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ABSTRACT: Chlorinated paraffins are industrial chemicals
that can be subdivided into short-chain (SCCP), medium-
chain (MCCP), and long-chain (LCCP) chlorinated paraffins.
The global production volumes of MCCPs are nowadays
suspected to be much higher than those of S- and LCCPs, and
the few available studies on the environmental occurrence of
chlorinated paraffins report often higher MCCP concentrations
than S- or LCCP concentrations in the environment. The
present review focuses, therefore, on MCCPs specifically and
provides a literature overview and a data analysis of the
production volumes, PBT properties (persistence, bioaccumu-
lation potential, and toxicity), and the worldwide measured
concentrations of MCCP in environmental samples, biota, and
humans. Furthermore, we include our own measurements of technical CP formulations from China, the major global producing
country, to estimate the global production amounts of MCCPs. The key findings from this review are that (1) MCCPs are toxic
to the aquatic environment, and the available data suggest that they are also persistent; (2) available time trends for MCCPs in
soil, biota, and most of the sediment cores show increasing time trends over the last years to decades; and (3) MCCP
concentrations in sediment close to local sources exceed toxicity thresholds (i.e., the PNEC). Our study shows that overall,
MCCPs are of growing concern, and regulatory actions should be considered seriously.

■ INTRODUCTION

Polychlorinated n-alkanes, also known as chlorinated paraffins
(CPs), are complex industrial chemicals with the molecular
formula CnH2n+2−xClx and a chlorination degree varying from
30% to 70% by weight. According to their carbon chain length,
CPs are subdivided into short-chain CPs (SCCPs, C10−13),
medium-chain CPs (MCCPs, C14−17), and long-chain CPs
(LCCPs, C18−30). Depending on the alkane chain lengths and
chlorination degrees, different technical mixtures of S-, M-, and
LCCPs have different physicochemical properties1 and are,
therefore, used in various applications. In general, CPs are mainly
used as flame retardants, plasticizers, and extreme-pressure
additives.2 Production and use volumes of total CPs are
nowadays higher than ever before and exceeded 1 000 000 t in
2013.3−5Therefore, CPs are among the industrial chemicals with
the highest production volumes.
In the last years, the focus of the research community and of

regulatory authorities, with respect to CPs, was mainly on
SCCPs.6,7 SCCPs have shown to be persistent,8−10 bioaccumu-
lative,11 and toxic,12 whereas for MCCPs, these PBT properties
are less studied and still a matter of debate. MCCPs are more
difficult to quantify accurately than SCCPs,13 and many studies
have reported only SCCP (but no MCCP) concentrations.

The available data suggest, however, that especially MCCPs
could be of critical concern to the environment. The global
production amounts of MCCPs are nowadays suspected to be
much higher than those of SCCPs,14 and MCCPs are quite often
measured in higher concentrations in the environment than
SCCPs. The U.S. Environmental Protection Agency,15,16

Environment and Health Canada,17,18 the European Union
(EU),19,20 and the European Chemicals Agency (ECHA)21 have
assessed the risks of MCCPs, but no production or use
prohibitions or restrictions are yet in force. This is different for
SCCPs that have been substantially restricted in the EU in 2000
and have also been listed in Annex A of the Stockholm
Convention on Persistent Organic Pollutants (POPs) (meaning
a global ban with time-limited specific exemptions) in 2017. In
addition to these global treaties, several national and regional
restrictions on the production and use of SCCPs have been
enforced.14 It is expected that due to their listing in Annex A of
the Stockholm Convention, the production and use of SCCPs
will decrease in the future, and SCCPs will be replaced in most
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applications. The risk management evaluation adopted by the
Persistent Organic Pollutants Review Committee proposed
alternative products and processes for SCCPs and suggested,
among other chemicals, also MCCPs as alternatives for SCCPs.2

However, they stated clearly that most of the alternatives that
have been identified in the risk management evaluation have not
been assessed under the Convention and that it is unknown if
some of these would exhibit POP-like properties.
The present review aims, therefore, to support the ongoing

risk assessment of MCCPs and provides a literature overview and
a data analysis of the production volumes, PBT properties, and
the worldwide measured concentrations of MCCP in environ-
mental samples, biota, and humans after 1995. Furthermore, we
include measurements of the composition of technical CPs
formulations from themajor global producing country, China. So
far, only a few technical mixtures have been analyzed for S- and
MCCPs. Additional information on the composition of the
technical CPs formulations is, therefore, highly important for
estimating global production volumes of MCCPs.
Previous scientific reviews focused always on both SCCPs and

MCCPs,6,22−24 but the amount of information on SCCPs always
surpassed those on MCCPs and limited a critical assessment of
the MCCPs. Our review focuses, therefore, specifically on
MCCPs and shows information on SCCPs only for comparison.

■ PRODUCTION AND USE

Production amounts for MCCPs have been reported for North
America (17 800 t in 1998),25 the United Kingdom (40 000 t in
1991),26 and Russia (21 000 t in 2007 and 27 000 t in 2011)4

(Table S1). Production capacities (but no production amounts)
have been reported for the EU (45 000−160 000 t in 2004)19 and
Thailand (20 000 t in 1994).27 Production amounts for MCCPs
from the Asian market are not available because manufacturer in
Asia do not differentiate between S-, M-, and LCCPs. However,
some information is available on the produced technical CP
mixtures in China. The International Chlorinated Alkanes
Industry Association (ICAIA) stated for example that nearly
90% of the CPmixtures produced in China in 2012 were CP-52.3

CP-52 is characterized by a chlorine content of 52% and can
include CPs of all chain length. One study has analyzed the
fractions of S-, M-, and LCCPs in three CP-52 mixtures,28 and
four more measurements are available for the fraction of SCCPs
in CP-52.29−32 We analyzed ourselves 11 CP-52 mixtures,
obtained in 2017 from nine different producers in China and
determined the fractions of S-, M-, and LCCPs (section S1.2 in
the Supporting Information). MCCPs in CP-52 ranged (with
one exception) between 29% and 67%, with a mean value of 57%.
LCCPs were in all CP-52 mixtures below 12% with a mean of 4%
and SCCPs ranged (with the one exception) between 24% and
63%. We do not know how representative the samples are, given
that there are more than 120 CP producers in China,14 but the
measurements give at least a first indication of the range of the
MCCPs in CP-52 as they cover around 10% of the producers. If
we take the latest available production figure from China
(1 050 000 t in 2013)5 and assume that the manufacturer did not
change the composition of CP-52 in the last five years to a great
extent, MCCPs might have been produced in the order of
600 000 t in China in 2013. This number is much larger than any
of the production amounts reported in literature for North
America, Russia, or the EU and indicates that China was the
largest producer of MCCPs in 2013. Data for the last five years
are missing, but CP production amounts were increasing in

China before 2013,14 and there is no indication that this trend has
stopped or reversed.
Information on the use of MCCPs is very scare and restricted

to the United States,33 the EU,19,26,34−38 Norway,35,39 and
Japan40,41 (Table S1). It is known that the main uses of MCCPs
are as secondary plasticizers in polyvinyl chloride (PVC), as
extreme pressure additives in metal working fluids, and as
additives to paints, adhesives, sealants, rubbers and other
polymeric materials.19 However, not much is known about the
application areas in the specific countries. Numbers reported by
the European Chemicals Bureau19 indicate that MCCPs were
mainly used as secondary plasticizers in PVC in the EU between
1994 and 1997. The only data further available are for Japan for
2001 and indicate a MCCP usage of around 50% in PVC and
40% as extreme pressure additives in metal working fluids.40

More information on the uses of MCCPs is therefore urgently
needed, especially if emission-reduction strategies will become
necessary in the future.

■ CHEMICAL PROPERTIES

MCCPs consists of thousands of congeners and the chain length
and chlorination degree of the molecules influence most of the
chemical properties. Therefore, for most of the properties exists
not one “true” value but rather a range of values.

Physicochemical Properties. Measurements for some
physicochemical properties of MCCPs are available,42−46 but
they do not cover all groups of constitutional isomers nor all
properties. Therefore, we derived in our previous work a set of
property data for SCCPs and MCCPs based on calculations with
the quantum-chemical model COSMOtherm and validated with
data from literature.1 In brief, the calculated logarithmic
octanol−water partition coefficients range for MCCPs between
6.77 (for a C14−CP with 35% chlorine) and 9.85 (for a C17−CP
with 70% chlorine) (Table S5 and Figure S2c), which shows the
large preference of MCCPs for organic phases such as the lipid
tissue of organisms compared to the aqueous phase. The values
also indicate that soil and sediment are likely to be relevant
environmental reservoirs for MCCPs. Specific data for the
congener groups and measured octanol−water partition
coefficients are provided in Table S5. The calculated vapor
pressure ranges for MCCPs between 6.64 × 10−12 Pa (for a C17−

CP with 70% chlorine) and 1.31 × 10−2 Pa (for a C14−CP with
35% chlorine) (Table S4 and Figure S2a). A vapor pressure of
2.27 × 10−3 Pa has been reported for MCCPs with a chlorine
content of 45%,19 and a vapor pressure of 1.3−2.7 × 10−4 Pa was
reported for a C14−17-CP with 52% chlorine.42 The calculated
solubilities in water range for MCCPs between 0.02 μg/L (for a
C17−CP with 70% chlorine) and 40.4 μg/L (for a C14−CP with
35% chlorine) (Table S4 and Figure S2b). Madeley and
Gillings43 determined the solubility of a C15−CP with 51%
chlorine to be 5 μg/L, and Campbell and McConnell42 reported
the solubility of a C16−CPwith 52% chlorine to be 10 μg/L.With
these chemical properties ranging over several order of
magnitudes, MCCPs are prone to a complex behavior and fate
in the environment. Thus, MCCPs partition in the environ-
mental compartments, such as in the atmosphere (gaseous and
particulate phases) and in water (dissolved and particulate
phases). Therefore, a review about the occurrence of MCCPs in
the environment needs to consider all environmental matrices
and their subphases.

Degradation in the Environment. The degradation of
MCCPs in the environment has been reported in water and
secondary activated sludge. Degradation in air through the
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reaction with OH radicals and degradation in soil and sediment
through biodegradation might be possible, but studies that
confirm these degradation pathways for MCCPs are missing.
Estimated half-lives in air and soil from EPI Suite are provided in
section S2.1 in the Supporting Information; however, it is unclear
how representative the data are.
Photochemical Degradation. The degradation of CPs in

water through photochemical dechlorination was investigated by
Koh and Thiemann.47 The obtained half-lives in water for CP
mixtures with 30−53% chlorine ranged between 9.6 h (for
C17−24-CPs with 35% chlorine) and 12.8 h (for C12−18-CPs with
52% chlorine). However, these half-lives are only relevant for
chemicals in the uppermost water layer. MCCPs in deeper water
layers cannot be photochemically degraded due to a lack of UV
radiation.
Biodegradation. Ready biodegradation tests in secondary

activated sludge reported by the MCCP manufacturer in the EU
showed no biodegradation for C14−17-CPs with 63.2% chlorine
and C15−CPs with 51% chlorine. Only substances and mixtures
with a chlorine content below 46% were readily biodegradable.48

According to these data, MCCP congeners with more than 46%
chlorine have to be considered as persistent, which is in line with
the estimated data from EPI Suite (Table S6). Reliable studies on
the biodegradation of MCCPs in water, soil, or sediment are
missing.
Transformation Pathways and Products. Bergman et al.49

reported that synthetic CPs and commercial CP products are
transformed into a large number of aromatic hydrocarbons as
well as numerous polychlorinated aromatic compounds at
temperatures above 300 °C. They stated that dehydrohalogena-
tion of the aliphatic structure, followed by ring formation, is most
probably the explanation for the formation of aromatic
compounds. Schinkel et al.50 confirmed dehydrohalogenation
reactions of chlorotridecanes (and the formation of chlorinated
alkenes) at temperatures above 160 °C. Furthermore, photo-
chemical and bacterial dechlorination of MCCPs have been
observed.47,51 No study has observed yet degradation pathways
that could lead to a chain length reduction. However, a
breakdown of carbon−carbon bonds is considered a critical
reaction pathway because this would transform long- and
medium-chain CPs to short-chain CPs.
Conclusions. Not much has been published so far on the

degradation of MCCPs. However, the available data from the
ready biodegradation tests in secondary activated sludge point
out that MCCP congeners with more than 46% chlorine have to
be considered as persistent.
Bioaccumulation and Biomagnification Potential. A

review of the bioaccumulation potential of MCCPs in the aquatic
environment is available from Thompson and Vaughan52 from
2013. The following paragraphs summarize the findings of
Thompson and Vaughan52 and describe additional studies
published after 2013.
BCF and BAF. No study has reported so far reliable

bioconcentration or bioaccumulation factors for MCCPs.
Available studies (but omitted in the present discussion due to
the limited reliability) are summarized in Table S9.
BMF. Laboratory-derived biomagnification factors were

reported by Fisk et al.53−55 However, the results show no clear
trend: BMFs for C14−17-CPs ranged between 0.3 and 5, with a
mean of 1.6 and a median of 0.99. A detailed data analysis is
provided in section S2.3 of the Supporting Information. Field-
derived BMFs for MCCPs were reported by Houde et al.11 and
Zeng et al.56 BMFs reported by Houde et al.11 were generally

below one. Field-derived BMFs reported by Zeng et al.56 were
above one but questionable (Table S9).

TMF. No bioaccumulation of MCCPs was found in the food
webs studied by Houde et al.,11 NIVA,57−59 and Huang et al.60

Miljodirektoratet61 and Zeng et al.56 otherwise calculated trophic
magnification factors above one, which would indicate an
increase in the chemical concentration in the biota with
increasing trophical level. However, the TMFs in both studies
were derived from concentrations in different tissues and are,
therefore, questionable.

Conclusions. It remains so far unclear whether or not MCCPs
are bioaccumulative and there is, therefore, an urgent need for
reliable studies that investigate the bioaccumulation and
biomagnification potential of these chemicals. Studies on the
BMF and TMF should pay attention to compare concentrations
in similar tissues. Also, care should be taken that animals are
representative of the same food web.
ECHA62 considered C14−CPs with 40% to 56% Cl by weight

and C15−CPs with 51% Cl by weight as potentially
bioaccumulative and proposed that the bioaccumulation
potential of MCCPs is decreasing with increasing carbon chain
length and chlorine content. However, if we consider the
available measured data for SCCPs and MCCPs (section S2.2 of
the Supporting Information), no clear trends are visible. ECHA
requested aqueous and dietary exposure tests from the registrant
manufacturers for C14−CPs with 50−52% and 55−60% chlorine
until September 2018,63 but tests for MCCPs with other carbon
chain lengths and chlorination degrees will most probably be
necessary to conclude whether or not MCCPs (or single-
congener groups of the MCCPs) should finally be considered as
bioaccumulative.

