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There is evidence of widespread human exposure to per- and polyfluoroalkyl substances
(PFAS) but limited evidence of the human health impacts of this exposure. Using data
on New Hampshire births from 2010–2019, we show that mothers receiving water
that had flowed beneath a PFAS-contaminated site, as opposed to comparable mothers
receiving water that had flowed toward a PFAS-contaminated site, had 191% [95%
CI: 83–298%] higher first-year infant mortality (611 [268–955] additional first-year
deaths per 100k births); 168% [42–294%] more births before 28 wk of gestational age
(466 [116–817] additional such births per 100k births); and 180% [57–302%] more
births with weight below 1,000 g (607 [192–1022] additional such births per 100k
births). Extrapolating to the contiguous U.S., PFAS contamination imposes annual
social costs of approximately $8 billion. These health costs are substantially larger than
current outside estimates of the cost of removing PFAS from the public water supply.

PFAS | water pollution | reproductive health | infant mortality | birthweight

Policymakers and scientists are increasingly concerned about the potential for per- and
polyfluoroalkyl substances (PFAS) to impact human health (1, 2). These extremely
persistent chemicals serve a range of industrial and household purposes (3), from
firefighting foams to nonstick coatings. PFAS have been found throughout the global
environment (4, 5), including in drinking water systems (6–8), groundwater resources
(9, 10), and human blood samples (11, 12). Regulatory bodies around the world are
studying and enacting controls that include restrictions on production, imports, use,
and disposal (13–15). However, a lack of epidemiological evidence for causal impacts on
human health has hampered regulatory efforts to control PFAS (16). Here we provide
evidence of a causal link from PFAS exposure to human health in real-world populations.

We study the impacts of PFAS on reproduction, an area of particular concern. Animal
toxicology studies suggest that PFAS can lower birthweight (17), but whether the types of
PFAS exposure that occur in daily life rather than in the lab affect human reproduction
has not been clear, both because results are mixed and because human studies have
nearly all been associational rather than causal (18). Human epidemiological studies have
examined the relationship between PFAS measured in (maternal or cord) blood serum
and birth outcomes. Results are mixed (19–22), with some studies finding an association
with preterm births and/or low-weight births and other studies not finding an association
with either or both of these outcomes. Moreover, even when an association is detected,
it is possible that an additional health factor drives both PFAS measurements and birth
outcomes. For example, poor maternal kidney functioning can cause both high blood
PFAS levels and low birthweight (23, 24).

Here, we link exposure to PFAS through public water systems to infant mortality,
preterm births, and low-weight births. When a population has PFAS in its water
supply, drinking water becomes its primary source of exposure (22, 25, 26). Prior
studies have measured the correlation between drinking water systems’ PFAS and
reproductive outcomes, again with mixed results (27, 28), and have tested how a
community’s installation of a water filtration system changed birth outcomes relative
to other communities (29). However, these prior studies might not capture the causal
effect of PFAS. First, households who choose to live in areas served by water systems
with more PFAS contamination (27, 28), or in areas that have not yet cleaned up PFAS
contamination (29), may be different from households who choose to live in areas with
less contamination or that have cleaned up contamination (30). These differences may
be due to health preferences or may be a response to PFAS contamination lowering
house prices (31). Either way, households’ sorting into and out of PFAS exposure might
generate a spurious correlation between PFAS contamination and reproductive outcomes.
Second, households may undertake preventive actions such as purchasing bottled water
when public water systems either contain more PFAS or plan to install a filtration
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A B

C
Fig. 1. (A) Our empirical strategy compares reproductive outcomes among
households who receive water from wells that draw groundwater flowing
either to or from a PFAS-contaminated site (here, an airport). (B) The study
region comprises circles of 5 km radius centered on each PFAS-contaminated
site. Circles are colored by the level of PFAS attributed to each site. The map
of the United States is colored by the maximum level of confirmed PFAS
contamination within each state. Both are measured in log-scale (ppt). (C)
Groundwater flows downhill. The PFAS-contaminated site (“Site”) is in the
catchment area (outlined in red) of the downgradient well (“Down”). The
upgradient well (“Up”) is within the catchment area of the contaminated site
(outlined in black). The remaining well (“Side”) and the contaminated site
are outside of each other’s catchment areas (outlined in blue and black,
respectively).

system (32). These preventive actions may obscure the true causal
effect of PFAS contamination on reproductive outcomes.

We rely on variation in PFAS exposure that we argue is as
good as random. In particular, we compare reproductive out-
comes among mothers whose homes receive water piped from
wells on groundwater flowing toward a source of PFAS con-
tamination with reproductive outcomes among mothers whose
homes receive water piped from wells on groundwater flowing
from a source of PFAS contamination (Fig. 1A). To do so, we
combine geocoded data on all births and infant deaths among
New Hampshire residents from 2010–2019 with the locations
of PFAS-contaminated sites and public drinking water wells
(Fig. 1B). We compare mothers who live similar distances from
contaminated sites. Because the locations of public water wells
are confidential, these mothers should not know whether they
receive water from a well whose groundwater flows to or from a
contaminated site. As a result, we compare mothers who should
not have differentially chosen where to live based on potential
PFAS exposure and should not differentially take actions to
mitigate PFAS exposure.

