alimi and others, 2018; Zangmeister and others, 2022).
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Conceptual diagram of microplastic sources, pathways, and fate in the environment.
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Further breakdown of plastics from these and other sources

yields nanoplastics. For example, research has documented that
single-use consumer plastic products (such as single-use bags
and beverage cups) release trillions of nanoplastic particles per

liter into water during normal use (Zangmeister and others,

2022). Sidebar 4 lists plastic types that are common sources of

microplastics and example of items using each type.

Sidebar 4. Plastic Types That Are Common
Sources of Microplastics And Example of
Items Using Each Type

The list below gives the polymer names for types of
plastics that are common sources of microplastics.
Common uses of each type are modified from
Driedger and others (2015).

 Acrylonitrile butadiene styrene: electrical cases,
toys, drainage pipes, medical uses

* Polyamides/nylons: fibers, tubing, fishing line

» Polycarbonate: lenses include eyeglasses,
helmets, headlights and windows

 Polyester: fibers and textiles

* Polyethylene, including high-density, low-density,
and terephthalate: consumer goods, food and
product packaging, medical use

* Polypropylene: food containers, car parts, pipes,
bottle caps

* Polystyrene: foam products, packaging material,
disposable tableware

* Polyurethanes: foams (cushioning and insulating),
surface coatings, industrial usage

* Polyvinyl chloride: plumbing and gutters,
window frames, flooring

 Polyvinylidene chloride: plastic wraps

* In addition, there are several plastic
combinations (for example, polycarbonate
plus (+) acrylonitrile butadiene styrene,
polyethylene+acrylonitrile butadiene styrene),
and proprietary and specialty formulations (for
example, Teflon/PTFE, polymethyl methacrylate,
epoxy, synthetic tire rubber).

Photo of intact water bottles. Over time, these bottles
can break down to create microplastics and nanoplastics.
Photograph by Deb Iwanowicz, U.S. Geological Survey.

2.1.1.2. Microplastic Pathways

Microplastics reach aquatic and terrestrial environments
through pathways such as wastewater, stormwater runoff and
sewage overflow, and the atmosphere. Wastewater represents
two important pathways: wastewater treatment facility effluent
(that is, microplastics in treated liquid waste) and biosolids
(that is, microplastics in treated solid waste) (Edo and others,
2022). Many studies have shown that wastewater treatment
facilities remove almost all microplastics from influent water
(95-99 percent removal; Carr and others, 2016; Talvitie
and others, 2017), yet wastewater effluent still represents
a significant pathway for microplastics to receiving waters
because of the high concentrations of microplastics in the
influent, and the large volume and continuous flow of effluent
(Rochman and others, 2015; Mason and others, 2016; Talvitie
and others, 2017). The wastewater biosolids, or sludge,
captured by treatment facilities are an additional and distinct
pathway for microplastics to the environment (Edo and others,
2022). Biosolids contain thousands to tens of thousands of
microplastic particles per kilogram (kg) dry weight (Mahon
and others, 2017), and roughly 50 percent of the 730 million
kg of biosolids collected annually in the United States are
land-applied on agricultural fields, forests, reclamation sites,
and lawns and gardens (U.S. Environmental Protection Agency,
2016). Microplastics in land-applied biosolids may be lofted
to the air by wind, incorporated into soils, or enter waterbodies
through runoff. Estimates of the microplastic burden on soils in
North America and Europe due to biosolids application exceed
estimates of the burden in surface waters of the global oceans
(Nizzetto and others, 2016). Research from Australia estimates
that 4,700 metric tons (t) of microplastics are released into
the Australian environment annually through land application
of biosolids (Okoffo and others, 2020). In the United States,
irrigation diversions from streams represent an additional
pathway for microplastics to the terrestrial environment
(Kukkola and others, 2023).
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Stormwater runoff and sewage overflow systems
represent another important pathway for microplastics to
waterways (Werbowski and others, 2021; Zhu and others,
2021). Concentrations of microplastics in stormwater exceed
those in wastewater effluent by multiple orders of magnitude
(Sutton and others, 2019; Werbowski and others, 2021;

Zhu and others, 2021). Watershed-scale comparisons of
microplastic loading from different pathways are limited, but a
study of microplastic loading to San Francisco Bay estimated
stormwater loads to be 300 times greater than those in
wastewater effluent (Sutton and others, 2019). These estimates
are almost certainly affected by local land cover, terrain,
stormwater treatment practices, and climate characteristics,
and thus, may not reflect relative load contributions in other
locations but serve to highlight the importance of stormwater
as a pathway for microplastics to reach aquatic environments.
Preliminary studies indicate that bioretention cells, rain
gardens, and other stormwater retention structures can be
effective tools for reducing microplastic loads in stormwater,
capturing 83-96 percent of particles (Gilbreath and others,
2019; Smyth and others, 2021; Werbowski and others, 2021).

The atmosphere is an additional pathway through
which microplastics reach aquatic and terrestrial environ-
ments. Microplastic fibers and fragments are lofted into the
atmosphere from roads, the ocean (through wind and wave
action), agricultural fields, and population centers (Brahney
and others, 2021), and once aloft, may be transported long
distances (Allen and others, 2019; Bergmann and others,
2019). Atmospheric deposition of microplastics occurs in all
landscapes, even remote areas such as the Alps (south-central
Europe), the Arctic (above 66.5 degrees north latitude),
and protected areas of the western United States (including
hard-to-reach areas in Yellowstone, Alaska, and the Rocky
Mountain region), at rates ranging from 50 to 700 particles
per square meter per day (m?/d) (Cai and others, 2017;

Dris and others, 2017; Allen and others, 2019; Bergmann
and others, 2019; Wetherbee and others, 2019; Brahney
and others, 2020a). An estimated 22,000 t of microplastics
are deposited on the contiguous United States each year
(Brahney and others, 2021).

2.1.1.3. Microplastic Fate

Microplastic transport in aquatic systems is affected by
many factors, including buoyancy (specific gravity), size, and
shape, which determine whether a microplastic particle will
settle or remain in the water column (Horton and Dixon, 2018).
Environmental considerations such as flow velocity, turbulence,
wind, currents, and wave action also affect microplastic move-
ment and transport (Horton and Dixon, 2018). The chemical
characteristics of the water further affect whether a microplastic
particle or fiber will float on the surface, suspend in the water
column, or deposit in bed sediment. The formation of biofilms
on microplastic surfaces, aggregation with other microplastics
and sediment particles, and interaction with organic matter also
play a role in transport properties, deposition, and potential for
resuspension (Semcesen and Wells, 2021).

Weathering processes (photodegradation, thermal
degradation, biodegradation, and mechanical fragmentation)
can change the physical shape, size, and chemical properties of
microplastics, ultimately affecting microplastic fate (Duan and
others, 2021). Some microplastics may be slowly biodegraded
by micro-organisms (Eerkes-Medrano and others, 2015;
Rocha-Santos and Duarte, 2015), although even degradable
plastics remain in the environment for decades to centuries
(Barnes and others, 2009; Roy and others, 2011). Some plastics
are more susceptible to oxidative weathering by ultraviolet
light (photodegradation), although rates vary based on water
column or soil mobility considerations that affect intensity (light
penetration at depth; Hebner and Maurer-Jones, 2020; Masry
and others, 2021). Microplastics can be mistaken for edible
material by wildlife, or simply swallowed with surrounding
water. While some microplastics may become trapped in the
guts and gills of organisms, others may fragment or undergo
surface degradation by digestive enzymes (Dawson and others,
2018). These different weathering processes affect microplastic
surface properties (creating cracks, for example), which can
lead to increased adsorption of heavy metals and organic
contaminants, and fragmentation into smaller particles (Duan
and others, 2021; Bhagat and others, 2022; Hadiuzzaman
and others, 2022). With fragmentation, microplastics become
more prevalent, surface area increases relative to volume, and
particles become more bioavailable to organisms at the base of
the food web (Botterell and others, 2019).

Andrew Spanjer analyzes microplastic particles
using the microscope. Photograph by
Andrew Spanjer, U.S. Geological Survey.
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In aqueous environments, microplastics float or settle
depending on particle density, size, shape, degree of surface
biofouling, and waterbody hydraulics (Cowger and others,
2021; Semcesen and Wells, 2021). However, even low-
density microplastics will eventually sink with increasing
fragmentation and surface biofouling (Peng and others,
2020; Semcesen and Wells, 2021). For this reason, and
based on microplastic concentrations in these environments,
streambeds, lakebeds, and sea floors are often considered
the ultimate sinks for microplastics (Woodall and others,
2014; Peng and others, 2020; Lenaker and others, 2021;
Drummond and others, 2022).

In terrestrial environments, soils are a sink for
microplastics accumulated through atmospheric deposition,
land application of reuse materials (for example, biosolids,
livestock manure), and mismanagement and breakdown of
trash (He and others, 2018; Brahney and others, 2020a; Jin
and others, 2022; Tagg and others, 2022). However, soils may
only be a temporary sink, as wind may resuspend microplas-
tics into the atmosphere, runoff may wash microplastics into a
nearby waterway, or microplastics may infiltrate into ground-
water (Grbi¢ and others, 2020; Brahney and others, 2021;
Bigalke and others, 2022; Rezaei and others, 2022).

Throughout the microplastic cycle, microplastics can
act as both a source and a sink for chemical pollutants.
Compounds added to plastics during the manufacturing
process (for example, flame retardants, plasticizers,
antibacterial agents, ultraviolet inhibitors, reaction
byproducts) can leach out of plastics (Schrank and others,
2019; Mclntyre and others, 2021). Conversely, microplastics
may absorb pollutants in aquatic and terrestrial ecosystems,
potentially concentrating persistent, bioaccumulative and
(or) toxic organic and microbiologic pollutants and metals
(Imran and others, 2019; Wang and others, 2021a; Hu and
others, 2022). The absorption and desorption of chemical
contaminants from microplastics may create regional
hotspots of chemical pollutants due to microplastic transport/
deposition (Eerkes-Medrano and others, 2015) and (or)
contribute to the bioaccumulation of hazardous compounds
in aquatic and terrestrial organisms (for example, polybro-
minated diphenyl ether added to plastics as flame retardants;
Rochman and others, 2014).

The forensics of source apportionment of microplastics
is complicated by the pervasive and overlapping use of
plastics for different applications. For example, polypropylene
is used in packaging, construction, furniture, transportation,
electronics, textiles, and many other application sectors
(Di and others, 2021). Hence, identifying the source of
a polypropylene particle found in the environment is a
challenge. Microplastic morphology, additives, and surface
contaminants including metals, organic contaminants,
and biofilms may help identify microplastic sources and
(or) pathways (Fahrenfeld and others, 2019). Microplastic
assemblages may also provide clues: studies have found
that waters from different pathways (stormwater runoff,
agricultural runoff, and wastewater effluent) may have

distinct signatures (Grbi¢ and others, 2020; Zhu and others,
2021). Stormwater, for example, had a high proportion of
black rubbery particles, presumably from car tires, whereas
wastewater was dominated by fibers, a large proportion of
which were cellulose, presumably from washing of clothes
(Grbi¢ and others, 2020; Zhu and others, 2021).

2.1.2. Science Gaps

Recent understanding of microplastic sources, pathways,
and fate has improved considerably over the past decade,
but many gaps remain. For example, a better understanding
of the characteristics and relative importance of different
microplastic sources and pathways in terrestrial and aquatic
environments is needed to enable source apportionment
and to inform management solutions. Few studies have
examined microplastic characteristics (morphologies, sizes,
polymers, additives, relative concentrations) from different
sources and pathways on a watershed scale (Zhu and others,
2021). Holistic, multimatrix watershed- or basin-scale
studies are needed to understand the characteristics and
relative importance of microplastics from different sources
and pathways. Municipal wastewater treatment facilities
are known pathways for microplastics to the environment,
but less is known about industrial wastewater contributions,
including those from food, beverage, and feedstock
processing facilities. Similarly, little is known about
chemicals or chemical mixtures that co-occur with
microplastics, or physical characteristics such as optical
properties, that could be used as indicators of specific
microplastic sources or pathways.

In terrestrial environments, biosolids and atmospheric
deposition are known contributors of microplastics, but their
relative importance and defining characteristics of these
pathways are not well understood, and even less is known
about other microplastic sources and pathways to terrestrial
environments, such as agricultural wastes and drilling fluids.
The fate of terrestrial microplastics is also unclear. Neither
weathering of microplastics in terrestrial environments, nor
the flux of terrestrial microplastics to surface waters, ground-
water, or the atmosphere are known.

Finally, the scientific community needs a better
understanding of microplastic mitigation strategies.