Eco-toxicity. Toxicity to Soil Organisms. To date, the
highest sensitivity of organisms to MCCPs in soil has been
observed for the earthworm Eisenia fetida.12,64 The data show
that a statistically significant decrease in reproduction occurred at
900 μg/g dry weight (dw) soil. The predicted no-effect
concentration (PNEC) in soil for E. fetida reproduction was
estimated to be 28 μg/g dw soil based on a no-observed-effect
concentration (NOEC) of 280 μg/g dw and an assessment factor
of 10.12The organic carbon (OC) content in the study was 4.7%,
which gives a PNEC of 5.9 mg/g OC. The study was conducted
with a C14−17-CP with 52% chlorine.

Toxicity to Sediment Organisms. Among the organisms
tested, Hyalella azteca and Lumbriculus variegatus have the
highest sensitivity to MCCPs in sediment. H. azteca showed a
statistically significant reduction in mean weight at 270 mg/g dw
sediment, and L. variegatus showed a statistically significant
reduction in the mean total weight of worms per replicate at 410
mg/g dw sediment.12,19,65,66 The PNEC in sediment was
estimated to be 13 μg/g dw for both organisms based on a
NOEC of 130 μg/g dw sediment and an assessment factor of
10.12The organic carbon content in both studies was around 5%,
which gives a PNEC of 260 μg/g OC. Both studies were
conducted with a C14−17-CP with 52% chlorine.

Toxicity to Aquatic Invertebrates. MCCPs show toxicity to
Daphnia magna in both short- and long-term exposure.12Most of
the data available have been generated using a C14−17-CP mixture
with 52% chlorine. A 48 h EC50 of 5.9 μg/L was reported for D.
magna,12,67 although other studies suggest that the EC50might be
higher than this value.12 Long-term studies with D. magna
suggest that the 21 day LOEC for MCCPs is at around 18 μg/L
and the NOEC is around 10 μg/L.12,68The PNEC forMCCPs in
water for aquatic invertebrates was estimated to be 1 μg/L based
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on the NOEC of 10 μg/L for D. magna and an assessment factor
of 10.12

Toxicity to Fish. So far, only one study has reported the
toxicity of MCCPs to fish. Cooley et al.69 exposed rainbow trout
to different concentrations of C14−CPs in food and found
behavioral effects as well as effects on liver and thyroid histology
for the C14−CP with 55% chlorine at concentrations of 0.22 and
1.3 μg/g wet weight (ww) whole fish. No effects were observed
for the C14−CP with 48% chlorine at concentrations between
0.02 and 0.11 μg/g ww whole fish. We propose here, therefore, a
PNEC for the toxicity of MCCPs to rainbow trout of 11 ng/g ww
whole fish based on the NOEC of 0.11 μg/g ww whole fish and
an assessment factor of 10. A lipid content of 0.24 g lipid/g ww
whole fish70 gives a PNEC of 46 ng/g lipid whole fish for rainbow
trout.
Conclusions. MCCPs meet the toxicity threshold defined

under REACH (chronic NOEC or EC10 for freshwater
organisms below 10 μg/L)71 and should, therefore, be
considered toxic to the environment. This is in line with the
European Classification, Labelling and Packaging Regulation,
which classified MCCPs as acute and chronic toxic to the aquatic
environment.72

■ OCCURRENCE OF MCCPS IN THE ENVIRONMENT,
BIOTA, AND HUMANS

The following subsections discuss the worldwide measured
concentrations of MCCPs in the environment, biota, and
humans. However, the first subsection discusses the sources of
errors in the measurements to illustrate the uncertainties in the
data.
Sources of Errors in the Measurements. So far, no

standard method for analyzing chlorinated paraffins has been
available, which means that, basically, each laboratory has been
using its own method. We have recorded the instrumental
technique and the quantification method used in the different
studies (Tables 1−6), but it is beyond this review to evaluate the
different methods, as this has been addressed before.73However,
we would like to point out the largest uncertainties associated
with the measurements and discuss the consequences for data
interpretation. First, it is important to note that almost all
reported MCCP concentrations were obtained by gas
chromatography coupled to mass spectrometry (GC−MS) and
that MCCPs with 16 and 17 carbon atoms were hardly detected
due to their low vapor pressure, which results in long retention
times and their inseparability in the GC. The use of direct liquid
injection mass spectrometry as applied in the new method of
Bogdal et al.74 is an elegant alternative to GC−MS for analyzing
MCCPs (and LCCPs) in the future. Also, methods based on
liquid chromatography are used now more often28,75,76 and are
interesting alternatives to methods based on GC−MS. Gas
chromatography coupled to electron capture negative ionization
mass spectrometry (GC−ECNI−MS), as used by most of the
laboratories, also has the disadvantage that lower chlorinated CPs
(<Cl5) are not detected.

6,23The reported chlorination degrees of
low-chlorinated mixtures are, therefore, systematically too
high.77 Another disadvantage of this method is that the external
standard mixture used for quantification must have an average
molecular mass and a chlorination degree as similar as possible to
the CP mixture in the sample. Basing the quantification on a
standard with a significantly different chlorination degree than
the sample, can appreciably affect the results and easily falsify the
measurements by up to an order of magnitude.77 Reth et al.77

suggested deriving a linear relationship between instrumental

response and the chlorine content of the external standard
mixture to correct for the inevitable difference in the chlorination
degree between the standard mixture and the field sample. We
have indicated in Tables 1 to 6 under “compensation” whether
the authors of the studies used such a linear correlation to
compensate for differences in the chlorine content of sample and
standard. An alternative is to use specific chain-length standards
and response factors for each congener group, as recently
suggested by Yuan et al.78 Another important aspect to note is
that around 40% of the studies conducted measurements with
low-resolution mass spectrometry (LRMS). However, mass
spectrometers with a resolution below 10 000 (full width at half-
maximum) are not able to resolve the commonly occurring mass
interferences from different CP congener groups (for example,
interferences between 12C18

1H30
35Cl4

37Cl4 (533.97 Da) and
12C16

1H25
35Cl8

37Cl1 (533.91 Da)). LCCP congener groups that
cannot be resolved from the MCCP congener groups, therefore,
increase the MCCP concentration by at least 15% (for the
calculation, see section S3 in the Supporting Information.) An
increased response factor of the longer-chained CPs will increase
this percentage even further.74 In addition to the commonly
occurring mass interferences, other mass interferences from, for
example, transformation products79 or unexpected fragment ions
formed during the ionization80 can complicate the analysis even
more. However, Schinkel et al.79,81 and Yuan et al.80 showed that
it is possible to identify the target congeners when applying mass
spectral deconvolution procedures. Zeng et al.82 presented a
method in which they used the isotope abundance of the
interferential congeners and an algebraic equation group to
obtain the true integrated ion signals. Both procedures
(deconvolution and the algebraic equation group) are options
to decrease the interferences computationally, and we highly
recommend to use one of these procedures for the analysis of
MCCPs with LRMS.

General Remarks. If we go through the Tables 1 to 6, where
we have listed all of the studies that reported MCCP
concentrations in the environment, biota, and humans and
check (a) which studies have used HRMS, or LRMS with a
mathematical procedure to reduce the interferences between the
congeners (methods of Bogdal et al.74 or Zeng et al.)82 and (b)
which studies have compensated for the differences between
chlorine content in standard and sample, not many studies are
left. Taking all the other possible error sources into account,
which we have listed above, we have to assume that most of the
reported concentrations might not be very accurate. We believe,
however, that the overall picture from the whole set of
measurements and studies is (at least at the order of magnitude)
correct and will give valuable insights into the environmental
contamination with MCCPs. This is also very reasonable if we
consider the results from the available interlaboraty studies with
SCCPs.83−85 Tomy et al.83 found differences between the
assigned values and the reported concentrations from −30% to
310%. The latest interlaboratory study of van Mourik et al.85

reported differences of up to 54%. Therefore, we will take a more
general approach and interpret ranges of the measured
concentrations rather than single values. The ranges discussed
in the following paragraphs refer always to the 25th to 75th
percentile of the reported data of each study. Thus, outliers that
might be due to measurement errors are cut out. We also
excluded some of the studies that measured obviously unrealistic
concentrations (Table S9). Also, studies before 1995 were
excluded because only semiquantitative analytical methods were
available.86 Values below the limit of detection reported in the
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original study were predicted using the Robust Regression on
Order Statistics implemented in R.87 This method performs a
regression on the data assuming log-normal quantiles. The
regression line is used to predict unknown observations and
summary statistics are computed based on the predicted and
reported observations. This approach was used because it
ensures that measurements below the limit of detection are
included in the assessment and are not arbitrarily substituted or
omitted.
MCCP Concentrations in Air.MCCP concentrations in air

(in the vapor and particulate phase) have been measured in the
Arctic, Antarctic, Europe, and Asia (Figure 1 and Tables 1 and
S10). However, measurements from other areas of the world like
North or South America, Africa, or Australia are also needed to
get a more-complete picture of the global distribution of the
MCCPs in air. The reported MCCP concentrations in air are
lowest in the Arctic and Antarctic (4−140 pg/m3) and highest in
Asia (600−36 500 pg/m3). Peak concentrations were measured
in China88 with up to 360 000 pg/m3. MCCP concentrations in
air measured in Asia and Europe are in the same order of
magnitude as SCCP concentrations measured at the same
locations and points in time (Figure 1 and Table S10). MCCP
concentrations in air in the Arctic are, however, around one order
of magnitude lower than the SCCP concentrations.89−92 This
indicates a slightly lower long-range atmospheric transport
potential of MCCPs compared with SCCPs. However, the data
from the Arctic89−92 have to be considered as semiquantitative
because the contribution of possible contamination during
sampling and analyses has not been fully validated and blank
levels in some samples were quite high.92Also, only C14 andC15−

CP congeners have been measured. Thus, final conclusions on
the long-range atmospheric transport potential will only be
possible if qualitatively better data are available.
MCCP Concentrations in Water.MCCP concentrations in

water bodies that are not directly contaminated by a point source
(background sites) are only available for Lake Ontario, Canada11

and for stormwaters in Oslo, Norway57,59,93 (Figure 2 and Tables
1 and S10). However, the measured MCCP concentrations in
Lake Ontario were conducted with filtered water and are not
representative because MCCPs are also attached to particles.
MCCP concentrations measured in the stormwaters in Oslo
were in the range from 15 to 130 ng/L water and, thus, slightly
lower than the SCCP concentrations at the same sites and points
in time (Figure 2). One study reported also MCCP
concentrations in a water body close to a local source in the

Canadian Arctic. The MCCP concentrations ranged between
24.5 and 102 ng/L and were a factor of five higher than the SCCP
concentrations from the same site. The concentrations from both
studies were one order of magnitude lower than the reported
PNEC for MCCPs in water (1000 ng/L).12However, the studies
are not representative for other areas and, given that MCCPs are
widely discharged to water bodies after their use as cutting fluids
in metal working applications,19 more measurements of MCCP
concentrations in water are urgently needed. Most important
would bemeasurements close to industrial sites to see whether or
not MCCPs pose a risk to aquatic organisms close to these sites.

MCCP Concentrations in Soil. MCCP concentrations in
soil are available for Europe, South Africa, and China (Figure 3
and Tables 1 and S10). The measured concentrations do not
show large differences between regions, particularly in
comparison with the ranges observed in air. Measured MCCP
concentrations at background sites range between 1 and 37 ng/g
dw in Europe and China and between 15 and 305 ng/g dw in
South Africa. The measured MCCP concentrations from Xu et
al.,94 which are from sites close to a CP production plant in
China, are in the same range as the background soil
concentrations in South Africa (50 to 310 ng/g dw). The
MCCP concentrations measured by Bogdal et al.96 are shown
here as one box plot; however, they encompass archived soil
samples from six sampling sites in Switzerland, covering the

Figure 1.MCCP and SCCP concentrations in air. The blue rectangles indicate the MCCP concentration ranges in the specific regions. The data from
the Arctic are only semiquantitative.

Figure 2. MCCP and SCCP concentrations in surface water. The blue
rectangles indicate the MCCP concentration ranges in the background
sites. The box plot in gray represents a site close to a local source. The
horizontal dashed lines show the PNECs for MCCPs and SCCPs,
respectively.
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period from 1989 to 2014. The authors could show that MCCP
concentrations in soil increased during the whole time period by
a factor of two to three, with the highest concentrations occurring
in the last sample from 2014.
MCCP concentrations in soil in Europe (except Norway

2016) and China are in the same range as the SCCP
concentrations measured at the same sites and points in time
(Figure 3). Although, the measured MCCP concentrations are
still well below the estimated PNEC for soil (28 μg/g dw),
continuous monitoring of sites close to local sources and
background soils would be important to ensure that levels of
MCCPs are not further increasing.
MCCP Concentrations in Surface Sediment. Similar to

MCCP concentrations in soil, available MCCP concentrations in
surface sediment do not show large differences between regions
(Figure 4 and Tables 2 and S11). Concentrations at background
sites are in the range of 14−290 ng/g dw (Canada), 1−403 ng/g
dw (Europe and South Africa), and 5−1300 ng/g dw (Asia).
MCCP concentrations in background surface sediment are, thus,
one order of magnitude higher than MCCP concentrations in
background soil. MCCP concentrations in sediment close to
local sources in Australia and China range from 1140 to 9760 ng/
g dw (Figure 5) and aremore than one order of magnitude higher
than concentrations in background sediment. Moreover, some of
the measured concentrations in Australia in 200197 and in the
Pearl River in China in 201098 exceeded the PNEC (13 μg/g dw)
for MCCPs in sediment. Although these sediment samples are
from heavily industrialized and urbanized areas, the high
concentrations should not be overlooked because they are
from open water bodies that are habitats for aquatic
invertebrates, fish, and humans. The high MCCP concentrations
in the Pearl River in 2010 were also confirmed by measurements
from Zeng et al.41 in 2012 and 2013 who measured only slightly
lower levels than Chen et al.98 in 2010. The MCCP
concentrations in sediment close to local sources are also up to
one order of magnitude higher than the SCCP concentrations
from the same sites and points in time (Figure 5). The high
sediment concentrations close to local sources are very alarming
and more measurements are needed in heavily industrialized and
urban areas to assess the risks of MCCPs and to determine the
emission sources of the MCCPs in these regions.

