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Sources and environmental fate of
halomethoxybenzenes
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Halomethoxybenzenes are pervasive in the atmosphere at concentration levels that exceed, often by an order of
magnitude, those of the persistent organic pollutants with which they share the attributes of persistence and
potential for long-range transport, bioaccumulation, and toxic effects. Long ignored by environmental chemists
because of their predominantly natural origin—namely, synthesis by terrestrial wood-rotting fungi, marine
algae, and invertebrates—knowledge of their environmental pathways remains limited. Through measuring
the spatial and seasonal variability of four halomethoxybenzenes in air and precipitation and performing com-
plementary environmental fate simulations, we present evidence that these compounds undergo continental-
scale transport in the atmosphere, which they enter largely by evaporation from water. This also applies to hal-
omethoxybenzenes originating in terrestrial environments, such as drosophilin A methyl ether, which reach
aquatic environments with runoff, possibly in the form of their phenolic precursors. Our findings contribute
substantially to the comprehension of sources and fate of halomethoxybenzenes, illuminating their widespread
atmospheric dispersal.
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INTRODUCTION
Halomethoxybenzenes (HMBs) comprise benzenes substituted
with halogens and one or more methoxy groups but not with
other substituents, e.g., halogenated anisoles and dimethoxy com-
pounds. HMBs are mainly produced or transformed in the environ-
ment either by biotic or abiotic processes and therefore are often
considered “natural products.” HMBs have gained the attention of
the scientific community because of widespread occurrence and rel-
atively high concentrations in terrestrial and marine environments,
while also exhibiting properties that resemble those of persistent
organic pollutants (POPs) (1–6). The occurrence of HMBs in
remote regions, combined with long atmospheric half-lives (exceed-
ing the threshold of 2 days) indicate potential for long-range trans-
port (LRT) (4). Furthermore, some HMBs have been shown to
accumulate in aquatic and terrestrial organisms, for example, halo-
genated dimethoxy compounds have been reported in wild boar (7),
Great Lakes fish (8), and sea turtles and sharks (9). Some halogenat-
ed dimethoxy compounds can persist in the environment for many
years (10). Whereas toxicity data of HMBs are limited, sublethal
effects of chlorinated veratroles and anisoles to zebra fish embryos
and larvae have been reported with toxic threshold concentrations
ranging 2.8 to 450 μg liter−1 (11). Toxic effects of halogenated
phenols, which are regarded as precursors of HMBs, have been
identified. For example, 2,4,6-tribromophenol, the precursor of
2,4,6-tribromo-anisole (TBA), has been demonstrated to disturb
the human thyroid transport protein transthyretin and cause repro-
ductive effects in fish (12, 13). In view of the potential

environmental effects, halogenated natural products have been in-
cluded in the assessment of “Chemicals of Emerging Arctic
Concern” by the Arctic Monitoring and Assessment Program (14).

Both anthropogenic and biogenic activities might be involved in
the formation of HMBs. Usually, they are formed by microbial
methylation of chloro- or bromo-phenolics, whereby the precursors
could be either naturally produced or released from human activi-
ties (1). Brominated anisoles (BAs) are formed from O-methylation
of bromophenols, which are widely produced by marine algae and
invertebrates (15). While BAs are therefore usually considered to
have marine origin, bromophenols have also been reported to be
disinfection by-products formed during water chlorination (16).
In contrast, chloroanisoles are more likely to be of anthropogenic
origin as the precursor chlorophenols are commercially used as fun-
gicides and wood preservative (5). Some chlorinated anisoles and
phenols, i.e., pentachlorophenol (PCP) and its derivatives, have
been regulated as POPs under the Stockholm Convention since
2015 (17). Chlorinated veratroles were reported to be formed via bi-
ological methylations of chlorinated guaiacols and catechols, which
are associated with chlorine bleached kraft pulp effluents (11, 18). In
contrast, 1,2,4,5-tetrachloro-3,6-dimethoxybenzene [drosophilin A
methyl ether (DAME)], a structural isomer of tetrachloroveratrole
(TeCV), is believed to be synthesized by terrestrial fungi and has
been found in crystal form in decayed heartwood (10, 19).

Whereas the atmospheric levels and air-water exchange of HMBs
have been studied extensively, largely missing so far are studies on
the spatial variability of HMBs in the atmosphere, even though they
might provide insights into sources. Early work investigating spatial
pattern of chlorinated anisoles in the marine atmosphere over the
East Atlantic and North Pacific Ocean recorded higher concentra-
tions in the northern hemisphere compared to the South, which was
attributed to higher anthropogenic inputs in the more populated
and industrialized North (2, 5). While microbial formation of chlo-
rinated anisoles from chlorinated phenols is well established, a
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continent-scale study of pentachloroanisole (PCA) and PCP in pine
needles revealed divergent spatial pattern, indicating potentially dif-
ferent sources for the two compounds (20). In the Nordic region,
Bidleman et al. (6) interpreted higher atmospheric level of BAs at
a coastal site relative to an inland site as reflecting marine origin.
Higher concentrations in the south and during summer (June to
August) were associated with higher rates of brominated phenol
production, which are temperature and salinity dependent (21,
22). For dimethoxylated HMBs, Bidleman et al. (6) reported
levels and time trends of TeCV and DAME at two Nordic sites, as
well as their relationship with halogenated anisoles and polycyclic
aromatic hydrocarbons. Close relationships between TeCV and
DAME and with BAs might suggest similar sources and environ-
ment fate, even though previously different sources had been as-
signed to these HMBs (10, 11, 18, 19). Spatial pattern of
dimethoxylated HMBs could provide more insights into their
sources, but no such data are available so far.

