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AIR POLLUTION

Heavily polluted Tijuana River drives regional

. . ° o Full article and list of
author affiliations:
air quality crisis

science.adv1343

Benjamin Rico, Kelley C. Barsanti, William C. Porter, Karolina Cysneiros de Carvalho, Paula Stigler-Granados,
Kimberly A. Prather*

INTRODUCTION: The Tijuana River watershed is the epicenter of an per day (MGD) to <5 MGD. H,S levels and odor reports were strongly
environmental and public health crisis. For decades, millions of correlated (correlation coefficient 7 = 0.92), both sharply decreasing
gallons per day of untreated sewage, industrial waste, and contami- (~95%) after the wastewater diversion. The strong correlation supports
nated runoff have been released into the river, subsequently flowing  that the turbulent riverine hotspot was the dominant source of
through the Tijuana River Estuary and into the Pacific Ocean. These = malodors and H,S. Air samples collected before and after the diversion
heavily contaminated waters recently caused nearly 1300 consecu- also identified numerous compounds with known toxicity that

tive days of Southern California beach closures, negatively affecting decreased in abundance after the wastewater diversion, underscoring
both public health and the economy. Whereas health concerns have that exposure is not limited to a single toxic gas. An air trajectory

typically focused on direct exposure to contaminated waters, this model was able to reproduce the observed H,S trends only when g
study addresses the often-ignored impact of polluted waters on air meteorology and river flows were represented, further supporting the §
quality. Pollutants are transferred from water to air—a process that riverine hotspot as the primary source. The model demonstrated the g
is enhanced by turbulent flows—where they can be dispersed over potential for widespread dispersion of airborne pollutants well beyond &
tens of kilometers. As water pollution increases globally, under- the edge of the contaminated Tijuana River. -‘04‘
standing the atmospheric consequences of contaminated water 3
bodies is critical to safeguarding public health. CONCLUSION: Communities along the Tijuana River Valley have _g
endured decades of environmental pollution, with a public health g
RATIONALE: In summer 2024, even in the absence of rain, waste- crisis now clearly linked to airborne exposure of wastewater-derived g
water flows surged to millions of gallons per day, enhancing pollutants. Such prolonged exposure without adequate protection or 3
water-to-air transfer of hydrogen sulfide (H,S)—a toxic gas and key timely intervention highlights an environmental injustice that 8
sewage tracer—and other hazardous gases. Despite community demands action. Immediate actions—such as diverting wastewater %
concerns, the pollutants causing malodors and adverse health away from the Tijuana River and implementing localized air Q
effects had never been identified or quantified. In this study, we monitoring—can sharply reduce toxic exposures, but long-term %
combined advanced measurements and trajectory modeling to solutions require upstream treatment infrastructure, strengthened g)
demonstrate that poor water quality can substantially affect air regulatory oversight, and binational collaboration to reduce =4
quality, highlighting inhalation as a major exposure pathway while pollutant discharges at their source. As the number of heavily g_
validating long-dismissed community voices. polluted water bodies grows with ever-increasing inputs, ignoring Q
water-to-air contaminant emissions in air quality management 1S
RESULTS: Neighborhood-based nighttime H,S levels near a riverine allows hidden risks to persist. Recognizing and addressing this §
hotspot located at the Saturn Boulevard river crossing peaked at airborne exposure pathway is critical to protecting vulnerable o

4500 parts per billion (ppb)—with hourly averages orders of magnitude  populations and advancing global health equity. [J
above typical urban levels (<1 ppb) and California’s 1-hour ambient air

quality standard (30 ppb). A sudden wastewater diversion abruptly *Corresponding author. Email: kprather@ucsd.edu Cite this article as B. Rico et al.,
reduced peak nighttime flows from between 40 and 80 million gallons Science 389, eadv1343 (2025). DOI: 10.1126/science.adv1343

Turbulence in polluted waters transfers
contaminants to the air. Culverts at

the Saturn Boulevard river crossing
generate high turbulence, enhancing
water-to-air transfer of toxic wastewater
pollutants.
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AIR POLLUTION

Heavily polluted Tijuana River
drives regional air quality crisis

Benjamin Rico’, Kelley C. Barsanti?, William C. Porter?,
Karolina Cysneiros de Carvalho®, Paula Stigler-Granados®,
Kimberly A. Prather®*

Industrial chemicals and untreated sewage have polluted the
Tijuana River for decades, recently causing >1300 consecutive
days of California beach closures. In summer 2024, wastewater
flows surged to millions of gallons per day despite no rain,
enhancing water-to-air transfer of hydrogen sulfide (H>S) and
other toxic gases at a turbulent hotspot. High wastewater flows
and low winds led to nighttime H,S peaks, reaching 4500 parts
per billion (ppb)—exceeding typical urban levels of <1 ppb. H>S
levels and community malodor reports were strongly correlated
(correlation coefficient r = 0.92), validating long-dismissed
community voices and highlighting an environmental injustice.
This study demonstrates that poor water quality can substantially
affect air quality—although rarely included in air quality models
and health assessments—with far-reaching implications as
polluted waterways increase globally.

The 4532-km? Tijuana River Valley, spanning the western US-Mexico
border, has been the epicenter of a worsening environmental and
public health crisis over many decades. The heavily polluted Tijuana
River, containing untreated sewage, industrial waste, harmful chemi-
cals, and contaminated stormwater, crosses the border and flows through
the Tijuana River Estuary before emptying into the Pacific Ocean at
the southern edge of San Diego County (I, 2). The Tijuana watershed
has been classified as an impaired water body under the US Clean
Water Act, with >1300 days of recent beach closures and considerable
impacts on public health, the environment, and the region’s economy
(3). In 2025, the Tijuana River ranked second on the “America’s Most
Endangered Rivers” list (4). During the rainy season, November through
March, river flows can reach billions of gallons per day. Until recently,
dry-season flows (June through September) have been negligible ex-
cept after rare summer rain events. The ongoing water pollution crisis
in the Tijuana River watershed has been exacerbated by the winter
arrival of record high numbers of intense atmospheric rivers in 2023
and 2024, damaging already aging and inadequate wastewater infra-
structure on both sides of the border (5, 6). Coastal discharge of treated
and untreated sewage coming from Punta Bandera—a major waste-
water outfall located in Mexico, 10 km south of the border—also flows
northward during the southern swell, adding to the polluted coastline
from Imperial Beach north to other coastal San Diego communities
(7-10). Additionally, millions of gallons of untreated industrial waste
containing heavy metals and harmful chemicals are released into the
Tijuana River from Maquiladoras, duty- and tariff-free manufacturing
facilities in Mexico just south of the US-Mexico border (11, 12).
Health concerns regarding pollution in the Tijuana River watershed
have focused primarily on direct exposure to contaminated water—
either by drinking or by entering the ocean for recreational activities
(13-15). However, many processes can transfer water pollutants to the
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air, including bursting bubbles in waterfalls, turbulence in rivers, aera-
tion in wastewater treatment plants, toilet flushing, and breaking
waves in coastal surf zones, which form aerosols in a process known
as aerosolization (76-19). Studies have shown that water pollutants,
bacteria, viruses, pathogens, and fungal spores can become enriched
in the aerosolization process (20-27). In addition to aerosolization,
gaseous pollutants can partition from water to air (28, 29). Airborne
pollutants can then be dispersed by winds over distances of tens of
kilometers, increasing the number of people exposed to these pollut-
ants beyond just those in direct contact with the water. Furthermore,
humans inhale ~11,000 liters of air daily—far more than the 2 liters
of often-filtered water they drink—making inhalation potentially the
primary exposure pathway for many water-derived pollutants (30, 31).
The impact of heavily contaminated waterways on air quality and
human health has long been underestimated and largely ignored, with
increasing consequences as water pollution, anthropogenic runoff, and
local flooding are increasing as a result of population growth, aging
infrastructure, and climate change (32).

This study offers a real-world example of how pollutant exposure
can extend well beyond the banks of a contaminated river or waterway.
The health impacts of pollutants and pathogens transferred from heav-
ily contaminated waters into the atmosphere remain a substantial and
largely unaddressed gap in our understanding (33, 34). Given that
more than half of the global population resides near rivers, lakes, or
coastlines (35), strategic measurements and modeling are needed to
monitor and map the ways that pollution moves from water bodies to
surrounding air and, ultimately, to local communities and beyond.
More broadly, the impact of water pollution on air quality, including
the impacts of emerging air contaminants of concern, represents a
critical yet underexplored public health issue with major implications
for all of humanity (36).