MCCP Concentrations in Sediment Cores. MCCP
concentrations were reported in eight sediment cores from
Switzerland, Sweden, China, and Japan (Figure S7 and Table
S14). The core from Lake Thun, Switzerland,99 two of the cores
from Sweden (Baltic Sea),100 and the two cores from China all
showed increasing MCCP levels, whereas one of the cores from
the Baltic Sea100 and the two cores from Tokyo Bay, Japan,41

showed decreasing or nondiscernible time trends. These trends
match the reported production and use data of MCCPs with
decreasing CP levels in Japan and increasing CP levels in
China.14 The cores from Sweden were from urban (decreasing
trend) and industrial (increasing trends) sites and show the
increasing use of MCCPs in industrial applications in Europe.
The occurrence ofMCCPs in sediment slices from the 1940s and
50s shows furthermore that MCCPs persist in sediment over
decades and degrade only slowly.

MCCP Concentrations in Fish. MCCP concentrations in
fish (Figure 6 and Tables 3 and S12) are available from the Arctic,
Canada, the North Atlantic, Europe, and China. The reported
concentrations are similar in the Arctic, Canada, Europe, and the
Liaodong Bay in Northeastern China and range between 12 and
700 ng/g lipid. MCCP concentrations measured in the South
China Sea56 and in paddy fields in the Yangtze River Delta in
China101 were higher and ranged between 1260 and 2600 ng/g
lipid. MCCP concentrations in fish from a lake on Bear Island in
the Arctic102 were in the upper 50th percentile of the observed
concentrations from Canada and Europe. The contamination of
this remote island was explained by two reasons.103 First, the lake
is in a mountainous area and receives a lot of precipitation.
Second, large seabird colonies use the lake as resting area and
input of guano from these birds causes an increase in POP levels.
These observations and the relatively high MCCP concen-
trations found in the Arctic fish show once more that MCCPs are
able to undergo long-range atmospheric transport. The MCCP
concentrations measured in Lake Ontario (Canada) between
1979 and 2004104 are shown here as one box plot; however, they
encompass measurements from every four to six years from 1979
to 2004. MCCP concentrations increased by a factor of almost
four between 1979 and 1998 and decreased afterward. However,
the decrease in concentrations after 1998 was most likely due to
large changes in the Lake Ontario food web and is not statistically

Figure 3. MCCP and SCCP concentration in soil. The blue rectangles indicate the MCCP concentration ranges in background soil in the specific
regions. The box plot in gray represents a site close to a local source.
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significant anymore when corrected for the food-web effect.104

MCCP concentrations are in the same range as SCCPs inmost of
the sampled fish (Figure 6). Toxicological data are only available
for MCCPs in rainbow trout; however, none of the studies
measured MCCPs in this fish species. Future research should
focus, therefore, on more toxicological data to assess the risk of
MCCPs to fish. Also, studies of food webs to investigate the
trophic magnification and biomagnification of MCCPs in aquatic
biota would be very important.
MCCP Concentrations in Birds. Measured MCCP

concentrations in bird eggs and bird tissue are available from
the Arctic, Norway, and China (Figure 7 and Tables 4 and S12).
The concentrations in bird eggs are very similar in the Arctic and
in Norway, ranging between 2.1 and 170 ng/g lipid. Lipid
normalized concentrations in blood and muscle/liver are around
one order of magnitude higher (19−1660 ng/g lipid) than the
MCCP concentrations in bird eggs. Data from Søndre
Skjßlholmen (Osloford, Norway)57,59,93,105 in eggs and blood
were taken every year between 2013 and 2016; however, the
measured concentrations show inconsistent time trends. The

MCCP concentrations in bird eggs and bird tissue were in the
same range or slightly lower than the SCCP concentrations
measured in the same animals and points in time (Figure 7).

MCCP Concentrations in Mammals. MCCP concen-
trations in mammals are available for ringed seals and polar bears
from the Arctic61 and finless porpoise, Indo-Pacific humpback
dolphins,106 and yellow weasels101 from China (Figure 8 and
Tables 5 and S13).MCCP concentrations in the plasma of ringed
seals and polar bears ranged between 74 and 600 ng/g lipid and
were slightly lower than the SCCP concentrations from these
animals.61MCCP concentrations in the finless porpoises (South
China Sea) were in the range from 990 to 9200 ng/g lipid and,
thus, two times higher than the SCCP concentrations. MCCP
concentrations in the Indo-Pacific humpback dolphins (Pearl
River Estuary) ranged between 1500 and 51 500 ng/g lipid and
were up to 3.5 times higher than the SCCP concentrations. The
MCCP concentrations in the finless porpoises and the humpback
dolphins showed a statistically significant increase between 2004
an 2014. The higherMCCP concentrations present in humpback
dolphins compared to finless porpoises were attributed to

Figure 4.MCCP and SCCP concentrations in surface sediment (background sediment). Studies without an indicated year did not report the sampling
year. The blue rectangles indicate the MCCP concentration ranges in the background surface sediment in the specific regions. The horizontal dashed
lines show the PNECs for MCCPs and SCCPs, respectively.
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species−species differences in feeding habits and biotransforma-
tion as well as exposure levels in their living habitats.106 MCCP
concentrations in yellow weasel from the Yangtze River Delta
were in the same order of magnitude as the MCCP
concentrations in the humpback dolphins and show that
MCCPs accumulate also in terrestrial mammals.
The available studies give a first impression of the levels of

MCCPs in mammals, but more measurements in marine and
terrestrial mammals from around the world are needed to
evaluate the contamination of these animals with MCCPs.
Moreover, there is, to our knowledge, no study so far that has
examined the level above which MCCPs pose a risk to the health
of mammals. Such a study would be extremely important to judge
whether or not the measured MCCP concentrations affect the
health of the animals. However, independent of these questions,
it is for sure that the MCCP levels add to the levels of other toxic
pollutants and can, for example, increase the risk of cancer and
reproductive problems in whales and dolphins.

MCCPs in Human Breast Milk, Placenta, and Human
Blood. MCCP concentrations in human breast milk (Figure 9
and Tables 6 and S13) are available from Europe and China. The
measured concentrations show neither temporal nor spatial
trends. Also, no significant differences could be observed

Figure 5.MCCP and SCCP concentrations in surface sediment close to
local sources. The blue rectangle indicates the MCCP concentration
range in surface sediment close to local sources in Australia and Asia.
The horizontal dashed lines show the PNECs for MCCPs and SCCPs,
respectively.

Figure 6. MCCP and SCCP concentrations in fish. The blue rectangle indicates the MCCP concentration range in fish in the Arctic, Canada, and
Europe.
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between rural and urban areas in China.107,108 The measured
MCCP concentrations range between 3.10 and 240 ng/g lipid
and are, thus, one order of magnitude lower than the SCCP
concentrations measured in the same samples (with the

exception of the concentrations measured in Germany)109

(Figure 9). MCCP concentrations measured in human placenta
are slightly higher,110 and MCCP concentrations measured in
human blood76 are around one order of magnitude higher than

Figure 7.MCCP and SCCP concentrations in birds. The blue rectangles indicate the MCCP concentration ranges in eggs, in blood, and in muscle and
liver.

Figure 8. MCCP and SCCP concentrations in mammals. The blue rectangles indicate the MCCP concentration ranges in the specific species and
regions.

Figure 9.MCCP and SCCP concentrations in human breast milk, placenta, and human blood. The study in Germany did not report the sampling year.
The blue rectangle indicates the MCCP concentration range in human breast milk.
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the measured MCCP concentrations in human breast milk.
Studies on adverse effects of MCCPs in humans are missing, so it
is currently impossible to assess the risk of MCCPs to humans.
However, it has repeatedly been shown that toxic pollutants can
affect the development of the fetus,111 and it cannot be precluded
that MCCPs also have negative developmental effects.

■ CONGENER GROUP PROFILE

Most of the available data for congener groups originates from
studies with LRMS. The group congener profiles are, therefore,
more qualitative than quantitative, and the differences between
the profiles should be interpreted with caution. However, we find
that the shorter-chained (C14) and medium-chlorinated CPs
(Cl7−8) are the most prevalent MCCPs in environmental
matrices (Figures S8−S10). C14Cl7−8was also the most prevalent
MCCPs in our measured CP-52 technical mixtures (Figure S2).
MCCPs with 16 and 17 carbon atoms made up to 30% of the
total concentrations in those environmental samples in which
they could be measured; Pribylova ́ et al.112 even found a C16

content of up to 60% in sediment samples from the Czech
Republic. However, robust statements about the congener
groups profiles will only be possible if more studies with direct
injection or liquid chromatography are available. The congener
group profile will otherwise always be affected by the low vapor
pressure of the longer-chained MCCPs.

■ CONCLUSIONS AND OUTLOOK

The accurate quantification of chlorinated paraffins and,
especially, the quantification of the longer-chained MCCPs and
LCCPs is very challenging. This is visible by the fact that many
measured concentrations are affected by technical failures. Data
generated, for example, following the method of Tomy and
Stern13 without compensation for the chlorine content differ-
ences between standard and sample might substantially under- or
over-estimate the real concentrations. Concentrations that have
been measured with LRMS, without using mathematical
procedures to reduce the interferences between the congeners,
most probably affected by mass interferences. Studies that
quantified only C14- and C15−CPs underestimated the MCCP
concentrations. However, we believe that, despite these failures,
the overall picture from the whole set of measurements and
studies is (at least at the order of magnitude) correct and gives
valuable insights into the environmental contamination with
MCCPs. For future studies, we recommend to use HRMS and
the newest analytical methods (for example, Bogdal et al.74 or
Yuan et al.)80 for analyzing CPs because these are less susceptible
to interferences and allow the quantification of MCCPs with all
chain lengths and LCCPs. Laboratories that have only LRMS
available are still encouraged to measure MCCPs, but we highly

Table 1. Information on the Concentrations Shown in Figures 1−3a

country year month specific location type of site instrumental technique quantification compensationb
sample
no. literature source

concentrations in air (pg/m3)

Arctic 2013 1−12 Zeppelin, Ny-
Ålesund

remote GC−ECNI−HRMS T no 12 NILU89

Arctic 2014 1−12 Zeppelin, Ny-
Ålesund

remote GC−ECNI−HRMS T no 12 NILU90

Arctic 2015 1−12 Zeppelin, Ny-
Ålesund

remote GC−ECNI−HRMS T no 12 NILU91

Arctic 2016 1−12 Zeppelin, Ny-
Ålesund

remote GC−ECNI−HRMS T no 12 NILU92

Antarctic 2013 1, 2 Georgia King
Island

remote GC−ECNI−LRMS Z + R yes 10 Ma et al.113

U.K. 2003 4, 5 various rural−urban GC−ECNI−HRMS T no 40 Barber et al.114

Norway 2016 7−9 Oslo urban GC−HRMS − − 3 NILU115

Switzerland 2012 8, 9 Zurich urban GC−ECNI−HRMS T yes 2 Bogdal et al.74

Pakistan 2011 1 various rural−urban GC−ECNI−LRMS R yes 10 Chemefa et al.116

India 2006 1 various rural−urban GC−ECNI−LRMS R yes 20 Chemefa et al.116

China 2010 1−3, 7−9 Pearl River Delta urban GC−ECNI−LRMS R yes 40 Wang et al.88

China 2013/14 1−12 Shenzhen urban UPLC−ESI−HRMS R yes 24 Li et al.28

concentrations in water (ng/L)

Norway 2013 Oslo (river, stw) urban GC−HRMS − − 4 NIVA93

Norway 2014 Oslo (river, stw) urban GC−HRMS − − 4 NIVA59

Norway 2015 Oslo (river, stw) urban GC−HRMS − − 4 NIVA57

Arctic 2004 Iqaluit (river) dump site GC−ECNI−HRMS T no 9 Dick et al.117

concentrations in soil (ng/g dw)

Norway 2015 Oslo urban GC−HRMS − − 5 NILU118

Norway 2016 Oslo urban GC−HRMS − − 5 NILU115

Switzerland 2002 various rural−urban GC−ECNI−LRMS R yes 9 Iozza119

Switzerland 1989−2014 various rural−urban GC−ECNI−HRMS T yes 36 Bogdal et al.96

South Africa 2006 Vaal Triangle rural−urban GC−EI−HRMS − − 12 Quinn et al.95

China 2009 Pearl River Delta urban GC−ECNI−LRMS R yes 59 Wang et al.88

China 2011 Shanghai suburban GC−ECNI−LRMS R yes 101 Wang et al.120

China 2011 Shanghai urban GC−ECNI−LRMS R yes 75 Wang et al.121

China 2014 Dalian city industrial GC−ECNI−LRMS Z + R yes 25 Xu et al.31

aThe column “compensation” states whether the chlorine content differences between standard and sample were compensated according to Reth et
al.77 b−, not stated. stw, stormwater. R, quantified according to Reth et al.77 T, quantified according to Tomy et al.86 and Tomy and Stern.13 Z,
quantified according to Zeng et al.82
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Table 2. Information on the Sediment Concentrations Shown in Figures 4 and 5a

country year specific location type of site instrumental technique quantification compensation sample no. literature source

concentrations in surface sediment (background) (ng/g dw)

Canada 1995 Lake Erie industrial GC−ECNI−HRMS T no 3 Tomy122

Canada − Hamilton harbor industrial GC−ECNI−HRMS − − 1 Muir et al.123

Canada 2001 Lake St. Clair GC−ECNI−HRMS − − 20 Gewurtz et al.124

Norway 2002 Tromso GC−ECNI−LRMS T no 2 Umweltbundesamt125

Norway 2003 various − GC−MS − − 23 NIVA126

Norway 2006 various − GC−ECNI−LRMS T no 10 Petersen et al.127

Norway 2013 Oslofjord1 GC−HRMS − − 9 NIVA93

Norway 2014 Oslofjord1 − GC−HRMS − − 9 NIVA59

Norway 2015 Oslofjord2 − GC−HRMS − − 1 NIVA57

Norway 2016 Oslofjord2 − GC−HRMS − − 1 NIVA105

Germany 2003/04 Hamburg harbor − GC−ECNI−LRMS T no 3 Umweltbundesamt125

Czech Republic 2003/04 various rural−urban GC−ECNI−LRMS C no 12 Pribylova ́ et al.112