In a few studies, researchers have examined microplastic
load reduction using stormwater control measures (green
infrastructure) such as bioretention cells and rain gardens and
have demonstrated promising results (Gilbreath and others,
2019; Smyth and others, 2021; Werbowski and others,

2021). However, these studies were fairly small, local, and
limited in the types of green infrastructures tested. A more
comprehensive assessment of mitigation strategies would
help fill this important gap.
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2.1.3. USGS Capabilities and Expertise

Expertise within the USGS can help fill many of the
science gaps related to microplastic sources, pathways,
and fate. The USGS has extensive expertise in sampling
and modeling a wide variety of point and nonpoint source
contaminants, including microplastics, in stormwater,
wastewater, agricultural runoff, atmospheric deposition, and
other pathways. The USGS also manages large monitoring
networks of streamgages, groundwater wells, atmospheric
deposition sites, and ecological sites across the country.
To date, the utilization of USGS expertise and monitoring
networks for microplastic research has been limited to a
relatively few local and regional studies. By applying its
expertise more deliberately, and through greater leveraging
of its nationwide monitoring networks, the USGS can answer
holistic, watershed- to national-scale questions about the
characteristics and relative importance of microplastics from
different sources and pathways. Active partnerships with
other agencies and their monitoring networks can be used to
expand this research. Characterizing changes in microplastic
particle characteristics (dimensions, density, sorption/
leaching of chemicals, biofouling, surficial cracking) during
weathering and transport, which can affect microplastic
toxicity (Duis and Coors, 2016), is also a capability of the
USGS and academic partners.

Table 1.

2.1.4. USGS Science Opportunities

2.1.4.1. Short-Term Opportunities

Most of the science opportunities related to microplastic
sources, pathways, and fate require USGS access to a
microplastics laboratory, either internal or external, with
the capability of providing microplastic quantification
and polymer identification for complex environmental
matrices; for example, stormwater, biosolids, sediment,
soil, and biological tissue (table 1). The laboratory needs
to handle large numbers of samples and meet USGS
quality-assurance standards. The USGS has the expertise
and experience to develop these capabilities. Thus, in the
short term (1-2 years), the USGS could begin to address
several of the microplastic science gaps identified in this
section by designing studies aimed at addressing science
gaps, beginning sample collections, purchasing laboratory
equipment, and developing analytical capabilities, but study
completion would likely be a longer term effort requiring
more than 2 years.

Short- and long-term science opportunities for researching environmental sources, pathways, and fates of microplastics.

[Short- and long-term science opportunities determined through literature reviews and gap analyses. USGS, U.S. Geological Survey]

. o L Short term Long term (3 or
Science opportunities that could be addressed by USGS capabilities g (
(1-2 years) more years)
2.1—Environmental sources, pathways, and fate

Characterize microplastics (morphologies, sizes, polymers, additives, relative concentrations) from No Yes
different sources and pathways across different regions to inform source and pathway apportionment
and relative importance.

Create geospatial tools that identify, map, and prioritize microplastic sources based on contributions and No Yes
(or) health hazards across the United States.

Evaluate proxies or surrogates for source and pathway tracking (optical properties, chemical fingerprints, Yes Yes
co-occurring chemicals or chemical mixtures).

Evaluate microplastic mitigation and sequestration in a variety of natural and built environments. No Yes

Create field and laboratory experiments to determine geochemical controls on fate; for example, redox No Yes
conditions, partitioning, suspension and (or) resuspension, colloidal transport, advective transport,
biofilms, fragmentation or breakdown).

Determine natural and anthropogenic drivers that deliver microplastics to groundwater. No Yes

Investigate sorption and desorption of contaminants in environmental matrices and leaching of chemicals No Yes
included in plastics formulations.

Characterize the fragmentation or breakdown properties of different polymers into smaller size fractions No Yes
under varied environmental conditions.

Assess the effect of natural organic matter and micro-organisms (biofilms) on transport and sorption of No Yes

microplastic-associated contaminants.
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2.1.4.2. Long-Term Opportunities

There are several long-term opportunities for the USGS
to help fill science gaps related to microplastic sources,
pathways, and fate (table 1). For example, the USGS could
leverage its expertise and national monitoring networks
for holistic, multimatrix watershed-scale evaluations of
microplastic sources and pathways in different regions to
determine the relative importance of different sources and
pathways and inform source and pathway apportionment.
Additionally, the USGS could assess microplastic mitigation
and sequestration strategies across a variety of natural and
built environments (for example, green infrastructures);
evaluate natural and anthropogenic drivers that deliver
microplastics to groundwater systems; investigate chemical
sorption and desorption of contaminants in environmental
matrices and leaching of chemicals to determine the relative
effect compared to contaminants in other environmental
compartments; characterize the fragmentation/breakdown
properties of different polymers into smaller size fractions
under varied environmental conditions; and determine
how the fate of microplastics and microplastic-associated
contaminants is affected by natural organic matter, micro-
organisms, and growth of biofilms on microplastic surfaces.

2.2. Human and Wildlife Exposure Routes

Exposure routes for microplastics in humans and wildlife
include ingestion (active or passive, through contaminated
food or water, fluvial particles, and deposited dust), inhalation
(lungs, gill), and dermal contact (Prata and others, 2020; Roch
and others, 2020). Microscopic assimilation, ingestion, and
presence in the gut or tissue of many organisms in laboratory
and field studies have been documented across all trophic
levels, including phytoplankton, zooplankton, algae, plants,
invertebrates, fish, amphibians, reptiles, birds, and mammals.
Once in the food web, microplastics can transfer to higher
trophic levels. Humans are primarily exposed to microplastics
through inhalation and ingestion (Prata and others, 2020),
and microplastics have been found in lung tissues (Jenner
and others, 2022) and in blood (Leslie and others, 2022).
Although the USGS focuses on the effects of microplastics on
the environment and wildlife, we also work closely with State
and Federal agencies and other partners that focus on human
health to develop integrated holistic One Health Science.

2.2.1. State of the Science

2.2.1.1. Environmental Exposure

Early research on the presence of microplastics in the
environment was completed in aquatic ecosystems, with
marine studies (77 percent) dominating (de Sa and others,
2018; Miller and others, 2020). In recent years, studies have
expanded greatly into freshwater and terrestrial ecosystems

(Eerkes-Medrano and others, 2015; Sarijan and others, 2021;
Wong and others, 2020). Ingestion of food and water are
considered the most important pathways of microplastic
uptake for aquatic and terrestrial wildlife and humans
(Prata and others, 2020; Roch and others, 2020; Zantis and
others, 2021). However, a recent study reviewing ingestion
of table salt, drinking water, and inhalation of air as exposure
routes indicated inhalation (indoor air) to be the most signifi-
cant pathway for human exposure (Zhang and others, 2020).
In addition, fish (Kiryu and others, 2000; Lu and others,
2016; Bhagat and others, 2020) and aquatic invertebrates
(Watts and others, 2014; Kolandhasamy and others, 2018) can
also absorb microplastics through the skin, gills, and other
exposed tissue. Microplastics in aqueous exposures attached
to the chorion of zebrafish (Danio rerio) eggs but were not
observed in the embryos (Batel and others, 2018). To date, no
clear evidence of maternal transfer has been demonstrated in
higher vertebrates, although microplastics were observed in
human placentas (Ragusa and others, 2021).

Accidental ingestion may be common for passive
filter feeders and for active foragers such as fish and some
invertebrates, which may mistake the particles for food (Roch
and others, 2020). In a laboratory study, fish species relying
on visual foraging cues ingested more microplastics than
those relying on chemosensory cues (Roch and others, 2020),
which may explain why many pelagic fish species have been
reported with higher concentrations than benthic species in the
marine environment. However, in the riverine environment,
benthivores may have an even higher risk than plankivores
due to accumulation of microplastics in sediments (McNeish
and others, 2018). Diet breadth may also affect microplastic
uptake. In a study of intertidal fishes, omnivorous species had
higher amounts of microplastics in their guts than herbivores
or carnivores (Mizraji and others, 2017).

Example of plastic bag in water column. Photograph by
Deb Iwanowicz, U.S. Geological Survey.
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2.2.1.2. Translocation Within Organisms

The potential for bioaccumulation (accumulation
within the tissues of an organism at a level greater than the
surrounding environment) of microplastics seems to be
variable according to current (2023) literature. Gouin (2020)
reviewed data from more than 800 organisms at all levels
of biological organization in which microplastics have been
observed. Approximately 90 percent of the studies enumerated
microplastics in the stomach and (or) gastrointestinal tract.
It is documented that the presence of microplastics in the gut
is often transient as both ingestion and egestion or excretion
of microplastics occurs (Woods and others, 2018; Xiong and
others, 2019). Assessment of the data did not support bioac-
cumulation or biomagnification. Conversely, Mcllwraith and
others (2021) found that seven species of sportfish showed
widespread presence of microplastics in the guts, livers, and
fillets. Although microplastics in the gut may be excreted,
in 2023, it is unknown if particles in other tissues will be as
easily removed. In a review and meta-analysis of studies in
the marine environment, Miller and others (2020) indicated
that bioaccumulation occurs within trophic levels, but biomag-
nification (increasing concentrations with increasing trophic
level) was not observed. The bioaccumulation appeared to be
more strongly related to feeding strategies than trophic levels.
More information is needed about how microplastics enter
specific tissues and if they remain there.

2.2.1.3. Translocation of Microplastics Among Organisms

Trophic transfer (the transfer of contaminants from
one trophic level to another) of microplastics in simple food
chains has been documented. For instance, consumption of
contaminated zooplankton resulted in the translocation of
microplastics to benthic filter feeders (Van Colen and others,
2020). Predatory midges were also found to accumulate
microplastics through consumption of larval (Culex) mosquito
prey (Cuthbert and others, 2019). Microplastics can also
become entrapped in biofilms and then become available to
biofilm grazers (McCormick and others, 2016). Microplastics
adhered to or within biofilms on aquatic plants can be a
route of exposure when the plants are eaten by herbivorous
invertebrates and fishes (Gutow and others, 2016; Goss and
others, 2018). Zhang and others (2019) measured microplastic
abundance in 11 wild fish species and 8 wild crustacean prey
species and found that abundance was significantly lower
in crustaceans than fish species, leading to speculation that
trophic transfer occurred.

The mechanisms driving microplastic trophic transfer in
more complex food webs is relatively unknown (Provencher
and others, 2019; Krause and others, 2021). A study evaluated
microplastic transfer from water to tadpoles to fish to mice.
Tadpoles ingested and accumulated microplastics from the
water, and fish that ate those tadpoles had microplastics not
only in the gut but also the liver. Microplastics were also
observed in the livers of mice fed ground contaminated fish
(da Costa Aratjo and Malafaia, 2021).

Shifts in habitat caused by ontogenetic changes in
animals (that is, changes in appearance, habitat, or diet,
during its development) could also be important in mediating
movements of microplastics within and across ecosystem
boundaries. Foraging movements, migrations, and other
ontogenetic shifts in habitat such as caused by insect meta-
morphosis can alter distribution and exposure to microplastics.
Fish and bird migrations can move particles long distances
from the source and between aquatic and terrestrial
ecosystems (Bourdages and others, 2021). Microplastic
beads in larval aquatic insects, such as mosquitos, can be
transferred from larvae to pupae to adult, although the number
of particles in adults are greatly reduced (10—-100 times lower)
compared to numbers in pupae or larvae (Al-Jaibachi and
others, 2018). Because Culex oviposition, habitat selection,
growth, and survival through metamorphosis were not affected
by microplastic accumulation, even a small per individual
transfer of microplastics could export a large quantity of
microplastics from aquatic ecosystems to the terrestrial
environment (Al-Jaibachi and others, 2019). Microplastics
adhered to the periphyton can be ingested by tadpoles which,
through metamorphosis, could be another transfer path from
the aquatic to terrestrial environment (Boyero and others,
2020). Finally, feces and decomposition of plant and animal
tissue can be another pathway of microplastic movement
within and among ecosystems. For instance, filter-feeding
benthic invertebrates can ingest microplastics from the water
column and transfer them to benthic organisms through feces
or pseudo feces (Krause and others, 2021).

2.2.2. Science Gaps

To understand exposure routes and sublethal effects
(see section 2.3., “Ecotoxicology”) of microplastics, research is
needed to identify the factors affecting uptake of microplastics
and potential accumulation within various tissues and
ecosystem components. The need for research is especially true
in identifying routes of exposure for humans and other higher
vertebrates. For instance, humans may consume multiple
tissue types of certain organisms (for example, shellfish)
but primarily the muscle of other organisms (for example,
fish). Very little is understood about the mechanisms driving
trophic transfer of microplastics and their movement through
complex ecosystems. Additional information is needed on
transfer among plants, algae, and other lower trophic levels,
from invertebrates to vertebrates. There is also a need to under-
stand transport among segments of an ecosystem, including
air, water, and land. For example, the insect-mediated transfer
of microplastics from aquatic to terrestrial environments
could lead to additional unexpected exposures of terrestrial
consumers to aquatically derived plastics.
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2.2.3. USGS Capabilities and Expertise

The USGS has a broad history of research on the various
routes of chemical exposure to wildlife and is well positioned
to address the knowledge gaps surrounding exposure to
microplastics. One area of strength is the cross-disciplinary
work that has led to the analysis of many chemical
compounds within tissues of both aquatic and terrestrial
organisms collected as part of landscape or ecosystem studies.
The infrastructure for analyzing these compounds in multiple
sample types has been well demonstrated within the USGS,
from multiple disciplines and within multiple mission areas
(for example, ecosystems, water resources, and energy and
minerals). Microplastic analyses could be added to samples
from various media, including water, sediment, and tissue.

Predictive models of contaminant transfer have been
developed for many situations: (1) transfers between aquatic
and terrestrial environments and across insect metamorphosis
(Kraus and others, 2014; Kraus, 2019; Krause and others,
2021) and (2) accumulations in sentinel taxa, including birds
(Custer and others, 2003) and spiders (Walters and others,
2018). In addition, the USGS works closely with public health
officials across the Nation to track data on human health.