Identifying the Tijuana River hydrogen sulfide and

malodor hotspot

In a previous winter season field study at Imperial Beach, we used ge-
nomic sequencing to show that up to 76% of airborne bacteria could
be directly traced back to the contaminated Tijuana River (37). In an
additional winter season study in 2020, illicit drugs, drug metabolites,
and chemicals from tires and personal care products were detected in
the South Bay, San Diego, region in both water and aerosol samples
(38). The field study discussed here has broadened the focus to include
gas and aerosol measurements in the same region during the summer,
a period when Tijuana River flows were expected to be minimal.

Air quality measurements commenced at a coastal site near the
US-Mexico border, Border Field State Park (Fig. 1, sampling location
1), which in the summer can be affected by ocean water polluted by
outfall from Punta Bandera (9). However, input from residents in com-
munities several kilometers from the coast—including reports of mal-
odors and health symptoms—helped us identify a turbulent and foamy
site along the Tijuana River that was visible in satellite imagery (Fig. 1
and figs. S1 and S2). As this site was the only visibly turbulent portion
of the Tijuana River on the US side of the border, and on the basis of
findings in wastewater management studies, we hypothesized that the
turbulence at this site was leading to enhanced emissions of hydrogen
sulfide (H,S) and other gases, aerosols, and associated malodors (39-43),
thereby creating a riverine hotspot. Consequently, on 1 September 2024,
we moved our mobile air quality laboratory ~5 km inland to the com-
munity of Nestor in the city of San Diego, the closest neighborhood to
the riverine hotspot and near a high density of K-12 schools (fig. S3).
We focus here on the H,S measurements taken at Border Field (Fig. 1,
sampling location 1) and Nestor (Fig. 1, sampling location 2) and vola-
tile organic compounds (VOCs) collected on sorbent tubes at the Saturn
Boulevard hotspot (Fig. 1, sampling location 3), the Tijuana River Estuary
(Fig. 1, sampling location 4), and a coastal site at Imperial Beach (Fig. 1,
sampling location 5).
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H,S: A toxic sewage gas and airborne tracer

of water pollution

For decades, communities near the Tijuana River Valley
have reported malodors and health symptoms (44).
Despite overwhelming community concerns, compre-
hensive air quality measurements had never been made
to identify the specific pollutants causing the malodors
and the adverse health effects. Known for its distinctive
“rotten egg” smell and low odor threshold (45), H,S is
the most common gaseous tracer of sewage. In this
study, we used H,S to link malodors and other airborne
contaminants with sewage-laden waters. Produced by
the anaerobic decomposition of organic matter, HsS is
toxic even at relatively low levels (46). The Centers for
Disease Control and Prevention (CDC) Agency for Toxic
Substances and Disease Registry (ATSDR) reports that
urban ambient H,S levels are typically <1 part per billion
(ppb) (47, 48). The California Air Resources Board (CARB)
set a 1-hour average California Ambient Air Quality Stan-
dard (CAAQS) of 30 ppb for the purpose of odor control.
The South Coast Air Quality Management District (South
Coast AQMD) uses this same 30-ppb level for acute expo-
sure. The California Office of Health Hazard Assessment
(OEHHA) and South Coast AQMD use a chronic expo-
sure limit of 7.3 ppb, particularly for vulnerable popula-
tions (e.g., pregnant women, children, older adults,
asthmatics, the immunocompromised).

Figure 2 shows 1-hour average HsS levels at the Border
Field coastal site (top row) as well as the Nestor neighbor-
hood site (bottom row). Measured levels are shown rela-
tive to the 30 ppb 1-hour average CAAQS for H,S. During

Fig. 1. Map of air sampling sites. The red pins indicate H,S sampling locations at (1) the coastal
sampling site at Border Field State Park and (2) the inland sampling site in Nestor community (city of
San Diego) near the riverine hotspot. Blue pins indicate VOC sampling locations at (3) the river crossing
hotspot at Saturn Boulevard, (4) the Tijuana River Estuary, and (5) a coastal site in Imperial Beach. The
red box shows the river crossing hotspot at Saturn Boulevard, identified with community input as the
major source of malodors. The inset highlights the region where turbulent flow produces extensive
surface foam (photo taken on 5 September 2024).
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36 billion gallons in 2023 and 2024, respectively (Fig. 3A
and fig. S4). The two corresponding dry seasons also
had higher annual flows than previous years (Fig. 3, B
to F). The impact of Hurricane Hilary in the summer of
2023 resulted in higher-than-normal August flows (Fig.
3E). Whereas high rainy season flows reflect contribu-
tion and major dilution from rainfall, dry-season flows
are typically low, with minimal contribution and dilu-
tion from rainfall (49). As shown in Fig. 3F, unprecedented high river
flows were recorded throughout most of the 2024 dry season, ranging
between 40 and 80 million gallons per day. The release of millions of
gallons of wastewater and untreated sewage into the Tijuana River
stemmed largely from an infrastructure failure at the Punto de Bombeo
de Control Integral Lomas de Agua (PBCILA). Although flow volume
data alone do not pinpoint the exact date of the PBCILA pump failure,
a sharp increase in community odor complaints indicates that the
riverine hotspot—characterized by high dry-season flows (low dilution,
untreated sewage) and elevated turbulence —was active by July 2024.
On 10 September 2024, the PBCILA facility began diverting wastewater
to the San Antonio de los Buenos wastewater treatment plant, where
it was then released into the Pacific Ocean at Punta Bandera.

Science 28 AUGUST 2025

Fig. 2. Polar heatmaps of H;S levels at coastal and inland sampling sites segmented into four
6-hour periods. (A to D) H,S polar heatmaps at the Border Field State Park coastal site, spanning 24 to
25 August 2024. (E to H) H,S polar heatmaps at the inland site of Nestor, spanning 7 to 8 September
2024. Color bar denotes 1-hour average H,S levels with a maximum scale value of 30 ppb, correspond-
ing to the CAAQS. Windspeeds shown in miles per hour (mph).

This diversion of wastewater effectively reduced transboundary
flows and associated turbulence at the riverine hotspot, with daytime
flows dropping to nearly zero and nighttime flows to <5 million gal-
lons per day. High-resolution 15-min flow data confirm that, after the
abrupt diversion on 10 September, wastewater was discharged to the
river only between 6 p.m. and 4 a.m. for the remainder of the 2024 dry
season (Fig. 3F, inset, and fig. S5).

Record high dry-season flows drive toxic H;S levels

and community malodor reports

Measurements were conducted in the Nestor community in the city
of San Diego to quantify the levels of airborne H,S in this residential
community from the dry-season Tijuana River turbulent hotspot. See
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between 5 and 14 hours of exposure above the CAAQS,

largely at night, with 1-hour average H,S levels ranging
from 30 to 2100 ppb. After the wastewater was diverted,
despite H,S levels decreasing significantly, residents
still experienced up to 5 hours of exposure above the

T CAAQS on most nights (Fig. 4, B, inset, and C). The

OEHHA/South Coast AQMD chronic exposure limit of
7.3 ppbis also included in Fig. 4B for reference. Although
this study enables direct comparison with acute expo-
sure standards, evaluating chronic exposure will require
forthcoming long-term measurement data to determine

whether these levels reflect typical air quality condi-

tions over months to years.

Dispersion of air pollutants broadens Tijuana
River impact to regional scale

The high temporal resolution HsS measurements in this
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study capture the impact of the high dry-season contami-
nated flows on Nestor, the local city of San Diego commu-
nity closest to the turbulent riverine hotspot. To evaluate
our emissions assumptions, and to investigate the ex-

Aug
Month

T T
2002 2006 2010 2014 2018 2022 Jun Jul

Year

May

Fig. 3. Historical annual transhoundary Tijuana River flow. (A) During the San Diego rainy season
(November through March) between January 2001 and October 2024 in millions of gallons annually
(MGA). (B) During the San Diego dry season (May through September) between January 2001 and
October 2024. (C to F) Annual dry-season Tijuana River flow between 2021 and 2024. Inset in (F) shows
normalized Tijuana River flow (15-min averaged) between 1 and 30 September 2024. Data were
downloaded from the International Boundary and Water Commission (IBWC) database (78).

fig. S6 for a summary of the full timeline of events related to this study.
Time series of H,S levels measured at Nestor from 1 to 22 September
2024 are shown in Fig. 4. During the period with the highest river
flows (5 to 9 September), 1-min averaged H,S levels surged at night
to 4500 times the typical urban ambient levels (Fig. 4A). After the
10 September wastewater diversion, H,S levels decreased nearly 95%.
However, H,S levels still peaked each night, coinciding with controlled
nighttime releases that increased river flow and turbulence at the
hotspot, while wind speeds and temperatures were at their lowest (figs.
S7 to S9). Meteorological conditions led to reduced dispersion and
atmospheric dilution of H,S, trapping the gas (which is heavier than
air) near the ground in nearby communities between ~6 p.m. each
night and ~8 a.m. the next morning (figs. S10 and S11).