France 2004 River Seine − GC−ECNI−LRMS T no 3 Umweltbundesamt125

North/Baltic Sea 2001−04 various − GC−CH4/CH2Cl2−NICI−LRMS T n. n. 18 Umweltbundesamt125

Baltic Sea 2001/02 various − GC−EI−MS/MS H n. n. 6 Hüttig and Oehme128

Baltic Sea 2003/04 various − GC−ECNI−LRMS R yes 11 Hüttig and Oehme129

North Sea 2002/03 various − GC−EI−MS/MS H n. n. 14 Hüttig and Oehme128

S. Africa 2006 various river 3 GC−EI−HRMS − − 9 Quinn et al.95

China 2010 Pearl River Delta 4 GC−ECNI−LRMS T no 39 Chen et al.98

China 2012/13 Hong Kong (sea) urban GC−ECNI−LRMS R yes 35 Zeng et al.41

China 2012/13 Shenzhen (sea) urban GC−ECNI−LRMS R yes 8 Zeng et al.41

China 2012/13 Pearl River Delta 4 GC−ECNI−LRMS R yes 7 Zeng et al.41

China Yellow River rural−urban GC2
−ECNI−HRMS R yes 13 Qiao et al.130

China Yangtze River rural−urban GC2
−ECNI-HRMS R yes 13 Qiao et al.131

Japan 2012/13 Tokyo Bay urban GC−ECNI−LRMS R yes 8 Zeng et al.41

concentrations in surface sediment close to local sources (ng/g dw)

Arctic 2004 Iqaluit, river dump site GC−ECNI−HRMS T no 6 Dick et al.117

Australia 2001 Yarraville (sea) industrial, 5 CSR−GC − n. n. 4 Kemmlein et al.97

China 2010 Pearl River Delta industrial GC−ECNI−LRMS T no 76 Chen et al.98

China 2012/13 Pearl River Delta industrial GC−ECNI−LRMS R yes 9 Zeng et al.41

aThe column “compensation” states whether the chlorine content differences between standard and sample were compensated according to Reth et al.77 −, not stated. n.n., not necessary. 1, Alne,
Bekkelaget, Frognerkilen. 2, Cm21. 3, agriculture and industrial region. 4, low industry activity area. 5, area influenced by CP manufacturer. C, quantified according to Coelhan.132 H, quantified according
to Hüttig and Oehme.133 R, quantified according to Reth et al.77 T, quantified according to Tomy et al.86 and Tomy and Stern.13
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Table 3. Information on the MCCP Concentrations in Fish (Nanograms per Gram of Lipid) Shown in Figure 6a

country year specific location sample medium fish type instrumental technique quantification compensation sample no. literature source

Arctic 2001 Bear Island, Lake Ellasjoen liver, muscle a GC−ECNI−LRMS R yes 4 Reth et al.102

United States 1995 Lake Erie whole fish b, c GC−ECNI−HRMS T no 2 Tomy and Stern13

Canada 2001 Lake Michigan whole fish d−f GC−ECNI−HRMS T no 11 Houde et al.11

Canada 2001 Lake Ontario whole fish d, f−h GC−ECNI−HRMS T no 13 Houde et al.11

Canada 2010/11 various lakes whole fish f, i, j GC−NCI−HRMS T no 84 Saborido Basconcillo et al.134

Canada 1979−04 Lake Ontario whole fish f GC−ECNI−HRMS T no 29 Ismail et al.104

North Atlantic 1993−06 − whole fish k−o GC−ECNI−LRMS − no 5 Lahaniatis et al.135

Iceland 2003 Akureyri, Vestmanna. liver p GC−ECNI−LRMS R yes 4 Reth et al.102

Norway 2002 various liver p GC−MS − − 42 NIVA126

Norway 1998/03 various various various GC−MS − − 163 NIVA126

Norway 2004 Lofoten liver p GC−ECNI−LRMS R yes 2 Reth et al.102

Norway 2007/10 Lake Stensjön, San̈nen, and Tjultr. liver a, q − − − 39 Nyberg et al.136

Norway 2012 various liver p GC−MS − − 165 NIVA137

Norway 2013 various liver p GC−MS − − 82 NIVA138

Norway 2013 Oslofjord, Lysakerfj. liver r GC−HRMS − − 15 NIVA93

Norway 2014 various liver p GC−MS − − 119 NIVA58

Norway 2014 Oslofjord, Sollerud skole liver r GC−HRMS − − 15 NIVA59

Norway 2015 various liver p GC−MS − − 153 NIVA139

Norway 2015 Inner Oslofjord muscle, liver m, p GC−HRMS − − 30 NIVA57

Norway − various − q, s − − − 70 NIVA140

Norway 2016 Inner Oslofjord liver p GC−HRMS − − 13 NIVA105

Baltic Sea 2002/3 − liver p, r, t GC−ECNI−LRMS half T, half R 29 Umweltbundesamt125

North Sea 2002/3 − liver p, r, t GC−ECNI−LRMS T no 35 Umweltbundesamt125

China 2012 South China Sea muscle and soft tissue various GC−ECNI−LRMS R yes 51 Zeng et al.56

China 2014 Liaodong Bay whole fish various GCxGC−ECNI−HRMS R yes 73 Huang et al.60

China − Yangtze River Delta muscle u, v GC−NCI-LRMS B n. n. 10 Du et al.101

aThe column “compensation” states whether the chlorine content differences between standard and sample were compensated according to Reth et al.77 −, not stated. n. n., not necessary. a, Arctic char. b,
yellow perch. c, channel catfish. d, alewife. e, deepwater sculpin. f, lake trout. g, slimmy sculpin. h, rainbow smelt. i, Walleye. j, brook trout. k, sprat. l, redfish. m, herring. n, mackerel. o, halibut. p, cod. q,
perch. r, flounder. s, trout. t, North sea dab. u, pond loach. v, rice field eel. B, quantified according to Bogdal et al.74. R, quantified according to Reth et al.77. T, quantified according to Tomy et al.86 and13.
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recommend the usage of the deconvolution procedure to
decrease errors due to interferences.
If we look at the obtained overall picture of the environmental

contamination with MCCPs, we see that MCCPs have been
detected in all environmental compartments as well as in fish,
birds, mammals, and human tissues, and they are often measured
in higher concentrations than SCCPs. Most alarming to us are
the sediment concentrations that reach or exceed the PNEC in
sediment, as well as the increasing time trends observed for the
MCCPs in various locations worldwide. We also observe the
potential of the MCCPs to undergo long-range atmospheric
transport and their high potential for chronic toxicity to aquatic
invertebrates. There is, therefore, an urgent need to generate data

on the degradation of MCCPs in soil and sediment as well as
reliable data on the bioaccumulation potential ofMCCPs. ECHA
requested aqueous and dietary exposure tests for C14−CPs and
aerobic and anaerobic transformation tests in aquatic sediment
systems for C14 and C15−CPs from the registrant manufacturers
until September 2018.63 However, additional data for MCCPs
with other carbon-chain lengths and chlorination degrees will
most probably be necessary to draw final conclusions on the
MCCPs. Unfortunately, those test are currently difficult to
conduct because only standards of MCCPs mixtures but no
chain-length or single-congener standards are available. The
development of those standards would be a big step forward and
would also allow the development of response factors for

Table 4. Information on the MCCP Concentrations in Birds (Nanograms per Gram of Lipid) Shown in Figure 7a

country year specific location
sample
medium

bird
type

instrumental
technique quantification compensation

sample
no. literature source

Arctic 2012 Svalbard egg a, b GC−HRMS − − 24 Miljodirektoratet61

Norway 2012 Sklinna, Rost egg b, c GC−ECNI−MS − − 24 Huber et al.141

Norway 2013 Oslofj., Søndre Skjßlh. egg c GC−HRMS − − 15 NIVA93

Norway 2014 Oslofj., Søndre Skjßlh. egg c GC−HRMS − − 14 NIVA59

Norway 2015 Oslofj., Søndre Skjßlh. egg c GC−HRMS − − 15 NIVA57

Norway 2015 Oslo egg d−f GC−HRMS − − 30 NILU118

Norway 2016 Oslofj., Søndre Skjßlh. egg c GC−HRMS − − 15 NIVA105

Norway 2016 Oslo egg f GC−HRMS − − 10 NILU92

Norway 2013 Oslofj., Søndre Skjßlh. blood c GC−HRMS − − 3 NIVA93

Norway 2014 Oslofj., Søndre Skjßlh. blood c GC−HRMS − − 10 NIVA59

Norway 2015 Oslofj., Søndre Skjßlh. blood c GC−HRMS − − 13 NIVA57

Arctic 2001 Bear Island muscle, liver a, g GC−ECNI−LRMS R yes 8 Reth et al.102

China − Yangtze River Delta muscle h−j GC−NCI−LRMS B n. n. 18 Du et al.101

aThe column “compensation” states whether the chlorine content differences between standard and sample were compensated according to Reth et
al.77 −, not stated. n. n., not necessary. a, kittiwake. b, common eider. c, herring gull. d, sparrowhawk. e, tawny owl. f, fildfare. g, little auk. h, peregrine
falcon. i, collared scops owl. j, common cuckoo. B, quantified according to Bogdal et al.74 R, quantified according to Reth et al.77

Table 5. Information on the MCCP Concentrations in Mammals (Nanograms per Gram of Liquid) Shown in Figure 8a

country year specific location
sample
medium mammal instrumental technique quantification compensation

sample
no. literature source

Arctic 2010 Svalbard plasma ringed seal GC−HRMS − − 9 Miljodirektoratet61

Arctic 2012 Svalbard plasma polar bear GC−HRMS − − 20 Miljodirektoratet61

China 2004−14 South China Sea blubber finless porpoise GC−ECNI−LRMS Z yes 50 Zeng et al.106

China 2004−14 Pearl River Estuary blubber Indo-Pacific
humpback
dolphin

GC−ECNI−LRMS Z yes 25 Zeng et al.106

China − Yangtze River Delta muscle yellow weasel GC−NCI-LRMS B n. n. 5 Du et al.101

aThe column “compensation” states whether the chlorine content differences between standard and sample were compensated according to Reth et
al.77 −, not stated. n. n., not necessary. B, quantified according to Bogdal et al.74 Z, quantified according to Zeng et al.82

Table 6. Information on theMCCP Concentrations in Human Breast Milk, Placenta, and Human Blood (Nanograms per Gram of
Liquid) Shown in Figure 9a

country year specific location type of site instrumental technique quantification compensation sample no. literature source

U.K. 2001 Lancaster, London urban GC−ECNI−HRMS T no 25 Thomas et al.142

Sweden 1996−10 Uppsala county − GC−ECNI−HRMS T no 523 Darnerud et al.143

Germany − Bavaria rural−urban GC−ECNI−LRMS R yes 60 Hilger et al.109

China 2007 various rural GCxGC−ECNI−HRMS R yes 452 Xia et al.107

China 2011 various rural GCxGC−ECNI−HRMS R yes 960 Xia et al.107

China 2007 various urban GCxGC−ECNI−HRMS R yes 570 Xia et al.108

China 2011 various urban GCxGC−ECNI−HRMS R yes 800 Xia et al.108

China 2016 Henan − GC−NCI−HRMS G yes 54 Wang et al.110

China 2012 Shenzhen urban UPLC−ESI−LRMS R yes 50 Li et al.76

aThe column “compensation” indicates whether the chlorine content differences between standard and sample were compensated according to Reth
et al.77 −, not stated. R, quantified according to Reth et al.77 T, quantified according to Tomy et al.86 and Tomy and Stern.13 G, quantified according
to Gao et al.30
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congener groups or single congeners, as done by Yuan et al.78 for
the quantification of SCCPs.
It would, in general, also be very important to study whether

MCCPs can degrade into SCCPs or other (potentially
unknown) compounds of concern and, if so, to what extent.
There is also a necessity for more long-term monitoring studies
in remote and non-remote regions to monitor temporal trends of
MCCPs in air, soil, sediment, and biota. Decision makers should
otherwise not wait too long for more data to come because there
is already a lot of evidence supporting the conclusion that
MCCPs with more than 46% chlorine are persistent and toxic,
and if we apply the precautionary principle, regulatory actions
should be considered seriously.
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S1 Production and use

S1.1 Information on the reported production and use amounts of MCCPs and LCCPs

Table S1: Production and usage of MCCPs [tons/year]. The percentages under ‘comments’ refer to the fractions of MCCPs compared to total CPs. ‘−’ means no data
available.

year produc literature source usage literature source comments
tion total metal

work
PVC leather

liquors
rubber textile sealantspaint other

Denmark
– 28 – – – – – – – – EC [2005]

European Union
1985 – 46200 – – – – – – – – IPEN [2007] 84% MCCPsuse

1992 – 77000 – – – – – – – – Willis et al. [1994] 70% MCCPsuse

1994 – 56555 2611 45476 1614 2479 – 30791 12962 EC [2005]
1995 – 58671 2765 48640 1270 2767 – 23921 8372 EC [2005]
1996 – 59306 3302 49240 1172 2324 – 26381 6302 EC [2005]
1997 – 65256 5953 51827 1048 2146 – 35411 7412 EC [2005]
2002 – – 8000 30000 1550 – – – – – EC [2005] 3

2003 – 55074 8036 33687 1415 3541 – 83211 742 EC [2005] 4

2004 45000-
1600005

EC [2005] 6 – – – – – – – – – capacity from 5
manufacturing
sites

2006 – 63700 9907 34676 708 7077 – 11323 – COWI [2010] 7

2013 – 40000 – – – – – – – – Davis [2013] 3

France
2010 – – – 0 – – – – 0 — INERIS [2012]

Germany
2006 – 6681 1136 1136 <66.81 1670 2272 401 COWI [2010] 7,3 Germany & Aus-

tria
Japan
2001 – 7617 3199 3619 – – – – – 799 Tsunemi [2010] 10 64% MCCPsuse

2002 – – 1552 – – – – – – – Zeng et al. [2017b] 14
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year produc literature source usage literature source comments
tion total metal

work
PVC leather

liquors
rubber textile sealantspaint other

2003 – – 1996 – – – – – – – Zeng et al. [2017b] 14

2004 – – 2588 – – – – – – – Zeng et al. [2017b] 14

2005 – – 2664 – – – – – – – Zeng et al. [2017b] 14

2006 – – 2756 – – – – – – – Zeng et al. [2017b] 14

2007 – – 2642 – – – – – – – Zeng et al. [2017b] 14

2008 – – 1990 – – – – – – – Zeng et al. [2017b] 14

2009 – – 1192 – – – – – – – Zeng et al. [2017b] 14

Latvia
2008 – – – – – – – 2000 – – Fridmanis et al. [2011]