Here, we report on the concentrations of HMBs in air, water, and
atmospheric deposition samples from across Southern Canada. The
study regions include Canada’s most populous cities as well as
coastal areas on the Atlantic and Pacific coasts. Not only does this
effort represent some of the first such measurements in North
America, but also it is the first to comprehensively record spatial
distribution patterns using passive sampling networks comprising
a large number of sampling sites. The ability to map the levels of
HMBs was used to shed fresh light on their origins and fate. Fur-
thermore, we use model simulations of environmental fate and
LRT to support and explain the measurements.

RESULTS
Atmospheric levels
HMBs were quantified in more than 235 passive air samplers
(PASs), deployed for periods ranging from 4 to 12 months, and
72 samples taken with active air samplers (AASs) collected from
2019 to 2022 with the aim to investigate their atmospheric concen-
trations and spatial variability on the east and west coasts of Canada.
The study region included Canada’s largest cities as well as coastal
areas in the St. Lawrence River and Estuary and Salish Sea region.
Figure 1 displays maps with the sampling sites in each region, with
more highly resolved maps for tightly clustered sites inserted.
Details on PAS and AAS sampling and the quantification results
are provided in tables S1 and S2.

TBA, PCA, TeCV, and DAME were detected above the detection
limits in every passive and active air sample analyzed in this study
(except for TeCV in three PASs). Because HMBs were not detected
on atmospheric particles, i.e., the filters of the AAS, the gaseous
concentrations in AAS and PAS represent the bulk HMB concen-
trations in the atmosphere. For these four compounds, Fig. 2 com-
pares the concentrations and their variability between the three
studied Canadian regions [Quebec (QC), British Columbia (BC),
and Toronto]. The data from the PAS networks are displayed sep-
arately on the basis of site classifications (industrial, urban, and
rural). Furthermore, data for other locations reported in the litera-
ture are presented in Fig. 2 for comparison, with more details pro-
vided in table S3. While we compare time-averaged concentrations
at multiple locations from the PAS networks with multiple short-
term measurements obtained by AAS at one location, the averages
in both cases should approximate the long-termmeans. However, it

is not appropriate to compare the variability of PAS and AAS data in
Fig. 2, as they convey information on spatial and temporal variabil-
ity, respectively. A detailed description and the comparison of the
levels in PAS and AAS are provided in the Supplementary Materials
(text S1 and table S4).

The presence of these four HMBs in almost all air samples attests
to their ubiquity in the atmosphere. The high spatial and temporal
variability apparent in Fig. 2 suggests that this is not a result of very
long atmospheric residence times leading to well-mixed concentra-
tions within a hemisphere (as is, e.g., the case for hexachloroben-
zene) (23) but rather is due to a combination of wide-spread
sources to the atmosphere and atmospheric residence times allow-
ing for dispersal on a regional scale. Support for substantial poten-
tial of the HMBs for long-range atmospheric transport is provided
by a screening model–based assessment described in detail in the
Supplementary Materials (text S2 and table S6).

The sequence in the relative abundance of the four compounds is
the same in almost all studied regions, with DAME being the most
abundant, followed by TBA. The relative abundance of PCA and
TeCV differs somewhat between regions, with PCA being more
abundant than TeCV in QC and Toronto, while these two com-
pounds have very similar levels in BC. The latter is due to TeCV
being much higher in BC than elsewhere. Levels of PCA and
DAME are similar in BC and QC and levels of TBA are slightly
higher in BC compared to QC. Levels of PCA, TeCV, and TBA
are generally lower in Toronto than on the coasts. DAME is the ex-
ception in that levels in Toronto are comparable to those on the
coasts. PCA levels tend to decrease from industrial and urban to
rural sites, as one might expect for a chemical with mostly anthro-
pogenic sources. The opposite trend is apparent for the levels of
DAME, TBA, and TeCV, whereby site classification is very influen-
tial for TeCV in BC but not in QC.

The averaged levels of HMBs in this study were overall higher
than those reported for other locations (table S3). Specifically,
TBA were 2 to 5 times higher than those reported by Bidleman
et al. at coastal sites in the Nordic region (6, 21, 22, 24) and 2 to
10 times higher than those at coastal sites and in marine air (25–
27), and Canadian Artic air (4). Levels of PCA were one to two
orders of magnitude higher than those in the Nordic region and
East Africa (3, 6) but still lower than those reported in air above
the North Atlantic and in air over a wastewater treatment plant in
Germany in the 1990s (2, 28). DAME levels here were five to seven
times higher than in the Nordic region but only slightly higher than
level over the southern Indian ocean (6, 27). Concentrations of its
structural isomer TeCV, on the other hand, were one order magni-
tude greater than those in the Nordic region and in East Africa
(3, 6).

Veratrole with one to three chlorines were only quantified in a
selection of 83 PASs (table S7). Of these, only 3-chloroveratrole (3-
MoCV) was frequently detected (84% detection frequency), with
low levels that were similar in BC (11.8 ± 6.7 pg m−3) and QC
(11.0 ± 5.9 pg m−3). 4-chloroveratrole (4-MoCV) was only detected
in a quarter of the analyzed extracts in BC and in only one sample
from Quebec. When present above detection limits, 4-MoCV con-
centrations (24.3 ± 13.6 pg m−3) were higher than those of its
isomer in BC. 4,5-Dichloroveratrole (DiCV) could not be quantified
because of interferences. 3,4,5-Trichloroveratrole (TriCV) with a
detection frequency of less than 45% had average levels of 5.6 ±
2.7 pg m−3, which are comparable to level reported in the
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atmosphere of Lake Victoria in East Africa (3). We believe these to
be the first reported concentrations of monochlorinated veratrole in
the atmosphere.