Residents living in south San Diego and Imperial Beach communi-
ties made increasing and ultimately record-high numbers of daily
malodor reports (Fig. 4B) to the San Diego County Air Pollution Control
District (SDAPCD). These malodor reports were typically made during
the nighttime or early morning hours. The sudden wastewater diver-
sion and corresponding decrease in HsS levels on 10 September were
directly reflected in malodor reports, which decreased from 233 daily
reports on 9 September to fewer than 10 by 12 September. Linear re-
gression analysis reveals a strong positive correlation (r = 0.92) be-
tween H,S levels and community malodor reports (fig. S12). The strong
temporal correlation between the polluted Tijuana River flow and
ambient H,S levels in Nestor supports the hypothesis that the turbu-
lent riverine hotspot was the dominant source of malodors and H,S
emissions.

Framing the H,S measurements in a regulatory context, 1-hour average
Hs,S levels reached 2100 ppb (Fig. 4B), nearly 70 times the 1-hour CAAQS
of 30 ppb. Figure 4C illustrates the number of hours in a 24-hour
period that residents in Nestor were exposed to H,S levels above the
CAAQS. Before the PBCILA facility diversion, residents experienced

Science 28 AUGUST 2025

tent to which pollution from the Tijuana River is affect-
ing air quality in neighboring communities and beyond,
the HYSPLIT (50) trajectory and dispersion modeling
platform was used. The 1-hour average Tijuana River
flow rates were used as a semiquantitative proxy for rela-
tive H,S emissions, capturing the effect of increased flow
on source strength as well as the critical role of turbu-
lence at the riverine hotspot.

Dispersion modeling allows further study of the fac-
tors affecting the spatial distribution of airborne pol-
lutants emanating from the riverine hotspot, including
source strength, source location, and meteorology.
Figure 5 illustrates the modeled regional impact of HyS and likely
other toxic gas emissions from the Tijuana River crossing at Saturn
Boulevard. Relative levels of potentially degraded air masses were
binned into three time periods with distinct flow and meteorological
conditions: high river flow during moderate-temperature conditions
from 1to 5 September (period 1); high river flow during atmospheri-
cally stagnant conditions from 6 September through 12:00 p.m. on
10 September (period 2); and reduced river flow with westerly winds
over the remainder of the study from 12:01 p.m. on 10 September
through 22 September (period 3). The cutoff between periods 2 and
3 was set to noon on 10 September, because the wastewater diversion
occurred that morning.

As shown in Fig. 5, high Tijuana River flow periods at the beginning
of September resulted in higher airborne pollutant levels near the
riverine hotspot source region (shown as a black point in all panels).
Compared with period 1, period 2 nighttime boundary layer winds
were weaker, resulting in the highest H,S buildup in and around
Nestor and surrounding communities (Fig. 5, A and B). Higher river
flows starting in the evening hours reproduced the nightly increases
of H,S in Nestor, showing earlier and higher levels in period 2 (Fig. 5,
D and E). Reduced flows occurring after the wastewater diversion led
to reduction in turbulence and H,S emissions during period 3. Along
with more consistent westerly winds, reduced river flow contributed
to a greatly reduced density of weighted trajectories over the study
region, with nighttime peaks only a fraction of those occurring during
high river flow conditions (Fig. 5, C and F). Note that weighting
summed trajectories by the 1-hour average river flows was necessary
to reproduce the measured trends at Nestor across the three time
periods (i.e., meteorology alone without flow-based weighting did not
reproduce the trends), further confirming the Saturn Boulevard riv-
erine hotspot as the primary source region driving local emissions of
H,S and other airborne pollutants.

Sep Oct
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Fig. 4. Time series for H,S, malodor reports, and Tijuana River flow with comparison to air quality standards. (A) H,S levels (1-min average) and daily Tijuana River flow in
millions of gallons per day (MGD). (B) H,S levels (1-hour average) and daily malodor reports received by the SDAPCD. Correlation (r = 0.92). Dashed light-red line shows the
CAAQS of 30 ppb. Dotted light-red line shows OEHHA standard for chronic exposure of 7.3 ppb. (C) Bar plot of the number of hours per day ambient H,S levels exceeded the
1-hour average CAAQS. The color bar indicates daily peak H.S levels in parts per billion (1-hour average).

H,S indicates contaminated waters as a source of additional
airborne pollutants

The wastewater flowing through the Tijuana River, signaled by the
malodorous H,S, produced a multitude of airborne trace gases, some
of which are known air toxics. Abundances of VOCs sampled using
sorbent tubes were compared in paired samples, collected before and
after the 10 September wastewater diversion, at each of three locations:
the Saturn Boulevard river crossing, the Tijuana River Estuary, and
the Imperial Beach coast (Fig. 1). At each location, the paired samples
were collected at approximately the same time of day under the same
meteorological conditions (table S1) to better isolate the influences of
different source contributions. Figure 6 highlights select gaseous oxy-
genated hydrocarbons (CHO; see table S2 for compound identification)
that showed a decrease in percentage abundance after diversion at the
riverine hotspot (Fig. 6A), the Tijuana River Estuary (Fig. 6B), and a
coastal site in Imperial Beach (Fig. 6C). Analogous figures are provided
in the supplementary materials for hydrocarbons (CH; fig. S13 and
table S3) and heteroatom-containing hydrocarbons (CHX, where X
denotes sulfur, nitrogen, bromine, or chlorine; fig. S14 and table S4).
Diurnal profiles of the selected compounds sampled at the Saturn
Boulevard site (fig. S15) largely show peak abundance in the night and
early morning samples, coinciding with observed increases in emis-
sions due to the nightly releases and increases in transboundary flow
and associated turbulence at the riverine hotspot, coupled with lower
wind speeds and reduced atmospheric mixing.

Science 28 AUGUST 2025

Figure 6 uses a color-coded scale based on level-two 1-hour Acute
Exposure Guideline Limits (AEGLs, or their equivalents), which indi-
cate concentrations associated with irreversible or other serious, long-
lasting adverse health effects (57). These colors reflect the presence of
a compound with an established level-two AEGL (AEGL-2) but do not
represent measured levels (AEGL-1 and AEGL-3 values are given in
tables S2 to S4). Quantification studies are underway to assess whether
compounds were present above these acute thresholds. White bars
denote compounds with no established acute thresholds; however,
such chemicals may still pose health risks, particularly when part of
a complex mixture. The presence of compounds with established
AEGLs highlights that hazardous airborne pollutants extend beyond
H,S. Because AEGLs address only short-term exposures, comprehen-
sive assessments are needed to evaluate both acute and chronic health
risks from the distinctive and complex chemical mixtures emitted from
the Tijuana River.

The observed decreases in compound abundance across sites re-
flect differences in meteorology, photochemistry, and, particularly at
the coastal site, greater influence from nonriver sources. Samples
taken at the Tijuana River Estuary were collected in the early morning,
with minimal influence of photochemistry and/or dispersion, whereas
samples taken from Saturn Boulevard were collected in the afternoon,
when both processes were more active. The large reduction in com-
pound abundance at the Tijuana River Estuary after the wastewater
diversion further supports that the contaminated Tijuana River flow
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| Period 1: High flow

Period 2: High flow + stagnant winds

gravity sewer systems, where the ver-

Period 3: Low flow + dominant westerlies
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L T tical drops create turbulence that drives
efficient water-to-air transfer of HyS
from highly concentrated wastewa-
ter (39-43).