In our primary analysis, we study 41 sites with contamination
of the two most prominent PFAS, perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonate (PFOS), above 1,000 ppt (SI
Appendix, section A). These sites are mostly contaminated by
industrial sources and landfills, but some are contaminated by fire
fighting related activities. We focus on groundwater supplies for
several reasons. First, it is more straightforward to connect water
supplies to contamination when on groundwater because the
contamination is typically persistent [driven by PFAS-impacted

soils (33)] where PFOA and PFOS slowly leach to the water
table (34). In contrast, surface water contamination can vary with
current polluting activities and migrates further over a broader
region. Second, preexisting treatment plants for groundwater
systems rarely remove PFAS (35). Third, groundwater is more
challenging to sample and test than surface water, making it
more likely that mothers do not know their exposure. Finally,
short-chain species of PFAS, which may have different health
implications and may require different removal techniques,
are generally much less abundant than PFOA and PFOS in
groundwater (36, 37).

Framework for Testing the Effects of Receiving
Water Flowing From a PFAS-Contaminated Site

To implement our empirical strategy, we develop a multivariate
regression framework (38, 39) that relates birth outcomes to
exposure to PFOA and PFOS (Materials and Methods). We
study whether a baby dies within their first year of life (“infant
mortality”), whether a birth occurs before 37 wk (“preterm”),
and whether a baby’s birthweight is below 2,500 grams (“low
birthweight”). We also distinguish degrees of prematurity and
degrees of low birthweight. Using conventional thresholds
(40, 41), we separately test for effects of PFAS on moderately
preterm births (between 32 and 36 wk), very preterm births
(between 28 and 31 wk), and extremely preterm births (less than
28 wk). And again using conventional thresholds (39, 42), we
separately test for the effects of PFAS on moderately low-weight
births (between 1,500 and 2,500 grams), very low-weight births
(between 1,000 and 1,500 grams), and extremely low-weight
births (less than 1,000 grams).

A location’s “catchment area” is the area upslope from it, so
that water flows to a location from the points in its catchment
area. PFAS released in a location’s catchment area plausibly end
up at the location, and PFAS released elsewhere plausibly do
not. We proxy for the direction of groundwater flow with high-
resolution data on land surface topography. The correlation
between groundwater flow and surface topography is widely
accepted and used in the hydrological sciences (43–45). SI
Appendix, section L provides direct evidence of this correlation
in our study area.

We calculate whether each public well in our data is within
the catchment area of a PFAS-contaminated site and whether a
PFAS-contaminated site is within the catchment area of the well
(Materials and Methods). We classify a well as “downgradient”
if at least one nearby (i.e., within 5 km) contaminated site is
within its catchment area. If the well is not downgradient, then
we classify it as “upgradient” if it is within the catchment area
of every nearby contaminated site. Otherwise we classify the well
as to the “side.” Within our multivariate regression framework,
the coefficient on the downgradient indicator gives the effect on
birth outcomes of receiving water from a well downgradient of
some nearby contaminated site relative to receiving water from a
well upgradient of all nearby contaminated sites.

Fig. 1C illustrates this assignment. The Top of the figure
is a hilltop. Groundwater flows from this peak toward a
contaminated site (black dot). The well at the red dot is downhill
from the contaminated site. Its catchment area (outlined in red)
includes the contaminated site. Because PFAS flow from the
contaminated site to the well at the red dot, we classify that well
as downgradient.

In contrast, the well at the white dot is uphill from the
contaminated site. The catchment area of the contaminated site
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(outlined in black) includes the well at the white dot and all of
its catchment area (outlined in white). Because PFAS flow from
the well at the white dot to the contaminated site, we classify that
well as upgradient with respect to this contaminated site.

The well at the blue dot is in the valley on the other side
of a ridge from the contaminated site. The contaminated site
is outside that well’s catchment area (outlined in blue), and the
well is outside the contaminated site’s catchment area (outlined
in black). We classify the well at the blue dot as to the side with
respect to the contaminated site.

We test whether mothers who receive water from wells like
that at the red dot have worse birth outcomes than mothers who
receive water from wells such as that at the white dot. We use
demographic, environmental, medical, house, and well control
variables and both county and year-by-month fixed effects to
make the mothers as similar as possible (Materials and Methods
and SI Appendix, section B). Our regression framework compares
births in the same month, in the same county, to observably
similar mothers, some of whom are provided with water from
public wells upgradient of a contaminated site and some of whom
are provided with water from public wells downgradient of a
contaminated site.

Birth Outcomes Are Worse Among Mothers
Served by Wells Whose Water Flows From a
PFAS-Contaminated Site

We find that being served by a well downgradient from a
PFAS-contaminated site causes worse birth outcomes. Fig. 2
reports estimates as a percentage change in the base rate of that
reproductive outcome in the sample (SI Appendix, section G
reports results as additional births per 100,000 births). The panel
across the top reports results for infant mortality. In the Lower
panels, the Left column contains results for preterm births and the
Right column contains results for low-weight births. Within each
column, the Upper panels report results for all preterm or low-
weight births and the Lower panels report results for extremely
preterm or extremely low-weight births. Significance tests are

relative to a null hypothesis of a weakly negative effect of PFAS
exposure.