Spatial patterns of HMBs in air
The PAS networks in QC and BC allow us to investigate the spatial
patterns of the four regularly detected HMBs in the atmosphere
(Fig. 3). The pattern for TBA clearly indicates the importance of
marine sources. In BC, sites close to the ocean have higher levels
than those further inland (Fig. 3A). High TBA concentrations (>
400 pg m−3) were found at near-shore sites on Vancouver Island
(L39 and L41), including in Victoria (L44 and L45). Within Van-
couver, several coastal sites (L10, L13, L14, and L15) had levels
that were clearly elevated, relative even to sites only a few kilometers
inland (see inset map in Fig. 3A). The same can be seen in QC
(Fig. 3B), where the sites along the St. Lawrence Estuary record
higher TBA levels, especially along the south shore (with S19,
S23, and S26 showing levels in excess of 200 pg m−3), than those
further away from marine waters. This is apparent in lower levels
in the St. Lawrence River valley (S1 to S10), in the Saguenay area
(S48 to S56), and along a transect across the Gaspé peninsula (S26
to S31; fig. S1).

However, we could easily detect TBA also at sites very far from
the ocean. We recorded levels of 45 pg m−3 at a site in Montreal,
which is similar to the annual average of ~40 pg m−3 measured
with the AAS in Toronto. Similar levels were also present at sites
L33 and L34 in the BC interior, which is separated from the
ocean by the coastal mountain range. These are concentrations in
the same range as those reported in Northern Europe (6, 21, 22, 24).
Given this, anthropogenic sources might also contribute, in addi-
tion to LRT. For example, within the St. Lawrence River valley, we
recorded slightly higher levels around 100 pg m−3 in Sorel-Tracy
(S5), a center of the steel industry.

PCA, generally believed to originate from anthropogenetic activ-
ities, has a spatial pattern distinct from the other HMBs. Waite et al.
(29) reported higher PCP air concentration at urban sites compared
to rural sites as well as elevated level in the vicinity of utility pole
storage site, in which PCP-containing wood preservative had been
applied. Similarly in this study, urban sites generally have higher
level of PCA, e.g., in Vancouver (L1 to L29) (Fig. 3C) and along
the Montreal–Quebec City corridor and the upper estuary (S1 to
S16 and S33 to S47) and sites S52 and S55 in the Saguenay region
(Fig. 3D). There is considerable variability within the Vancouver
area, with elevated levels at some locations along Burrard Inlet
(>100 pg m−3; L1, L6, and L7) and at the mouth of the Fraser
River (>300 pg m−3, L14), yet much lower ones at sites further up-
stream on the Fraser (< 50 pg m−3 e.g., at L17, L18, and L24)
(Fig. 3C, inset). An exceptional high value was recorded at site
S59 on the Northern shore of the estuary. Very low levels are appar-
ent at inland sites on the Gaspé (S28 to S30) and in the BC interior
(L32 and L34), suggesting a possible role for water bodies in the de-
livery of PCA to the atmosphere. However, some coastal sites also
have very low PCA levels.

DAME and TeCV show remarkably complex spatial patterns. In
both BC and QC, the highest levels of DAME (>400 pg m−3) were
recorded at sites in the vicinity of the ocean. In BC, these levels were
measured at sites on the Salish Sea (L39, L40, L42, and L43) but also
at a number of sites in the Vancouver region (UBC L12, Burnaby L6,
and Boundary Bay L15) (Fig. 3E), whereas in QC, this was the case at
numerous sites on the St. Lawrence estuary (S32, S45, S25, and S26)
(Fig. 3F). While this may suggest a marine source, sites in the inte-
rior of BC (L33 and L34) or in the St. Lawrence River valley (S5
Sorel-Tracy, S2, S3, S6, and S9) often also had fairly high levels
(>300 pg m−3). Clearly, the annual average of the DAME concen-
trations measured in Toronto (~270 pg m−3) is clear evidence that
there are nonmarine sources of DAME to the atmosphere. In BC,
TeCV has high levels around the Salish Sea (L36, L39, L40, L42, and

Fig. 1. Sampling locations of passive air sampler (PAS) networks. Labeled sampling sites in Southwestern British Columbia (A) and Southern Quebec (B), with inserted
maps providing higher resolution for Vancouver (C) and Quebec City (D). A large-scalemap shows the location of the sampling regions on the east coast and west coast of
Canada (E).
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L43) (Fig. 3G) and also in Burrard Inlet (L28 Indian Arm). In QC,
TeCV levels are a lot lower and also a lot more uniform, with sites
with slightly higher levels in the St. Lawrence River valley (S5 and
S8) and the Quebec City area (S9 and S34) (Fig. 3H).

Overall, the patterns for DAME and TeCV share similarities,
which is also evident in fairly high correlations between their con-
centrations in BC (r = 0.54) andQC (r = 0.66), significant at P < 0.01
(table S8 and Fig. 4). Bidleman et al. (6) also had observed strong
correlations between these two compounds at both of Råö and
Pallas in Northern Europe. More correlations between HMBs are
discussed in the Supplementary Materials (text S3).

TeCV levels are several folds higher in BC than in QC. While
TeCV has been linked with pulp bleaching processes (11, 18), the
National Pollutant Release Inventory of Canada (30) does not

indicate a higher release of contaminants associated with the pulp
and paper industry in BC compared to QC. Neither can we find ev-
idence that TeCV levels are elevated in close proximity to pulp and
paper manufacturing facilities (fig. S2). The reason for this may be
that the formation of chlorinated phenolic compounds from pulp
bleaching has been greatly reduced since elemental chlorine-free
bleaching was introduced after 2000.