Air trajectory modeling supports the
recognition of polluted transbound-
ary river flow rates—which serve as a
proxy for source strength of water-
derived pollutants—alongside meteo-
rological variability as key drivers
behind observed diurnal patterns and
levels of H,S. It is important to reiter-

ate that H,S is only one of potentially
thousands of other pollutants emitted
from the Tijuana River, some of which
are reported here, that can affect re-
gional health across San Diego County
and beyond (55). Both measurements
and models demonstrate that changes
in wind speed and direction, on time-
1 scales of hours to days, influenced

Q .. the variability of H,S and other co-
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Fig. 5. Spatial and diurnal patterns for flow-weighted trajectory model end points starting at the Saturn Boulevard
Tijuana River crossing H,S hotspot. Relative dispersion and spatial intensities across Tijuana River Valley and surrounding
area are shown for (A) period 1 (1to 5 September), (B) period 2 (6 to 10 September), and (C) period 3 (1 to 23 September).
The cutoff between periods 2 and 3 was set at 12:00 p.m. on 10 September 2024. (D to F) Hourly sums across San Diego and
Imperial Beach communities are shown for periods 1, 2, and 3, respectively. All values are scaled to their respective maxima,
providing an estimate of relative concentrations based on local meteorology and assumed emission behavior.

was the main contributor to the selected CHO, CH, and CHX gaseous
species at this site. In contrast, the more variable reduction at the
coastal site reflects a wider range of nonriver sources contributing to
the selected gas-phase compounds. The differences in source contribu-
tions are also reflected in the relative abundance of each compound
before diversion (fig. S16), where the coastal site shows the lowest
fractional contribution for nearly all compounds, except for a few CHX
species likely with dominant ocean sources. Given the combined influ-
ence of source variability, photochemistry, and meteorological condi-
tions, coupled field observations and atmospheric modeling will be
needed to provide quantitative assessments of these gases on air qual-
ity and community exposure.

Polluted water bodies as emission sources for air

quality modeling

This study demonstrates the major impact a turbulent portion of a
contaminated river can have on regional air quality—a finding with
global implications, as many countries grapple with waterways con-
taminated by increasing levels of untreated sewage, chemical runoff,
and industrial waste. The severity of water pollution in the Tijuana
River was visibly marked by foam accumulating on the river surface,
peaking each morning and often persisting throughout the day (figs. S1
and S2), starting at the Saturn Boulevard hotspot and extending
through the Tijuana River Estuary. A global example of similar persis-
tent foam layers has been reported in the Yamuna River in New Delhi,
which has been attributed to a similar combination of industrial pol-
lutants and untreated wastewater (52, 53). These surface foams have
been shown to contain untreated waste, industrial chemicals, PFAS,
metals, and surfactants that accumulate on the water’s surface (52-54).
Similar foaming and enhanced H,S emissions have been observed in
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air quality measurements that cap-
0 5 10 15 20 . .
ture these spatial and temporal varia-
tions, especially near turbulent zones
with waterfalls, sewage drop-offs, and
other structures producing hydraulic
jumps and rapids, are needed to serve
as inputs for air quality models, as-
sess neighborhood- and regional-scale
air quality, and address public health
concerns. Such measurements are
critical for advancing current esti-
mates of the public health consequences of water pollution, which do
not typically include potential inhalation exposure pathways and deg-
radation of air quality (56).

This study underscores the pressing need to enhance our under-
standing of how pollutants move between environmental reservoirs,
in this case polluted water and air. Current air quality models do not
include gaseous emissions from polluted rivers, estuaries, or coastal
systems—areas increasingly affected by anthropogenic pollution. In-
corporating emissions from contaminated water bodies will be es-
sential for accurate predictions of health impacts of environmental
pollution and developing effective mitigation strategies. As human
population growth continues to drive pollution to levels that strain
and exceed Earth’s natural capacity for processing, understanding
these transfer mechanisms is essential for addressing the regional and
global impacts of pollution.

Addressing environmental justice and protecting public health

Residents living near the Tijuana River Valley have endured the im-
pacts of environmental water pollution since the 1930s, with escalating
impacts in recent years (44). The H,S levels recorded in this study
corroborate the long-standing concerns expressed by these residents.
Despite experiencing chronic levels of H,S exposure comparable with
other communities, and potentially for considerably longer duration,
their issues have received less attention and slower acknowledgment.
A parallel can be drawn with the air quality crisis in Carson, California,
in 2021 (57-59), where residents were subjected to malodors caused
by high H,S levels from a chemical spill in the Dominguez channel.
In that emergency, the South Coast AQMD responded rapidly by con-
ducting air monitoring, investigating sources, and issuing notices
of violation, while the county provided air filtration devices and local
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Fig. 6. Percent decrease in compound abundance after wastewater diversion.
Gaseous oxygenated hydrocarbons (CHO species) showing decreases after diversion
of the wastewater in air samples collected at the riverine hotspot at Saturn Boulevard
(A), the Tijuana River Estuary (B), and a coastal site in Imperial Beach (C). Bars are
color coded on the basis of known compound-specific level-two 1-hour Acute Exposure
Guideline Limits (AEGLs, or AEGL equivalents); white bars indicate compounds with
no known AEGL or equivalent.

) Higher Toxicity
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authorities worked to identify and eliminate the H,S source. The South
Coast AQMD has developed a network of real-time measurements of
multiple toxic gases, including H,S, across Los Angeles County, a pub-
licly accessible display, and rapid-response communication to warn
communities when high levels are reached to reduce community ex-
posure (60). Although San Diego County has historically not undertaken
the same level of air monitoring, source investigation, or community
protection, the SDAPCD District has recently added three H,S moni-
tors to strengthen local surveillance efforts. However, the binational
nature of the Tijuana River pollution crisis continues to pose major
challenges for coordinated and sustained response.

Exposure to HsS and other air pollutants released from untreated
wastewater can help account for many of the long-standing health
symptoms reported in South Bay, San Diego, and Imperial Beach, in-
cluding respiratory and gastrointestinal issues, headaches, fatigue,
skin infections, nausea, and anxiety (61). Wastewater treatment work-
ers and residents near such facilities have experienced similar health
effects (62-64). Additionally, studies on chronic H,S exposure in near-
source communities have shown an increased risk of noninfectious
respiratory symptoms and disease, respiratory mortality, and chronic
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bronchitis as well as ocular, nasal, and neurological effects (65-68).
Studies focusing solely on H,S do not fully represent the health im-
pacts associated with the complex, transient mixtures of airborne
pollutants that communities near polluted waterways are exposed
to—especially young children, the elderly, and those with preexisting
health conditions (56, 69). Given that ethical concerns have limited
human trials on H,S exposure (65), conducting controlled studies on
human exposure to these harmful airborne mixtures would not be
allowed. Nonetheless, this has essentially been the reality for the
people living in these polluted environments for years. In October
2024, the CDC completed a Community Assessment for Public Health
Emergency Response (CASPER) survey to investigate the health con-
cerns and impacts of the Tijuana sewage crisis on nearby communi-
ties (61). This study completed 189 in-person household surveys over
a 3-day period. Per the survey, 79.7% of households report that the
sewage crisis has negatively affected their quality of life, 64.1% of
households report worsening health conditions, 58% of households
report that overall stress levels have increased because of the sewage
crisis, and 70% of households report their symptoms caused by the
sewage crisis improved when they left the area. Additionally, 89.3%
of households believe that the crisis is worsening.

The demographics of Imperial Beach and the city of San Diego com-
munities of Nestor and San Ysidro (Fig. 1) align with the definition
of environmental justice communities (70). These areas have high
Hispanic/Latino populations, ranging from 53 to 93%, and, a signifi-
cant portion of residents live below the poverty line (71, 72). Besides
the social stressors that the community endures, environmental pol-
lution leads to cumulative impacts (73) on the local economy, health,
and overall quality of life. Such prolonged exposure without adequate
protection or timely intervention highlights a clear environmental
injustice that would likely not be tolerated in more affluent or less
marginalized communities.

Although addressing the scale of environmental pollution and as-
sociated health effects in the Tijuana River Valley will take some time,
there are some immediate steps to be taken. Given that H,S levels and
other toxic gases peak at night, providing effective indoor air filtration
represents a practical short-term solution. For the filters to be effective,
they must include activated carbon with potassium permanganate (74)
to reduce H,S and other toxic gases, along with particulate filters to
reduce exposure to aerosolized pollutants including viruses, bacteria,
and fungal spores. In addition to filtration, implementing a community
air monitoring program—similar to that established by the South Coast
AQMD-—is essential for protecting public health in the communities
affected by atmospheric pollutants emanating from the Tijuana River.
Such measures are fundamental to safeguarding community health by
providing real-time data on air quality and enabling timely responses
to pollution events (60, 75). Full assessment of the health impacts will
require analyzing medical records, existing survey data, and continu-
ous measurements of a range of airborne pollutants, and ultimately a
large-scale epidemiological study in the communities affected by the
heavily polluted Tijuana River will be necessary.