Lithuania
2007 – 69 – – – – – – – – Kruopiene et al. [2014] import
2008 – 71 – – – – – – – – Kruopiene et al. [2014] import

North America
1998 17800 Muir et al. [2003] 8 – – – – – – – – – 46% MCCPsprod

Norway
2005 – 54−64 5 – – 15−20 – 30−35 1 3 COWI [2010] 9

2007 – 78 3 – – 4 – 46 2 23 EFTA [2010] 9

2009 – 205−409 3 130−
260

3−10 34−101 – 32 – COWI [2010]

Russia
2007 21000 ICAIA [2012] – – – – – – – – –
2011 27000 ICAIA [2012] – – – – – – – – –

Sweden
1990 0 KEMI [1991] 320011 – – – – – – – – KEMI [1991]
1995 0 KEMI [1991] 644 – – – – – – – – KEMI [2016] 12 55% MCCPsuse

1996 0 KEMI [1991] 358 – – – – – – – – KEMI [2016] 12 50% MCCPsuse

1997 0 KEMI [1991] 100 – – – – – – – – KEMI [2016] 12 23% MCCPsuse

1998 0 KEMI [1991] 109 – – – – – – – – KEMI [2016] 12 16% MCCPsuse
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year produc literature source usage literature source comments
tion total metal

work
PVC leather

liquors
rubber textile sealantspaint other

1999 0 KEMI [1991] 90 – – – – – – – – KEMI [2016] 12 17% MCCPsuse

2000 0 KEMI [1991] 127 – – – – – – – – KEMI [2016] 12 24% MCCPsuse

2001 0 KEMI [1991] 265 – – – – – – – – KEMI [2016] 12 52% MCCPsuse

2002 0 KEMI [1991] 180 – – – – – – – – KEMI [2016] 12 34% MCCPsuse

2003 0 KEMI [1991] 222 – – – – – – – – KEMI [2016] 12 49% MCCPsuse

2004 0 KEMI [1991] 183 – – – – – – – – KEMI [2016] 12 44% MCCPsuse

2005 0 KEMI [1991] 235 – – – – – – – – KEMI [2016] 12 31% MCCPsuse

2005 0 KEMI [1991] 94.1 65.8 3.5 – – – 22.8 2 COWI [2010] 7

2006 0 KEMI [1991] 335 – – – – – – – – KEMI [2016] 12 36% MCCPsuse

2007 0 KEMI [1991] 294 – – – – – – – – KEMI [2016] 12 47% MCCPsuse

2008 0 KEMI [1991] 192 – – – – – – – – KEMI [2016] 12 31% MCCPsuse

2009 0 KEMI [1991] 112 – – – – – – – – KEMI [2016] 12 26% MCCPsuse

2010 0 KEMI [1991] 94 – – – – – – – – KEMI [2016] 12 21% MCCPsuse

Thailand
1994 20000 ICIS [1995] – – – – – – – – – capacity

United Kingdom
1991 40000 Willis et al. [1994]12 12000 1200 8400 – – – 1200 1200 – Willis et al. [1994] 1380% MCCPsprod

2003 – 9968 1500 8000 0 100 – 300 100 COWI [2010] 7

United States
2007 – 45300 – – – – – – – – EPA [2009] 66% MCCPsuse

World
1977 – 110000 – – – – – – – – Campbell and Mc-

Connell [1980]
48% MCCPsuse

1980 – – – – – – – – – – Mukherjee [1990] 50% MCCPs
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year produc literature source usage literature source comments
tion total metal

work
PVC leather

liquors
rubber textile sealantspaint other

1 approx. split 2/3 used in sealants and 1/3 used in paints
2 solvent for carbonless copy paper
3 numbers provided by Euro-Chlor
4 cites Entec (2004). Risk reduction strategy and analysis of advantages and drawbacks for medium chain chlorinated paraffins. Stage 3 Report. Unpublished report produced

under contract for the Department for Environment, Food and Rural Affairs (UK).
5 40% of the amount produced in the EU is exported (ECHA [2008] cites Defra 2008)
6 from IUCLID – International Uniform Chemical Information Database (existing substances)
7 cites Entec (2008). Environmental risk reduction strategy and analysis of advantages and drawbacks of medium-chain chlorinated paraffins (MCCPs) – updated report. For

Department for Environment, Food and Rural Affairs (DEFRA), November 2008
8 unpublished data from CPIA (Chlorinated Paraffin Industry Association) (2000).
9 numbers from the Norwegian Product Register
10 FRCJ Japan (2003). Hearing survey by AIST, flame retardant chemicals association of Japan
11 50% in electrical cables as flame retardant, 50% in floor covering
12 numbers from the Swedish Product Register
13 numbers provided by ICI Chemicals and Polymers Limited
14 numbers from the Japan Lubricating Oil Society. Report of fund for environmental protection of lubricating oil in 2002 (for 2002 data), in 2003 (for 2003 data), in 2004 (for

2004 data), in 2005 (for 2005 and 2006 data), and in 2008 (for data from 2007 to 2009), respectively
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Table S2: Production and usage of LCCPs [tons/year]. The percentages under ‘comments’ refer to the fractions of LCCPs compared to total CPs. ‘−’ means no data
available.

year produc literature source usage literature source comments
tion total metal

work
PVC leather

liquors
rubber textile sealantspaint other

Canada
2001 – 200 – – – – – – – – Canada [2012] 6.7% LCCPsuse

European Union
1985 – 6600 – – – – – – – – IPEN [2007] 12% LCCPsuse

1992 – 16500 – – – – – – – – Willis et al. [1994] 15% LCCPsuse

1998−
2004

– 5000−
10000

– – – – – – – – Brooke et al. [2009] % for 2004

Japan
2001 – 3721 390 966 – – – – – 2365 Tsunemi [2010] 1 32% LCCPsuse

2002 – – 135 – – – – – – – Zeng et al. [2017b] 4

2003 – – 125 – – – – – – – Zeng et al. [2017b] 4

2004 – – 180 – – – – – – – Zeng et al. [2017b] 4

2005 – – 207 – – – – – – – Zeng et al. [2017b] 4

2006 – – 198 – – – – – – – Zeng et al. [2017b] 4

2007 – – 123 – – – – – – – Zeng et al. [2017b] 4

2008 – – 134 – – – – – – – Zeng et al. [2017b] 4

2009 – – 180 – – – – – – – Zeng et al. [2017b] 4

North America
1998 12700 Muir et al. [2003] 2 – – – – – – – – – 33% LCCPsprod

Sweden
1990 0 KEMI [1991] – – – – 5 – – – – KEMI [1991]
1998 0 KEMI [1991] 400 – – – – – – – – KEMI [2011] 3 60% LCCPsuse

1999 0 KEMI [1991] 363 – – – – – – – – KEMI [2011] 3 69% LCCPsuse

2000 0 KEMI [1991] 374 – – – – – – – – KEMI [2011] 3 71% LCCPsuse

2001 0 KEMI [1991] 233 – – – – – – – – KEMI [2011] 3 43% LCCPsuse

2002 0 KEMI [1991] 301 – – – – – – – – KEMI [2011] 3 60% LCCPsuse

2003 0 KEMI [1991] 254 – – – – – – – – KEMI [2011] 3 51% LCCPsuse
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year produc literature source usage literature source comments
tion total metal

work
PVC leather

liquors
rubber textile sealantspaint other

2004 0 KEMI [1991] 233 – – – – – – – – KEMI [2011] 3 54% LCCPsuse

2005 0 KEMI [1991] 285 – – – – – – – – KEMI [2011] 3 53% LCCPsuse

2006 0 KEMI [1991] 336 – – – – – – – – KEMI [2011] 3 49% LCCPsuse

2007 0 KEMI [1991] 315 – – – – – – – – KEMI [2011] 3 51% LCCPsuse

2008 0 KEMI [1991] 414 – – – – – – – – KEMI [2011] 3 67% LCCPsuse

2009 0 KEMI [1991] 300 – – – – – – – – KEMI [2011] 3 71% LCCPsuse

2010 0 KEMI [1991] 336 – – – – – – – – KEMI [2011] 3 76% LCCPsuse

World
1977 – 60000 – – – – – – – – Campbell and Mc-

Connell [1980]
26% LCCPsuse

1 FRCJ Japan (2003). Hearing survey by AIST, flame retardant chemicals association of Japan
2 unpublished data from CPIA (Chlorinated Paraffin Industry Association) (2000).
3 numbers from the Swedish Product Register
4 from Japan Lubricating Oil Society. Report of fund for environmental protection of lubricating oil in 2002 (for 2002 data), in 2003 (for 2003 data), in 2004 (for 2004 data), in

2005 (for 2005 and 2006 data), and in 2008 (for data from 2007 to 2009), respectively
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S1.2 Technical mixtures

Sample preparation Technical CP-52 formulations were dissolved in cyclohexane (1-2 mg/mL). Aliquots
were cleaned on a small 1 g silica column (silica gel 60, Merck). Silica was cleaned with 2 mL dichloromethane
and conditioned with 4 mL n-hexane. Then, 100 µg per formulation were applied. The elution series consisted
of, first, pure n-hexane (4 mL), second, a 1:1 mixture (5 mL) of n-hexane and dichloromethane (DCM) and,
third, a respective 2:8 mixture (5 mL). The fractions were separately collected. All CPs eluted in the second
fraction. Solvent was evaporated and redissolved in 1 mL of cyclohexane. Aliquots of 50 ng/µL in acetonitrile
were prepared for chemical analysis. No blank issues are reported compared to the high CP concentrations
that were processed.

Instrumental Analysis Ultra-performance liquid chromatography (UPLC) coupled to electrospray ion-
ization coupled to an Orbitrap high resolution mass spectrometer (HRMS, R = 140 000 FWHM at m/z
200), was operated in full scan negative ion mode. [M+acetate]− adduct ions were monitored. Settings
were applied according to Cariou et al. [2016]. The injected volume was 5 µL. Chromatographic separation
was performed using a Hypersil Gold column (100 mm * 2.1 mm, 1.9 µm) at a flow rate of 0.4 mL/min using
10 mM ammonium acetate in water (A) and in acetonitrile (B). The LC gradient was applied as follows:
(A/B) 50:50 for 1 min, ramped to 0:100 over 9 min, hold for 5 min and returned to 50:50, followed by equi-
libration. Following MS settings were applied: capillary temperature 300 ◦C, source heater temperature
150 ◦C and spray voltage 2.5 kV.

Data processing Target compounds were chlorinated paraffins with sum formula CnH2n+2−xClx (10 ≤
n ≤ 30 and 5 ≤ x ≤ n). The theoretical [M+acetate]− mass clusters for all homologues were derived
from Envipat web 2.2 [Loos et al., 2015]. The target ions were extracted from the recorded full scan mass
spectra using Thermo Xcalibur 4.0.27.19 QuanBrowser. The extracted ion intensities were corrected for
their contribution to the full mass cluster of the respective homologue. It is expected that the chain length
influences the response of CPs as shown by Bogdal et al. [2015]. Thus, response factors were approximated
for SCCPs, MCCPs and LCCPs as followed: Three Ehrenstorfer CP mixtures with chlorination degrees close
to CP-52 (SCCP 51.5 wt %Cl, MCCP 52 wt %Cl and LCCP 49 wt %Cl) were analyzed. For each Ehrenstorfer
mixture, sum intensities (of all present homologues) were derived and normalized for the sum intensity of the
analyzed SCCP mixture. This gave response correction factors of 0.24 for homologues of chain length C14

to C17 (MCCPs) and 0.20 for homologues of chain length C≤18 (LCCPs). This procedure is an approximate
response factor correction to roughly compensate for the higher response of MCCPs and LCCPs compared
to SCCPs.

Results The results of the analysis for the sum of SCCPs, MCCPs, and LCCPs are shown in Table S3.
The congener profile for the S- and MCCPs (averaged over the eleven samples) is shown in Fig. S1.
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Table S3: Fractions of S-, M-, and LCCPs in the technical mixture CP-52 in percent. All samples originate from
Chinese producers. Sample IDs with different letters indicate samples from different producers.

Sample ID fraction SCCPs fraction MCCPs fraction LCCPs reference

A-52 42 58 0 this study
B-52 0 100 0 this study
C-52 42 56 2.5 this study
D-52a 63 29 7.7 this study
D-52b 55 45 0 this study
E-52 52 40 8.3 this study
F-52 48 40 12 this study
G-52a 24 65 11 this study
G-52b 40 59 1.4 this study
H-52 34 66 0.3 this study
I-52 33 67 0 this study
J-52 25 - - Gao et al. [2012]
K-52 40 - - Gao et al. [2016]
L-52 11 - - Xu et al. [2016]
M-52 66 - - Zou et al. [2017]
N-52 33 41 27 Li et al. [2018]
O-52 2.3 47 50 Li et al. [2018]
P-52 53 35 12 Li et al. [2018]
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S2 Chemical properties

S2.1 Calculated properties

Table S4: Physicochemical properties of MCCPs calculated with COSMOtherm. Vapor pressure (PL), and solubility
in water (SW) and in octanol (SO) were obtained with COSMOtherm, for more details see Glüge et al. [2013]. Data
given in square brackets represent the range of the isomers.