2.2.4. USGS Science Opportunities

2.2.4.1. Short-Term Opportunities

The USGS is working with Federal agencies, State
agencies, Tribes, nongovernmental organizations, and
academic institutions to expand its research on human
and wildlife exposure routes from microplastics (table 2).
One short-term opportunity would be the derivation of a
predictive framework for understanding the routes of micro-
plastic exposure to wildlife based on previous knowledge of
environmental transport and bioaccumulation of contaminants
known to adsorb to particles. In addition, the USGS and its
partners could study trophic and ontogenetic transfer, which
would include the transfer of microplastics and degraded
compounds among organisms, as well as determining the
effects of migratory and ontogenetic movements on the
transport of microplastics from place to place.

2.2.4.2. Long-Term Opportunities

The USGS could contribute to and (or) start collaborative
interagency or multi-institution research studies that would
identify exposure routes of microplastics that have not been
adequately researched. Paired laboratory and field studies of
the patterns of uptake and transfer of microplastics and their
associated chemicals would reveal causal mechanisms and
landscape patterns of exposure to microplastics (table 2).

Table 2. Short- and long-term science opportunities for
researching potential exposure routes of microplastics to humans
and wildlife.

[Short- and long-term science opportunities determined through literature
reviews and gap analyses. USGS, U.S. Geological Survey]

. o L
Science opportunities that could be  Short term (3023:(::
addressed by USGS capabilities (1-2 years)
years)
2.2—Human and wildlife exposure routes
Environmental exposure
Identify exposure routes that have Yes Yes
not been adequately researched
for wildlife and humans through a
literature review.
Uptake and translocation to tissues
Identify intrinsic and weathering Yes Yes
factors that may affect uptake by key
wildlife at different trophic levels.
Identify factors of microplastics and Yes Yes
organisms that affect translocation
within bodies of wildlife.
Trophic and ontogenetic transfer
Evaluate transfer of plastics and the Yes Yes
degradation of compounds from
organism to organism within
food webs.
Determine if maternal transfer occurs No Yes
through egg-laying and live-bearing
wildlife.
Identify migratory and ontogenetic Yes Yes
movements of microplastics in
wildlife.

2.3. Ecotoxicology

Microplastics have been documented in many species
worldwide, yet ecotoxicological data for microplastic
exposures are relatively sparse (Anbumani and Kakkar, 2018;
Proki¢ and others, 2019; Huang and others, 2020).

However, the effects of microplastics have been docu-
mented in organisms from bacteria to mammals and
toxicology studies show that these effects are complicated.
Toxic effects of microplastics, when found, have been
attributed to (1) the particles themselves (Wright and
others, 2013; Anbumani and Kakkar, 2018), (2) intrinsic
chemicals associated with plastics during manufacturing,
and (3) exogenous compounds for which the microplastics
are vectors of transport into the organism. Effects have been
studied most commonly at the organism or suborganismal
level, but ultimately it is important to understand effects at the
population, community, and ecosystem levels.
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2.3.1. State of the Science

Recent reviews of the state of the science regarding the
ecotoxicological effects of microplastics (Eerkes-Medrano and
others, 2015; Anbumani and Kakkar, 2018; de Sa and others,
2018; Proki¢ and others, 2019; Huang and others, 2020;

Ma and others, 2020; Sarijan and others, 2021) report effects
on survival, growth, reproduction, immune response, meta-
bolic changes, and behavior. Among reports of microplastics
in aquatic environments, most have been on organisms such as
fish and small invertebrates (de Sa and others, 2018). Meta-
analysis of the research on those species indicate that species
have neutral to slightly negative effects of microplastics on
consumption, growth, reproduction, and survival that vary
among taxa (Foley and others, 2018). Toxicity data for other
species, including amphibians, mammals, reptiles, and birds,
are limited and require further study. A short review of effects
of microplastics on sea birds speculates that microplastics
may negatively affect feeding and nutrient absorption on sea
birds such as the Antarctic prion (Pachyptila desolata), sooty
shearwater (Puffinus griseus), giant petrel (Macronectus
giganteus) according to Susanti and others (2020). In humans,
microplastics have been implicated in the disruption of
immune function and neurotoxicity. The immune system’s
inability to remove the particles may lead to oxidative

stress, chronic inflammation, and increased risk of neoplasia
(Prata and others, 2020).

USGS scientist performs gastric lavage on trout
captured in mineralized streams of the Colorado
Mineral Belt. Photograph by Peter Leipzig,
U.S. Geological Survey.

2.3.1.1. Toxicity of Microplastic Particles

The toxicity of microplastics is concentration dependent
(Gutow and others, 2016; Lu and others, 2016; Everaert and
others, 2018) and varies based on the type, size, and shape
of the particles (Huang and others, 2020; Zimmermann and
others, 2020). Generally, smaller particles are more toxic than
larger ones because they have greater surface-area-to-volume
ratios and can translocate through cellular membranes
(Jeong and others, 2017). However, this pattern is highly
reliant on the mechanism of effect (for example, false satiation
leading to reduction of food ingestion) versus physiological
response (damage to gut walls and hypoxia), species
morphology, and life stage (Martins and Guilhermino, 2018;
Wu and others, 2019).

Microplastics are toxic to primary producers such as
phytoplankton, disrupting feeding and photosynthesis, and
negatively affecting growth, development, and reproduction.
Additionally, polysaccharides secreted by phytoplankton
may agglomerate (form into a mass) microplastics (Long and
others, 2017), creating an exposure pathway for higher trophic
species. Copepods (Calanus helgolandicus) feeding in the
presence of microplastics consumed 40 percent less carbon
biomass, resulting in lower growth, fecundity, and survival
(Cole and others, 2015). Corals may be affected both through
ingestion and passive adherence, leading to adverse effects
on coral cleaning and feeding mechanisms. Soares and others
(2020) documented many effects, including reduced growth,
decreased activity of detoxifying and immunity enzymes, and
negative effects on coral-Symbiodiniaceae relationships.

Exposure of insects such as honeybees (4pis spp.) to
microplastics in food affected their gut microbiome, leading to
decreased gut microbiota a-diversity (Wang and others, 2021b).
These changes altered the expression of certain genes, including
some related to the immune system, although bee growth was
not affected. Dosing the bees with antibiotics greatly increased
the lethality of the microplastics to the bees, leading the authors
to indicate that the bee gut microbiome protects the bees from
the toxic effects of microplastics (Wang and others, 2021b).
Alterations of gut microbiomes of other invertebrates such
as shrimp (Duan and others, 2021) have also been reported.
Studies have also documented aquatic vertebrates, such as
zebrafish, with intestinal inflammation and disorders of the
metabolome (Qiao and others, 2019; Roch and others, 2020).

Microplastics in organisms such as fish and aquatic
invertebrates affect feeding, growth, development, immune
response, reproduction, and survival, and they can cause tissue
inflammation (Foley and others, 2018; Ahrendt and others,
2020; Horn and others, 2020). The presence of microplastics
is often evaluated in the stomach and gastrointestinal tracts,
and correlations are made between presence of microplastic
particles and observed effects. While it has been documented
that microplastic particles can be absorbed from gut, gill, and
body surfaces and transported to other tissues, many species
quickly eliminate certain types and sizes of microplastics
(Graham and others, 2019; Spanjer and others, 2020).
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The uptake of particles from the gut and translocation are
related to particle size. Laboratory studies with zebrafish
indicated that microplastic particles (<5 um) were translocated
to the liver (Lu and others, 2016). More toxicity data are
needed at environmentally relevant concentrations and for
environmentally relevant particle types.

2.3.1.2. Toxicity of Intrinsic Chemicals

During manufacturing, chemical additives such as
metals and organic chemicals are often added to plastics
to improve performance, elasticity, slow degradation, or
reduce flammability, among other purposes. Chemical
additives include, but are not limited to, flame retardants,
phthalates, phenols, bisphenol A, antimicrobials, and synthetic
antioxidants. Some of these additives may be endocrine
disrupting and (or) toxic to organisms if they later leach from
plastics into the environment or directly into their digestive
tracts (Chen and others, 2022). Understanding the role of
additives on the environment and wildlife is critical.

Multiple studies on aquatic organisms, including
invertebrates, fish, and waterbirds, have shown the synergistic
negative effects of microplastics and adsorbed contaminants,
including changes in blood chemistry, foraging and swimming
behavior, genotoxicity, oxidative damage to cells, metabolic
activity, immunotoxicity, neurological responses, alterations
in gene expression, liver toxicity, and pathology after chronic
exposure (Huang and others, 2021). Leaching of these metals
and organic compounds into the environment depends on the
physicochemical properties of the chemicals and can change
due to a range of factors, including salinity, hydrophobicity
and (or) lipophilicity, molecular weight, surface charge, water
or air velocity, and exposure to sunlight (Chen and others,
2019a). For example, ultraviolet radiation accelerates the
release of polybrominated diphenyl ethers (Khaled and others,
2018), while salinity slows the leaching behavior of phthalates
(Paluselli and others, 2019). Microplastics collected from the
marine environment continued to leach endocrine-disrupting
chemicals (for example, multiple phenols) when exposed
to solar irradiation for 1 month (Chen and others, 2019b).
Other researchers have demonstrated the leaching of toxic
chemicals from tire rubber particles, including 6PPD-quinone,
polyaromatic hydrocarbon congeners, benzothiazole, and zinc
(Panko and others, 2013; Redondo-Hasselerharm and others,
2018; Capolupo and others, 2020; Kolomijeca and others,
2020; Tian and others, 2021).

Ingested plastics can leach chemicals directly into the
gastrointestinal tract of consumers through the desorption
of intrinsic contaminants. Estrogenic and polybrominated
diphenyl ethers chemicals were shown to leach from multiple
plastic types, including polypropylene, polystyrene, and
polyethylene (see sidebar 4), when placed in laboratory
mimics of gastrointestinal conditions of both fish and sea
birds (Coffin and others, 2019; Guo and others, 2020), but
co-ingestion of sediment and food items can confound the
amount of leachate that makes it into the organism through

the adsorption of these leached chemicals. Additional work
has shown that multiple metals leach from ingested plastics,
including bromine, cadmium, chromium, mercury, lead, and
antimony, and that their mobilization in the gut fits standard
diffusion models (Smith and Turner, 2020). Although many
chemicals leach into the gut after ingestion, little work

has demonstrated acute or chronic toxicity or determined

if microplastics represent a pathway for intrinsic plastic
chemical additives that bioaccumulate and biomagnify at
environmentally relevant microplastic concentrations.

The exposure to and effects of leached microplastic
chemicals on organisms can vary. Microplastics can act as
both a vector (delivering contaminants to an organism) and
a scavenger (restricting the uptake of contaminants to an
organism) of organic contaminants, dependent on the concen-
tration of both the additives and the plastic (Liu and others,
2020). Field studies have correlated microplastic uptake
with chemical concentrations of leachate in tissues (Jang and
others, 2016; Khoshmanesh and others, 2023). Laboratory
studies have documented the potentially acute toxic effects of
leached plastic additives (both organic and metal) on aquatic
organisms through leaching experiments (Huang and others,
2020). However, the presence of microplastics in the gut
along with exposure to different chemical additives can have
confounding effects, with plastics acting both to promote
(Wardrop and others, 2016) and prevent (Chua and others,
2014) the uptake of organic contaminants.

2.3.1.3. Vector for Exogenous Compounds

In addition to acting as a vector of leached plastic
additives, microplastics are shown to effectively concentrate
contaminants, including organic contaminants and metals,
from their surrounding medium (that is, air or water)
(Brennecke and others, 2016; Liu and others, 2019). The
concern about microplastics acting as a vector for exogenous
compounds is twofold: microplastics can act as vectors
for these adsorbed contaminants and absorbed substances
may increase microplastics uptake. For example, Athey and
others (2020) found that larval fish more readily consumed
zooplankton prey containing microplastics that had been
treated with DDT (dichloro-diphenyl-trichloroethane) than
they consumed zooplankton that contained untreated plastics.

Factors affecting the toxicity of adsorbed contaminants
are similar to factors affecting contaminants that leach out
from virgin (that is, newly manufactured) plastics. There are
potentially thousands of contaminants that can be adsorbed to
microplastic particles. The type of contaminants adsorbed by
microplastics is dictated mainly by a chemical’s hydrophobicity
(though, pi interaction and electrostatic interaction are also
important); more hydrophobic chemicals are more likely to
adsorb to microplastic polymers (Tourinho and others, 2019;
Luo and others, 2022). Multiple studies, on invertebrates, fish,
and waterbirds, have shown the synergistic negative effects of
adsorbed contaminants and microplastics, including changes in
blood chemistry, changes in foraging and swimming behavior,
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genotoxicity, oxidative damage to cells, metabolic activity,
immunotoxicity, neurological responses, alterations in gene
expression, liver toxicity, and pathology after chronic exposure
(Huang and others, 2020). Microplastics can also act as
antagonists by adsorbing aqueous phase contaminants, which
reduces organism exposure, even when those contaminant-
laden plastics are ingested (that is, desorption in the organism
does not occur) (Rehse and others, 2018). Results are highly
chemical, plastic, and species specific, making it difficult to
generalize the effect of exogenously absorbed contaminants

on aquatic organisms. A critical review and re-interpretation of
empirical studies by Koelmans and others (2016) indicates that
in most marine habitats, consumers assimilated hydrophobic
organic chemicals from natural prey tissues in much greater
amounts than they assimilated from ingested microplastics;
thus, microplastic ingestion is not likely to increase

exposure to those chemicals.