Making air quality measurements and indoor filtration accessible —
paired with community education—empowers residents to protect
themselves. However, long-term relief will only come from stopping
pollution at the source. This study makes it clear that water pollution
does not end at the river’s edge. The toxic emissions we measured in
the air are a direct result of untreated sewage and industrial waste
being dumped into the Tijuana River. While long-term infrastructure
upgrades and binational policy reforms are critical, they are projected
to take more than 5 years to implement. In the meantime, an immedi-
ate and low-cost mitigation step would be to eliminate the turbulent
drop at the Saturn Boulevard site, where the largest source of HyS and
other toxic gas emissions was identified. Without urgent interven-
tions, communities on both sides of the border will continue to bear
the health burden of this preventable crisis. Sustained monitoring,
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coordinated cross-border efforts, and leadership from federal, state,
and local authorities are crucial to finally provide the protection and
justice long denied to communities affected by this ongoing environ-
mental and public health crisis.

Materials and methods

H2S analysis

Ambient H,S levels were measured using a Teledyne T101 analyzer in
a mobile laboratory stationed from 24 to 25 August 2024 at Border
Field State Park and 1 to 22 September 2024 in the community of
Nestor, 950 yards from a hotspot identified at the Tijuana River cross-
ing at Saturn Boulevard. The T101 H,S analyzer was operated in “H,S-
only” mode to provide maximum temporal resolution with a 1-min
sampling rate. The T101 analyzer was operated in the 0 to 5 parts per
million (ppm) full-scale mode. Before field deployment, the T101 was
calibrated at the Teledyne API Factory in San Diego, California. During
the campaign, cross-validations were performed using a Thermo 450iQ
H,S analyzer (fig. S17). A post-field study calibration was performed
in the laboratory using a certified 25 ppm H,S standard, purchased
from Airgas (Airgas part number: X02NI99CA160000) that confirmed
data accuracy and instrument stability throughout the study (fig. S18).

Meteorological data

Meteorological data, including temperature, wind speed, and wind
direction were collected using colocated MODULAIR air quality moni-
tors equipped with sonic anemometers from QuantAQ Inc. The sonic
anemometers provide high-resolution wind measurements necessary
for understanding the localized atmospheric dynamics that contribute
to the observed H,S levels. OpenAir plotting package was used to
generate pollution heatmaps using hourly wind speed, wind direction,
and H,S data (Fig. 2).

River flow data

River flow data were obtained from the transboundary flow gauge
located near the US- Mexico border, ~3 miles upstream from the
Saturn Boulevard crossing, resulting in an estimated lag time of ar-
rival of 3 to 4 hours. High-resolution average river flow data in mil-
lions of gallons per 15 min were downloaded from the IBWC database
(Fig. 3F, inset). The daily averaged river flow data are shown in Fig. 4A.
Annual total river flow from 1 January 2000 to October 2024 are
shown in fig. S4. Accumulated river flow from 2021 to 2024 data are
shown in fig. S19.

Odor report data

Daily community odor report data were obtained upon request from
the San Diego County Air Pollution Control District (SDAPCD). A
simple linear regression analysis was conducted, yielding a Pearson
correlation coefficient (7) of 0.92, indicating a strong positive correla-
tion between H,S levels and the number of daily odor reports.

HYSPLIT dispersion model
A series of forward trajectory simulations were run using the HYSPLIT
dispersion model to study how local meteorology affects the observed
H,S levels as well as to estimate the relative levels of exposure in
neighboring communities. HYSPLIT forward trajectories were started
every hour at multiple heights within the estimated planetary boundary
layer at 50-m intervals. The paths of all forward trajectories were then
collected, weighted, and binned by time and location on the basis of
assumed influences on emissions and levels. HYSPLIT trajectories were
driven by the 12 km North American Mesoscale Forecast System (NAM).
To represent the influence of river flow and resulting turbulence on
H,S emissions, hourly Tijuana River flow rates at the start of each
trajectory run were used as a weighting factor for eventual end point
sums. Incorporation of flow was used to capture the effect of increased
flow rates, which lead to higher source strengths and more turbulence
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at the river hotspot, increasing H,S water-to-air transfer. To account
for photochemical loss of H,S within the water, weights of trajectories
initiated during daytime hours were downscaled assuming hourly
losses at the water’s surface following Pos et al. (76). To represent losses
once in the atmosphere, trajectory weights were further scaled by
length of daylight hours since release, assuming a H,S daytime atmo-
spheric lifetime of 12 hours and assuming chemical losses dominated
by reaction with the hydroxyl radical OH. Each of these weighting
factors represent highly simplified parameterizations of assumed influ-
ences on the emissions and losses of HsS in this system, but they
provide a quick test of those assumptions and their air quality implica-
tions. These assumptions qualitatively capture the measured variation
in H,S levels, further supporting the impact of river flow on H,S levels.

Thermal desorption sampling and analysis

VOC sampling was conducted at three different sites in the Tijuana
River Valley. Sampling details are outlined in table S1. Dual-bed [Tenax
TA (35/60) and Carbograph 1 (60/80)] thermal desorption sorbent
tubes (Camsco, Houston, TX, USA) were preconditioned at 335°C for
180 min while being backflushed with ultra-high-purity (UHP) nitrogen
then stored at —15°C before deployment. VOCs were collected on the
sorbent by sampling particle- and ozone-free ambient air at 200 standard
cubic centimeters per minute (sccm). Estuarine and coastal samples
were collected for 60 min, whereas riverine samples were collected
for 30 min. The difference in sample volumes was addressed in the data
processing step by normalizing all samples to a default 60-min collec-
tion time. After collection, all sorbent tubes were temporarily (<15 min)
placed in a portable cooler with blue ice packs and then stored at
—15°C until laboratory analysis.

Samples were analyzed using two-dimensional gas chromatography
time-of-flight mass spectrometry (GCxGC-ToF-MS, Pegasus 4D, LECO
Corp., St. Joseph, MI, USA). Each sorbent tube was desorbed using an
automated thermal desorber unit (ATD, TurboMatrix 650, PerkinElmer,
Waltham, MA, USA), which introduced the volatilized sample onto the
head of the primary GC column. The desorption procedure is detailed
as follows. After being loaded into the ATD, each tube was leak tested
and purged at ambient temperature for 5 min with UHP helium at
50 sccm to remove water and oxygen, reducing the risk of adsorbent
oxidation during desorption. The purged contents flow through a cold
(—20°C) focusing trap to ensure that no volatile analytes are lost dur-
ing this step. Immediately after the tube purge, a gaseous internal
standard mixture containing 1,2-dichlorobenzene-d4 [1.441 parts per
million by volume (ppmv)], 1-bromo-4-fluorobenzene (1.291 ppmv),
fluorobenzene (2.255 ppmv), and toluene-d8 (2.209 ppmv) in UHP
nitrogen was automatically added to the tube. The tube was subse-
quently heated to 300°C, and the volatiles present in the sample were
transferred at a helium flow rate of 50 sccm for 12 min to the cold
focusing trap. After this step, the focusing trap was heated to 300°C
for 5 min while being backflushed with helium, and 19% of the sampled
mass was transferred at 1.2 sccm onto the head of the primary GC col-
umn. During this step, the primary GC column was held at 40°C for
6 min, allowing the sample to recondense for subsequent chromato-
graphic separation. To ensure complete sample transfer from the ATD
to the GCxGC-ToF-MS system, all valves and transfer lines upstream
of the primary column were maintained between 225° and 235°C.