Molecular Cl PL [Pa] SW [µg/L] SO [g/L]
formula [%] COSMOtherm COSMOtherm COSMOtherm

C14H27Cl3 35.3 [1.31·10−4 , 1.30·10−2 ] [5.02, 40.4] [297, 412 ]
C14H25Cl5 47.9 [7.95·10−5 , 1.48·10−3 ] [3.86, 34.3] [329, 550 ]
C14H23Cl7 56.5 [8.79·10−7 , 1.47·10−4 ] [3.16, 44.5] [219, 524 ]
C14H21Cl9 62.8 [5.23·10−8 , 1.47·10−5 ] [2.78, 272 ] [366, 560 ]
C14H19Cl11 67.6 [1.46·10−8 , 6.61·10−7 ] [2.60, 87.0] [431, 700 ]
C14H18Cl12 69.6 [8.38·10−9 , 1.65·10−7 ] [1.90, 68.2] [291, 668 ]

C15H29Cl3 33.7 [1.03·10−4 , 3.89·10−3 ] [1.56, 9.88] [297, 403 ]
C15H27Cl5 46.1 [7.55·10−6 , 5.14·10−4 ] [1.12, 13.8] [252, 486 ]
C15H25Cl7 54.7 [3.47·10−7 , 5.30·10−5 ] [0.93, 17.6] [228, 484 ]
C15H23Cl9 61.1 [2.88·10−8 , 5.56·10−6 ] [0.72, 7.38] [300, 579 ]
C15H21Cl11 66.0 [1.09·10−8 , 2.57·10−7 ] [0.89, 68.1] [384, 596 ]
C15H19Cl13 69.8 [6.37·10−10 , 3.73·10−8 ] [0.50, 16.0] [287, 639 ]

C16H31Cl3 32.3 [1.50·10−5 , 1.39·10−3 ] [0.38, 3.13] [296, 390 ]
C16H29Cl5 44.5 [5.21·10−6 , 1.66·10−4 ] [0.29, 4.81] [263, 541 ]
C16H27Cl7 53.1 [1.33·10−7 , 1.64·10−5 ] [0.28, 6.89] [206, 534 ]
C16H25Cl9 59.5 [1.33·10−8 , 2.01·10−6 ] [0.22, 11.8] [294, 547 ]
C16H23Cl11 64.4 [1.45·10−9 , 1.94·10−7 ] [0.19, 27.8] [333, 522 ]
C16H21Cl13 68.4 [1.93·10−10 , 1.86·10−8 ] [0.15, 42.2] [289, 1070]

C17H33Cl3 31.0 [1.31·10−5 , 4.77·10−4 ] [0.10, 0.84] [292, 374 ]
C17H31Cl5 43.0 [1.18·10−6 , 5.02·10−5 ] [0.08, 1.51] [230, 556 ]
C17H29Cl7 51.6 [3.96·10−8 , 6.17·10−6 ] [0.08, 3.28] [179, 497 ]
C17H27Cl9 58.0 [3.50·10−9 , 7.54·10−7 ] [0.08, 12.7] [364, 557 ]
C17H25Cl11 63.0 [9.39·10−10 , 7.26·10−8 ] [0.04, 11.5] [318, 587 ]
C17H23Cl13 67.0 [4.77·10−11 , 6.63·10−9 ] [0.04, 5.37] [289, 508 ]
C17H21Cl15 70.3 [6.64·10−12 , 4.70·10−10] [0.02, 1.71] [259, 980 ]

Table S5: Physicochemical properties of MCCPs. Octanol-water (KOW), air-water (KAW), and octanol-air (KOA)
partition coefficient for MCCPs were obtained with COSMOtherm, for more details see Glüge et al. [2013]. The
particle bound fractions were calculated according to Eqs. (S1) to (S3). Data given in square brackets represent the
range of the isomers.

Molecular Cl KOW [-] KOW [-] log KAW [-] log KOA [-] particle–bound fraction
formula [%] exp. values COSMOth. COSMOth. COSMOth. [%]

C14H27Cl3 35.3 [6.77, 7.80] [-3.40, -0.50] [8.43, 10.3] [0.08, 6.08]
C14H25Cl5 47.9 6.3 ± 0.01a, 5.52b [6.88, 7.89] [-3.44, -1.24] [9.33, 10.6] [0.64, 10.6]
C14H23Cl7 56.5 5.47b [6.57, 7.97] [-5.45, -2.08] [10.3, 12.3] [5.12, 86.7]
C14H21Cl9 62.8 [6.21, 7.99] [-6.41, -2.96] [11.2, 13.8] [29.9, 99.5]
C14H19Cl11 67.6 [6.87, 8.09] [-7.40, -4.22] [12.5, 14.4] [91.0, 99.9]
C14H18Cl12 69.6 [6.94, 8.03] [-7.51, -4.66] [12.9, 14.6] [96.1, 99.9]
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C15H29Cl3 33.7 [7.37, 8.30] [-2.87, -0.54] [9.88, 11.4] [2.23, 40.9]
C15H27Cl5 46.1 [7.14, 8.41] [-4.07, -1.14] [10.7, 12.3] [13.1, 86.3]
C15H25Cl7 54.7 [6.99, 8.48] [-5.44, -1.98] [11.6, 13.6] [55.4, 99.1]
C15H23Cl9 61.1 [7.61, 8.55] [-6.08, -2.78] [12.5, 15.0] [90.5, 100]
C15H21Cl11 66.0 [6.88, 8.54] [-7.41, -4.16] [13.9, 15.4] [99.5, 100]
C15H19Cl13 69.8 [7.53, 8.62] [-7.97, -4.70] [14.4, 16.6] [99.9, 100]

C16H31Cl3 32.3 7.2c [7.86, 8.87] [-3.19, -0.31] [10.3, 12.2] [5.48, 82.0]
C16H29Cl5 44.5 [7.61, 8.96] [-3.75, -1.03] [11.2, 12.5] [30.3, 90.9]
C16H27Cl7 53.1 [7.34, 9.00] [-5.43, -1.95] [12.1, 14.2] [79.9, 99.8]
C16H25Cl9 59.5 6.81 ± 0.02a [7.27, 9.06] [-6.61, -2.69] [12.9, 15.0] [96.2, 100]
C16H23Cl11 64.4 [7.20, 9.09] [-7.52, -3.59] [13.8, 16.2] [99.5, 100]
C16H21Cl13 68.4 7.36 c [7.45, 9.12] [-8.82, -4.47] [14.7, 17.4] [99.9, 100]

C17H33Cl3 31.0 [8.41, 9.43] [-2.66, -0.22] [10.7, 12.2] [13.7, 83.3]
C17H31Cl5 43.0 8.21b [8.04, 9.52] [-3.88, -0.95] [11.7, 13.1] [57.9, 97.2]
C17H29Cl7 51.6 8.01b [7.59, 9.53] [-5.62, -1.81] [12.5, 14.6] [90.9, 100]
C17H27Cl9 58.0 [7.35, 9.58] [-7.21, -2.67] [13.4, 15.8] [98.8, 100]
C17H25Cl11 63.0 [7.57, 9.72] [-7.69, -3.34] [14.2, 16.4] [99.8, 100]
C17H23Cl13 67.0 [7.87, 9.69] [-8.03, -4.31] [15.2, 17.6] [ 100, 100]
C17H21Cl15 70.3 [8.74, 9.85] [-8.92, -5.20] [16.2, 18.8] [ 100, 100]
a Hilger et al. [2011b] b Renberg et al. [1980] - original min/max range attributed to C14 and C17

c Fisk et al. [1998b]

The fractions of particle–bound MCCPs in air were calculated as:

φ = φpf + φpc, (S1)

φpf =
cpfVpf

cpfVpf + cpcVpc + caVa
=

1
1 + vpc/vpf · Kpcpf + 1/(vpf Kpfa)

, (S2)

φpc =
cpcVpc

cpfVpf + cpcVpc + caVa
=

1
1 + vpf/(vpcKpcpf ) + 1/(vpcKpca)

, (S3)

where φpf is the fraction bound to fine particles (or aerosols), and φpc the fraction bound to coarse particles
(or aerosols). These two fractions represent in a simplified way the size distribution of particles in the
atmosphere. Here, coarse and fine particles are defined as particulate matter with a diameter of 2.5 µm–10
µm and <2.5 µm, respectively.
The partition coefficients Kpca, Kpfa, and Kpcpf were calculated as:

Kpca = 1.22 · Koa · fompc · ρpc/1000, (S4)

Kpfa = 1.22 · Koa · fompf · ρpf/1000, (S5)

Kpcpf = Kpca/Kpfa, (S6)

where fompc and fompf are the fractions of organic matter, and ρpc and ρpf are the densities of the coarse
and fine particles, respectively. The fractions of organic matter were set to 0.08 and 0.22 [Putaud et al.,
2004], the densities to 1930 kg/m3 and 1620 kg/m3, respectively [Hu et al., 2012]. The volume fractions of
coarse and fine particles in air (vpc, vpf) were set to 3 · 10−12 and 9 · 10−12, respectively. These values are
representative for natural background in Europe [Putaud et al., 2004].
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Figure S2: Dependence of the averaged (geometric average) property values calculated with COSMOtherm (A−E)
and EPI Suite

TM

(G−H) on the chlorine content. Data in Subfigure F were calculated according to Eqs. (S1) to (S3).
Symbols in blue represent SCCPs (△ C10; ▽ C11; ♦ C12; o C13), symbols in violet MCCPs (⋆ C14; ⊲ C15; ⊳ C16; x
C17). Figures A−E are adapted from Glüge et al. [2013].
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Table S6: Calculated half-lifes in air and biodegradation half-lifes for MCCPs. Data were obtained
from EPISuite

TM

with AOPWIN (half-lifes in air), Biowin2 (fast biodegradation), Biowin3 (ultimate
biodegradation), and Biowin4 (primary biodegradation). Data given in square brackets represent the
range of the isomers considered.

Molecular Cl half-life in air probab. for fast ultimate primary
formula biodegradation biodegradationa biodegradationa

[%] [days] [days] [days]

C14H27Cl3 35.3 [0.74, 1.06] [0.00, 0.04] [ 26.4, 79.4] [3.90, 10.5]
C14H25Cl5 47.9 [0.91, 1.29] [0.00, 0.00] [ 66.3, 199] [6.78, 18.3]
C14H23Cl7 56.5 [1.18, 1.78] [0.00, 0.00] [ 288, 498] [19.4, 31.8]
C14H21Cl9 62.8 [1.66, 3.01] [0.00, 0.00] [ 721, 1248] [33.7, 55.3]
C14H19Cl11 67.6 [2.80, 5.34] [0.00, 0.00] [ 3128, 3128] [96.3, 96.3]
C14H18Cl12 69.6 [4.28, 6.75] [0.00, 0.00] 4950 127

C15H29Cl3 33.7 [0.67, 0.95] [0.00, 0.03] [ 28.0, 84.1] [4.05, 10.9]
C15H27Cl5 46.1 [0.81, 1.26] [0.00, 0.00] [ 70.2, 211] [7.04, 19.0]
C15H25Cl7 54.7 [1.02, 1.44] [0.00, 0.00] [ 176, 528] [12.3, 33.0]
C15H23Cl9 61.1 [1.36, 2.55] [0.00, 0.00] [ 763, 1322] [35.0, 57.4]
C15H21Cl11 66.0 [2.04, 4.24] [0.00, 0.00] [ 1911, 3311] [60.9, 99.9]
C15H19Cl13 69.8 [4.12, 6.37] [0.00, 0.00] 8296 174

C16H31Cl3 32.3 [0.62, 0.84] [0.00, 0.03] [ 29.6, 89.0] [4.20, 11.3]
C16H29Cl5 44.5 [0.74, 1.10] [0.00, 0.00] [ 74.3, 223] [7.31, 19.7]
C16H27Cl7 53.1 [0.90, 1.21] [0.00, 0.00] [ 186, 559] [12.7, 34.3]
C16H25Cl9 59.5 [1.15, 1.73] [0.00, 0.00] [ 808, 1399] [36.3, 59.6]
C16H23Cl11 64.4 [1.61, 2.94] [0.00, 0.00] [ 2024, 3506] [63.2, 104]
C16H21Cl13 68.4 [2.67, 4.87] [0.00, 0.00] 8784 180

C17H33Cl3 31.0 [0.57, 0.76] [0.00, 0.02] [ 31.4, 94.2] [4.36, 11.8]
C17H31Cl5 43.0 [0.67, 1.08] [0.00, 0.00] [ 78.6, 236] [7.59, 20.4]
C17H29Cl7 51.6 [0.80, 1.11] [0.00, 0.00] [ 197, 591] [13.2, 35.6]
C17H27Cl9 58.0 [1.00, 1.47] [0.00, 0.00] [ 494, 1482] [23.0, 61.9]
C17H25Cl11 63.0 [1.33, 2.80] [0.00, 0.00] [ 2143, 3712] [65.6, 108]
C17H23Cl13 67.0 [1.97, 3.95] [0.00, 0.00] [ 5368, 9300] [ 114, 187]
C17H21Cl15 70.3 [3.84, 5.72] [0.00, 0.00] 23300 326
a The scores for primary and ultimate biodegradation, calculated by EPISuite

TM

, were converted into
half-lives in water according to Scheringer et al. [2012].

S2.2 Bioconcentration factors for SCCPs

EC [2000] summarized the available studies for the bioconcentration factors (BCF) for SCCPs and we de-
scribe the most important studies (which describe BCFs at steady state) here briefly. The study of Madeley
and Maddock (1983a) exposed rainbow trout (Oncorhynchus mykiss) to measured concentrations of 0.033,
0.1, 1.07 and 3.05 mg/L of a C10−12, 58% wt Cl for 60 days. The concentrations were determined by means
of a 14C-labeled chlorinated n-undecane mixed into the commercial product. In addition, parent compound
analysis was also undertaken at various times during the test. Whole body BCFs of 1173−7816 were de-
termined based on radioactivity measurements in the fish and BCFs of 574−7273 were determined based
on the parent compound analysis. The BCFs were found to increase with decreasing exposure concentration.

Madeley and Maddock (1983b) conducted also a second study were they exposed rainbow trout (On-

corhynchus mykiss) again to a SCCP (C10−12, 58% wt) at concentrations of 3.1 and 14.3 µg/L. Exposure
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was for 168 days using a flow-through system. The bioconcentration was measured by means of a 14C-
labeled chlorinated n-undecane mixed into the commercial product. The whole fish BCF was estimated to
be 3600−5300. These BCFs were based on the amount of 14C-labeled material present in the various organs.
A limited number of parent compound analyses were also carried out at various times during the tests, and
these indicated that some of the 14C-label present in the liver and viscera may not have been the parent
chlorinated paraffin. Therefore, these measured BCFs are likely to represent maximum values.