In our baseline specification (Top row in each panel), we
estimate that being served by a well downgradient of a PFAS-
contaminated site, as opposed to being served by a well upgradient
of a PFAS-contaminated site, increases the chance of a baby
dying during their first year of life by 191% [95% CI: 83%–
298%, P < 0.001] (611 [268–955] additional deaths per 100k
births), increases the chance of a preterm birth by 20% [−4.0–
44%, P = 0.06] (1,475 [−291–3,240] additional preterm births
per 100k births), and increases the chance of a low-weight
birth by 43% [19–68%, P < 0.001] (2,639 [1,164–4,114]
additional low-weight births per 100k births). SI Appendix,
section G reports results for births that are moderately and
very preterm or moderately and very low-weight. We do not
have hypotheses regarding how the number of births in these
less severe categories of preterm and low-weight births should
change, because our estimated effects net out shifts into these less
severe categories from healthier categories with shifts from these
less severe categories into more severe categories. However, we
do have hypotheses regarding how the number of births in the
most severe categories should change. Indeed, Fig. 2 shows that
we estimate large and statistically significant (at the 1% level)
effects on the most severe categories of preterm and low-weight
births: The chance of an extremely preterm birth increases by
168% [42–294%, P = 0.007] (466 [116–817] additional such
births per 100k births), and the chance of an extremely low-
weight birth increases by 180% [57–302%, P = 0.004] (607
[192–1,022] additional such births per 100k births).

The remaining rows demonstrate the robustness of our primary
results. The second row drops mothers from the sample if their
drinking water comes from a well within 1km of a contaminated
site. These mothers are more likely to be misassigned because
the topography-based groundwater flow direction may be less
accurate at a smaller scale of 1km (e.g., groundwater flow and
PFAS may transport from lower to higher elevation due to local
spatial heterogeneities). These mothers may also be more likely
to be aware of the contaminated site. The third row drops

Fig. 2. Estimated effects of a mother being served by a downgradient well instead of an upgradient well, by reproductive outcome. Effects reported as
percentage increases in the base rate of that reproductive outcome. Reported P-values are for one-sided tests of a null hypothesis of a weakly negative effect.
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births after 2015 (so keeping births in 2010–2015), when the
State of New Hampshire began a testing program. This testing
program might have raised awareness of PFAS, which could
have led households to attempt to sort on exposure or to take
preventive actions regardless of exposure. The fourth row drops
contaminated sites within 5 km of a state border, in case PFAS
could have flowed to wells from unobserved contaminated sites
beyond our study area. The fifth row applies a less stringent
definition of upgradient, requiring only that a well be upgradient
of some nearby contaminated site (rather than of all nearby
contaminated sites) while not being downgradient of any nearby
contaminated site. The control population becomes more likely
to include individuals who have been treated to some degree,
which would work to attenuate estimates (as we indeed see
for infant mortality). The sixth and seventh rows remove all
demographic and medical control variables, respectively. The
final row includes contaminated site fixed effects so that, at the
cost of power to detect a true effect, we compare mothers whose
wells are near the same contaminated site. SI Appendix, section D
changes the radius used to define “nearby” contaminated sites.
Our results are remarkably robust to each of these alternate
specifications.

Several additional results reinforce our primary analysis. SI
Appendix, section G shows that being served by a well that is
upgradient of a contaminated site (relative to a well classified as
to the side) does not significantly increase the chance of infant
mortality, of a preterm birth, or of a low-weight birth—and in
some specifications significantly decreases the chance of those
births. It also shows that being served by a well downgradient of
a contaminated site increases the chance of a low-weight birth by
87% [37–137%, P < 0.001] even among full-term babies and,
dropping the preterm and low-weight categorizations, reduces
gestational length by 0.18 [0.004–0.4, P = 0.03] weeks and
weight by 50 [12–88, P = 0.008] grams on average (with
P-values for a null hypothesis of a weakly positive effect of PFAS
exposure). It reports suggestive evidence that birth outcomes are
worse for mothers who receive water from wells that are closer
to contaminated sites. It shows that our results are not driven
by exceptionally contaminated sites, by limiting our definition
of downgradient to the well nearest a mother’s residence, or by
excluding surface water sources. And it shows that effects of being
served by a well downgradient of a contaminated site are broadly
similar for mothers who were long-term and short-term residents,
with suggestive evidence of stronger effects on some outcomes
for the longest-term residents.

Several additional tests suggest interpreting our results as
causal. First, SI Appendix, section C shows that downgradient
mothers tend to be of higher socioeconomic status, which one
would expect to bias us against finding that PFAS exposure
negatively affects infant health. SI Appendix, section E shows that
if upgradient and downgradient mothers differed only in their
observed socioeconomic and demographic characteristics (and
not also in their exposure to PFAS), then we would expect infant
health outcomes to be similar between the two groups—and if
anything, we would expect infant mortality and birthweight to
be better among downgradient mothers. Second, SI Appendix,
section F tests whether we would estimate similarly significant
effects of being downgradient if we assigned random locations
around New Hampshire to be “contaminated sites.” It shows that
downgradient wells are not generically associated with worse birth
outcomes than upgradient wells. Finally, SI Appendix, section M
shows that we obtain qualitatively similar results for preterm
births and low-weight births in an out-of-sample test that uses
coarser data available for New York State.

PFAS Impose Costs Throughout the United
States

We use our estimated health impacts to learn about the aggregate
importance of PFAS as a public health problem in the United
States. We calculate the social costs imposed by PFAS in three
steps.

First, instead of estimating the effect of a mother being served
by a downgradient well, we estimate a continuous measure of the
effect of a mother being served by a well that we project as having
greater PFAS in its groundwater. Fig. 3A reports the estimated
effect of increasing the PFAS concentration by 100 ppt, which
is approximately half of the median concentration predicted
for the estimation sample’s wells (Materials and Methods). We
estimate that being served by a public well predicted to have
more PFAS significantly increases the chances of infant mortality
(P = 0.012) and also significantly increases the chance of a
preterm (P < 0.001) or low-weight (P < 0.001) birth. As in
Fig. 2, effects are especially large for the worst health outcomes.