Chromatographic separation was obtained by ramping the primary
GC column (DB-VRX 30 m by 0.25 mm by 1.4 pm, Restek Corporation,
Bellefonte, PA, USA) from 40° to 220°C at a temperature rate of 4°C
min~?, while the effluents were collected, focused, and then transferred
to the secondary GC column in 4-s modulation periods. The GC second-
ary column (Stabilwax 1.19 m by 0.25 mm by 0.5 pm, Restek Corporation,
Bellefonte, PA, USA) and the modulator were offset by 5° and 20°C,
respectively, in relation to the primary GC column. The ToF-MS detec-
tor was programmed to scan a mass/charge ratio range of 29 to 450,
obtaining 200 spectra per second. The generated chromatograms were
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processed using ChromaTOF v4.72.00 (LECO Corp., St Joseph, MI, USA).
Compound identification was achieved by search with the National
Institute of Standards and Technology (NIST) Mass Spectral Search
Program. This study only included compounds whose mass spectra
matched the database with a similarity score of 800 or higher. Kovats
retention indices were also calculated (first dimension) and, when
available, compared with those reported in the NIST database. We note
that the available Kovats indices in the NIST database do not match
the column specifications or mass spectrometry methods used in this
work, and thus we report here the average of the available indices for
nonpolar columns as a point of comparison. Single-ion integration
was performed on compounds with a signal-to-noise ratio greater than
20. The raw abundances were corrected for instrument variability (i.e.,
detector drifts, sample transfer efficiency, etc.) using the internal stan-
dards response following the methodology described by Kreisberg et al.
(77). Preconditioned nonmanipulated tubes were used for chromato-
gram blank subtraction to reduce the contribution of background noise
to the integrated peak abundances. For each identified compound,
available exposure guidelines were obtained from the Environmental
Protection Agency (EPA) CompTox database. Acute Exposure Guideline
Levels (AEGL) were prioritized, followed by Emergency Response
Planning Guidelines (ERPG), and then by Temporary Emergency Ex-
posure Limits (TEEL). Each guideline includes three levels of exposure
values (e.g., AEGL-1, AEGL-2, and AEGL-3) for every chemical. Although
there are important distinctions among the exposure guidelines, the
tiers share some general similarities. The first tier represents a thresh-
old for temporary, nondisabling effects. The second tier signifies a
threshold for disabling effects (escape impairment). The third tier
indicates a threshold for life-threatening effects. For each compound
reported in this work, available concentrations for all three exposure
guideline tiers can be found in tables S2 to S4.
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Fig. S1. Drone image taken on September 10, 2024 6:56 pm PDTabove west end of the river
crossing at Saturn Boulevard. Image highlights foam patch created by turbulent flow
conditions from “waterfall” from underground culverts (2 of 4 culverts visible in drone image).

Inset shows satellite image of foam patch which starts at the Saturn Boulevard river crossing.
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Fig. S2. Images of foam patches from Saturn Boulevard river crossing. (A) Image taken at
6:00 am on September 15, 2024. (B) Image taken at 3:30 pm on September 15, 2024. Both
images taken after the wastewater diversion.
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Fig. S4. Annual Tijuana River flow between January 1, 2000 and October 15, 2024. Data
were downloaded from the IBWC river flow portal (https://www.ibwc.gov). Flow data are from
the IBWC transboundary flow gauge taken at the border ~3 miles northeast of the Nestor site.
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Fig. SS. Transboundary river flow versus H:S levels. Tijuana River flow (15-min average in
millions of gallons) and HzS levels (15-min average in ppb) over the duration of the Nestor
inland sampling period (9/1/2024 — 9/22/2024). Figures highlight diurnal trends in TJR flow and
the impact on HzS diurnal levels. Time lag is due to transit time for the water to travel from flow
gauge at the border to the turbulent region of the river near the Nestor air sampling site.



August 2024
Air quality study begins
in south San Diego.

September 9, 2024

Initial H,S results presented at
IB City Hall press conference
alerting community of high

concentrations H,S.

September 5, 2024
Initial H,S results
presented to Imperial
Beach Task Force and
SDHHS.

September 1, 2024
Nestor AQ monitoring
begins. H,S measurements
show nightly exceedance of

Ambient H,S levels and odor
reports decrease by roughly 95%

September 11-22, 2024

September 10, 2024
Wastewater flow
diverted

AQS.
July 2024 September 6, 2024
Odor reports to San Task force member raises
Diego Air Pollution concern regarding

Control District escalate
to record levels.

findings to SDHHS
receiving no response.

Fig. S6. Timeline of events related to summer 2024 air quality study.

September 22, 2024
Imperial Beach opens
for the first time in
over 1,000 days




Period 1: September 01-05, 2024
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Fig. S7. Temperature, wind speed, wind direction, and H:S levels from Period 1 used in

H>S dispersion model during high river flow during period 1 (9/1/24-9/5/24). ( A) 1-hour
average temperature and HaS levels. (B) Average temperature and HzS levels. (C) 1-hour

average wind speed and H:S levels . (D) Average wind speed and HzS levels. (E) 1-hour average

wind direction and HzS levels. (F) Average wind direction and HaS levels.



Period 2: September 06-09, 2024
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Fig. S8. Temperature, wind speed, wind direction, and H:S levels from Period 2 used in
H:S dispersion model during high river flow and stagnant winds. ( A) 1-hour average
temperature and HaS levels during period 2 (9/6/24-9/9/24). (B) Average temperature and H2S
levels. (C) 1-hour average wind speed and H2S levels. (D) Average wind speed and HaS levels
across period 2. (E) 1-hour average wind direction and HzS levels. (F) Average wind direction
and HaS levels.



Period 3: September 10-22, 2024
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Fig. S9. Temperature, wind speed, wind direction, and H:S levels from Period 3 used in
HzS dispersion model after Tijuana River diversion with low river flow with westerly winds
(9/10/24-9/22/24). (A) Hourly averaged temperature and H2S levels across Period 3. (B) Average
temperature and HaS levels. (C) Hourly averaged wind speed and HzS levels. (D) Average wind
speed and HaS levels. (E) 1-hour average wind direction and HzS levels. (F) Average wind
direction and H>S levels.
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Fig. S10. Representative 24-hour variations in HzS levels before wastewater diversion
between September 7-8, 2024. (A) 1-min average HzS levels. (B) 1-hour average HaS levels.
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Fig. S11. Representative 24-hour diurnal variations in HzS levels after wastewater
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diversion between September 14-15, 2024. (A) 1-minute average HaS levels. (B) 1-hour average
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Fig. S12. Linear regression plot of daily complaint totals versus daily peak HzS levels (1-
hour average). Pearson correlation (r) = 0.92. Regression equation: y = 2.0758x — 0.0261.
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Fig S13. Percent decrease in CH-compound abundance after wastewater diversion. Gaseous
hydrocarbons (CH compounds) showing a decrease post-diversion of the Tijuana River in
samples collected at the riverine hotspot at Saturn Blvd (A), the Tijuana River Estuary (B), and a
coastal site in Imperial Beach (C). Bars are color-coded based on known compound-specific one-
hour Acute Exposure Guideline Limits (AEGL, or AEGL equivalents); white bars indicate
compounds with no known AEGL.
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Fig S14. Percent decrease in CHX compound abundance after wastewater diversion.
Gaseous heteroatom containing hydrocarbons (CHX compounds—where X denotes sulfur,
nitrogen, bromine, or chlorine) showing a decrease post-diversion of the Tijuana River in
samples collected at the riverine hotspot at Saturn Blvd (A), the Tijuana River Estuary (B), and a
coastal site in Imperial Beach (C). Bars are color-coded based on known compound-specific one-
hour Acute Exposure Guideline Limits (AEGL, or AEGL equivalents); white bars indicate
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compounds with no known AEGL. The absence of bars (marked by the asterisks) indicates
compounds that were not detected in the Tijuana River Estuary or Imperial Beach, either before
or after the diversion.
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Figure S15. Diurnal profiles of each identified compound that demonstrated a decrease in
abundances after the diversion. Diurnal abundances were measured from September 15th to
September 16th at the riverine hotspot at Saturn Blvd. The heatmaps illustrate the normalized
abundances for (A) CHO compounds. (B) CH compounds. (C) CHX compounds—where X
denotes sulfur, nitrogen, bromine, or chlorine. The vast majority of the identified compounds.
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Figure S16. Fractional contribution of each identified compound to their summed abundances
observed at the three sites before the Tijuana River diversion. (A) CHO compounds. (B) CH

compounds. (C) CHX compounds—where X denotes sulfur, nitrogen, bromine, or chlorine.
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Fig. S17. Co-location comparison of Teledyne T101 H2S analyzer with Thermo 450i H2S
analyzer. H>S analyzers were co-located at Nestor sampling site from September 6-7, 2024. 1-
min averages reported for both instruments.
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Fig. S19. Annual accumulated river flow. Time series of annual accumulated river flow in
millions of gallons for 2021-2024. Daily river flow totals summed for each year. 2024 data
plotted up to October 20, 2024. Data were downloaded from IBWC river flow portal
(https://www.ibwc.gov).