Additional information were submitted by Japan to the Persistent Organic Pollutant Review Committee
[POPRC, 2009]. The Japanese study tested a C13-CP with 48.7% wt. Cl. Three main components were
identified in the mixture: C13H23Cl5 (49.8% wt. Cl), C13H22Cl6 (54.5% wt. Cl) and C13H21Cl7 (58.4% wt.
Cl). The fish used in the test were Common Carp (Cyprinus carpio) and the exposure period was 62 days.
The test was carried out using nominal concentrations of 0.01 mg/L and 0.001 mg/L and a flow-through sys-
tem. Samples of water and fish were analyzed by parent compound analysis and steady state was reached
after approximately 28 days. Lipid normalized BCFs ranged between 1962 and 2150 for the C13-CP with
49.8% wt. Cl, between 2100 and 2530 for the C13-CP with 54.5% wt. Cl, and between 3000 and 3630 for
the C13-CP with 58.4% wt. Cl.

The reported BCFs for the SCCPs and MCCPs are also shown in Fig. S3. The experimental values do not
show clear trends - neither for the carbon chain nor for the chlorine content. The BCF is decreasing from
C11 58% Cl to C13 58% Cl and from C13 50% Cl to C15 51% Cl, but increasing for C13 50% Cl to C14 45%
Cl. The BCF is increasing from C13 50% Cl to C13 58% Cl. The study of Bengtsson et al. [1979] [EC, 2000]
shows decreasing BCFs with increasing chlorine content, but given the high concentrations they used and
an exposure time of only 14 days, the BCFs were most probably not determined at steady state.
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Figure S3: Reported BCFs for SCCPs

S2.3 Laboratory-derived biomagnification factors

Fisk et al. [1996, 1998a, 2000] exposed juvenile rainbow trout (Oncorhynchus mykiss) to different chlorinated
paraffins in food, followed by a depuration phase with clean food. The CP concentrations were corrected for
growth dilution and lipid normalized for all bioaccumulation parameters. CP concentrations in fish reached
in most of the cases no steady state. The biomagnification factor (BMF) was therefore calculated as:

BMF = α · F/kd (S7)

where α is the assimilation efficiency, F is the feeding rate, and kd is the depuration rate. Depuration
rates were calculated by fitting the depuration phase data to a first-order decay curve (ln concentration=
a + kd·time in days, where a is a constant). The feeding rate was assumed to be 1.5% of the body weight
of the fish and corrected for the lipid percentage of the food (which was 14%; determined in the same
manner as the lipid percentage in the fish). The assimilation efficiencies were calculated by fitting the
concentration data to the integrated form of the kinetic rate equation for constant dietary exposure using
iterative non-linear regression and the equation:

Cfish = (αFCfood/kd) · (1 − exp[−kdt]) (S8)
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where Cfish is the concentration in the fish (lipid basis and growth corrected), Cfood is the concentration in
the food (on a lipid basis), and t is the time of uptake in days. The obtained BMFs are shown in Fig. S4
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Figure S4: Relationship between laboratory-derived BMFs of chlorinated paraffins by fish and the number of carbon
atoms. Data are from the studies of Fisk et al. [1996, 1998a, 2000] using the kinetically derived assimilation efficiency.

Fisk et al. [1998a, 2000] found in their two last publications that the coefficient of determination for the
assimilation efficiency models tended to be low (Fig. S5). They stated in this context ’previous work
on other hydrophobic organochlorines suggests that for compounds with a log KOW between 4.5 and 7.0,
assimilation efficiencies of organochlorines by fish are approximately 50%’ and calculated additionally BMFs
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Figure S5: Relationship between assimilation efficiencies of chlorinated paraffins by fish [Fisk et al., 1996, 1998a, 2000]
and the octanol-water partition coefficient [Glüge et al., 2013].

with an assumed assimilation efficiency of 50%. However, Fisk et al. [1998b] and also Arnot and Gobas
[2004] showed that the assimilation efficiency of hydrophobic organochlorine compounds is decreasing for
compounds with an octanol-water partition coefficient larger than seven. We think, therefore, that the
lower assimilation efficiencies observed by Fisk et al. [1998a, 2000] are mainly due to the high octanol-water
partition coefficient of the compounds (MCCPs have log KOWs between 6.77 and 9.85) and that the BMFs
calculated with the kinetically derived assimilation efficiencies are more realistic than the BMFs with an
assumed assimilation efficiency of 50%.
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S3 Mass interferences between CP congeners

Typical interferences occur from Cn+2H2(n+2)+2−(x−1)Clx−1 when analysing CnH2n+2−xClx. We demonstrate
this here on an example. The target MCCP is C16H25Cl9, the interference is the LCCP C18H30Cl8. Table
S7 shows the molar mass and probability of the natural occurrence of the different isotopes, Table S8 shows
the abundances of the different masses of C18H30Cl8 and C16H25Cl9. The abundance of the signal (AS) was
calculated as:

AS =
isotopes∑

i

pni

i
, (S9)

where pi is the probability of the occurrence of the stable isotopes 12C, 1H, 35Cl, and 37Cl. ni is the number
of the isotopes in the molecule of interest. The number of permutations (nper) was calculated as:

nper =
(n35Cl + n37Cl)!
n35Cl! · n37Cl!

. (S10)

Table S7: Molar mass and probability for the different isotopes

i 12C 1H 35Cl 37Cl

Molar mass mi 12.00000 1.00783 34.9688527 36.9659
Probability pi 0.9889 0.9998 0.7578 0.2422

Table S8: Calculation of the abundance of the different masses of C18H30Cl8 and C16H25Cl9.

12C 1H 35Cl 37Cl mass abundance
of signal

permu-
tations

abundance rel. abun-
dance

minimum
resolution

n12C n1H n35Cl n37Cl m AS nper A Arel
∗ Rmin

∗∗

C18H30Cl8
18 30 8 0 525.99 0.0884247 1 0.08842 35.0%
18 30 7 1 527.98 0.0282614 8 0.22609 89.4%
18 30 6 2 529.98 0.0090326 28 0.25291 100%
18 30 5 3 531.98 0.0028869 56 0.16167 63.9%
18 30 4 4 533.97 0.0009227 70 0.06459 25.5%
18 30 3 5 535.97 0.0002949 56 0.01651 6.5%
18 30 2 6 537.96 0.0000943 28 0.00264 1.0%
18 30 1 7 539.97 0.0000301 8 0.00024 0.1%
18 30 0 8 541.96 0.0000096 1 9.63·10−6 0.0%

C16H25Cl9
16 25 9 0 531.92 0.0685895 1 0.06859 27.2% 8658
16 25 8 1 533.91 0.0219219 9 0.19730 78.2% 8690
16 25 7 2 535.91 0.0070064 36 0.25223 100% 8723
16 25 6 3 537.91 0.0022393 84 0.18810 74.6% 8755
16 25 5 4 539.90 0.0007157 126 0.09018 35.8% 8788
16 25 4 5 541.90 0.0002287 126 0.02882 11.4% 8820
16 25 3 6 543.90 0.0000731 84 0.00614 2.4%
16 25 2 7 545.89 0.0000234 36 0.00084 0.3%
16 25 1 8 547.89 0.0000075 9 6.72·10−5 0.0%
16 25 0 9 549.89 0.0000024 1 2.39·10−6 0.0%
∗ Abundance normalized to the most intensive abundance signal in the isotopic cluster
∗∗ Values of m/∆m measured for the two peaks of equal hight in a mass spectrum at m and m±∆m that are

separated by a valley which at its lowest point is 10% of the height of either peak
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The abundance, A, was then calculated as:

A = AS · nper. (S11)

Figure S6 shows the abundance of the different masses for C18H30Cl8 and C16H25Cl9 graphically.
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Figure S6: Abundance of the different masses of a) C18H30Cl8 and b) C16H25Cl9.

The quantification is normally based on the two highest isotope signals, this would be mass 535.91 Da and
mass 533.91 Da for C16H25Cl9. An amount of one gives a signal of 0.4495 (0.2522 + 0.1973). At a same
amount one, the interfering masses of C18H30Cl8 (535.97 Da and 533.97 Da) give a signal of 0.0811 (0.0165
+ 0.0646). The contribution of the interfering congener (C18H30Cl8) to the measured signal is therefore 15%.

The minimum resolution to resolve the peaks of C18H30Cl8 and C16H25Cl9 with mass spectrometry is shown
in Table S8 under minimum resolution. The values were calculated as:

Rmin =
mC16

|mC18
− mC16

|
, (S12)

where mC16
is one of the masses of C16H25Cl9 and mC18

is the interfering mass of C18H30Cl8. Minimum
resolutions for isobaric interferences are provided in Yuan et al. [2016].
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S4 Information on the measured concentrations in the environment,
biota, and in humans

S4.1 Omitted studies

Table S9: Omitted studies in the review and the reasons for omitting them.

Omitted study Reason

Air, soil, birds, human tissue
All available studies included

Water
Houde et al. [2008] Measured only filtered water, not the particulate phase
Willis et al. [1994] Measured before 1995 (only semi-quantitative analytical methods)
WHO [1996] Measured before 1995 (only semi-quantitative analytical methods)
BUA [1992] Measured before 1995 (only semi-quantitative analytical methods)
Petersen et al. [2006] Only two values, one of them below the limit of detection
NIVA [2017] Measured only filtered water, not the particulate phase

Surface sediment
EPA [1988] Measured before 1995 (only semi-quantitative analytical methods)
BUA [1992] Measured before 1995 (only semi-quantitative analytical methods)
WHO [1996] Measured before 1995 (only semi-quantitative analytical methods)

Fish
Miljodirektoratet [2013] Too many no detects
Bennie et al. [2000] Measurements were probably too high due to coeluting interferences

Mammals
NILU [2016a] Too many no detects
Bennie et al. [2000] Measurements were probably too high due to coeluting interferences

Bioegradation in sediment
Fisk et al. [1998b] The estimated half-lives for biodegradation were based on the difference be-

tween toluene-extractable 14C measurements (taken to represent unchanged
chlorinated paraffin) and total 14C measurements (taken to represent degraded
chlorinated paraffin). However, the results of this test should be treated with
caution as the identity of the 14C present in the samples was not determined,
and it was only assumed that the non-extractable 14C represented metabolites
[EC, 2005].

BCF
Thompson et al. [2000] The test was based on radiolabeled residues and may therefore have included

metabolites of the parent substance [Thompson and Vaughan, 2013].
Vaughan and Hurd [2010] The test was based on radiolabeled residues and may therefore have included

metabolites of the parent substance [Thompson and Vaughan, 2013].

BAF
Houde et al. [2008] Values were based on filtered water only. Also water samples were taken at

different locations and time points compared to the biota samples.
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BMF
Zeng et al. [2017b] The lipid-normalized concentrations in the marine mammals were based on

blubber samples, while the lipid-normalized concentrations in the fish and
crustaceans were based on muscle and soft tissue samples. Some of the derived
BMFs even compared concentrations in marine mammals and fish from very
different sites.

S4.2 Included studies

Table S10: Information on the concentrations shown in Figures 3, 4, and 5 in the main text. The column congeners indicates
if congener data were available, either from the publication or on request. Ratio stands for the MCCP to SCCP ratio of the
medians.

MCCPs SCCPs
country year conge-

ners
me-
dian

25th and 75th

quantile
me-
dian

25th and 75th

quantile
ratio literature source

Concentrations in air [pg/m3]
Arctic 2013 C14−15

a 22.1 [ 7.05, 37.2] 338 [ 220, 497] 0.07 NILU [2014]
Arctic 2014 C14−15

a 12.0 [ 3.86, 35.6] 239 [ 172, 309] 0.05 NILU [2015]
Arctic 2015 C14−15

a 77.5 [ 26.5, 137] 370 [ 274, 489] 0.21 NILU [2016b]
Arctic 2016 C14−15

a 36.5 [ 26.0, 67.5] 186 [ 162, 269] 0.20 NILU [2017b]
Antarctic 2013 C14−17 4.62 [ 3.81, 5.10] 15.6 [ 11.7, 17.8] 0.30 Ma et al. [2014]
UK 2003 no 594 [ 170, 869] 220 [ 142, 391] 2.70 Barber et al. [2005]
Norway 2016 no 14.3 [ 9.88, 18.1] 140 [ 100, 1483] 0.10 NILU [2017a]
Switzerland 2012 C14−16 9575 [ 1750, 17400] 4550 [ 4270, 4830] 2.10 Bogdal et al. [2015]
Pakistan 2006 no 4168 [ 1106, 7309] 2403 [ 909, 4639] 1.73 Chaemfa et al. [2014]
India 2011 no 1533 [ 596, 8216] 6922 [ 3532, 12617] 0.22 Chaemfa et al. [2014]
China 2010 C14−17 12490 [ 5047, 36479] 19962 [11818, 42164] 0.63 Wang et al. [2013]
China 2013/4 C14−17 3530 5060 0.70 Li et al. [2018]

Concentrations in water [ng/L]
Norway 2013 no 44.5 [ 23.4, 129] 18 [ 17.3, 200] 2.48 NIVA [2014a]
Norway 2014 no 41.2 [ 14.9, 87.2] 719 [ 554, 938] 0.06 NIVA [2015b]
Norway 2015 no 19.3 [ 18.3, 25.8] 134 [ 99.5, 201] 0.15 NIVA [2016c]
Arctic 2004 no 49.4 [ 24.5, 101] 8.60 [ 5.47, 26.1] 5.74 Dick et al. [2010]

Concentrations in soil [ng/g dw]
Norway 2015 no 14.0 [ 7.10, 34.3] 17.0 [ 15.3, 33.0] 0.82 NILU [2016a]
Norway 2016 no 1.40 [ 0.94, 2.78] 121 [ 79.5, 210] 0.01 NILU [2017a]
Switzerland 2002 no 21.0 [ 20.0, 35.5] 14.0 [ 9.50, 17.3] 1.50 Iozza [2010]
Switzerland 1989- C14−17 13.7 [ 6.20, 35.7] 6.77 [ 5.08, 10.7] 2.02 Bogdal et al. [2016]

2014
S. Africa 2006 no 77.5 [ 14.5, 305] 20.5 [ 12.1, 34.5] 3.78 Quinn et al. [2009]
China 2009 C14−17 19.2 [ 10.5, 36.9] 9.52 [ 6.55, 13.8] 2.01 Wang et al. [2013]
China subur. 2011 C14−17 15.3 [ 11.3, 24.4] 3.52 [ 2.49, 5.95] 4.35 Wang et al. [2017]
China urban 2011 C14−17 7.98 [ 5.03, 17.4] 15.7 [ 9.22, 30.4] 0.51 Wang et al. [2014]
China 2014 no 97.1 [ 50.3, 310] 113 [ 49.9, 277] 0.86 Xu et al. [2016]

1 personal communication
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Table S11: Information on the concentrations shown in Figures 6 and 7 in the main text. The column congeners
indicates if congener data were available, either from the publication or on request. Ratio stands for the MCCP to
SCCP ratio of the medians.

