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Outside the Safe Operating Space of a New Planetary Boundary for
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ABSTRACT: It is hypothesized that envi 1 i

tion by per- and polyﬂuomalkyl substances (PFAS) defines a A
and that this boundary has been e\

exceeded. This hypothens is leﬂed by comparing the levels of four W

selected perfluorcalkyl acids (PFAAs) (i.e., perfluorooctanesulfonic PF 4

acid (PFOS), perfluorooctanoic acid (PFOA), perfluorohexane- \ QAi

sulfonic acid (PFHxS), and perfluorononanoic acid (PFNA)) in N— A

various global environmental media (j.e, rainwater, soils, and " FNA

surface waters) with recently proposed guideline levels, On the '

basis of the four PFAAs considered, it is concluded that (1) levels

of PFOA and PFOS in riinwater often greatly exceed US

Environmental Protection Agency (EPA) Lifetime Drinking

Water Health Advisory levels and the sum of the n’ommenboned four PFAAs (£4 PFAS) in rainwater is often above Danish

drinking water limit values also based on X4 PFAS; (2) levels of PFOS in rainwater are often above E | Quality Standard

for Inland European Union Surface Water; and (3) atmospheric deposition also leads to global soils being ubiquitously

contaminated and to be often above pwpos:d Dutch guideline values. It is, therefore, concluded that the global spread of these four

PFAAs in the atmosphere has led to the pl y boundary for chemical pollution being ded. Levels of PFAAs in atmospheric
p are esp lly poorly ible b of the hlgh i of PFAAs and their ability to oon!kmcusly cycle in the
ydrosph including on sea spray L itted from the oceans. Because of the poor ibility of envi p to

PPAS and their usocutod effects, it is vitally important that PFAS uses zml emissions are rapidly restricted,

KEYWORDS: PFAS, planetary boundary, chemical polluti ,

B INTRODUCTION b of the e of plastics and the

A recent review article in Science’ highlighted the global threat l!d:vmjblll(’y of the exponme caused by plastic particles in

i ¢
posed by plastic pollution, These concerns were based on the tﬂ“l:mmzn o
high environmental persistence of plastics, the related “poor Recently a group of flagged the regarding

the lnabnlll of scientific analyses to keep pace with the unuum
memiblhry and a range of potential effects. Other researchers, Y ep
. §‘ l-nve pointed out similar conc of chemicals produced and released into the

. which limits the ability to discover new environmental threats
related to hi ly bstances, but
these conc:mssmym nrot equally obvious to the public compared i time. Ofiecs h"' sinilady polhtad out the need for

i h hble le is
to the concerns with plastics. The relatively high public @ no :
- concern regarding plasucs is posslsly dnven by the vi:fbll(ty of lh'onc a Late L: o;“ glf:zna} pus m‘u'u tlon :):r" arz
plastic waste pared to nonp bsta Clearly, - f(’ ; _ ith persi M
both plastic pollution and pol}vﬂon by highly persistent ¥ . d wil

A wellknown class of pollnt:nts, the per- and polyfluor-
ocalkyl substances (PFAS), have also recently featured in a
review in Science.” The vast majority of PFAS are highly

nonpolymeric substances lead to similar global problems.
Persistence is generally seen as a less immediate hazardous
property than toxicity, but it actually is the key factor that lets
polluﬂon problems spiral out of control,” This is b
bles chemicals to spread out over large Published: August 2, 2022
distances, causes long-term, even life-long exposure, and
leads to higher and higher levels in the environment as long
as emissions continue. These increasing levels will with high
probablhty sooner or later lead to adverse effects. Importantly,
plastic is under id for restriction in the EU

cl
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per:htent {based on the EU REACH definition whereby a
e is p if it is persi itself or has persistent
dcgradanon pmducts ), and ﬂns has been seen as basis for
managing them as a chemical class.” While the review article in
Science pointed out the ubiquity and high persistence of PFAS,
it dxd not point out the cument widespread and poory
le risks lated even with low-level PFAS exposures.
1t is hypothesized here that due to the global spread of PFAS,
the irreversibility of exposure to PFAS, and the associated
biological effects, a new planetary boundary for PFAS has been
exceeded.
Unfortunately, although there are many th Is of

emerge. It is argued here that PFAS define a new planetary
boundary for NEs.