21


https://www.ibwc.gov/

TABLE S1. Sampling periods defined to investigate the effect of the wastewater diversion on the

abundances of atmospheric trace gases in the Tijuana Valley Region.
Date Transboundary Flows- Mleng
. Layer Height
Time (me.s)
(m)
Before After Before After Before  After
Tijuana River 8/28/2024 9/15/2024
Hotspot 15:30 17-00 1.93 0.42 309.90 455.28
Tijuana River 9/10/2024 9/11/2024
Estuary 06:30 06:30 1.67 0.35 142.99 217.67
. 9/10/2024 9/11/2024
Imperial Beach 05-00 05-00 1.88 0.5 148.97 192.03
:‘Retrieved the United States Section of the International Boundary and Water Commission
(USIBWC) database.

'Retrieved from the Copernicus ERAS database.

TABLE S2. Identified CHO compounds
MS KI KI

NIST? CAS

Compound Name

. . b
Formula Exp. Limit

Exp.

(ppm)

Guide®
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Match Registry
Score Number
885 1102 1096 78-70-6 Linalool C10H180
898 1020 1016 470-67-7 Isocineole C10H180
886 1306 1283 76-49-3 Bornyl acetate C12H2002
. 18 TEEL2
907 1424 101-84-8 Dipheny! ether CI12H100 (1.8/86.3) (TEEL1/3)
4-tert-
870 1310 32210-23-4 Butylcyclohexyl C12H2202
acctate
852 1155 408.g1.7  Cyclohexanemethanol ) 300y
, a,a,4-trimethyl-
869 118-60-5 2-Ethylhexyl C15H2203
salicylate
898 1073 18479.58.g  /-Oeten-20l,2.6- 01000
dimethyl-
886 1102 78-69-3 3-Octanol, 3,7- C10H220
dimethyl-
3-Penten-2-one, 4-
847 1507 114933-28-7  (2,6,6-trimethyl-2-  C14H220
cyclohexen-1-yl)-
932 1164 464-49-3 (+)-2-Bornanone C10H160
858 1493 93-04-9 Naphthalene, 2- C11H100
methoxy-
851 989 985 106-68-3 3-Octanone C8H160
933 994 993 3777-69-3 Furan, 2-pentyl- CY9H140
232.0 TEEL2
851 872 860 123-19-3 4-Heptanone CTHI4O  5350330)  (TEELL3)
872 1273 2497-25-8 2-Decenal, (Z)- C10H180
921 1182 2216-51-5 Levomenthol C10H200
914 1103 1195-79-5 Fenchone C10H160
909 866 108-65-6 1-Methoxy-2-propyl - \¢1y17y3
acetate
128.6 TEEL2
922 894 890 110-43-0 2-Heptanone C7H140 (85.7/750)  (TEELLA)
862 1169 1162  18829-56-6 2-Nonenal, (E)- C9H160
866 983 975 4312-99-6 1-Octen-3-one C8H140
831 748 123-15-9 Pentanal, 2-methyl- C6H120
100.1 ERPGI
898 1027 104-76-7 1-Hexanol, 2-ethyl- C8H180 (0.1/201) (ERPG2/3)
911 963 57266-86-1 2-Heptenal, (Z)- C7HI120
Methyl Isobutyl 73.3 TEEL2
882 746 108-10-1 Ketone COHI20  7334886)  (TEEL1/3)
9.4 TEEL2
923 1064 1068 111-87-5 1-Octanol C8H180 9.4/65.8) (TEEL1/3)
899 1066 1062  2548-87-0 2-Octenal, (E)- C8H140
884 748 1115-11-3  2-Butenal, 2-methyl-  CSHS8O
868 1710 6259-76-3 n-Hexyl salicylate C13H1803
: 2.4 TEEL2
861 1220 1198 119-36-8 Methyl salicylate C8H803 (0.4/12.1) (TEEL1/3)
215 TEEL2
891 1097 1091 821-55-6 2-Nonanone C9H180 (2.6/86.0) (TEELL3)
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904 1198 693-54-9 2-Decanone C10H200
. 2.5 TEEL2
931 1056 1003 90-02-8 Salicylaldehyde C7H602 03/40.1) (TEELL)
833 972 7326467 ~ 2-Furanol, tetrahydro- 500y
2-methyl-
43 TEEL2
920 1300 1287 112-12-9 2-Undecanone CUH20 o cnray  (TEELLA)
142.0 TEEL2
914 691 687 107-87-9 2-Pentanone CSHI00  (1,14203) (TEEL1S)
94.0 TEEL2
893 904 111-76-2 Ethanol, 2-butoxy-  C6HI402 1 e o (pEr 13
800 943 1487-99-6 Oxepine, 2,7- C8H100
dimethyl-
55 TEEL2
840 1068 1120 78-59-1 Isophorone C9H140 (4.4/220.1 (TEEL1/3)
10.2 TEEL2
922 1085 1065 98-86-2 Acetophenone C8H8O (NA/71.3) (TEEL1/3)

Note. MS match score obtained by comparison with the National Institute for Standards and Technology (NIST) Mass
Spectral Search Program.
KIs were averaged from all available non-polar 30m columns that were temperature-ramped for GC analysis due to
data unavailability for the DB-VRX (30 m x 0.25 mm x 1.4 pm) column used in this study. For example: Linalool KI
values ranged from 1078 to 1112, thus the reported mean is 1096.

Abbreviations: MS, Mass Spectrum; KI, Kovats Index; Exp. Exposure.

?Available Kovats Indexes obtained from the NIST Mass Spectrometry Data Center(80).
®Available exposure guidelines obtained from the Environmental Protection Agency (EPA) CompTox database(81).

TABLE S3. Identified CH compounds

MS CAS Exp.
Match kI KT Registry Compound Formula Limit’ Exp..
NIST® Name Guide
Score Number (ppm)
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879

929

897

830

885

946
931

875

867
812
803

880

935

931

907
880
887

852

950

934

923
820
893

804

957

857
866
829

882
868

1347

1028

1025

1180

1220

1038
1105

1155

1275
1175
1207

1238

1038

1147

1071
1335
1169

1593

1014

986

1351
1561
1144

1324

1400

1080
1441
1198

1469
1453

1087

1018

1150

1087

1016

988

1402

4175-54-6

6874-39-1

586-62-9

1595-16-0

4706-90-5

527-84-4
7399-49-7

2049-95-8

6682-71-9
1196-58-3
1750-51-2

3877-19-8

5989-54-8

488-23-3

1758-88-9
2471-83-2
824-22-6

629-73-2

526-73-8

108-67-8

91-57-6
2883-02-5
2958-75-0

92-51-3

629-59-4

135-98-8

475-20-7

35431-04-0

13286-73-2
1795-15-9

Naphthalene, 1,2,3,4-
tetrahydro-1,4-dimethyl-
(2E,4E)-3,7-Dimethyl-2,4-
octadiene
Cyclohexene, 1-methyl-4-
(1-methylethylidene)-
Benzene, 1-methyl-4-(1-
methylpropyl)-
Benzene, 1,3-dimethyl-5-
(1-methylethyl)-
0-Cymene
o-Isopropenyltoluene
Benzene, (1,1-
dimethylpropyl)-
1H-Indene, 2,3-dihydro-
4,7-dimethyl-
Benzene, (1-ethylpropyl)-
Naphthalene, decahydro-
1,6-dimethyl-
Naphthalene, 1,2,3,4-
tetrahydro-2-methyl-
Cyclohexene, 1-methyl-4-
(1-methylethenyl)-, (S)-
Benzene, 1,2,3,4-
tetramethyl-
Benzene, 2-ethyl-1,4-
dimethyl-
1H-Indene, 1-ethylidene-
1H-Indene, 2,3-dihydro-4-
methyl-

Cetene

Benzene, 1,2,3-trimethyl-

Mesitylene

Naphthalene, 2-methyl-

n-Nonylcyclohexane
Methyldecahydronaphthale
ne

1,1'-Bicyclohexyl

Tetradecane

Benzene, (1-
methylpropyl)-
Longifolene
Naphthalene, decahydro-
1,1-dimethyl-
Tridecane, 3-ethyl-
Cyclohexane, octyl-