2.3.1.4. Populations and Community Effects

By providing a novel substrate and potential source of
energy and toxicants to micro-organisms, microplastics can
change the assemblages and functions of microbe communities
in the environment and guts of living organisms (Lu and others,
2019; Helmberger and others, 2020; Ma and others, 2020).
These changes have implications for human and environmental
health. For example, microbial colonization of microplastics
in wastewater can possibly lead to the spread of antimicrobial
resistance genes in biofilms in wastewater treatment plants
(Eckert and others, 2018; Lu and others, 2019). Bacteria, fungi,
and other micro-organisms can colonize microplastics, forming
biofilms called the plastisphere (Zettler and others, 2013).

A study indicated that plastics were home to taxonomically
enriched and distinct fungal communities and accumulated
pathogenic fungi within a riverine system (Xue and others,
2021). Prata and others (2019b) reviewed the effects of micro-
plastics on microalgal populations and concluded that current
(2023) environmental concentrations would not cause toxicity.
However, disruption of populations could occur by reducing
the availability and (or) absorption of nutrients or an increase
in populations by decreasing predator populations such as
zooplankton that may be more susceptible to microplastic
toxicity (Foley and others, 2018).

Population effects of microplastics have also been
documented in invertebrate species. Mueller and others
(2020) documented changes in nematode population density
in sediments exposed to microplastic beads. Martins and
Guilhermino (2018) documented that exposure of Daphnia
(small planktonic crustaceans) to ecologically relevant
microplastic concentrations (polluted sites) led to mortality
even beyond the exposed first generation. After a single
exposure, succeeding generations of Daphnia exhibited lower
fecundity and did not recover to preexposure condition until the
third generation (Martins and Guilhermino, 2018).

Finally, predator-prey interactions can be affected by the
presence of microplastics and their leachates, although the
mechanisms and magnitude of effects (if any) are variable.

A meta-analysis of reported effects of microplastics on fish
and aquatic invertebrates found that a reduction in prey
consumption was the most consistent effect detected across
studies (Foley and others, 2018). In an experimental trial,
predation rates of zooplankton larvae by benthic filter feeders
(bivalve mollusks) were 30 percent lower when zooplankton
were contaminated with microplastics than when clean prey
were available (Van Colen and others, 2020). The microplastic
uptake by zooplankton altered their swimming behavior

and made them less likely to be filtered from the water
column and consumed (Van Colen and others, 2020). In
another experiment, microplastic leachates from virgin and
bleached microplastic pellets impaired the vigilance and
predator-avoidance behaviors of an intertidal snail (Littorina
littorea) by approximately 15-64 percent when exposed to
chemical cues of a common predatory crab (Carcinus maenas)
(Seuront, 2018). These findings imply that consumption rates
of these larval fish could potentially increase in the presence
of microplastics. Consumption of mosquitoes by Chaoborus
(midge) larvae (attack rate and handling time) was not affected
by uptake of microplastic particles by mosquito prey (Cuthbert
and others, 2019). Thus, different studies indicated that micro-
plastics could make prey better or worse at avoiding predation
or evoke no change. In terms of how these effects could play
out at the population level, a modeling study extrapolated that
reductions in feeding due to presence of microplastics would
have negligible effects on the population dynamics of the
predator-prey system (Huang and others, 2020).

2.3.1.5. Ecosystem Effects

Ultimately, the effects of microplastics on microbes and
other organisms may lead to changes in ecosystem functions
and services, such as productivity, nutrient cycling, carbon
sequestration, and pollination (Helmberger and others, 2020;
Ma and others, 2020). As a result, scientists have used multiple
lines of research to investigate the effect of microplastics
on ecosystems. For productivity, a large-scale model of the
North Sea (lat 56.5110° N., long 3.5156° E.) predicted that
microplastics would not affect the total primary or secondary
production, but spatial patterns of secondary production would
be altered (Troost and others, 2018). Nutrient cycling could
be affected by microplastics by providing a novel substrate
for colonization by a plastic-specific assemblage of microbes
(Eckert and others, 2018; Oberbeckmann and others, 2018;
Chen and others, 2020) and by altering filtration rates by
benthic bivalves (Cluzard and others, 2015; Green and others,
2017). In aquatic ecosystems, microplastic biofilms accelerate
ammonia and nitrite oxidation as well as denitrification
(Chen and others, 2020). For bivalves, filtering rates of
Ostrea (oysters) increased in the presence of microplastics,
leading to reduced porewater ammonium concentrations and
biomass of benthic cyanobacteria (Green and others, 2017).
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On the other hand, Mytilus (mussel) filtering rates did not
change in the presence of microplastics (Green and others,
2017), while ammonium concentrations increased in the
water surrounding commercial clams contaminated with
microplastic beads (Green and others, 2017). Green and
others, (2017) implied that their results showing increased
ammonium concentrations in the water around clams exposed
to microplastics could potentially lead to increased algal
blooms around commercial shellfish operations. In terrestrial
ecosystems, microplastics increased nutrient contents of
organic matter dissolved from soil (Liu and others, 2017).
Finally, a review of the effects of microplastics on insects
indicated that multiple ecosystem services provided by insects
could be affected including pollination, mostly because
microplastic beads could mimic pollen (Oliveira and others,
2019). Interestingly, Oliveira and others (2019) also indicated
that certain insect larvae might be able to help remediate the
effects of plastics by consuming and digesting them.

2.3.2. Science Gaps

There are many gaps in our understanding of the
acute and chronic toxicity of microplastics on individuals,
populations, and ecosystems. Teasing out the complex
interactions of microplastic particles, intrinsic and adsorbed
compounds, and other environmental stressors is necessary,
but difficult, especially in wild populations. Microplastics
must be considered in conjunction with the other chemical
contaminants and biological stressors, such as pathogens and
parasites. Additionally, for cold-blooded aquatic organisms
such as invertebrates and fishes, metabolic and immune
responses and reproduction are affected by climatic factors
such as temperature and photoperiod that must be considered.
Most of the available aquatic vertebrate toxicology data come
from laboratory studies of model species, such as zebrafish
(Bhagat and others, 2020). These model species are useful as
they are easily cultured, small, easily bred and maintained,
and have a short life cycle and well-documented genetics.
However, questions have been raised about the relatively high
concentrations of microplastics used in laboratory exposures
and application of the findings to longer lived species
(Roch and others, 2020). Researchers are quick to point out
that concentrations in the environment are too low to elicit
many of the effects shown in the laboratory (de Ruijter and
others, 2020) and many of the effects (such as growth, immune
response, reproduction, and tissue inflammation) seen in the
laboratory are not uniquely attributable to plastic particles.
Similar effects can occur due to naturally occurring particles
and other confounding factors (Ogonowski and others, 2018;
Roman and others, 2021). Identification of sensitive species,
effects on economics and threatened and endangered species,
and species most closely tied to bioaccumulation through
food webs is necessary.

2.3.3. USGS Capabilities and Expertise

The USGS has a long history of research in ecotoxicology
and ecosystem science and is well positioned to tackle the
science gaps involving the toxic effects of microplastics on
organisms, communities, and ecosystems. The infrastructure
and personnel for creating large-scale controlled experiments
and landscape-level field studies of organismal and
ecosystem responses to chemical contaminants have been
well demonstrated within multiple disciplines and mission
areas (for example, ecosystems, water resources, and energy
and minerals). The USGS has multiple laboratory facilities
to complete ecotoxicological studies. Some of these aquatic
laboratory systems were designed to remove contaminants
from the effluent stream and include physical filtration systems
sufficient to remove microplastics. Other laboratories designed
for mesocosm studies (for a range of species, including inverte-
brates, fish, mussels, amphibians, birds, and mammals) can be
simply retrofitted for this same removal capability. In addition
to these facilities, the USGS has many pond facilities, living
streams, and specialized containment laboratories that could be
retrofitted for contaminant removal processes and for studies
to answer questions concerning microplastics and relevant
pathogens. These laboratories are dispersed across the Nation
and are run by a diverse network of staff who are capable
for deployment for both field- and laboratory-related studies
following a structured and documented Quality Management
System that ensures quality in work processes, products, and
laboratory services. The Quality Management System was
revised in 2022 (U.S. Geological Survey, 2022).

~_USGS scientist monitoring surface water
% sampling at the Bear Head Lake in Minnesota.
;@ Photograph by James Romano,

i
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/ U.S. Geological Survey.
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2.3.4. USGS Science Opportunities

2.3.4.1. Short-Term Opportunities

The USGS could prioritize toxicological studies with
different plastic polymers by (1) using data from new studies,
(2) identifying the relative likelihood of toxicity of different
polymers and associated chemicals by consulting existing
databases such as CompTox (Williams and others, 2017)
and ToMEx (Thornton Hampton and others, 2022), and
(3) identifying sensitive and economically important species.
Examples of species to study include Atlantic and Pacific
herring (Clupea spp.) or river herring (4losa spp.), anchovies
(family Engrulidae), American eel (Anguilla rostrata), shrimp
(family Caridae), and red snapper (Lutjanus campechanus).
Integrative studies could prioritize toxicological studies within
the USGS from multiple disciplines and within multiple mission
areas, including ecosystems, water resources, and energy
and minerals. This prioritization would start the transition
from microplastics being generally considered as a single
contaminant to categorizing and defining microplastics by
toxicologically relevant groups. After prioritization, studies
could focus on acute and chronic toxicity tests measuring
sublethal endpoints in sensitive species across trophic levels
(microbes to secondary consumers). Toxicity studies should
consider different exposure routes and potential mixtures
while being designed for use in environmental risk assessment
applications (well replicated over a range of concentrations for
the development of dose-response curves). Polymer-specific
toxicity testing methods should be developed for many polymer
morphologies (types) and sizes and should reflect what is most
prevalent in environmental occurrence studies (fibers and
nanoplastics). For toxicity modeling and prediction, sorption
constants of exogenous and intrinsic chemicals could be
determined for chemicals on a polymer-specific basis (table 3).

Table 3. Short- and long-term science opportunities for
researching the ecotoxicology of microplastics.

[Short- and long-term science opportunities determined through literature
reviews and gap analyses. USGS, U.S. Geological Survey]

Science opportunities that could be ters:;:t—z :‘; :?:‘::2
addressed by USGS capabilities
years) years)
2.3—Ecotoxicology
Design toxicology and bioavailability studies Yes Yes
focused on intrinsic and exogenous
chemicals associated with microplastics.
Conduct systems toxicology studies to define No Yes
modes of action and adverse outcome
pathways.
Plan mixture toxicity studies (polymer, No Yes
chemical, and their interactions)
Conduct microcosm or mesocosm studies No Yes

to understand effects at the population,
community, and ecosystem levels.

2.3.4.2. Long-Term Opportunities

Experimental approaches for understanding microplastic
toxicity need to be identified to better characterize
microplastic toxicity with both physical and chemical modes
of action. Studies are needed to understand the toxicity of
both virgin and weathered microplastics. Once individual
polymer, exogenous chemical, and polymer with intrinsic
chemical studies are completed, more work will be
needed on polymer mixture toxicity and sorbed chemical
mixtures. Systems toxicology studies could be designed to
elucidate the mechanism of toxicity of different polymers
by integrating in vitro and in vivo toxicity data with
computational modeling to inform and predict toxicity of
microplastics to species not tested. Lastly, microcosm and
mesocosm studies, completed alongside field studies, could
be used to confirm laboratory effects in natural systems
and to test microplastics' effects on populations and at the
ecosystem level. Field studies, in particular, could be used to
reveal the ecological and ecosystem effects of microplastics
on patterns and processes such as decomposition, insect
emergence, nutrient cycling, predator-prey interactions, and
biomass and distribution of species of interest.

USGS employee samples sediment for microplastics
in Lake Mead, 2017. Photograph by Austin Baldwin,
U.S. Geological Survey.
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2.4. Sampling Protocols

Environmental sample collection for microplastics
in water, on land, in air, and in biota has been increasing
substantially over the past decade; however, sample
collection methods vary widely. Standard sample
collection protocols are especially lacking for collection of
microplastics in surface water and groundwater. Developing
standardized sampling protocols is critical for data usability
and transferability between sites and projects (Watkins
and others, 2021; Weis and Palmquist, 2021). While the
objectives of the study dictate the way in which samples
are collected, inherent biases exist in the two most common
water-sampling techniques—surface skimming and grab
sampling—that limit the ability to extrapolate throughout
the water column or across a waterbody. Several recent
critical reviews summarized the various methods for
surface-water sampling and offered suggestions for standard-
ization (He and others, 2018; Koelmans and others, 2019;
Prata and others, 2019a; Watkins and others, 2021). In late
2020, ASTM International (formerly American Society for
Testing and Materials), in coordination with international
partner organizations, drafted a standard practice for
collecting water samples for identifying and quantifying
microplastics in water that relies on pumping and field
fractionation rather than net skimming (ASTM International,
2020). Regardless of the collection method, precautions
should be taken to minimize microplastic contamination
from sampling equipment and containers, clothing,
processing surfaces, and the atmosphere (Brander and others,
2020; Scopetani and others, 2020).