Because of the extensive formation of DAME in decaying wood
by basidiomycete, forest fires have been hypothesized as a potential
pathway for DAME to the atmosphere (10). In our study, DAME
levels in air were not related to forest cover or with the occurrence
of forest fires in the vicinity of a sampling site. We also did not
observe any correlation between the concentrations of DAME (or
TeCV) in air and those of retene, a commonly used marker of

Fig. 2. Comparison of atmospheric levels of HMBs in different Canadian regions with literature data. Only data from studies with more than 10 samples are in-
cluded. Details on studies reported for Sweden (Råö and Holmon), Norway (Lista), Finland (Pallas), the Canadian Arctic, the Atlantic Ocean, the Indian Ocean, and East
Africa are provided in table S3. Some outliers with very high concentration are not displayed. Data labeled “industrial,” “urban,” and “rural” in Quebec (QC) and British
Columbia (BC) are from passive air samplers; all others are from active air samplers.
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Fig. 3. Spatial patterns of HMBs in the atmosphere of Southwestern British Columbia (BC) and Southern Quebec (QC). Concentrations in picograms per cubic
meter are displayed for TBA (A and B), PCA (C andD), DAME (E and F), and TeCV (G andH). Panels on the left [(A), (C), (E), and (G)] show BC with an insertedmap providing
higher resolution for Vancouver. Panels on the right [(B), (D), (F), and (H)] show QC with an inserted map for Quebec City. To eliminate possible effects of seasonal
variability, the spatial patterns are based on PASs deployed in seasons with comparable average temperatures. Levels from samplers deployed at the same site
during similar temperatures were averaged. Triangles (instead of dots) are used for samplers deployed during deviating temperatures. Large dots represent measured
levels that exceed the maximum value of the color scale.
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biomass burning (31). In Northern Europe, Bidleman et al. (10) also
did not find a significant positive relationship between levels of
DAME and benzo[a]pyrene (a potential marker for
biomass burning).

We conclude that sources other than the pulp and paper industry
or forest fires need to be invoked to explain the prevalence of TeCV
and DAME in the environment. The spatial patterns in this study
suggest that evaporation from water contributes to their presence in
the atmosphere. Similar to TBA, we record decreasing trends of
DAME from the southeast shore of the estuary to the offshore
sites on the Gaspé (sites S26 to S31; fig. S1), suggestive of evapora-
tion from the estuary as a source. Evaporation from water bodies as
a source of DAME to the atmosphere may not be limited to the
ocean but may also occur from fresh water as comparable levels
of DAME were found in the Toronto atmosphere (far from the
ocean but next to Lake Ontario) (table S2). In East Africa, higher
TeCV levels were found near Lake Victoria than further away
from the lake (3).

Seasonal variability of HMBs in air
The atmospheric levels of HMBs exhibit large seasonal variations
(Fig. 5). The four frequently detected HMBs showed similar
trends at all three AAS locations, with generally higher concentra-
tions levels during the warm season. Regressions of the logarithm of
partial pressure log p against reciprocal temperature 1/T [Clausius-
Clapeyron (CC) plots; Fig. 6 and table S8] were significant for all
four HMBs in Tadoussac and Toronto (P < 0.01) but not for TBA
and PCA on Saturna Island.

Apparent enthalpies of surface-air exchange (ΔHSA-app) derived
from the slopes of the CC relationships are comparable to, or slight-
ly higher than, values reported previously for the Nordic region
(table S9) (6). Comparing the ΔHSA-app with enthalpies of exchange
between water and air ΔHWA and soil and air ΔHSoilA has been used
to gauge the relative importance of local air-surface exchange and
LRT for the presence of a compound in the atmosphere (32, 33). For
the HMBs, this interpretation could be somewhat confounded by
rates of formation (e.g., O-methylation) increasing with tempera-
ture. In other words, because temperature not only affects the air-
surface equilibrium but also the amount of chemical available for

evaporation, ΔHSA-app values that exceed ΔHWA and ΔHSoilA
values are possible. Nevertheless, the derived ΔHSA-app for the
HMBs falling close to ΔHWA and the enthalpies of exchange
between octanol and air ΔHOA suggest that local exchange processes
are important. An exception is TBA in Toronto, which has a shallow
slope (smaller ΔHSA-app value), suggesting that long-range transport
is playing a larger role in controlling the atmospheric levels of TBA
in Toronto than in Tadoussac. This is consistent with the large geo-
graphical distance of Toronto frommarine sources and a substantial
long-range atmospheric transport potential estimated for TBA (text
S2 and table S6). The lack of a temperature dependence of TBA and
PCA on Saturna Island could be due to the small annual tempera-
ture range and the smaller number of data points.

At 11 of the sites in BC, PASs were deployed at least three times
during different seasons, and therefore different temperatures,
which allowed us to also explore the temperature dependence of
air concentrations at those locations. We again observed higher
levels of the four main HMBs during warmer deployments, with
28 of the 44 log p versus 1/T regressions for these sites having an
R2 greater than 0.6 (table S10). The ΔHSA-app calculated for
DAME and PCA from these PAS data were again close to the
ΔHWA and ΔHOA, lending support for local exchange being domi-
nant for DAME and PCA. TeCV, in particular, showed a clear tem-
perature dependence at most sites. The ΔHSA-app of TeCV at inland
sites (L3 to L5, L13, L31, and L34) was smaller than at coastal sites
(L39 and L44), suggestive of TeCVoriginating fromwater and being
transported inland. This interpretation is further supported by all
sites with elevated TeCV levels being near water in BC (Fig. 3).
ΔHSA-app of TBAwere mostly close to ΔHWA and ΔHOA. A negative
ΔHSA-app, indicating higher levels during colder deployments, was
calculated for TBA at the BC site farthest from the ocean (L34). This
might be indicative of TBA’s marine origin and the ability to
undergo LRT.