CI12H16

CI0H18

CI10H16

C11H16

Cl11H16

C10H14
C10H12

C11H16

Cl1H14
C11H16
C12H22

C11H14

CI10H16

CI10H14

CI10H14
CI1HI10
CI10H12

C16H32

C9H12

C9H12

C11H10
CI5H30
C11H20

C12H22

C14H30

C10H14
C15H24
C12H22

C15H32
C14H28

8.2
(1.4/43.6)

360.4
(140/1527)

360.4
(140.1/509)

0.6
(0.5/86.0)

22.1
(3.7/73.6)
0.3
(0.05/1233)
0.7
(0.1/136.7)

TEEL2
(TEEL1/3)
AEGL2
(AEGLU/T
EEL3)
AEGL2
(AEGLU/T
EEL3)
TEEL2
(TEEL1/3)

TEEL2
(TEEL1/3)
TEEL2
(TEEL1/3)
TEEL2
(TEEL1/3)
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0.4 TEEL2

932 1200 112-40-3 Dodecane C12H26 (0.1215)  (TEELL/3)
74.0 TEEL2
934 1500 629-62-9 Pentadecane C15H32 (9.3/370) (TEEL1/3)
902 1363 1560-96-9 Tridecane, 2-methyl- C14H30
864 1671 26429-11-8 Heptadecane, 4-methyl- C18H38
356.1 TEEL2
927 1700 629-78-7 Heptadecane C17H36 (51/15263) (TEEL1/3)
906 1371 6418-41-3 Tridecane, 3-methyl- C14H30
. 0.3 TEEL2
938 1300 629-50-5 Tridecane C13H28 (0.05/6.6) (TEEL1/3)
. 327.1 TEEL2
917 714 107-39-1 1-Pentene, 2,4,4-trimethyl- C8H16 (218/1635)  (TEELI1/3)
861 1564 6418-43-5 Hexadecane, 3-methyl- C17H36
889 1392 41446-68-8 3-Tetradecene, (E)- C14H28
804 1359 26730-12-1 Tridecane, 4-methyl- C14H30
885 1462 31295-56-4 Dodecane, 2,6,11- C15H32
trimethyl-
136.7 TEEL2
928 593-45-3 Octadecane C18H38 (32/6834)  (TEEL1/3)
813 1353 25117-31-1 Tridecane, S-methyl- C14H30
850 1456 25117-24-2 Tetradecane, 4-methyl- C15H32
6.5 TEEL2
946 1600 544-76-3 Hexadecane C16H34 (0.8/54.0) (TEEL1/3)
861 1549 6165-40-8 Pentadecane, 7-methyl- C16H34
865 1538 2882-96-4 Pentadecane, 3-methyl- Cl16H34
819 1386 295-17-0 Cyclotetradecane C14H28
844 1271 1271 17312-57-1 Dodecane, 3-methyl- C13H28
867 1531 55045-12-0 Tetradecane, 4,11- C16H34
dimethyl-
865 1573 25117-26-4 Hexadecane, 4-methyl- C17H36
810 1431 1480 1560-95-8 Tetradecane, 2-methyl- C15H32
844 1714 4536-88-3  Benzene, (1-methyldecyl)- C17H28
860 1693 2579-04-6 8-Heptadecene C17H34
Naphthalene, 1,2,3,4- 4.6 TEEL2
905 1180 119-64-2 tetrahydro- CIOHI2Z  6/18.5)  (TEEL1/3)
917 1292 41446-58-6 2-Tridecene, (E)- C13H26
321.3 TEEL2
907 800 111-65-9 Octane C8H18 (230/856.8) (TEEL1/3)
883 1544 4537-11-5 Benzene, (1-butylhexyl)- C16H26
849 1575 4621-36-7 Benzene, (1-cthyloctyl)- C16H26

Note. MS match score obtained by comparison with the National Institute for Standards and Technology (NIST) Mass
Spectral Search Program.

KIs were averaged from all available non-polar 30m columns that were temperature-ramped for GC analysis due to
data unavailability for the DB-VRX (30 m x 0.25 mm x 1.4 um) column used in this study. For example: Mesitylene
KI values ranged from 970 to 998, thus the reported mean is 988.

Abbreviations: MS, Mass Spectrum; KI, Kovats Index; Exp. Exposure.

®Available Kovats Indexes obtained from the NIST Mass Spectrometry Data Center(80).

®Available exposure guidelines obtained from the Environmental Protection Agency (EPA) CompTox database(81).
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TABLE S4. Identified CHX compounds—where X denotes sulfur, nitrogen, bromine, or chlorine.

MS CAS N
Match  KI KI a Registry Compound Name Formula Exp. Limit E’.‘p'b
NIST (ppm) Guide

Score Number
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843 613 624-89-5 Ethane, (methylthio)- C3H8S
923 701 1534-08-3 Methyl thiolacetate C3H60S
. 40.7 TEEL2
820 711 109-79-5 1-Butanethiol C4H10S (5.4/407.3) (TEEL1/3)
919 816 110-66-7 1-Pentanethiol C5H12S
Pentane, 1-
850 918 1741-83-9 (methylthio)- C6H14S
. 0.5 TEEL2
850 921 111-31-9 1-Hexanethiol C6H14S (0.07/103.5)  (TEEL1/3)
Hexane, 1-
861 1022 20291-60-5 (methylthio)- C7HI16S
859 1039 60779-24-0 Methyl n-butyl C5H12S2
disulfide
836 1115 17619-362  [nisulfide, methyl C4H10S3
propyl
812 1144 72437-68-4  Methyl pentyl disulfide ~ C6H14S2
Thiophene, 2-
831 1160 1613-49-6 butyltetrahydro- C8H16S
818 1220 54411.05.1  hiophene, 2-ethyl-5- ) oy
(2-methylpropyl)-
810 1229 3698-95-1 Methyl n-octyl sulfide C9H20S
817 1271 62429-57-6  >-(-Methylpent-3-— 0y g
enyl)thiophene
819 1318 67727-99-5 Disulfide, pentyl propyl C8H18S2
827 1518 112-51-6 Disulfide, dipentyl C10H22S2
931 973 3658-80-8 Dimethyl trisulfide C2H6S3
0.5 TEEL2
916 607 107-03-9 Propyl mercaptan C3HS8S (0.06/303.9)  (TEELI/3)
883 1169 4861-58-9 Thiophene, 2-pentyl- C9H14S
805 1064 1455-20-5 Thiophene, 2-butyl- C8H12S
trans-2,3-
807 876 5161-78-4 Dimethylthiophane C6H12S
802 961 1551-27-5 Thiophene, 2-propyl- C7H10S
927 784 616-44-4 Thiophene, 3-methyl- C5H6S
838 935 2179-60-4  Disulfide, methyl 060,
propyl
. 1001 ERPG2
940 514 75-18-3 Dimethyl sulfide C2H6S (0.5/5006) (ERPG1/3)
830 675 110-02-1 Thiophene C4H4S
. 1629 TEEL2
804 606 540-59-0 1,2-Dichloroethylene C2H2CI12 (1018/1629)  (TEELI1/3)
. 12.6 TEEL2
963 1023 541-73-1 Benzene, 1,3-dichloro- C6HA4CI2 2.1/67) (TEEL1/3)
. 4554 AEGL2
954 700 693 79-01-6 Trichloroethylene C2HCI13 (131.5/3839) (AEGLI/3)
863 732 625-28-5 Butanenitrile, 3- CSHIN
methyl-
860 727 18936-17-9 Butanenitrile, 2- C5HON
methyl-
. 343 TEEL2
937 879 75-25-2 Methane, tribromo- CHBr3 (4.9/7342) (TEEL1/3)
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Note. MS match score obtained by comparison with the National Institute for Standards and Technology (NIST) Mass
Spectral Search Program.

KIs were averaged from all available non-polar 30m columns that were temperature-ramped for GC analysis due to
data unavailability for the DB-VRX (30 m x 0.25 mm x 1.4 um) column used in this study.
Abbreviations: MS, Mass Spectrum; KI, Kovats Index; Exp. Exposure.

2Available Kovats Indexes obtained from the NIST Mass Spectrometry Data Center(80).
bAvailable exposure guidelines obtained from the Environmental Protection Agency (EPA) CompTox database(81).

Movie S1.

Video of wastewater flows taken at the Saturn Boulevard hotspot river crossing on September 4,
2024 at 1:54 pm; two of four culverts visible.
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