Second, we impute PFAS concentrations around each con-
taminated site in 11 U.S. states with PFAS testing programs by
combining topographical data with data on PFAS contamination
(46) (Materials and Methods). We combine those imputed PFAS
levels with data on births close to the contaminated sites and with
our estimated effects of PFAS from Fig. 3A in order to predict the
change in a year’s birth outcomes around each contaminated site.
The blue bars in Fig. 3B (Left axis) tally these effects across the
11 states. We estimate around 400 additional deaths, over 1,000
additional preterm births (of which around 600 are extremely
preterm), and over 1,000 additional low-weight births (of which
around 850 are extremely low-weight).

Finally, we combine these estimates with the social cost per re-
productive outcome (Materials and Methods). The lifetime social
costs from a preterm birth include additional medical costs for
the child, additional delivery costs at birth, additional educational
services, and lost labor productivity. These costs increase sharply
in the degree of prematurity (40). The lifetime social costs from
a low-weight birth include increased mortality in the first year,
increased medical costs and disabilities, lost adult income, and
increased long-term mortality risk. SI Appendix, section I details
the calculations, which are based on several sources (39, 47, 48).
We do not have social cost estimates per moderately low-weight
birth. Our calculations are conservative in that we assume that
the extra children born in one category would have otherwise
been born in the next-most severe category. For the social cost of
infant mortality, we conservatively assume that, had they survived
through birth, these babies’ life expectancies, quality of life, and
medical outcomes would have been comparable to babies with
extremely low birthweight, from ref. 49. The red hatched bars
in Fig. 3B (Right axis) show that social costs in the 11 states are
dominated by infant mortality and extremely low-weight births.
Fig. 3C maps the lifetime social costs imposed by additional
low-weight births on each year’s birth cohort.

Fig. 3D aggregates social costs across the categories of preterm
births and across the categories of low-weight births. It adds the
social costs of infant mortality to the social costs of preterm births
because the latter do not account for mortality risk. The purple
bars plot the costs imposed on each year’s birth cohort in the
11 states, which amount to $1.9 billion for preterm births and
infant mortality and $2.7 billion for low-weight births. Likely
sources of PFAS contamination are found throughout the United
States (50). The hatched green bars scale our estimates to the
whole U.S. by assuming that PFAS testing was comprehensive
in those 11 states and that PFAS exposure in those 11 states
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A B

C D

Fig. 3. (A) Estimated effect of a 100 ppt increase in PFAS at the median PFAS level, with 95% CIs. Labels give the point estimate, the SE (in parentheses), and
the one-sided P-value for a null of a weakly negative effect. (B) Estimated change in annual rates of infant mortality, of preterm births, and of low-weight births
(in blue). Social costs (hatched red bars) are lifetime social costs for an annual birth cohort. SEs in parentheses. (C) Map of lifetime social costs from each year’s
additional low-weight births, by state. (D) Social costs from infant mortality and preterm births (Left) and from low-weight births (Right) in the 11 states with
data on contaminated sites (purple) and extrapolated to the contiguous U.S. (green, hatched).

is representative of exposure in the other states (Materials and
Methods). We estimate costs per annual birth cohort of $5.6
billion from preterm births and infant mortality and of $7.8
billion from low-weight births. SI Appendix, section G shows that
PFAS exposure increases infant mortality and extremely preterm
births even after controlling for birthweight. The lifetime social
costs across all three types of birth outcomes are therefore greater
than the $7.8 billion we estimate from low-weight births alone.

Discussion

We have shown that PFAS exposure causes worse birth outcomes
across the population of the U.S. state of New Hampshire.
Extrapolating to the population of the United States, we estimate
that PFAS generate at least $2.7 billion in annual costs in just the
11 states with a high level of testing—and at least $7.8 billion
in annual costs nationwide. Either cost estimate far exceeds the
estimated $1.5 billion in annual health benefits generated by the
new U.S. PFAS rule (51). The national cost estimate also far
exceeds even high-end estimates (of around $3.8 billion) of the
cost of cleaning up PFAS to achieve this rule (52).

Our estimates are likely to be a lower bound on the true
effects of PFAS on reproductive outcomes. Our assignment of
mothers to treated and control groups is likely to be noisy: Both
our matching of mothers to public wells and our calculated
groundwater gradients are imperfect. In particular, some of the
wells assigned as downgradient (or otherwise predicted to have
high PFAS) may not be highly contaminated, whereas others
assigned as upgradient or off to the side (or otherwise predicted to
have low PFAS) may in fact be contaminated. Moreover, mothers
are likely to drink water from other sources, including when out of
the house, which reduces the strength of our treatment. All such
complications should work to attenuate our estimates toward
zero, which makes the strength and robustness of our estimated
effects both more notable and more socially concerning.

Our estimated social costs are also likely to be lower bounds.
In particular, our social costs per reproductive outcome assume
that additional births would have otherwise come from the next-
most severe category. However, some of the additional extremely
preterm or extremely low-weight births are likely from babies who
would have otherwise been above 31 wk or 1,500 g, respectively.
Similarly, it is likely that some of the babies who died within
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their first year of life would have experienced better life outcomes,
measured by their quality of life and overall life expectancy, than
babies born in the extremely low-weight category. By ignoring the
potential movement of birth outcomes across multiple categories,
we conservatively underestimate social costs.