2.4.1. State of the Science

Of all media types, surface waters have been the most
studied for microplastics, with the number of samples collected
in marine waters outnumbering those collected in freshwater
and inland systems (Akdogan and Guven, 2019). Variability
in sampling methods is the result of available equipment
and study objectives. Neuston, plankton, or (more recently)
microplastics nets with a rectangular frame and long sock to
trap floatables in the water are the traditional ways in which
samples are collected, with concentrations calculated based
on the measured volume of water that passed through the net.
Many researchers have used a standard net mesh size of 333 um
(Baldwin and others, 2016; Lenaker and others, 2019; Coles
and others, 2020), even though some have used mesh sizes as
small as 100 um (Baldwin and others, 2020). Expected ranges
in turbidity and sample conditions (for example, the amounts
of algae, leaves, and other organic materials in the water)
are important considerations during net selection to govern
the amount of water that passes before clogging. Surface net
samples tend to bias toward more buoyant particles that may
not exist throughout the water column, and several studies,
including one by the USGS (Lenaker and others, 2019),
have evaluated the effectiveness of sampling with smaller

nets at multiple depths to supplement surface skimming

(Dris and others, 2018). Representative sampling is critical

to thoroughly define the composition of plastic particles in

the water column: vertical partitioning is affected by polymer
density, and sampling only the water surface will bias results
toward low-density polymers and inaccurate concentrations

and loads (Lenaker and others, 2019). Field replicates and
blanks of sampling equipment are commonly collected to assess
variability and bias in sampling routines, including potential
contamination from sampling nets and other plastic equipment.

Whole-water surface-water samples have been used for
quantifying microplastics and typically require collection of
large volumes of water that are transported to a laboratory for
filtration. These samples generally result in a small fraction
of the volume represented compared to in situ net sampling,
resulting in less reproducible counts than those for samples
collected with nets (ASTM International, 2020). The ASTM
International water sampling method for identification and
quantification of microplastics is analogous to a point sample
collected within a representative part of a waterway or effluent
stream. However, the USGS is experimenting with a modified
version of the method that is a combination of pumping cross-
sectional points in the water column (similar to equal-depth
increment or equal-width increment sampling [U.S. Geological
Survey, 2006]) and passing water through a stack of sieves in
the field at a larger volume (>1,000 liters [L]) than typical grab
sampling can provide.

There is limited research on microplastic contamination
in groundwater. Studies of springs, groundwater wells, and
drinking water supplies have reported a predominance of micro-
plastic fibers relative to other morphologies (Alimi and others,
2018; Koelmans and others, 2019; Panno and others, 2019).
Agricultural drainage water has been identified as a source
of microplastics in shallow groundwater (Bigalke and others,
2022). Aquifer material (for example, karst versus glacial
unconsolidated sediment) and the overlying composition and
thickness of the vadose (or unsaturated) zone all play a role
in determining the extent to which groundwater can become
contaminated from land and shallow subsurface sources (Alimi
and others, 2018). Microplastic concentrations in groundwater
are typically lower than those in surface waters; therefore, a
collection of larger sample volume is recommended (Koelmans
and others, 2019). Because groundwater typically contains
much less organic matter and sediment than surface waters,
large volumes (>1,000 L) of whole-water surface-water samples
can be collected and filtered without the risk of clogging.

The potential for contamination during transportation and
processing meant that passing groundwater and (or) drinking
water through a sieve or filter at the point of collection has been
preferred (Koelmans and others, 2019).

Sample collection for microplastics in soils, bed
sediment, and biosolids resembles more traditional
approaches for chemical and microbiological assessments
(Corradini and others, 2019; Prata and others, 2019b;
Corcoran and others, 2020). Since about 2013, samples of
bed sediments have been collected from lakes, beaches,
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rivers, and some of the deepest known marine environments
(Woodall and others, 2014; Whitmire and Bloem, 2017;
Barrett and others, 2020). Bottom material and shoreline
sediment represent a sink for microplastics and, thus,

can contain high concentrations relative to the adjacent
water. Surficial sediment can be collected by shovel and
(or) scoop in terrestrial environments or different forms

of grab samplers such as a ponar in aquatic environments
(Prata and others, 2019a). Core samples have also been
collected to provide a timeline of microplastic deposition
(Turner and others, 2019; Baldwin and others, 2020).
Sample collections at wastewater treatment facilities and
agricultural fields have mainly been focused on determining
overall removal efficiency and loading to fields, respectively,
and required only a small sample volume because of the
high concentrations of microplastics in these waste media
(Ziajahromi and others, 2021).

Atmospheric deposition sample collection focuses
on two general types of deposition: wet, driven by rain or
snow, and dry (that is, dust) deposition in the absence of
wet precipitation. Recently, Brahney and others (2020a)
completed a study of wet and dry atmospheric deposition
of microplastics in the western United States in which
they reported that 98 percent of samples contained at
least some microplastics. Dry atmospheric deposition
sampling for microplastics has typically followed Dossett
and Bowersox (2019); however, recent publications have
adapted the standard dry deposition sampling chamber with
a custom-built dry sampling unit typically used for dust
collection called a Brahney bucket (Brahney and others,
2020b). Collection of atmospheric deposition quality-control
field samples has followed standard National Atmospheric
Deposition Program/National Trends Network field quality-
assurance protocols (Brahney and others, 2020a; National
Atmospheric Deposition Program, 2022).

Procedures for the collection of biological samples
for microplastic analysis generally follow methods used
for other contaminants (Wang and others, 2017; Hermsen
and others, 2018; Wang and Wang, 2018; Xu and others,
2020) with additional precautions to minimize microplastic
contamination (Brander and others, 2020; Scopetani and
others, 2020). Several studies have sampled microplastics by
purchasing fish directly from fisherman on docks or in fish
markets, which may be a relevant method if the study focus
is on human health and human consumption of microplastics
(Jabeen and others, 2017; Li and others, 2018), but not on
natural populations (Hermsen and others, 2018).

As a leading Federal agency in scientific environmental
data, the USGS can work with university researchers and
other Federal agencies to develop nationally consistent
sampling protocols for microplastics in surface water,
groundwater, sediment, soil, air, and biota that provide
representative environmental samples to inform decision
makers and modeling efforts.

2.4.2. Science Gaps

2.4.2.1. Sampling Protocols

The need for standard protocols for collection of
environmental microplastic samples is widely recognized as
a critical obstacle in the science of microplastics (Koelmans
and others, 2019; Brander and others, 2020; Watkins and
others, 2021; Gimiliani and Izar, 2022). This is especially true
for collection of microplastics in surface water. As of 2023,
meaningful comparison of data across studies of microplastics
in water is hindered by inconsistent sample collection methods
and analyses (Hermsen and others, 2018), which have evolved
along with the understanding of environmental occurrence, the
potential for sample contamination, and improved analytical
techniques, among other factors. Thus, there is a need for a
comprehensive assessment of existing sampling protocols,
especially in water, to develop a set of standardized methods
that can be used to collect comparable data by personnel
across the United States and in a range of conditions.
The recent development of a sampling method by ASTM
International (ASTM International, 2020) is a significant
step toward standardization and could improve interstudy
comparability among USGS studies. Before using any method,
USGS laboratories are required to verify they can perform
outside methods while meeting established acceptance criteria
or will have to validate the suitability and performance of any
newly developed methods (U.S. Geological Survey, 2022).
Practical considerations, such as the amount of time and the
equipment and supplies required to collect a sample, should
also be considered.

USGS scientist preparing to deploy microplastics net
with flow meter at the Mille Lacs Lake in Minnesota.
Photograph by Andrew Berg, U.S. Geological Survey.
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2.4.2.2. Quality Control

Quality-control considerations unique to microplastics
need to be included in the development of standardized
microplastic sampling protocols. Perhaps the most important
consideration is the potential for contamination. Because
microplastics come from a wide variety of sources and are
ubiquitous in both indoor and outdoor environments, there is
a high potential for contamination during all stages of sample
collection, processing, and analysis (Brander and others,
2020). Equipment, field, and laboratory blanks are therefore
critical to assess potential contamination throughout the
sample collection and analysis process. Replicate samples are
also necessary to understand microplastic heterogeneity and
sample representativeness. A quality-control consideration
unique to microplastics is that microplastic densities vary by
polymer, and therefore particles of different polymer types
will distribute differently in the water column and sediment
(Lenaker and others, 2019). Although not considered in
many microplastic studies, this vertical heterogeneity is an
important consideration in minimizing bias and collecting
vertically representative samples in water. In studies to date,
quality-control efforts related to sample collection have been
inconsistent (Koelmans and others, 2019). Thus, to help
guide the development of robust sample-collection methods,
there is a need for rigorous assessment of quality assurance
related to (1) maximizing sample representativeness and
reproducibility in different media, (2) minimizing bias, and
(3) minimizing contamination.

2.4.3. USGS Capabilities and Expertise

Among USGS microplastic studies, an effort has been
made to use consistent sampling methods, but changes
have been implemented over time to reflect current (2023)
best practices and to meet specific study needs. To date,
most USGS studies involving surface water sampling of
microplastics have used the same protocols outlined by
Baldwin and others (2016), but they have varied in their use
of net mesh sizes, net floatation devices, sampling depths,
and net rinsing procedures (Baldwin and others, 2016;
Lenaker and others, 2019; Baldwin and others, 2020; Coles
and others, 2020). USGS studies of atmospheric deposition
of microplastics (Wetherbee and others, 2019) have followed
the protocols of the National Atmospheric Deposition
Program (Dossett and Bowersox, 2019), using a combination
wet/dry collector equipped with a precipitation sensor and
a mobile sample-chamber cover. Sample collection and
analysis of microplastics in bed sediment (Baldwin and
others, 2020, 2021; Lenaker and others, 2021), soil (per
D.W. Kolpin, USGS and coauthor of this report, written
commun., 2020), and biota (Spanjer and others, 2020;
Baldwin and others, 2020, 2021) by USGS researchers have
been specific to project needs. Sample collection methods

have evolved over time, complicating the comparison of data
across studies and highlighting the need for standardized
sample collection procedures for each of the media.

The USGS has a long history of developing protocols
for sampling organic and inorganic constituents in water,
sediment, biota, and air, and it has the facilities and expertise
to address many of the existing gaps related to the collection
of microplastic samples. The resources include the USGS
National Water-Quality Network, along with an array
of hydrologic research laboratories stationed around the
Nation. The most critical gaps among the different types of
media are in standard sampling protocols for surface water
(including stormwater) and groundwater. These critical gaps
in sampling protocols can be filled from multiple disciplines
and within multiple USGS mission areas (for example,
ecosystems, water resources, and energy and minerals).
University researchers and Federal partners (EPA, NOAA,
NIST, and USGS) have already taken steps toward standard-
izing metrics and sampling protocols (Masura and others,
2015; U.S. Environmental Protection Agency, 2017; Cowger
and others, 2020). It is therefore imperative that the USGS
continue to work within these partnerships to develop
consistent sampling protocols across agencies and ensure
that USGS research remains relevant.

2.4.4. USGS Science Opportunities

2.4.4.1. Short-Term Opportunities

In the short term (1-2 years), the USGS could use its
expertise and existing laboratory capabilities (see section
2.5.3., “USGS Capabilities and Expertise”) to evaluate
existing sampling protocols, with the longer term goal
of developing a nationally consistent protocol for the
collection of microplastics samples in water (like surface
water, stormwater, groundwater, drinking water), bed
and suspended sediment, soils, and biota (table 4). As an
example, the USGS could use the flumes at its hydraulic
laboratory (Hydrologic Instrumentation Facility) to test
different water column microplastics sampling methods
under varying flow conditions and identify the strengths,
weaknesses, and biases of each method. These and other
activities should be done in cooperation with researchers at
other Federal agencies and universities, who have together
made significant progress toward these goals.

2.4.4.2. Long-Term Opportunities

In the long term (3 or more years), the USGS could
refine and publish sampling protocols for microplastics
in different media, based on the evaluations described in
section 2.4.4.1., “Short-Term Opportunities,” to meet the
data-quality standards of the USGS and other agencies.
Publication of standardized, nationally consistent sampling
protocols would enable meaningful comparison of
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microplastic data across studies and agencies. Additionally
in the long term, the USGS could partner with researchers
who are developing sensors and machine learning techniques
to provide real-time measurements or surrogate estimates of
microplastics in surface waters.

Table 4. Short- and long-term science opportunities for
evaluating and developing sampling protocols for microplastics.

[Short- and long-term science opportunities determined through literature
reviews and gap analyses. USGS, U.S. Geological Survey, QA/QC, quality
assurance and quality control]

Science opportunities that could be Short term :'; :?:J::
addressed by USGS capabilities (1-2 years)
years)
2.4—Sampling protocols
Evaluate existing sampling protocols Yes Yes
and equipment for microplastics in
different media (that is, surface water,
stormwater, groundwater, bed and
suspended sediment, soil, biota, and
atmospheric deposition) to assess biases,
representativeness, reproducibility,
strengths, and weaknesses.
Develop nationally consistent protocols No Yes
for sampling microplastics in
different media.
Develop guidance for field QA/QC. No Yes
Develop a field manual documenting No Yes

nationally consistent protocols for sam-
pling microplastics in different media.