Local exchange is influenced by meteorological conditions, i.e.,
temperature and wind. Wind direction was further examined in
Toronto in addition to temperature. The winds were divided into
three categories: rural winds, urban winds, and lake winds (fig.
S3). The correlations between atmospheric levels and wind fractions
were analyzed (table S11). The fraction of lake winds is significantly
correlated with HMB levels, suggesting that the lake is the potential
local sources of HMBs. This was the case even for TBA, for which
the CC-plot indicated a larger influence of LRT in Toronto.

HMBs in precipitation
The HMBs levels in precipitation collected with a monthly resolu-
tion for 1 year on Saturna Island, BC, and in Tadoussac, QC, are
summarized in table S12. HMBs were not detected in the filter of
precipitation. Concentrations of 2,4-dibromoanisole (DBA) in pre-
cipitation ranged from <MDL (method detection limits) to 100 pg
liter−1 on Saturna and from <MDL to 186 pg liter−1 in Tadoussac.
DAME was detected in all samples, with averaged levels of 306 ± 82
and 457 ± 233 pg liter−1 on Saturna and in Tadoussac, respectively.
TBA (123 ± 111 pg liter−1) and 4-MoCV (250 ± 133 pg liter−1) were
detected in Tadoussac precipitation. PCA was only detected in two
summer time samples from Tadoussac. More frequent detections
and higher concentration of HMBs in precipitation in Tadoussac
may be related to the lower temperatures favoring partitioning
from gas to water. Wet deposition fluxes were also calculated for
the detected HMBs. A higher rain fall rate on Saturna compensates

Fig. 4. Correlations between DAME and TeCV in the atmosphere of South-
western British Columbia (BC) (red circle) and Southern Quebec (QC) (blue
triangle) in Canada.
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for lower concentrations, so the wet deposition of DBA and DAME
were similar in the two regions (table S12). The concentrations of
DBA, TBA, and DAME in precipitation and their deposition fluxes
reported here are about four to five times higher than what has been
reported at the coastal Råö site and up to one order of magnitude
greater than the inland Pallas site in the Nordic region (6).

The year-long measurements at Tadoussac and Saturna Island
allowed scavenging ratios SR to be estimated from the concentration
in precipitation (pg m−3) and air (pg m−3). Because concentrations
in both media are required, this could only be done for TBA and
PCA in Tadoussac and for DAME at both sites. An SR close to

the water-air partitioning ratio KWA of the HMB at the temperature
of the precipitation event indicates equilibrium between atmospher-
ic gas phase and rainwater. Considering the uncertainty of KWA and
the measured concentrations and of combining a monthly precipi-
tation sample with a 24-hour air sample taken during the same
month, the SRs of TBA (SR/KWA = 1.8 ± 0.82) and DAME (SR/
KWA = 2.7 ± 1.3 and 3.0 ± 1.7 at Tadoussac and Saturna Island, re-
spectively) (table S13) are indeed indicating equilibrium conditions.
The SRs for DAME was significantly (P < 0.05) related to tempera-
ture at both sites (fig. S4). Values of the apparent internal energy
change for water-air transfer (ΔUWA-app) for DAME of 62 ± 21
(Saturna Island) and 54 ± 12 kJ mol−1 (Tadoussac) estimated
from the slope of ln SR versus 1/T are comparable with a predicted
ΔUWA of 66 kJ mol−1. The SRs for HMBs in this study are very
similar to those reported previously for Northern Europe (6), sug-
gesting that precipitation scavenging of HMBs is well described by
equilibrium partitioning between atmospheric gas phase and pre-
cipitation. The SR estimated for PCA was about one order of mag-
nitude higher than the KWA but might not be trustworthy as only
two data points were available in precipitation with level close to the
detection limit.

HMBs in water
Concentrations of HMBs in water, sampled passively at 10 sites in
each of QC and BC in summer 2021 (fig. S5), are summarized in
table S14. No notable vertical gradients were found when compar-
ing concentrations in passive water samplers (PWSs) deployed at
different water depths (table S13). In contrast to the atmosphere,
TBAwas the most abundant HMB in water with average concentra-
tion of 3700 ± 2700 pg liter−1, followed by DAME. PCA had the
lowest concentrations in both regions (4.8 ± 2.4 pg liter−1), while
TeCV was only detected in BC. Overall, HMB levels in both
regions are comparable, i.e., slightly higher level for TBA and
slight lower level for DAME in BC, but similar PCA levels in the
two regions. The PWS results are consistent with the measurements

Fig. 5. Temporal variability of the concentrations of four HMBs in the atmo-
sphere. Changes in temperature (right y axis) and concentrations (left y axis) in
Saturna Island, British Columbia (BC) in 2019–2020 (A), Tadoussac, Quebec (QC)
in 2020–2021 (B), and Toronto, Ontario in 2020–2021 [(C), note different x axis].

Fig. 6. Regressions of logarithm of partial pressure (in pascals) of HMBs
against reciprocal of temperature (in kelvin) on Saturna Island, in Tadoussac,
and Toronto. Regressions for TBA and PCA on Saturna Island were not significant.
Slopes and P values are given in table S9.
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in air. For example, high TBA concentrations in water support its
marine origin. Detection of TeCV only in PWS deployed in BC is
aligned with the much higher atmospheric level of TeCV in BC and
suggestive of volatilization from water.