Our estimated social costs are also a lower bound on the total
social cost of PFAS because they include only the monetized
portion of reproductive harms due to PFAS. Concurrent work
suggests that early PFAS exposure reduces earnings and college
completion (53). Some of these long-run consequences may be
due to the effects on birthweight or gestational age that we
estimate here, but to the extent that these consequences are
additional to our estimates, their costs should be added to our
social costs. In addition, PFAS are widely believed to cause a
range of medical (2), ecological (3), and developmental (54)
harms. Future work should seek causal estimates of these other
effects from effectively random real-world exposure.

One limitation of the current study is that we do not observe
the history of exposure. As a result, we do not know how the
effects of PFAS vary with the duration of exposure or how
rapidly cleaning up PFAS may provide benefits. We do find
that outcomes are broadly similar among short- and long-term
residents, which suggests that benefits from cleaning up PFAS
could accrue rapidly. Future work should seek to distinguish
short- and long-term impacts.

Another limitation of the current study is that our extrap-
olation uses only PFOA and PFOS, which are two of the
more prominent species of PFAS. These two chemicals may
be correlated with other pollutants, including other species of
PFAS (Materials and Methods). Our estimated health impacts in
New Hampshire then capture the broader costs of unregulated
pollution associated with PFAS sources. Our estimated social
costs are still well-defined even if other pollutants contribute
to them: They define the benefits of installing PFAS-removal
technologies such as granular activated carbon filtration as long
as these technologies clean up correlated pollutants (Materials
and Methods for why this is likely to be the case). When we
extrapolate health impacts to other states, we implicitly hold
correlations with other pollutants constant over space. It is not
obvious if these correlations do in fact vary substantially over
space or how such variation would affect our extrapolation.

Finally, we use data from New Hampshire because that is
the only state for which we were able to obtain data on PFAS-
contaminated sites, groundwater wells, and individual births.
Supplemental analyses (in SI Appendix, sections D and H) show
that our estimated effects appear to be similar for more- and less-
contaminated sites and are approximately constant in the level of
PFAS we predict for a mother’s well. These results suggest that
other states’ PFAS-contaminated sites could have similar effects
as in New Hampshire. On the other hand, New Hampshire has
limited variation in mothers’ demographics, which could affect
how PFAS exposure translates into infant health. As more data
become available, future work will have more power to assess
how sensitivity to PFAS may vary with mothers’ characteristics.

Materials and Methods

Data. Our analysis uses five primary sources of data, detailed in SI Appendix,
section A. First, we use the universe of birth records for infants born to New
Hampshire residents from 2010–2019, obtained from the New Hampshire
Department of Health and Human Services. We match these birth records
with the universe of death records for New Hampshire residents who die
within their first year of life. The University of Arizona Institutional Review
Board determined that our study was exempt. Second, we obtain locations

served by public water systems and locations of groundwater-sourced public
wells from the New Hampshire Department of Environmental Services. These
data, particularly the locations of public wells, are not publicly available due
to homeland security concerns. To receive access, one must apply directly to
the New Hampshire Department of Environmental Services. Third, our set of
contaminated sites comes from the Northeastern University PFAS Lab’s set of
sites with known PFOA/PFOS releases to nearby groundwater (46). Fourth, we use
groundwater PFAS measurements from tests undertaken by the New Hampshire
Department of Environmental Services. Fifth, we obtain a high-resolution digital
elevation model of the state (55). Sixth, we obtain data on wind direction, air
pollution, temperature, demographics, catchment area boundaries, and toxic
contaminated sites from various sources.

Sample Construction. We use land surface topography from the high-
resolution digital elevation model as the determinant of groundwater flow.
The strong correlation between land surface topography and the direction of
groundwater flow was first shown theoretically by ref. 43 and has since been
widely validated and accepted in the field of hydrology (44, 45). We provide
direct evidence of this correlation in New Hampshire at 13 sites for which detailed
data on the groundwater table are available (SI Appendix, section L). For each
PFAS-contaminated site and public well, we calculate its catchment area as the
area from which water would flow to the given location, using the Watershed
tool in Whitebox Tools.

In our base specification, we restrict attention to contaminated sites with
concentrations above 1,000 ppt and define nearby contaminated sites as those
within 5 km of a well (SI Appendix, section D assesses robustness to the 1,000
ppt and 5 km thresholds). If there exists at least one nearby contaminated site
within the catchment area of a well, then we classify the well as downgradient and
match it to the nearest such site. Otherwise, if a well is within the catchment areas
of all nearby contaminated sites, then we classify it as upgradient and match it
to the nearest such site. The wells that are classified as to the side are those that
do not have any nearby contaminated site within their catchment areas but that
also have some nearby contaminated site that is not clearly downstream of the
well. We match these wells to the nearest contaminated site. If a well does not
have any contaminated site within 5 km, then we drop the well from the sample.
SI Appendix, section K provides more details of groundwater calculations and
well classification. Our classification of wells as upgradient, downgradient, or
to the side is conservative in that we place all wells that are plausibly treated
by a nearby contaminated site into the downgradient group and we reserve
the upgradient group only for wells that are clearly not treated by any nearby
contaminated site (i.e., that are clearly a good control population). SI Appendix,
section G shows that downgradient classification is positively correlated with the
probability of PFAS at a well from ref. 56 and that upgradient classification is
negatively correlated with the probability of PFAS at a well from ref. 56.