2.5. Analytical Methods

2.5.1. State of the Science

Microplastic analysis is complex because of (1) the need to
isolate plastic material from the sampling matrix, (2) the large
number of polymers and diversity of chemical compositions,

(3) the changing properties of plastics as they oxidize and
degrade in the environment, and (4) adsorbed and absorbed
chemicals from the aquatic and atmospheric environment
(Hale, 2017). Unlike water-quality data that the USGS collects
on trace-organic chemicals, data for microplastic research
needs to characterize the abundance of individual particles

and their sizes and morphologies, in addition to their chemical
composition and concentration, (Hale, 2017). The physical state
of microplastics in the environment means that researchers often
must enumerate and characterize a specific size and class of

a solid polymer rather than being able to measure a dissolved
fraction as with other commonly analyzed contaminants.

This need to count particles has presented a challenge when
calculating concentrations of microplastics with current (2023)
analytical tools. NOAA released the first widely accepted and
used protocol in a 2015 technical memorandum (Masura and
others, 2015). The NOAA visual counting method was used
in many studies and was an essential first step in standardizing
methods across different laboratories (commercial, government,
and academic). Existing analytical methods for microplastics
can generally be broken down into the following components:
(1) isolation from the environmental matrix, (2) identification
and quantification of physical particles, (3) chemical char-
acterization of the particle (polymer), and (4) identification
and quantification of intrinsic and exogenous chemicals
accumulated by microplastics.

Analytical methods to date have relied on protocols from
academic journals and, frequently, on a method developed and
supported by the NOAA (Masura and others, 2015; Baldwin
and others, 2016) to enumerate and categorize microplastics
in water and sediment. Analytical protocols are now available
through ASTM International for sample preparation (ASTM
International, 2020). However, in 2023, ASTM International
methods are not approved for characterization (counting
or polymer identification). ASTM and EPA practices and
methods in development include 67563 Collection Practice,
67564 Preparation Practice, 67565 IR and Raman Test Method,
67788 Pyrolysis-Gas Chromatography-Mass Spectrometry
(Pyr-GC/MS) Test Method, and 70831 Reference Sample
Fabrication Practice (Cook and Allen, 2020). To the best of
the authors’ knowledge, as of 2022, California’s State Water
Resources Control Board is the only government entity in the
United States to officially adopt specific analytical methods
(Wong and Coffin, 2021a, b) under a regulatory mandate to
analyze microplastics in drinking water. Their chosen method
relies on a combination of visual (microscopy) particle identi-
fication and polymer confirmation with Raman spectroscopy
(for particles larger than 20 um) or infrared spectroscopy
(for particles larger than 50 um).

In most protocols, microplastic analysis first requires
the isolation and separation of polymers in a sample from
the surrounding matrix before counting, weighing, and
characterizing microplastics. Depending on sample type, the
general steps needed can include the chemical digestion of
organic material and separation of particles by density and size.
The most frequently used method to remove natural organic
matter from water and sediment samples is wet peroxidation
(or Fenton reaction) using hydrogen peroxide and an iron
catalyst (Prata and others, 2019a). Other digestion techniques
include, either individually or in combination, acid (De Witte
and others, 2014), alkali (for example, potassium hydroxide
is most often used for tissue digestion), enzymatic (Loder and
others, 2017), or Schweizer's reagent (ASTM International,
2020). These techniques vary in effectiveness depending on
the complexity of the matrix and the material co-occurring
within a sample. Density separation is frequently used to
extract microplastics from sediments using solutions such as
lithium metatungstate or zinc chloride. Wet sieving is used for
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microplastics to analyze specific size fractions after isolation;
however, it becomes challenging for plastics smaller than

100 pm that cannot be easily handled by an analyst using
forceps under magnification. For these smaller particles,
advanced techniques, such as flow cytometry and fixed frac-
tional flow, are being tested and used to classify particles by size
(Sgier and others, 2016; Summers and others, 2018; Kaile and
others, 2020; Primpke and others, 2020).

After separation and size fractionization, different
microplastic characteristics can be measured depending on the
study’s objectives. Concentrations can be reported as counts of
plastic particles per unit of volume or as polymer mass per unit
volume reported for different size ranges. Particles are charac-
terized by their morphology and color in generalized functional
categories, such as fibers, fragments, or foams (Masura and
others, 2015). Advanced analysis can identify and determine
the mass of polymer types, such as high-density polyethylene
or polyester. More advanced methods report on concentrations
of chemical additives, exogenous chemicals, and bacteria
or pathogens adsorbed to or leaching from microplastics.
Appendix | contains a comprehensive list of methods and their
relative advantages and limitations for identification, character-
ization, and quantitation techniques.

Microplastic analysis has advanced since NOAA
published a visual counting method (Masura and others, 2015).
Today, studies that rely on visual identification and counting are
being augmented with spectroscopy methods to identify plastic
types using spectral databases and enumerate microplastic
particles using automated imaging functions (if scanning
equipped). The most frequently used technologies are infrared
(such as Fourier-transform infrared spectroscopy [FTIR]) and
Raman spectroscopy (Elkhatib and Oyanedel-Craver, 2020)
on single particles or on entire filter surfaces with automated
scanning arrays. Automated identification can be achieved
using image-analysis software with optical microscopes
and with Fourier-transform infrared spectroscopy coupled
with microscopy (micro-FTIR) imaging, which combines an
optical microscope with FTIR in the focal plane array mode
(Dris and others, 2015; Dyachenko and others, 2017; Primpke
and others, 2017; Elkhatib and Oyanedel-Craver, 2020).

In addition to spectral techniques, chemical analysis after
thermally decomposing (burning) a sample via pyrolysis-gas
chromatography-mass spectrometry (Pyr-GC/MS) can report
the microplastic content of a sample as a polymer mass per

unit volume (Fischer and Scholz-Béttcher, 2019; Kirstein

and others, 2021). Pyr-GC/MS holds promise to characterize
microplastic pollution levels more quickly but does not provide
information on the number of particles in a sample. These three
technologies—FTIR, Raman, and Pyr-GC/MS—are being used
together and separately to answer many of the questions driving
microplastic research, including sources, occurrence, and fate.
Validated methods using any technology are still developing and
are likely to change substantially in the coming years. Unlike
standard environmental chemical analyses of organic and metal
compounds, there are significant barriers due to the lack of
standard quality-assurance measures.

Quality assurance and quality control (QA/QC) measures
in laboratories are vital to confirm the analytical consistency,
accuracy, and precision of the analyte of interest. Microplastic
analysis is hampered by a lack of quality-assurance materials,
protocols, and interlaboratory comparisons; the absence of these
features complicate the choice of a robust and reproducible
analytical method (Silva and others, 2018a; Brander and others,
2020; Ziajahromi and Leusch, 2022). One of the concerns is
the lack of commercially available standard reference materials
(SRMs) that represent the diverse number of polymers and their
varied weathering conditions. In 2023, many studies use self-
made SRMs to spike samples and calculate analytical recoveries
(Gouin and others, 2019). NIST is working toward developing
microplastic SRMs for better quality control (Lynch, 2019)
and the Center for Marine Debris Research at the University of
Hawai'i is, as of this writing (2023), selling a polymer kit that
includes 22 different polymer types with standard sizes and
chemical compositions. While important to accurately check
spectroscopy performance, compare data across laboratories,
and confirm analytical recoveries, the 22 represented polymers
(as 0f 2023) are a small fraction of the range of polymers in the
environment. As analytical methods advance, using SRMs and
analytical recovery spikes in the laboratory and incorporating
field and method blanks will improve data quality and increase
the demand for high-quality, certified, and commercially
available standards.

Hidden Lake in the Eagle Cap Wilderness in Oregon.
Photograph by Austin Baldwin, U.S. Geological Survey.
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In addition to optical microscopy and spectral methods,
several specialized analytical techniques are being investigated
and used for microplastic analysis. Staining techniques, such
as Nile Red, enable researchers to enumerate plastics using
simple microscope cameras and image analysis software (Shim
and others, 2016; Erni-Cassola and others, 2017; Maes and
others, 2017). Flow cytometry (with and without fluorescence),
high-temperature gel-permeation chromatography, quantitative
nuclear magnetic resonance spectroscopy, laser direct infrared
spectroscopy, and scanning electron microscopy are the other
technologies covered in appendix 1. For a variety of reasons,
whether cost, sample preparation requirements, familiarity, ease
of use, or machine accessibility, these techniques have yet to
gain wide acceptance and adoption by practitioners in the field.

While plastic identification and particle counting
techniques are essential, it is also necessary to identify
the adsorbed pollutants and study their fate and effects.
Microplastics can be vectors of toxic chemicals intrinsic to
their production, such as plasticizers, antioxidants, dyes, and
heavy metals (Talsness and others, 2009; Brennecke and others,
2016; Rochman and others, 2019; Turner and others, 2020).
Properties of microplastics such as size, surface area, chemical
composition, and surface chemistry have caused significant
scientific concerns with research scientists and the public over
the potential for chemical sorption, transport, and concentration
of exogenous environmental pollutants, bacteria, and pathogens
(Arias-Andres and others, 2018; Silva and others, 2018b;
Imran and others, 2019; Rochman and others, 2019; Pham
and others, 2021; Wang and others, 2021c). Microplastics can
desorb or leach both the adsorbed pollutants and chemical
additives, and the different surface characteristics of plastics
affect how they interact with the surrounding environmental
matrix (Silva and others, 2018b). The metal leachates and
endocrine-disrupting nature of the plasticizer chemicals and
other sorbed organic pollutants may threaten environmental and
organism health (Bakir and others, 2014a, b).

Once pollutants are desorbed or extracted from the
microplastics in samples, the analytical methods used to
characterize these extracts will depend on the intrinsic or
extrinsic chemicals of interest. The most frequently applied
analytical methods for analyzing chemicals accumulated in
microplastics are gas chromatography-mass spectrometry
and liquid chromatography-mass spectrometry (LC/MS)
because of the high sensitivity and specificity for organic
contaminants (Hong and others, 2017; Shim and others, 2017;
Silva and others, 2018a). Techniques used for identification
of accumulated trace metals (for example, Al, Cr, Mn, Ir, Co,
Ni, Xn, Cd, and Pb), following an aqua regia (HCI:HNO; at
3:1) extraction, could include scanning electron microscopy
and energy dispersive X-ray spectroscopy, inductively coupled
plasma-mass spectrometry (Rochman and others, 2014),
inductively coupled plasma-optimal emission spectrometry
(Turner and Holmes, 2015; Turner and others, 2020), and flame
atomic absorption spectrometry (Brennecke and others, 2016).

2.5.2. Science Gaps

Standardized, validated laboratory methods to measure
many different types and sizes of microplastics in a variety
of environmental samples such as solids (for example,
soil, bed sediment, and dust), biota and biological material,
water, air, food, biosolids, and other matrices are needed
to create reproducible datasets with the same analytes and
detection limits for comparison across studies. Improvements
in separation techniques are needed to reduce inconsistent
results from incomplete organic material digestion, unwanted
microplastic degradation/partial oxidation, and difficult to
control digestion reactions. Characterization methods should
be validated across the vast array of different polymers, sizes,
and conditions (weathering and aging) of microplastics. SRMs
relevant to field-derived microplastics are needed to calibrate
analytical instruments and validate recovery rates. Although
these are not yet available, NIST has a working group
(Materials Measurement Science Division’s Microplastic
and Nanoplastic Metrology; https://www.nist.gov/programs-
projects/microplastic-and-nanoplastic-metrology) developing
SRMs to be used in microplastic research. Once consistent
standards are available, a concurrent increase in routine
interlaboratory comparisons and performance audits is
needed to lend credibility to analytical methods. Techniques
are needed to characterize small microplastics (< 20 um)
and nanoplastics (< 1 um) that are quickly being recognized
as having a greater risk to environmental health (Lei and
others, 2018). Additionally, cost-effective analyses for field
collected samples are needed that can rapidly assess relative
microplastic contamination over space and time that can lead
to targeted studies in areas with high levels of microplastics.

Additional work is needed to define which metrics
(count, size, mass, polymer type, or chemical composition) are
most relevant for questions of occurrence, fate, and toxicity
of microplastics. These metrics require different analytical
techniques, each with their own data requirements and quality-
assurance considerations. Furthermore, it is unclear if current
bin sizes are correctly matched to meaningful characterization
(for example, potential for toxicity or ingestion), and further
work is needed to inform size ranges. Size bins are qualitative
at best when using physical separation protocols like sequen-
tial wet sieving or filtering to separate into size fractions
(Hidalgo-Ruz and others, 2012) due to interference by organic
materials in the sample (for example, adhesion of small plastic
fibers to larger sticks) and inherent variation of size distribu-
tion among polymer types; that is, fibers thousands of microns
long may be thin enough to pass through smaller sieve sizes,
or fibers can clump together and (or) break into smaller
particles during processing. Improved size characterization
techniques, such as flow cytometry, should be prioritized.
Finally, standard protocols and methods are needed to measure
the diverse array of adsorbed pollutants and chemical additives
associated with microplastics, which can be interfered with by
standard oxidation techniques to remove organic material.
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There is also a need for continued research into
developing in situ analysis of water and sediment for direct
measure of microplastics and developing surrogates for
estimating microplastics in real time. Although this is an
ambitious goal, technological advancements being made in
optical and electrode sensors (Shimizu and others, 2017;
Turner, 2017; Asamoah and others, 2019; Peiponen and others,
2020) and machine learning or artificial intelligence (Zhu and
others, 2021) may make future field quantification possible.