TBA levels in water measured in this study are generally higher
than what has been reported elsewhere, specifically, six to eight
times higher than at the Great Barrier Reef, Australia, and up to
two orders of magnitude higher than in Northern Europe and the
Canadian Arctic (4, 21, 34, 35). PCA has been reported in a wide
range of concentrations in water, from <1 pg liter−1 to up to 290
ng liter−1 (36–40). Its concentration in this study was about one
order of magnitude lower than the level reported in Lake Ontario
but slightly higher than in seawater of the German Bight (North
Sea) (39, 40). TeCV concentration in water in this study is slightly
higher than that reported in northern Baltic rivers and estuaries (35)
but one order of magnitude lower than reported decades ago in a
river receiving effluent from bleached pulp mill effluent (18). The
DAME level here is about half of that in northern Baltic water
bodies (35) but one order of magnitude higher than in surface
water of the Atlantic Ocean (41).

Spatial patterns of HMBs in water can offer some indications of
their origin (fig. S6). Consistent with a marine source, TBA levels
were much higher in the estuary (W10) than in the St. Lawrence
River (W1 to W9) and in waters around Victoria (V6 to V10)
than around Vancouver (V1 to V5) (fig. S6, A and B). This is con-
sistent with reported elevated level in estuaries compared to riverine
and offshore waters in northern Baltic estuaries (35). The anthropo-
genic PCA, on the other hand, had elevated levels in urban water
e.g., in Port Moody (V1) in the inner Vancouver Harbour and in
the city of Victoria (V8) and along the St. Lawrence River (W1 to
W9) (fig. S6, C and D). While DAME’s distribution was quite
uniform in Quebec waters (fig. S6F), higher levels were observed
close to the mouth of the Fraser River in BC (V4 and V5; fig.
S6E), which might implicate riverine runoff in delivering DAME
from terrestrial environments to water. TeCV exhibited a similar
pattern to DAME with an additional hot spot on the north shore
of Burrard Inlet (V3; fig. S6G). Considering the similarity of
DAME and TeCV in many regards, it is likely that the two com-
pounds originate from similar sources.

The concentration data of HMBs in water and air allow us to in-
vestigate the air-water equilibrium status. Fugacities of HMBs in
water ( fW) and air ( fA) were calculated from concentrations in
water (Cw, mole per cubic meter) and air (CA, mole per cubic
meter) and the temperature-adjusted water air equilibrium parti-
tioning ratio (KWA) (table S15). Specifically, fW = CW·KWA·R·T
while fA = CA·R·T, where R is the gas constant and T is temperature
in kelvin. The ratio of fW/fA indicates the tendency for net deposi-
tion (<1) or volatilization (>1). We caution that the uncertainty in
the KWA and in passive sampling rates, particularly for the PWS,
renders these air-water exchange calculations somewhat uncertain.
The fugacity ratios for the HMBs were similar in BC and QC (table
S15). Ratios that greatly exceeded 1 (27 ± 17) indicate net volatiliza-
tion of TBA, as has previously been reported in the Northern Baltic
Sea and the Atlantic Ocean (10 to 94) (21, 42) but differs from near-
equilibrium conditions reported for the Canadian Arctic (4).
DAME and TeCV, with fW/fA ratios of 0.7 ± 0.4 and 1.3 ± 0.8, re-
spectively, were close to air-water equilibrium. PCA is more likely to
volatilize from water with a mean fW/fA ratio slightly above unity
(5.7 ± 3.7).

DISCUSSION
Compared to anthropogenic organic contaminants, much less
effort has been expended on investigating the sources and environ-
mental fate of HMBs. Through a large geographical scope, an un-
usually large number of sampling sites, the inclusion of water, air
and precipitation samples, and the focus on both spatial and season-
al patterns, the present investigation sought to advance knowledge
on the origin and behavior of HMBs in the environment. The study
provided support for earlier findings, such as the marine origin of
TBA and the importance of anthropogenic sources for PCA. The
former was confirmed by elevated atmospheric levels near the
ocean, high seasonal variability associated with its production by
marine organisms and fugacity ratios consistent with net volatiliza-
tion from water. Support for the latter was mostly provided by
higher PCA level in air and water of urban areas. Our study also
generated data that challenge earlier hypotheses, such as the
absence of (i) evidence linking TeCV with the paper and pulp in-
dustry or (ii) a relationship between atmospheric DAME and
forest fires.

Our study provided evidence for the remarkable atmospheric
LRT potential of TBA resulting in its presence far from the ocean.
Our study further revealed the importance of evaporation from
water for controlling atmospheric levels of HMBs that are largely
believed to have terrestrial origins, such as DAME and TeCV. Em-
pirical evidence for this includes (i) spatial patterns in the atmo-
sphere that show higher levels at coastal sites rather than at sites
in heavily forested regions, (ii) high levels of HMBs at the mouth
of the Fraser River, (iii) a strong seasonality in air concentrations,
with coastal sites sometimes showing a stronger relationship with
temperature than inland sites, and (iv) higher HMB levels in
Toronto during times when the air originates over Lake Ontario.
We propose that even though HMBs such as DAME and TeCV
are believed to originate in terrestrial environments, they mostly
enter the atmosphere by evaporation from water. The transfer
from terrestrial environments to lakes, rivers and coastal waters
occurs by runoff of the HMBs itself as well as in the form of their
phenolic precursors, which can then undergo O-methylation in the
aquatic environment. Logging practices that involve the transport
and storage of harvested wood in water could provide a short-cut
for the transport of HMBs and their phenolic precursors from
forest to water.