To assign mothers to public wells, we overlay a map of public water system
(PWS) service areas onto the set of points representing the location of maternal
residences, as found in the birth record data. We remove all individuals who
reside in the service area of a system that receives its water solely from surface
water sources or imports its water from nonlocal sources. We also discard all
births to mothers who reside outside of the service area for any PWS. With the
PWS of each mother determined, we attribute a mother’s water source to the
well within that PWS that is nearest to her residence. SI Appendix, section G
assesses robustness to this assignment.

Our final sample drops individuals with missing data for any of the covariates
used in our regression framework. (SI Appendix, section G shows that including
these covariates does not appreciably alter our results. In addition, Fig. 2 includes
specifications in which we drop medical and demographic controls and do not
drop individuals missing the dropped covariates. These specifications again
show that missing covariates do not drive our results.) Our final sample contains
11,539 births. SI Appendix, section C details how many births survive each of
our sample restrictions and contains balance tables.

Regression Model: Effects of Being Downgradient. Our main analysis takes
advantage of a spatial discontinuity: The groundwater beneath some drinking
water wells contains PFAS from a contaminated site, whereas the groundwater
beneath other drinking water wells does not contain PFAS from a contaminated
site. Spatial boundaries have been used to identify causal effects in other contexts
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(57–59). In order for this analysis to capture the causal impact of PFAS on infant
health outcomes, it must be the case that mothers receiving water from wells that
are near PFAS-contaminated sites but upgradient of those sites would, but for
PFAS, have similar infant health outcomes as mothers receiving water from wells
that are near PFAS-contaminated sites but downgradient of some contaminated
site, conditional on the control variables. SI Appendix, section C shows that
mothers receiving water from wells that are near PFAS-contaminated sites but
downgradient of a contaminated site are, if anything, of higher socioeconomic
status than mothers receiving water from wells that are near PFAS-contaminated
sites but upgradient of those contaminated sites. SI Appendix, section E confirms
that these differences imply that, if not for PFAS exposure, infant health outcomes
would be broadly similar among these mothers and, if anything, would tend to
be better among downgradient mothers.

In our main analysis, we estimate equations of the following form:

Hict = 
Up_or_Downict + �Downict + ΓXict + �c + �t + "ict [1]

for birth i in county c and month t. In each equation, Hict is the health outcome
of interest, which can be an indicator for mortality within one year of birth, for a
preterm birth, for a low-weight birth, or for a subcategory thereof.Up_or_Downict
is an indicator that is equal to 1 if the mother in birth i receives water from a well
that is classified as either upgradient or downgradient of a contaminated site
and is equal to 0 if the well is classified as to the side, relative to groundwater
flow. Downict is an indicator variable that is equal to 1 if the mother in birth i
receives water from a well that is classified as downgradient and is equal to 0
if the well is not. The coefficient 
 gives the effect of a well being upgradient
of a nearby contaminated site relative to being to the side. The coefficient of
interest is�, which gives the effect of a well being downgradient of some nearby
contaminated site relative to being upgradient of all nearby contaminated sites.
Xict is a vector that contains an extensive set of demographic, environmental,
medical, house, and well control variables, detailed in SI Appendix, section B.
�c and �t are county and year-by-month fixed effects, respectively.

In the main text, we report results in terms of the percentage change in the
base rate: Letting �̂ indicate the estimated coefficient and H̄ indicate the average
value of Hict in the estimation sample, we report 100 · �̂/H̄. We hold H̄ fixed
across robustness checks. We estimate SEs that are robust to two-way clustering
at the contaminated site level (in order to account for possible unobserved
correlation among mothers near a given contaminated site) and at the year-
by-month level (to account for possible unobserved correlation among mothers
within a time period).

Including fixed effects at the county level absorbs the average effect of being in
one county or another. Our estimates therefore only use the variation in outcomes
across upgradient mothers and downgradient mothers within the same county,
not across counties (60). Analogously, our year-month fixed effects mean that
our estimates use the variation in outcomes across upgradient mothers and
downgradient mothers who gave birth within the same month of a given year.
And our vector of control variables means that our estimates implicitly compare
upgradient mothers to downgradient mothers who have similar houses, wells,
demographics, etc. This means that, while we use data on individual births
across different counties, months, and maternal characteristics, our estimates
implicitly compare upgradient mothers and downgradient mothers who gave
birth within the same month and the same county and who have similar houses,
wells, demographics, etc.

Other pollutants besides PFAS could differ between upgradient and
downgradient mothers. Indeed, some other pollutants are known to co-occur
with PFAS. To the extent that other pollutants do covary with PFAS around
contaminated sites, our estimates capture the health impact of PFAS and
associated pollutants. The primary water pollutants found to covary with PFAS
are 1,4-dioxane and chromium-6 (61). However, both were regulated in New
Hampshire prior to our study period, and are therefore likely to be removed by
existing water system technologies (62, 63). Moreover, 1,4-dioxane is not known
to affect reproductive or developmental outcomes (64), and water systems that
violate chromium standards must warn customers only of the possibility of
allergic dermatitis (65). The co-occurring pollutants that would affect our health
estimates are unregulated pollutants such as microplastics, pharmaceuticals,
and species of PFAS beyond PFOA and PFOS, provided that they are present

in groundwater during our study period. Below we discuss the implications of
these emerging pollutants for our social cost estimates.