2.5.3. USGS Capabilities and Expertise

The USGS is well positioned and has the capability to
address many of the science gaps, having a long history of
characterizing novel and emerging contaminants of concern
in water, sediment, soils, and biological samples. The USGS
will need to build capabilities and capacities in a combination
of microplastic measurement techniques (1) by working
internally across mission areas (for example, ecosystem,
water resources, and energy and minerals) and (2) through
partnerships with academic institutions, contract laboratories,
and other Federal agencies. To develop these analytical
capabilities, the USGS can use the skills of research scientists
at our many laboratories across the United States. Within the
last couple years, the USGS has made strategic investments in
analytical instruments, such as Raman or laser direct infrared
imaging, to align USGS analytical methods with those used by
other Federal agencies and academic institutions. The USGS
can also expand applications of the existing instrumentation
and workforce to develop high throughput methods (such as
fluorescent flow cytometry and LC/MS), advance methods
related to the characterization of adsorbed and exogenous
chemicals, and participate in interlaboratory comparison
studies. Other development and standardization of comple-
mentary analytical techniques should be fit-for-purpose, with
study and stakeholder needs guiding decisions on workforce
training, capital investments, and external collaboration.

2.5.4. USGS Science Opportunities

2.5.4.1. Short-Term Opportunities

In 2023, the USGS can use existing mass spectrometry
expertise, equipment, and techniques, such as gas
chromatography-mass spectrometry, LC/MS, and inductively
coupled plasma-mass spectrometry, for analyzing microplastic
matrices (table 5). These techniques are currently used for
contaminant analyses (for example, with mercury, per- and
polyfluoroalkyl substances, and polychlorinated biphenyls).
This equipment could be immediately put to use in the charac-
terization of sorbed intrinsic and extrinsic compounds (organic
and inorganic contaminants) and the role of microplastics in
fate, exposure, and adverse effects of these sorbed chemicals.
Investment in new mass spectrometry techniques like
Pyr-GC/MS or thermal desorption gas chromatography-mass

spectrometry (TD-GC/MS) would provide complementary
chemical composition information, and quantification of

mass of different microplastic polymer types, with better
reproducibility than optical methods. The mass spectrometric
determination allows microplastic quantities to be presented in
traditional concentration units (mass per unit volume), which
facilitates more accurate comparisons of pollution loading
among polymer types. These data help with assessing source
apportionment trends and allow better modeling of chemical
sorption using known polymer chemical sorption kinetics.

2.5.4.2. Long-Term Opportunities

The USGS could develop, validate, and standardize
methods for studying microplastics, and it could devise best
practices for analyses for freshwater, wastewater, sludge,
sediment, biological samples, and soil media (table 5).

One capability for the USGS is the monitoring of microplastics
(<300 pm) contributing to the aquatic load and potential effects
on freshwater systems, which requires tools that are fast, easily
implemented, and capable of detecting small microplastics.
Plastic particles are known to undergo continuous
fragmentation when exposed to environmental stressors (photo-
degradation, thermal degradation, and biodegradation), so the
number of particles is expected to increase steeply for smaller
sizes (Cozar and others, 2014; Andrady, 2017). Despite smaller
microplastics making up the largest relative percentage of

the aquatic load, these smaller fractions of <300 pwm, and
especially those <20 pum, they are consistently neglected in
most quantification studies because large mesh neuston nets
and low resolution FTIR spectroscopy (or optical microscopes)
are commonly used for particle counting (Aratjo and others,
2018; Conkle and others, 2018; Enders and others, 2015).
Raman microscopy capabilities would offer the best opportunity
for the USGS to provide accurate quantification of aquatic load
in the full microplastics size range from 1 to 5 mm, along with
the identification of the polymer type and associated source
materials and locations (Képpler and others, 2016; Elert and
others, 2017; Ivleva and others, 2017). This choice primarily
stems from micro-Raman being able to identify smaller
microplastics (<20 um) that are undetectable by micro-FTIR
techniques, along with its known capabilities for improving
sample analysis times through automated particle counting and
machine learning techniques.

Additional opportunities exist for development of in situ
and real-time quantitation techniques for microplastics and
(or) their accumulated toxic chemicals in water and sediment
using surrogate (proxy) measurements or advancing portable
technologies. Important opportunities exist due to recent
technological advances in portable measuring devices with
X-ray fluorescence, optical laser sensors, and microparticle-
electrode sensors that can be coupled with machine learning
automation in the future (Shimizu and others, 2017; Turner,
2017; Asamoah and others, 2019; Peiponen and others, 2020).
The USGS is uniquely positioned with expertise in these
fields to develop and implement advancements to improve
microplastic field capabilities.
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Table 5. Short- and long-term science opportunities for

developing standardized analytical methods to study microplastics.

[Short- and long-term science opportunities determined through literature
reviews and gap analyses. USGS, U.S. Geological Survey]

Long term
(3 or more
years)

Short term
(1-2 years)

Science opportunities that could be
addressed by USGS capabilities

2.5—Analytical methods

Build on existing analytical capacity Yes Yes
to benefit stakeholders.

Coordinate with other Federal agencies Yes Yes
in establishing standardized
analytical protocols..

Develop production-level capabilities No Yes
for the detection, quantitation,
and polymer characterization of
microplastic particles in the
environment; for example,
fluorescent microscopy, machine
learning of optical images

Develop research methods for targeted No Yes
analyses of embedded and sorbed
chemicals.

Develop research methods for non- No Yes
targeted analyses of embedded and
sorbed chemicals.

Evaluate new technologies for No Yes
real-time measurements or surrogate
estimation of microplastics in
surface water, in coordination with
researchers from other
organizations.

3.0. Vision for Interdisciplinary Science

In this section, topics from the preceding sections
are integrated into a larger vision that leverages the broad
interdisciplinary expertise, tools, capabilities, and field and
laboratory capacities across the Nation that are unique to the
USGS. The vision for interdisciplinary science relies on the
continued collaborative capabilities and efforts of the diverse
scientific experts and laboratory personnel across the USGS.

3.1. Interdisciplinary Science at the USGS To
Support Microplastic Research

USGS interdisciplinary science focused on microplastic
research is envisioned to provide a comprehensive
understanding of how microplastics enter the environment,
sorb pathogens and chemicals (referred to broadly as
“contaminants”), and transform and move through
ecosystems. (Note: Pathogens and chemicals, for the

purposes of this document, refer to any physical, chemical,
biological, or radiological substance or matter that has

a negative effect on the environment. As stated, for the
remainder of this section, these substances will simply be
referred to as “contaminants.”). An interdisciplinary science
approach will also provide information on pathways of
exposure and health effects for both wildlife and people.

3.2. A One Health Integrated Science Approach
With a Source-to-Receptor Framework

The USGS can provide data and understanding of
microplastics using a One Health approach that incorporates
a source-to-receptor framework (sidebar 5). The source-
to-receptor approach includes interdisciplinary science
to understand the environmental sources, the movement
and transformation, exposure pathways, and ecotoxicity
of microplastics and the chemicals that may be adhered to
them. Most importantly, this approach identifies the sequence
of events that must occur for there to be a health outcome,
including the contaminant source, transport, exposure routes,
and biological uptake (fig. 2). A One Health approach is driven
by the principle that the health of humans, plants, animals and
ecosystems are intricately linked (de la Rocque and others,
2023). This information allows stakeholders to make informed
decisions to prevent, mitigate, remediate, or otherwise
manage the hazards brought on by exposures to contaminants.
Toxicological research supported by the USGS at cellular,
organismal, and population levels in a variety of wildlife
species provides stakeholders with a deeper understanding of
the risks, if any, associated with ecological exposures.

A One Health approach has been used in many Federal
agencies and international working groups. According to the
Centers for Disease Control and Prevention, One Health is
gaining recognition in the United States and globally as an
effective way to address health issues at the human-animal-
environment interface (Centers for Disease Control and
Prevention, 2023). The USGS and its partners have led
interdisciplinary research efforts on an array of One Health
topics, which include (but are not limited to) the effects of
contaminants on aquatic ecosystems (Masoner and others,
2020; Bradley and others, 2022; Pulster and others, 2022),
avian influenza (Humphreys and others, 2021; McDuie and
others, 2022; Ramey and others, 2022), and climate change
(Krabbenhoft and others, 2020; Stets and others, 2020;
Terando and others, 2020).

The USGS has science centers throughout the Nation,
with a wide range of expertise, capable of providing both
laboratory and field research using rigorous techniques
and methods to collect, interpret, and deliver high-quality
reproducible data and analyses. Over the past few
decades, there has been an increasing awareness that
the health of plants, animals (including insects), and our
shared environment directly affect the health of people.
USGS interdisciplinary expertise in relevant disciplines such




as contaminant sources, transport, and degradation, ecosystem
function and health, wildlife health, geochemistry, statistics,
and modeling, along with its established partnerships with
other government agencies, Tribal entities, nongovernmental
organizations, academia, industry, and public health entities,
enables it to apply a One Health approach to studying the
effects of microplastics. These collaborations are critical, as
there is no single entity that can independently address all the
potential health concerns associated with microplastics.

The end goal of a fully developed microplastic research
implementation plan for interdisciplinary scientific studies of
microplastics in the environment is beyond the scope of this
strategic science vision document; this document is instead
intended to provide guidance on the steps needed to move
toward implementation. The conceptual approach to scientific
research described in this document seeks to (1) build on
existing USGS resources, scientific expertise, and capabilities,
(2) provide a framework to optimize and use USGS unique
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resources and those resources and capabilities that are being
shared among the USGS and its partners, and (3) highlight
science gaps that can be addressed either by USGS science
or by the USGS in collaboration with its partners to move
microplastic research forward (table 6).

Interdisciplinary science with a One Health approach
can be done on specific topics such as microplastic research,
allowing attention to be focused on the entire question
(the relation between the ecosystem and the health of humans
and wildlife) rather than just the smaller parts, thus creating
the potential for obtaining answers and informing decisions
much more quickly. With this approach, both ecosystem health
and economic benefit can be addressed together in an efficient
manner. This information can be used by stakeholders to
identify and assess pathways of environmental exposures to
wildlife and the public, and it helps partners and stakeholders
balance contaminant risks, if any exist, with other priorities.

Sidebar5. One Health
Approach

The U.S. Geological Survey
(USGS) completes surveillance and
research on chemical, biological, and
radiological substances that occur in
the environment naturally and through
human activities (broadly considered
environmental contaminants). The
One Health approach is driven by the
principle that human health and animal
health are interdependent and linked
to the health of the ecosystems in
which they coexist. Focusing on known
or suspected contaminants that affect
wildlife, the USGS partners with public
health agencies to identify and assess
pathways of environmental exposures
to the public. This approach informs
responses by public and wildlife health
agencies to diseases shared between
animals and people, contributes data
and information on public and wildlife
exposures to toxicants and pathogens
in the environment, and provides
research, modeling, and analysis
to assist resource management
decision making.

Exposure Through
Food Webs
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Fate and Pathways

Figure 2.

Transport/Transformation EE) Exposure Routes HEEE) Bio-uptake Effects
Wildfire
Humans
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Gene
Cell
Organ
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Population

Bioaccumulation
Biomagnification
Ecotoxicity/disease

Flow chart showing the source-to-receptor framework for the study of microplastics in the environment. Critical points in this

figure include: (1) source, (2) mode of transport/transformation, exposure routes, and bio-uptake effects, and (3) receptors. Examples are

given for each critical point.

3.3. Conceptual Workflow for an
Interdisciplinary Science Approach to USGS
Microplastic Research

The USGS is well known for its extensive geographic
footprint of science centers with capabilities and expertise
that span earth and natural science disciplines and include
a workforce trained in nationally consistent environmental
monitoring, sample collection, and laboratory analysis
(sidebar 6). This expertise could be extended to include
long-term (3 or more years) monitoring research projects that
address current (2023) microplastic science gaps (table 6).
Research concerning microplastics can be fully achieved in
a One Health approach through collaborations with other
government agencies, Tribal entities, nongovernmental
organizations, academia, industry, and public health entities
focused on ecosystem, wildlife, and human health in a true
One Health partnership. The USGS can continue to provide
information that helps society understand microplastic
sources, pathways, and potential biological effects. The USGS
and its partners will be able to answer questions such as
the following: (1) Which microplastic sizes, morphologies,
polymers, and additives present the greatest biological risk?,
(2) How do sorbed and do co-occurring contaminants affect

health risks of microplastic exposures?, (3) How can emerging

technologies and sensors to monitor for microplastics

and co-occurring contaminants be utilized in real time?,

(4) By understanding microplastic sources, pathways, and fate
can exposures be mitigated or prevented?. This information
will allow the USGS to build modeling and decision tools
that help anticipate the greatest threats and hazards associated
with microplastics and associated contaminants. Finally, this

work prioritizes areas where underserved communities may be

disproportionately affected.
The USGS has an extremely high potential for ongoing

and enhanced collaborative efforts and interdisciplinary science.