To test the plausibility of terrestrial runoff and volatilization
from water being the main pathway for DAME to the atmosphere,
we assessed themain environmental fate processes of DAME and its
phenolic precursor [2,3,5,6-tetrachloro-4-methoxyphenol, droso-
philin A (DA)] using a steady-state multimedia environmental
fate model (text S4 and fig. S7) (43). As compounds naturally
formed for presumably geological time scales, assuming that
DAME and DA have achieved a steady state in the environment is
highly plausible. We further assumed that DAME and DA originate
solely in the terrestrial environment, i.e., 100% of their release oc-
curred to soil. To account for the high uncertainty of the degrada-
tion half-life of DAME and DA, we performed two sets of
simulations with the compounds being either highly persistent or
readily degradable. The simulations suggest that DAME emitted
to soil is approximately four times more likely to be transferred
with runoff to water than to evaporate from the soil (fig. S7). In
the case of DA, whose phenolic group is dissociated at
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environmental pH, runoff is even an order of magnitude more im-
portant than evaporation from soil (fig. S7). The simulations further
suggest that even if DAME is emitted to soil, evaporation fromwater
is a major fate process, with the evaporation flux from water exceed-
ing the one from soil if DAME is reasonably persistent. While DA
itself does not evaporate from water, we can infer that it could do so
readily after undergoing O-methylation to DAME in water. Overall,
these simulations lend support for the hypothesis that runoff of
HMBs and their phenolic precursors occurs and is followed by vol-
atilization of the HMB from water. The evaporating HMB is either
transported to the water itself or is formed by O-methylation of its
phenolic precursor in the water. Further details on the model sim-
ulation are given in the Supplementary Materials (text S4). We
might expect that a similar behavior can also be attributed to
PCA and its phenol precursor PCP.

It also implies that all four of the HMBs studied here tend to
reach the atmosphere by volatilizing from water, even if there are
different reasons for their presence in water: TBA is produced
within sea water, DAME and probably also TeCV originate in
forests and reach the water through natural runoff, and PCA origi-
nates from anthropogenic activities and reach water mostly through
runoff from urban and industrial areas of PCP use.

Earlier work clearly demonstrated that a naturally produced
compound such as DAME is persistent in the environment (10)
and able to bioaccumulate in organisms (7–9). DAME and DA
exhibit antimicrobial properties that may serve as the wood
fungi’s chemical defense against organisms that compete for the
same substrate (19).Therefore, it is possible that they exert toxic
effects similar to those of other biocides. Although data on toxicity
are limited, predictions from quantitative structure–activity rela-
tionship suggest that DAME has potential for mutagenic, develop-
mental, and reproductive toxicity as well as acute toxicity and
aquatic ecotoxicity not unlike those of many POPs (table S16).
The current study demonstrated the ability for DAME and other
HMBs not only to reach the atmosphere in notable amounts, regu-
larly reaching concentrations that exceed those of organochlorine
pesticides and polychlorinated biphenyls by more than an order
of magnitudes, but also to undergo substantial atmospheric LRT.
It is not unreasonable to believe that DAME and other HMBs
would meet the criteria applied to classify POPs under the Stock-
holm Convention and would be slated for global restrictions if
they were man-made compounds. While obviously nothing can
be done about the presence of naturally produced HMBs in the en-
vironment, it is valid to question whether they do not deserve more
scientific attention, considering their ubiquity, abundance, and
POP-like characteristics.

MATERIALS AND METHODS
Passive air sampler networks
Two networks of PASs were established in Southwestern BC and
Southern QC. A previously described PAS relying on styrene−divi-
nylbenzene co-polymeric resin (commercial name XAD-2) as
sorbent was used for sampling gas-phase HMBs (44). The East
coast network comprised 71 unique sampling sites covering the
St. Lawrence River valley from Montreal to Quebec City as well as
the north and south shores of the St. Lawrence Estuary. The West
coast network comprised 47 unique sampling sites across BC, with a
focus on the lower mainland around Vancouver and the Canadian

shore of the Salish Sea. As 19 and 47 field blanks were collected and
15 and 36 of the deployments were replicated in the East and West,
respectively, a total of 235 PASs was extracted and analyzed.

Both networks comprise sampling sites in cities (urban sites),
close to industrial facilities (industrial sites) and at locations away
from anthropogenic sources (remote sites) (Fig. 1). PASs were in-
stalled on trees or existing man-made structures, generally 2 to 4 m
above the ground. Deployments lasted 4 to 12 months (median, 9
months) during 2019–2022. Details on sampling site locations, de-
ployment periods, and replication are provided in table S1. The re-
trieved PASs were stored in metal shipping tubes capped with
Teflon tape–coated stoppers, sealed with Teflon tape, and stored
in sealed bags at −20°C until analysis. During each deployment,
the PAS housing contained two XAD-filled mesh cylinders, with
one being analyzed and the other being archived.

Active air sampling and precipitation collection
Seasonal variability of HMBs in air was studied using AASs,
whereby a glass-fiber filter (GFF) and a polyurethane foam
(PUF)/XAD-2/PUF sandwich collected compounds in the particle
and gas phase, respectively. Twelve 24-hour AASs were taken at
monthly intervals on Saturna Island, BC (L43; Fig. 1) in the
Salish Sea and close to Tadoussac, Quebec (close to S57; Fig. 1)
on the North shore of the St. Lawrence Estuary. Forty-eight consec-
utiveweek-long AASs were taken on the campus of the University of
Toronto Scarborough in the eastern suburbs of Toronto. Details on
the three locations and sampling periods are provided in table S2.
Precipitation was sampled monthly on Saturna Island and in Ta-
doussac with a wet deposition sampler during the same 12-month
period as the AAS. Precipitation samples were collected in sample
bottles containing 0.2 liter of dichloromethane.