Regression Model: Effects of Predicted PFAS. In our secondary analysis,
we use a two-sample instrumental variables (IV) model (60), in which we
first predict PFAS at the well level (a form of exposure estimation) and then
relate predicted well-level PFAS to birth outcomes. This analysis allows us to
understand how different concentrations of PFAS at contaminated sites—and
wells—affect infant health, which is useful for moving to a national analysis
of the potential impact of PFAS on infant health. We take this two-sample
approach because we do not observe PFAS contamination at all of the wells in
our sample: In a first-stage regression, we predict well-level PFAS contamination
given the spatial relationship between the contaminated site and the well, soil
characteristics, and local control variables, and in a second stage, we regress
infant health outcomes on predicted PFAS contamination from the first stage. This
IV approach can be used to handle issues of measurement error (here, missing
well-level contamination data) under two assumptions. First, the instruments
(downgradient indicator, distance from the contaminated site to the well, and
soil characteristics) must be correlated with well-level PFAS contamination but
otherwise uncorrelated with infant health outcomes conditional on the control
variables. Second, the wells where we observe PFAS contamination must be
similar to the wells where we do not observe PFAS contamination.

In the first stage, we use data on wellsw in county c tested for PFAS at month
t to estimate PFAS concentrations as a function of observable characteristics of a
well w and its associated contaminated site j:

asinh(PFASwct)
=�1Up_or_Downwjc + �2Downwjc + �3SPjc + �4AWCwc

+ �5Claywc + �6Sandwc + �7Siltwc
+ �8 ln(distwjc) + �9DownwjcSPwc + �10DownwjcAWCwc

+ �11DownwjcClaywc + �12DownwjcSandwc

+ �13DownwjcSiltwc + �14Downwjc ln(distwjc)

+ �15 asinh(SitePFASjc) + ΓX̃wc + 
 t + "wct. [2]

Here, PFASwct is the measured level of PFAS in well w, which we transform with
the inverse hyperbolic sine (asinh) because our data include a large number of
zeros.Up_or_Downwc andDownwc are assigned as in the primary specification.
In addition to whether a well is downgradient of a contaminated site, we
use a series of instruments for well-level PFAS contamination, including the
measured soil porosity (mm/m) SPwc [which affects the speed at which PFAS
migrate horizontally and to the groundwater table (44)]; wellw’s available water
capacity (mm/m) AWCwc ; the fractions of clay, sand, and silt particles in the soil
(Claywc , Sandwc , and Siltwc , respectively), which control how water and PFAS
move through the soil to reach groundwater (34, 66); and the distance from well
w to contaminated site j, distwjc . We record SitePFASjc as the PFAS attributed
to a matched contaminated site by the Northeastern University PFAS Lab (46),
which does not vary over time. The vector X̃wc of well-level control variables
includes an indicator for whether a well is a residential well; Census tract-
level median house sales price, median income, number of housing units, and
percent of the workforce employed in manufacturing; Census block group-level
temperature and particulate matter (PM2.5) pollution; the number of Toxics
Release Inventory Program sites within 5km of the well; wind transport of PFAS
(SI Appendix, section A.6); and the surface elevation of the well. We allow for
a linear time trend, 
 t, in order to capture the migration of PFOA and PFOS
through soils and into groundwater over time. SI Appendix, section J reports
the results of estimating regression Eq. 2. It also shows that predicted PFAS
correlates with our downgradient classification.

Once we have estimated regression Eq. 2, we use the estimated coefficients
to predict ̂asinh(PFASict), which is a transformation of PFAS at the well used to
supply water to the mother in birth i. We then estimate:

Hict =� ̂asinh(PFASict) + � asinh(SitePFASjc)

+ ΓX̃ict + �c + �t + "ict. [3]
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Hict and the fixed effects�c and�t are as in regression Eq.1. X̃ict is the same asXict
in Eq. 1 except without site-level PFAS (here pulled out separately) and without
distance from the well to the contaminated site (here used an instrument).
For those households with wells within 5 km of a PFAS-contaminated site, the
coefficient � identifies the effect of receiving water from a well with marginally
greater PFAS relative to receiving water from a well with marginally less PFAS.
We bootstrap the SEs (SI Appendix, section J). SI Appendix, section G reports
the estimated infant health effects of being downgradient implied by this two-
sample IV model, obtained by multiplying the estimated �̂ from regression Eq.3
by the difference in predicted PFAS for downgradient and upgradient wells. It
shows that these estimates are similar to the results of our primary analysis. SI
Appendix, section H tests for nonlinear effects of PFAS exposure. It shows that
the effects of PFAS are approximately constant in the domain of the data.

Calculating Effects Across the United States. In addition to the data sources
used in the primary analysis, we obtain county-level data on the number of births
in 2010 from the Centers for Disease Control Wonder service and population
data from the 2010 Census at the block group (CBG) level. We use these data to
impute CBG-level births:

birthsg =
populationg
populationc

birthsc , [4]

where g indexes CBGs and c is the county that contains the CBG.
To attribute exposure to PFAS at the CBG level, we calculate the catchment

area for each contaminated site throughout the United States for which we
have PFAS data from ref. 46 and for each CBG centroid that is within 5 km of a
contaminated site. We classify each CBG as upgradient, downgradient, or to the
side based on the relation of its centroid to nearby contaminated sites, following
the procedure used for wells.

To attribute PFAS exposure to the residents within a given CBG, we fit the
following equation to our New Hampshire data:

asinh(PFASwct)
=�0 + �1Up_or_Downwjc + �2Downwjc + �3SPjc + �4AWCwc

+ �5Claywc + �6Sandwc + �7Siltwc + �8 ln(distwjc)

+ �9DownwjcSPjc + �10DownwjcAWCwc

+ �11DownwjcClaywc + �12DownwjcSandwc

+ �13DownwjcSiltwc + �14Downwjc ln(distwjc)

+ �15 asinh(SitePFASjc) + "wct.