To help ensure the success of interdisciplinary science on
microplastics moving forward, a collaborative workflow in
the USGS could be identified, developed, and implemented.
Furthermore, increased collaborative effort among the USGS

and other Federal, State, private industry, Tribal, nonprofit,
and academic partners would be most effective to address

the issues with microplastics. Although the development

and implementation of these workflows is beyond the scope
of this document, the critical elements of the workflow of
interdisciplinary science activities within USGS include
mechanisms for (1) the development of shared technical
documents, (2) efficient yet effective leveraging of program
resources, and (3) Bureau-level tactical plans that include
monitoring for accountability (Tokranov and others, 2021).

A clear and concise mode of communication and outreach is
also important to coordinate and create and maintain new and
existing internal networks, highlight web pages, social media,
and other outlets as appropriate.

Sidebar 6. Vision for an Integrated
Science Approach to the Study of
Microplastics in the Environment

An integrated science approach will complete
cross-discipline immersion on everything related to
the data, techniques, tools, research, perspectives,
concepts, and communication to fundamentally advance
the understanding of microplastics in the environment.
This information will be used to support stakeholder
decisions related to the issue of microplastics in the
environment on topics spanning the identification,
mitigation, and prevention of any microplastic-associated
hazards. The broad scope of both analytical laboratory
and field expertise within the U.S. Geological Survey
(USGS) can support a range of interdisciplinary and
external expertise to support everything from data
collection to research to publication. The wide range
of studies that would include both spatial and temporal
changes of microplastics across a variety of ecosystems,
could provide a framework of actionable information for
identifying and rectifying the most significant factors that
may lead to hazards related to microplastics.




Table 6. Short- and long-term science opportunities for
interdisciplinary science approach to the study of microplastics.

[Short- and long-term science opportunities determined through literature
reviews and gap analyses. USGS, U.S. Geological Survey]

Science opportunities that could be Short term :'; :?I:::::
addressed by USGS capabilities (1-2 years) e

3.1—lInterdisciplinary science at the USGS to support microplastic
research

Provide tools and models for Yes Yes
risk assessment associated
with microplastics based on a
One Health approach.

Provide an interdisciplinary science No Yes
framework to understand contaminant
movement and transformation,
exposure pathways, bioaccumulation,
and ecotoxicity.

Improve understanding of conceptual No Yes
and other models and decision-
support tools that provide actionable
information for prediction, prevention,
and mitigation of environmental
microplastic risk to ecosystems
through comprehensive evaluation
and prioritization of sources, source
apportionment, fate, exposures,
and toxicity.

3.4. Conclusion

Contaminants can change depending on the
environmental pathway, which then changes the risk of
exposure and its effects. Depending on the contaminant,
exposures can result in bioaccumulation and (or) immediate
harm or death, or repeated exposures can lead to a range
of adverse health effects (such as immune modulation,
cancer, or behavioral effects) over many years or multiple
generations. In other cases, there may not be any adverse
health effects. The long-term effects of microplastics on
the health of wildlife and humans are largely unknown.
Importantly, contaminants are rarely found alone in the
environment (Bradley and others, 2017). Microplastics
themselves are found in complex mixtures of naturally
occurring chemicals (for example, arsenic, uranium,
mercury, algal toxins) and synthetic chemicals (per- and
polyfluoroalkyl substances, hormones, pharmaceuticals and
pesticides). The interaction of these chemicals can change
how microplastics are transported through the environment
and the effects they have on humans and wildlife.
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Appendix 1.

Comparison of Microplastic Analytical Methods

This appendix lists identification, characterization, and quantification techniques for microplastic analysis. The methods are
grouped in four categories: visual methods, spectroscopic methods, chromatographic methods, and portable methods. For each
method, the methodology is given, the advantages and limitations are summarized, and references are provided (table 1.1)

Table 1.1.

Summary table of microplastic analyses and their advantages and limitations.

[Symbols: X, times; >, greater than or equal to; <, less than; Methods: GC, gas chromatography; GPC, high-temperature gel-permeation chromatography;
IR, infrared spectrometry; LC/MS, liquid chromatography-mass spectrometry; MS, mass spectrometry; Pyr-GC/MS, pyrolysis-gas chromatography-mass
spectrometry; TD-GC/MS, thermal desorption gas chromatography-mass spectrometry; Units: pg/mL, micrograms per milliliter; pm, micrometer;

mm, millimeter; nm, nanometer; Other: USGS, U.S. Geological Survey]

Visual methods

Light microscopy counting

(stereomicroscope,
compound microscope)!

Scanning electron
microscopy (optional
addition of energy
dispersive X-ray
spectrometry)?

Samples are visually
examined at
magnifications as
great as 1,000X
to identify, count,
and physically
characterize micro-
plastics (particle size
>100 pm).

High-energy beam of
electrons interacts
with sample surface
to produce visual
images at magnifi-
cations as great as
30,000X to identify,
count, and physi-
cally characterize
(particle size
> 10 um).

Nondestructive, simple

procedure, low
technical expertise,
and low startup
costs.

Results are potentially
biased, chemical
classification not
possible, high lower size
limit, time consuming,
and labor intensive.

Microplastics < 100 um  Expensive, long sample

can be visualized
with higher
resolution and views
of surface textures
for more accurate
identification and
confirmation of
plastics versus
natural organic
debris.

preparation and analysis
times, only capable of
visual counting and
physical characteriztion,
since few plastics have an
identifying energy
dispersive X-ray
spectrometry peak.

Abbasi and others, 2017;
Elkhatib and Oyanedel-
Craver, 2020

Kal¢ikova and others,
2017; Shim and others,
2017; Wagner and
others, 2017; Wang and
others, 2017; Qiu and
others, 2016

Spectroscopic methods

Fluorescence microscopy
with Nile Red staining!

Microscopy coupled
Fourier-transform
infrared spectroscopy*

Staining with lipophilic
fluorescent Nile Red
dye followed by
visual imaging under
fluorescence micro-
scope to identify and
count microplastics
(particle size
> 50 pm).

Produces spectra in
response to IR light
to identify, count,
and chemically
characterize micro-
plastics (particle
size > 20 pum).

Reproducible
quantitation, high
sample throughput,
low cost, and
automated particle
counting.

Capable of chemical
classification and
quantitation of
polymers, particle
counting can be
automated, and
extensive spectral
libraries area

available for polymer

identification.

Requires complete
climination of natural
organic material from
sample to avoid false
positive; limited ability
to identify polymer types,
and background fluo-
rescence subtraction is
subjective.

More expensive than

microscopy and slow
sample analysis.

Elkhatib and Oyanedel-
Craver, 2020; Erni-
Cassola and others,
2017; Maes and others,
2017; Shim and others,
2016; Hidalgo-Ruz and
others, 2012

Besseling and others, 2015;
Képpler and others, 2016;
Song and others, 2015;
Qiu and others, 2016;
Ivleva and others, 2017;
Shim and others, 2017,
Wagner and others, 2017;
Zhao and others, 2017;
Araujo and others, 2018;
Cabernard and others,
2018; Uddin and others,
2020
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Summary table of microplastic analyses and their advantages and limitations.—Continued

[Symbols: X, times; >, greater than or equal to; <, less than; Methods: GC, gas chromatography; GPC, high-temperature gel-permeation chromatography;
IR, infrared spectrometry; LC/MS, liquid chromatography-mass spectrometry; MS, mass spectrometry; Pyr-GC/MS, pyrolysis-gas chromatography-mass
spectrometry; TD-GC/MS, thermal desorption gas chromatography-mass spectrometry; Units: pg/mL, micrograms per milliliter; pm, micrometer;

mm, millimeter; nm, nanometer; Other: USGS, U.S. Geological Survey]

Spectroscopic methods—Continued

Microscopy coupled Raman

spectroscopy!

Laser direct infrared
spectroscopy!

Flow cytometry (with or
without fluorescent dye
markers)?

Quantitative nuclear
magnetic resonance
spectroscopy?

Produces spectra
in response to
low-wavelength laser
to identify, count,
and chemically
characterize micro-
plastics (particle size
> 1 pum).

Uses laser-based
chemical imaging
and infrared to
identify, count, and
chemically charac-
terize microplastics
(particle size
>10 pm).

Enables high-precision
particle detection by
light scattering and
(or) fluorescence of
polymer structure,
concomitant pig-
ments, or added
fluorescent dye
markers (particle size
>0.1 pm).

Polymers are dissolved
into deuterated
solvent and
quantified with
'H-NMR.

Detection of very
small microplastics,
capable of chemical
classification and
quantitation of
polymers, particle
counting can be auto-
mated, and extensive
spectral libraries
available for polymer
identification.

Provides spectra in
seconds for each par-
ticle, provides data
on the abundance,
size distribution,
and type of plastics
in each sample.
More sensitive than
other methods (fewer
missed particles).

Identification of very
small microplastics
(nanoplastics), with
high throughput and
automated particle
counting of aqueous
samples with
limited preparation
requirements, some
chemical classifica-
tion is possible.

Capable of polymer
characterization and
quantification with
limits of detection in
the range of
19-21 pg/mL.

More expensive than
microscopy, slow
throughput, tendency
for spectral distortion
at very small sizes, and
slow sample analysis
(unless machine learning
software used).

Difficulty resolving mixed

polymers, expensive start-
up cost, not yet developed

into a commonly applied
method for microplastics
aqueous samples.

Mostly lab tested at this
point, not yet developed
into a commonly applied
method for microplastics
aqueous samples, best
with few defined size
populations.

Complex interpretation,
destructive of samples,
does not count particles
or determine sizes or
shapes.

Besseling and others, 2015;

Képpler and others, 2016;
Song and others, 2015;
Qiu and others, 2016;
Ivleva and others, 2017;
Shim and others, 2017;
Wagner and others, 2017;
Zhao and others, 2017;
Araujo and others, 2018;
Cabernard and others,
2018; Uddin and others,
2020

Scircle and others, 2020

Sgier and others, 2016;

Summers and others,
2018; Kaile and others,
2020; Primpke and
others, 2020

Peez and others, 2019;

Peez and Imhof, 2020

Chromatographic methods

Pyrolysis-gas
chromatography-mass
spectrometry
(Pyr-GC/MS)?

Pyrolysis of sample,
separation of
polymer types and
other chemicals by
GC, followed by
detection with MS.

Low background
contamination,
simultaneous quan-
tification of polymer
types and sorbed
chemicals at low
limits of detection
(nanoplastics).

Complex interpretation,
limited polymers in MS
database, destructive of
samples, does not count
particles or determine
sizes or shapes.

Duemichen and others,

2014; Fischer and
Scholz-Béttcher, 2017,
Fischer and Scholz-
Bottcher, 2019; Shim
and others, 2017;
Hermabessiere and
others, 2018; Li, and
others, 2018
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Table 1.1. Summary table of microplastic analyses and their advantages and limitations.—Continued

[Symbols: X, times; >, greater than or equal to; <, less than; Methods: GC, gas chromatography; GPC, high-temperature gel-permeation chromatography;
IR, infrared spectrometry; LC/MS, liquid chromatography-mass spectrometry; MS, mass spectrometry; Pyr-GC/MS, pyrolysis-gas chromatography-mass
spectrometry; TD-GC/MS, thermal desorption gas chromatography-mass spectrometry; Units: pg/mL, micrograms per milliliter; pm, micrometer;

mm, millimeter; nm, nanometer; Other: USGS, U.S. Geological Survey]

Chromatographic methods—Continued

Thermal desorption gas Thermal desorption of ~ Low background Complex interpretation, Duemichen and others,
chromatography-mass sample, separation contamination, limited polymers in MS 2014; Fischer and
spectrometry of polymer types simultaneous quan- database, destructive of Scholz-Béttcher, 2017;
(TD-GC/MS)* and other chemicals tification of polymer samples, does not count 2019Shim and others,

by GC, followed by types and sorbed particles or determine 2017; Hermabessiere

detection with MS. chemicals at low sizes or shapes. and others, 2018; Li, and
limits of detection others, 2018
(nanoplastics).

Liquid chromatography- Samples dissolved in High recoveries of Complex interpretation, not ~ Elert and others, 2017
mass spectrometry solvent and molar selected polymers, all polymer types can
(LC/MS)3 mass distribution is detection can occur be analyzed by LC/MS,

High-temperature
gel-permeation
chromatography?

measured.

Twofold density
separation, extrac-
tion, and subsequent
quantitation of poly-
mers (by weight).

at low limits of
detection.

Characterizes polymer
molecular weight,
type, and bulk
sample weight.

does not count particles
or determine sizes or
shapes.

Complex interpretation, few Hintersteiner and others,

polymer types have been 2015
analyzed by HT-GPC,

does not count particles

or determine shapes.

Portable method

Portable handheld optical

sensor*

Uses laser light source
at 635 nm with
photodiode detector
and charged-
coupled device to
record specular
reflection signal
and transmitted
interference patterns
(particle size
1 pm-5 mm).

Screens the type,
the size, and the
nonplanarity of
microplastics in
water and sediment.

Lab tested only on two

Asamoah and others, 2019
polymer types. Unclear

as to utility in the field

and (or) effect of natural

particles in suspension.

ICurently used or owned by the USGS.
2Used with collaborations or contracts.

3May be purchased by the USGS.

4The USGS has no current application or does not own.
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