Passive water sampling
PWSs with low-density polyethylene (LDPE) as sorbent, designed
for sampling dissolved HMBs, were deployed at 10 unique sites in
each of QC and BC from May to August 2021. Deployment sites
were mainly in urban areas, i.e., coastal Vancouver and Victoria
in BC, along the St. Lawrence River between Montreal and
Quebec City and in the lower Estuary close to Rimouski. Counting
replicated deployments at different depths and for different lengths
of time, there were 48 PWSs. Before deployment, LPPE sheets were
spiked with performance reference compounds (PRCs). The dissi-
pation of these PRCs allows for the calculation of site- and com-
pound-specific sampling rate for the target analytes. Details on
PRCs and the treatment of LPPEs are available in text S5. Detailed
information on the PWS sampling is given in table S14 and fig. S5
includes a map with sampling locations.

Sample extraction and pretreatment
The XAD-2 resin from the PASs, PUF–XAD-2 sandwiches from the
AASs in Toronto, GFFs (particle phase) from the AASs on Saturna
Island and Tadoussac and the GFFs from the precipitation samples
were extracted using a 1:1 mixture of hexane and acetone using an
accelerated solvent extractor (Dionex ASE 350, Thermo Fisher Sci-
entific, CA, USA) with the following settings: 1500 psi, 75°C, 6-min
static cycle, 3 cycles per sample, 100% flush volume, 240-s purge
with ultrahigh purity nitrogen. The PUF–XAD-2 sandwiches
from the AASs on Saturna Island and Tadoussac were Soxhlet ex-
tracted using 375 ml of dichloromethane for 20 to 22 hours. The
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precipitation samples were filtered through 0.7-μm GFFs. Then,
each 800 ml of filtered precipitation samples was subjected to
liquid-liquid extraction three times using 50 ml of dichloromethane
until all sample was extracted and the resulting extracts were com-
bined. The LDPE from PWSs were extracted by wiping the sheets
with pre-extracted Kimwipes, placing them into a baked 40-ml
amber glass vial, adding 30 ml of hexane, shaking for 5 min, and
then soaking overnight. This procedure was repeated twice, and
the extracts were combined.

Before extraction, 40 ng of 13C-pentachlorobenzene (13C-PeCB),
13C-hexachlorobenzene (13C-HCB), and 13C-PCA was spiked as
surrogates onto all samples. In the case of the PWSs, this step was
performed after the Kimwipe cleaning and before the addition of
hexane, whereby 5 min were allocated to allow the surrogates to
sorb into PE sheets. The volumes of all the extracts were reduced
to ~1 ml in iso-octane using a rotary evaporator. The concentrated
extracts then were passed through sodium sulfate (baked at 450°C
overnight) to remove water residues. Extracts were again concen-
trated to 1 ml using a stream of nitrogen and lastly adjusted to 0.5
ml. 13C-PCB105 (15 ng) was added to extracts as injection standard
before instrument analysis.

The HMBs analyzed in all PASs, samples taken with AASs,
PWSs, and precipitation samples taken in this study included
DBA, TBA, PCA, TeCV, and DAME. Selected extracts were addi-
tionally analyzed for 4-MoCV, 3-MoCV, DiCV, and TriCV. De-
tailed information on materials, solvents, and chemical standards
is given in table S17.

Instrument analysis
The analysis for the HMBs was done using a gas chromatography–
tandem mass spectrometer (Agilent 7000A Triple Quadrupole GC-
MS) operated in Electron Impact Ionizationmode. A capillary DB-5
column (Agilent J&W Scientific, 30 m by 0.25-mm i.d. by 0.25-μm
film thickness) was used to separate the HMBs. Helium was used as
the carrier gas at a flow rate of 1 ml min−1, and 2 μl of extract was
injected in pulsed splitless mode at 250°C. The oven temperature
program was as follows: initial oven temperature was 80°C and
then raised to 160°C at 20°C min−1, raised to 230°C at 3°C min−1,
and raised to 300° at 20°C min−1 and held for 10 min. The ion
source and transfer line temperature were set at 250° and 280°C, re-
spectively. The transitions and collision energies of the MS/MS are
provided in table S18.

Quality assurance/quality control
All glassware was machine-washed with detergent, rinsed with de-
ionized water, and baked for 24 hours before use. All other experi-
mental materials coming in contact with samples or extracts were
cleaned and rinsed with acetone and hexane or dichloromethane
three times. A total of more than 20 procedure blanks were prepared
along with each batch of extraction. HMBs were not detected in any
procedure and solvent blanks. Only low levels of DAME and TBA
were detected in some PAS field blanks, which were subtracted from
amounts quantified in exposed samplers. MDLs were calculated as
three times the SDs of levels in field blanks, if a compound was de-
tected in those blanks [with a signal-to-noise ratio (S/N) > 3]; oth-
erwise, the MDLs were calculated as the concentrations at which the
S/N is 10. The MDLs for PASs, precipitation, ASSs, and PWSs are
summarized in the Supplementary Materials. The recoveries of

surrogates (13C-PeCB, 13C-HCB, and 13C-PCA) in different
samples were within the acceptable range (table S19).

Data analysis
Volumetric air concentrations averaged over the time period of a
PAS’s deployment were calculated by dividing the quantified
amount by the product of the deployment period in days and a com-
pound-specific sampling rate in cubic meter per day. Passive air
sampling rates for the HMBs were obtained from a calibration
study conducted at the time of the AAS sampling in Toronto
(45). The sampling rates for PWSs was calculated on the basis of
equations by Booij and Smedes et al. (46, 47). Maps and visualiza-
tions of spatial patterns were made using Geobasemap within
MATLAB (Mathworks Inc., Natick, MA, USA).

Supplementary Materials
This PDF file includes:
Supplementary Text
Tables S1 to S20
Figs. S1 to S7
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