This regression modifies regression Eq. 2 to include only explanatory
variables that we observe nationwide. We use the fitted equation to
predict the inverse hyperbolic sine of PFAS exposure at the CBG level
from contaminated sites in the 11 U.S. states with widespread testing.
Multiplying P̂FASict by the estimated �̂ from regression Eq. 3 and birthsg
from Eq. 4 gives us the predicted change in reproductive outcomes
within CBG g.

Summing across the CBGs within 5 km of a contaminated site for which
we have data yields the predicted change in births in these 11 states. (Within
these 11 states, more than 87% of the population lives in a CBG for which
we have data from the Wonder service, so we ignore the possibility of health
impacts in CBGs for which we lack data.) We extrapolate to the 48 states of the
contiguous U.S. by multiplying the total effect in these 11 states by the ratio of
the contiguous U.S. population to the population of these 11 states. That ratio is
2.91. This extrapolation assumes both that we have comprehensively tallied the
effects of PFAS in those 11 states (which would not be true if there are untested
contaminated sites) and that contamination in these 11 states is representative
of contamination in the other 37 states (which would not be true if states that
chose to test did so because of well-founded special concern about PFAS or if
states that chose not to test did so because of well-founded special concern about
high liability for PFAS).

Social Costs of Health Outcomes. From ref. 40, the social cost of each
extremely preterm birth is $445,852; the social cost of each very preterm
birth is $241,769; and the social cost of each moderately preterm birth is
$36,728. Each of these figures incorporates differential costs borne by preterm
individuals due to differentials in medical care, maternal delivery costs, early
intervention services, special education services, assistive devices, and lost labor
market productivity, all relative to a full-term birth. In order to make each cost
relative to the next-most severe category, we difference the social cost of an
extremely preterm birth from that of a very preterm birth to arrive at a social cost
of $204,083 per extremely preterm birth. And we difference the social cost of a
very preterm birth from that of a moderately preterm birth to arrive at a social
cost of $205,041 per moderately preterm birth. The social cost of a moderately
preterm birth is $36,728, as in ref. 40.

To calculate the social cost of the different severities of low-weight births,
we closely follow Appendix F of ref. 39. We discuss these calculations in more
depth in SI Appendix, section I. Most importantly, unlike the social costs used
for preterm births, we directly account for differential mortality risks across
the distribution of birthweight when calculating relative social costs for each
severity group. When calculating the social costs of increased mortality risk, we
conservatively use different values of life based on, among others, differential life
expectancies for infants born in each low-weight bin (49). We obtain a social cost
of $2,636,968 for each extremely low-weight birth (relative to a very low-weight
birth) and of $1,767,021 for each very low-weight birth.

To calculate the social cost of infant mortality, we again use the results from
ref. 49. In particular, we assume that if an infant who died within their first year
of life had instead remained alive, then they would have had the quality of life
of an infant who was born at an extremely low weight. This yields a social cost of
$4,230,796 for each infant death.

We interpret our social cost estimates as reflecting the benefit of cleaning up
PFAS. Yet, as discussed above, our health estimates could reflect contaminants
that correlate with PFAS, especially unregulated contaminants. The primary
technology for removing PFAS at the scale of a treatment plant is granular
activated carbon filtration. This treatment captures many of the unregulated
contaminants that may correlate with PFAS, including microplastics (67) and
pharmaceuticals (68). The primary exceptions are short-chain PFAS, which
are less effectively removed than long-chain PFAS such as PFOA and PFOS
by granular activated carbon (69–72). However, short-chain PFAS have much
smaller concentrations than PFOA and PFOS in groundwater systems (36, 37).
Moreover, some of the PFAS-contaminated sites in our sample were closed
before 2000 (46). Long-chain PFAS were the dominant forms produced
prior to 2010, and it takes time for PFAS to migrate through soils to
groundwater (33, 34). As a result, our estimated health impacts over 2010–
2019 are likely to reflect exposure to long-chain PFAS more than short-
chain PFAS, consistent with many groundwater PFAS concentration datasets
that show much greater concentrations of PFOA and PFOS than short-chain
PFAS (37).

Data, Materials, and Software Availability. All nonrestricted data and
associated code are available on Figshare (73). Restricted data include (1)
shapes of public water system service areas in New Hampshire, (2) the
locations of public water wells, and (3) geocoded natality data for all
births in New Hampshire. 1. Water and Sewer Line Distribution Areas (a.
Department: New Hampshire Department of Environmental Services, Drinking
Water and Groundwater Bureau, Email: dwgbinfo@des.nh.gov; b. Point of
Contact: Kelsey Vaughn, Email: kelsey.vaughn@des.nh.gov; c. Instructions
to obtain data: Email department/person of contact to apply for access).
2. Public Water Supplies (a. Department: New Hampshire Department of
Environmental Services, Drinking Water and Groundwater Bureau, Email:
dwgbinfo@des.nh.gov; b. Point of Contact: Pierce Rigrod, Email: pierce.laskey-
rigrod@des.nh.gov; c. Instructions to obtain data: Email department/person
of contact to apply for access). 3. New Hampshire Natality and Mortality
Data (a. Department: New Hampshire Department of Health and Hu-
man Services, Email: HealthStatisticsMailFile@dhhs.nh.gov; b. Instructions
to obtain data: https://www.dhhs.nh.gov/programs-services/population-health/
health-statistics-informatics/vital-records-birth-death-data).
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