We argue that if drinking: water health advisories and other
guidelines designed to protect human health are exceeded due
to the global environmental spread of PFAS, then there is a real
danger of global health effects (eg, affecting human
physiology) occurring and that it can be argued that the
planetary boundary for PFAS is exceeded. We do not deem it
necessary to demonstrate the prevalence of global human
health effects due to PFAS exposure to prove our hypothesis,
and we hope that such widespread effects in the human
are never observed.

substances defined as PFAS in use (PFAS include any
snbstance with at least one —CF,— or —CF, mmety in |ts
structure'®), the current understandi g of bi

based primarily on studms of four perﬂunronlkyl kid:
(PEAAs), Iy Ifonic acid (PFOS),
perfluorooctanoic acnd (PFOA), pexﬂuorohumuulfom: acid
(PFH3S), and perfluorononancic acid (PFNA). Whereas all
PFAS can be grouped into a class on the basis of their high
persistence, it is not possible to group many of them
according to biological risk because nf 2 paucity of data on
exposure and effects for most PFAS."" Therefore, b of

oY

B THE US EPA LIFETIME DRINKING WATER HEALTH
ADVISORIES FOR PFOS AND PFOA ARE OFTEN
LOWER THAN THEIR RESPECTIVE LEVELS IN
RAINWATER AND THE DANISH DRINKING WATER
LIMIT VALUE FOR 4 PFAS IS ALSO OFTEN
LOWER THAN THE LEVEL OF X4 PFAS IN
RAINWATER

In June 2022, the US Environmental Protection agency (EPA)
d the release of health idnsofles for four PFAS,

data gaps, the analysis presented here is based only on'the four
PFAAs mentioned above. In the following, we provide four

luding interim updated v lifetime drinki
water health advsones for PFOA and Pl-‘OS of 4 pg/L and 20

pieces of evidence to support the claim that, even consideri;
only these four PFAAs, the new planetary boundary for PFAS
has been exceedecl

In the p y bound. , an pt is made to
estimate the boundaries for “a safe operating space for
humanity with respect to the functioning of the Earth
System™,' "> Chemical pollution was one of the nriglnzl nine
anthropogenic impacts for which y b were

lated b it can infl E:ﬂhSystcm‘ ctioni

pg/L, respectively.”” The US EPA health advisories identify the
concentration of clmmmls in drinking water at or below which
adverse health effects are not anticipated to occur and, in
divergence with previous advisories, are based on human
epldem.lology studies in populations exposed to these

icals. The most sensitive noncancer effect and the basis
for the risk assessment behind the interim updated health
advisories for PFOA and PEOS is suppression of vaccine

'(i) through 2 global, ubiguitous impact on the physiolopcal
development and demography of h and other

{d d serum ibody concentrations) in
dni.ldren The US EPA's previous nonregulatory lifetime
drinking water health advisories were 70 ng/L for the sum of

with ultimate i ) functioning and structure
and (ii) by amnF asa slow variable that affects other planetary
boundaries.” The “chemical pollution” boundary was

renamed as the “novel entities” (NE:) boundary by Steffen
et al,"* where NEs are defined as “new substances, new forms
of existing substances and modified life forms inciuding

contenmuom of PFOS and PFOA. In 2020, the European
Food Safety Authority (EFSA) published their Opinion on the
risks to human health arising rom the presence of PFAS in
food'” and proposed a group tolerable weekly intake {TWI) of
44 ng/kg body weight for the sum of PFOA, PFNA, PFHS,
md PFOS. On the basis of the available studies in animals and
effects on the immune system were consldeted the

“chemicals and other new types of engir tials or
ocganhms not prcvmu.dy known to the Earth system as well as

(for ple, heavy metals)
mobilized br -n!hxopogenic activities”. Several groups of

most critical for the basis of the risk assessment.'” In June
2021, on the basis of the TWI in the EFSA Opinion, the
Danish  Envi 1 P ion Agency tightened their

scientists” “'* have pointed out the chall in g

the planetary boundaxy for NEs, and mend'y it was propused
to instead use various control variables to delemnne if d:e
boundary is ded. It is, in our pinion, an

task to quandf) the boundary for all NEs because (1) there are
critical data gaps for a large proportion of existing NEs, (2)
NEs of various types and msmnes of NEs are conti

drinking water limit values and announced that drmb.mg

water must not contain more than 2 ng/L of £4 PFAAs."”
PFAGdnnkingwaler idelines have progressively d d
over the last 22 years.” For mrnplc in the US d\e PFOA
drinking water gmdchm for West Virginia was 150 000 ng/L,”"
which is higher by a factor of 37.5 million than the recently
d US EPA drinking water hfetime admczy for PFOA

being g d and released to the envi and (3)
there are multiple possible effects (not only toxic effects) that
individual NEs or groups/mixtares of NEs can cause. Several
of the existing planetary boundaries are related to d«e r:lusc of
NEs. For ple, the boundaries for * ozone
depletion” and “climate change” address the release of ozone
depleting substances and gases with global warming potential,
respectively. Therefore, rather than being a single planetary
boundary, the bounduy for NEs can be thought of as a
placcholder for y boundaries for NEs that may

¥ :

of4pg/LAsarzsultofthis’ I drinki
water guldelmu for PFAS are now close to, or even lovmr than,
levels in p iding in industrialized areas
of the world do not often drink rainwater in modem life, but it
should nevertheless be & reasonable expectation that the
environment is clean enough that rainwater and mountain
stream water fed by precipitation is safe to drink. Furthermore,
in some parts of the world, notably in some arid and tropical
region:,l rainwater remains an important source of drinking
water.
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continue to remain in the environment due to thelr high

persi and will inually cycle in the hydrosph

The analysis p d here bas purp ", ferred to the
most stringent PFAS guideli values on an i ional basis,
which are not repr ive of international guideline values

for PFAS. There is, for wple, a large disagi

internationally, and even between individual states in the
US,”" regarding drinking water guidelines for PFAS. The
various guidelines were developed by different scientists at
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different time points and the risk assessments are often based
on varying end points. A clear and disturbing temporal trend
emerges, however, with more recent guidelines being several
orders of magnitude lower than older guidelines.”” Guidelines
in the US and Europe have been driven downward recently as
a result of ging evid for the suppression of vaccine
response in children.” We make no attempt to determine
which of the many guidelines (see comptlation™) is based on
the strongest empirical evid, on effects because such a
judgment is outside of our expertise. The point that we want to
make is that the most stringent risk-based health advisories are
often well below environmental levels, and this should be of
concern and a reason for taking stringent measures.

Although PFAS are globally present in all environmental
media and locations, there are still some few areas of the planet
where the environmental levels of PFAS remain relatively low.
However, even in these remote and sparsely populated regions,
such a5 Antarctica and the Tibetan plateau, the most stringent
PFAS guidelines are exceeded (Figure 1). These areas cannot
support large populations and are not available for settlements
where major parts of the population could move. In most other
areas, PFAS guideline values are ded and this implies
potential public health impacts: higher incidences (notably in
large populations, ie, many cases) of PFAS.related effects,
such as reduced immune response, but also high addlﬁonal
costs for healthcare and, where possible, remediation.””
Monowr, in many cases, PFAS-related impacts occur in
< with other | issues, such as water
scarcity or pollution by other i

Finally, we conclude that PFAS define a new planetary
boundary that has been exceeded, based on PFAS levels in
environmental media being ubiquitously above guideline Jevels.
Irrespective of whether or not one agrees with our conclusion
that the planetary boundary for PFAS is exceeded, it is
nevertheless highly problematic that everywhere on Earth
where h reside ly proposed health advisord
cannot be achieved without large investment in advanced
cleanup technology. Indeed, although PFOS and PFOA were
phased out by one of the major manufecturers (3M) 20 years
ago, it will take decades before levels in land-based water and
precipitation approach low picogram per liter levels. Moreover,
the problems associated with PEOS, PFOA, or £4 PFAAs are
likely to be only the tip of the iceberg given that there are
many thousands of PFAS in the class and the risks associated
with most of them are unknown.w In view of the impacts of
h ity’s chemical f i y health, it is of great
importance to avoid fusther eocalaﬂon of the problem of large-
scale and longterm environmentsl and human exposure to
PFAS by rapidly restricting uses of PFAS wherever possible.”’
Furthermore, as has been stated by ourselves’ and others
before, society should not continually repeat the same mistakes
with other persistent chemicals.
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