MCCPs SCCPs
country year conge-

ners
me-
dian

25th and
75th quantile

me-
dian

25th and
75th quantile

ratio literature source

Concentrations in surface sediment (background) [ng/g dw]
Canada 1995 C14−17 68.0 [ 68.0, 68.0] 288 [ 288, 288] 0.24 Tomy [1997]
Canada - no 14.1 [ 14.1, 14.1] 158 [ 158, 158] 0.09 Muir et al. [2000]
Canada 2001 C14−16 290 [ 290, 290] 290 [ 290, 290] 1.00 Gewurtz et al. [2007]
Norway 2002 C14−15 106 [ 54.0, 158] 41.0 [ 19.0, 63.0] 2.58 Umweltbundesamt [2008]
Norway 2003 no 220 [ 68.5, 403] 150 [ 43.0, 440] 1.47 NIVA [2004]
Norway 2006 C14−17 852 [ 390, 1760] 316 [ 238, 2208] 2.70 Petersen et al. [2006]
Norway 2013 no 40.0 [ 10.3, 115] 46.0 [ 18.5, 84.3] 0.87 NIVA [2014a]
Norway 2014 no 16.7 [ 5.93, 27.4] 401 [ 244, 438] 0.04 NIVA [2015b]
Norway 2015 no 1.00 [ 1.00, 1.00] 38.0 [ 38.0, 38.0] 0.03 NIVA [2016c]
Norway 2016 no 2.00 [ 2.00, 2.00] 200 [ 200, 200] 0.01 NIVA [2017]
Germany 2003-04 C14−15 121 [ 107, 189] 68.0 [ 53.4, 78.9] 1.77 Umweltbundesamt [2008]
Czech
Rep.

2003/4 C14−16 33.3 [ 6.26, 193] 2.00 [ 0.04, 28.0] 16.6 Přibylová et al. [2006]

France 2004 C14−15 68.5 [ 37.0, 97.8] 32.5 [ 26.5, 40.4] 2.11 Umweltbundesamt [2008]
North/Bal-
tic Sea

2001-04 C14−15 83.5 [ 58.0, 149] 46.0 [ 25.0, 82.0] 1.82 Umweltbundesamt [2008]

Baltic Sea 2001/02 C14−15 119 [ 114, 211] 142 [ 116, 262] 0.84 Hüttig and Oehme [2005]
Baltic Sea 2003/04 no 43.0 [ 33.3, 81.8] 27.0 [ 16.8, 40.0] 1.59 Hüttig and Oehme [2006]
North Sea 2002/03 no 21.5 [ 13.0, 30.0] 18.0 [ 14.0, 27.0] 1.19 Hüttig and Oehme [2005]
S. Africa 2006 no 14.0 [ 3.90, 26.8] 5.30 [ 4.25, 29.3] 2.64 Quinn et al. [2009]
China 2010 C14−17 1634 [1296, 2416] 669 [ 514, 1410] 2.44 Chen et al. [2011]
China 2012/13 some 12.5 [ 4.70, 112] 12.2 [ 6.68, 33.3] 1.02 Zeng et al. [2017b]
China 2012/13 some 542 [ 225, 1816] 401 [ 68.6, 503] 1.35 Zeng et al. [2017b]
China 2012/13 some 266 [ 189, 432] 105 [ 69.1, 126] 2.53 Zeng et al. [2017b]
China - C14−17 25.8 [ 12.6, 66.4] 80.0 [ 29.9, 260] 0.32 Qiao et al. [2016]
China - C14−17 2.85 [ 0.61, 4.06] 19.2 [ 9.81, 32.6] 0.15 Qiao et al. [2017]
Japan 2012/13 some 16.6 [ 6.70, 23.7] 7.95 [ 7.60, 11.1] 2.08 Zeng et al. [2017b]

Concentrations in surface sediment close to local sources [ng/g dw]
Arctic 2004 no 10.3 [ 5.70, 18.1] 13.9 [ 12.2, 22.6] 0.74 Dick et al. [2010]
Australia 2001 C14−17 2138 [1138, 9756] 192 [ 68.0, 377] 11.2 Kemmlein et al. [2002]
China 2010 C14−17 2333 [1613, 3764] 808 [ 651, 1187] 2.89 Chen et al. [2011]
China 2012/13 no 1590 [1215, 4063] 264 [ 180, 671] 6.02 Zeng et al. [2017b]
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Table S12: Information on the concentrations shown in Figures 8 and 9 in the main text. The column congeners
indicates if congener data were available, either from the publication or on request. Ratio stands for the MCCP to
SCCP ratio of the medians.

MCCPs SCCPs ratio
country year conge-

ners
me-
dian

25th and 75th

quantile
me-
dian

25th and
75th quantile

literature source

Concentrations in fish [ng/g lipid]
Arctic 2001 no 429 [ 233, 1425] 288 [ 158, 500] 1.49 Reth et al. [2006]
Canada 2001 C14−15 28.1 [ 11.6, 65.5] 697 [ 581, 854] 0.04 Houde et al. [2008]
Canada 2001 C14−16 585 [ 56.0, 1591] 230 [ 110, 514] 2.55 Houde et al. [2008]
Canada 2010/11 C14−16 55.7 [ 28.3, 88.1] 36.9 [21.4, 83.0] 1.51 Saborido B. et al. [2015]
Canada 1979-04 no 131 [ 57.0, 187] 425 [ 416, 666] 0.31 Ismail et al. [2009]
N. Atlantic 1993-06 C14−15 57.0 [ 36.5, 71.5] 135 [ 113, 196] 0.42 Lahaniatis et al. [2000]
Iceland 2003 no 34.7 [ 26.0, 65.6] 111 [65.1, 131] 0.31 Reth et al. [2006]
Norway 2002 no 15.4 [ 5.68, 32.7] 162 [ 110, 190] 0.10 NIVA [2004]
Norway 1998/03 no 307 [ 80.8, 465] 434 [ 283, 928] 0.71 NIVA [2004]
Norway 2004 no 70.7 [ 14.3, 127] 87.6 [34.7, 141] 0.81 Reth et al. [2006]
Norway 2007/10 no 83.3 [ 40.4, 148] 24.5 [22.9, 26.1] 3.40 Nyberg et al. [2012]
Norway 2012 no 220 [ 160, 253] 133 [87.5, 139] 1.65 NIVA [2013]
Norway 2013 no 242 [ 78.4, 369] 141 [67.5, 191] 1.71 NIVA [2014b]
Norway - no 57.6 [ 29.5, 67.8] 80.2 [60.1, 100] 0.72 NIVA [2014a]
Norway 2014 no 272 [ 219, 453] 120 [ 108, 152] 2.27 NIVA [2015a]
Norway 2014 no 36.1 [ 15.8, 71.1] 96.4 [62.5, 122] 0.37 NIVA [2015b]
Norway 2015 no 951 [ 424, 1591] 212 [ 148, 295] 4.49 NIVA [2016a]
Norway 2015 no 6.52 [ 4.68, 9.11] 27.0 [19.9, 108] 0.24 NIVA [2016c]
Norway - no 44.4 [ 12.8, 142] 108 [94.2, 174] 0.41 NIVA [2016b]
Norway 2016 no 3.60 [ 3.60, 3.60] 126 [ 126, 126] 0.03 NIVA [2017]
Baltic Sea 2002/03 no 144 [ 114, 341] 130 [81.6, 292] 1.11 Umweltbundesamt [2008]
North Sea 2002/03 no 373 [ 152, 691] 205 [87.2, 500] 1.82 Umweltbundesamt [2008]
China 2012 C14−17 1480 [1257, 2198] 779 [ 666, 917] 1.90 Zeng et al. [2017a]
China 2014 C14−17 59.3 [ 30.3; 376] 1179 [ 660; 2233] 0.05 Huang et al. [2017]
China - C14−17 2550 [2500, 2600] 2050 [1800, 2300] 1.24 Du et al. [2018]

Concentrations in birds [ng/g lipid]
Arctic 2012 no 18.8 [10.4, 65.7] 18.0 [9.93, 30.9] 1.05 Miljodirektoratet [2013]
Norway 2012 no 13.4 [6.09, 17.0] 17.4 [14.5, 32.8] 0.77 Huber et al. [2015]
Norway 2013 no 5.36 [3.44, 10.1] 82.0 [29.3, 267] 0.07 NIVA [2014a]
Norway 2014 no 43.7 [14.1, 90.9] 101 [53.5, 197] 0.43 NIVA [2015b]
Norway 2015 no 74.3 [41.7, 96.1] 182 [95.2, 336] 0.41 NIVA [2016c]
Norway 2015 no 96.4 [60.6, 168] 623 [ 256, 1125] 0.15 NILU [2016a]
Norway 2016 no 0.71 [0.71, 0.71] 56.6 [56.6, 56.6] 0.01 NIVA [2017]
Norway 2016 no 5.33 [2.12, 25.0] 160 [60.0, 540] 0.03 NILU [2017b]
Norway 2013 no 435 [ 227, 1663] 158 [99.8, 10930] 2.75 NIVA [2014a]
Norway 2014 no 142 [22.5, 324] 1379 [ 606, 3289] 0.10 NIVA [2015b]
Norway 2015 no 167 [19.3, 466] 357 [ 135, 496] 0.47 NIVA [2016c]
Arctic 2001 no 620 [ 313, 940] 160 [ 110, 567] 3.88 Reth et al. [2006]
China - C14−17 270 [ 218, 1643] 270 [ 218, 1043] 1.00 Du et al. [2018]
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Table S13: Information on the concentrations shown in Figures 10 and 11 in the main text. The column congeners
indicates if congener data were available, either from the publication or on request. Ratio stands for the MCCP to
SCCP ratio of the medians.

MCCPs SCCPs ratio
country year conge-

ners
me-
dian

25th and 75th

quantile
me-
dian

25th and 75th

quantile
literature source

Concentrations in mammals [ng/g lipid]
Arctic 2010 no 369 [ 116, 596] 614 [ 343, 1032] 0.60 Miljodirektoratet [2013]
Arctic 2012 no 156 [ 74.4, 389] 267 [ 194, 614] 0.58 Miljodirektoratet [2013]
China 2004-10 C14−17 2150 [ 1300, 3550] 1700 [ 965, 2250] 1.26 Zeng et al. [2015]
China 2011-14 C14−17 6700 [ 4600, 8500] 3600 [2800, 4300] 1.86 Zeng et al. [2015]
China 2004-10 C14−17 3000 [ 1850, 7500] 1700 [1300, 4525] 1.76 Zeng et al. [2015]
China 2010-14 C14−17 19000 [17000, 23000] 7300 [6500, 9000] 2.60 Zeng et al. [2015]
China - C14−17 12000 8900 1.35 Du et al. [2018]

Concentrations in human breast milk, placenta, and human blood [ng/g lipid]
UK 2001 no 21.0 [ 12.0, 36.8] 170 [ 64.8, 283] 0.12 Thomas et al. [2006]
Sweden 1996-10 no 15.0 [ 3.08, 20.3] 112 [ 94.3, 123] 0.13 Darnerud et al. [2012]
Germany - no 27.5 [ 7.49, 123] 3.80 [ 1.62, 12.0] 7.22 Hilger et al. [2011a]
China 2007 C14−17 35.7 [ 14.5, 78.7] 304 [ 218, 942] 0.12 Xia et al. [2017a]
China 2011 C14−17 45.4 [ 16.7, 74.5] 360 [ 116, 812] 0.13 Xia et al. [2017a]
China 2007 C14−17 60.5 [ 24.0, 139] 681 [ 239, 1390] 0.09 Xia et al. [2017b]
China 2011 C14−17 64.4 [ 41.9, 241] 733 [ 362, 2081] 0.09 Xia et al. [2017b]
China 2018 C14−15 178 [ 87,5, 320] 379 [ 245, 614] 0.47 Wang et al. [2018]
China 2012 no 741 [ 485, 1167] 3490 [1776, 4780] 0.21 Li et al. [2017]
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Table S14: Information on the concentrations shown in Figure S7. The column compensation indicates if the chlorine content differences between standard and sample were
compensated according to Reth et al. [2005]. The column congeners indicates if congener data were available, either from the publication or on request.

country time period water body specific location type of site instrumental technique quanti-
fication

compen-
sation

congener
data

literature source

Concentrations in sediment cores [ng/g dw]
Switzerland 1961−2004 lake Lake Thun rural GC-ECNI-LRMS R yes yes Iozza et al. [2008]
Sweden 1881−2015 ocean Baltic Sea (1) urban APCI-QTOF-HRMS B n. n. yes Yuan et al. [2017]
Sweden 1954−2015 ocean Baltic Sea (2) industrial APCI-QTOF-HRMS B n. n. yes Yuan et al. [2017]
Sweden 1882−2008 ocean Baltic Sea (3) industrial APCI-QTOF-HRMS B n. n. yes Yuan et al. [2017]
China 1951−2004 ocean Hong Kong not remote GC-ECNI-LRMS R yes no Zeng et al. [2017b]
China approx. 1994−2009 river Dongjiang River industrial GC-ECNI-LRMS T no no Chen et al. [2011]
Japan 1959−2010 ocean Tokyo Bay (1) not remote GC-ECNI-LRMS R yes no Zeng et al. [2017b]
Japan 1940−2012 ocean Tokyo Bay (2) not remote GC-ECNI-LRMS R yes no Zeng et al. [2017b]

- not stated n. n. not necessary [B] quantified according to Bogdal et al. [2015] [R] quantified according to Reth et al. [2005] [T] quantified according
to Tomy et al. [1997] and Tomy and Stern [1999]
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Figure S7: MCCP and SCCP concentrations in sediment cores
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S5 Group congener profiles
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Figure S8: Group congener profiles for MCCPs with C14 to C17 congeners (1)
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Figure S9: Group congener profiles for MCCPs with C14 to C17 congeners (2)
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Figure S10: Group congener profiles for MCCPs with Cl4 to Cl10 congeners

S29



References

Estimation Programs Interface SuiteTM for Microsoft R© Windows, 2011.

Arnot, J. A. and Gobas, F. A. P. C. A food web bioaccumulation model for organic chemicals in aquatic ecosystems.
Environ. Toxicol. Chem., 23(10):2343–2355, 2004. doi: 10.1897/03-438.

Barber, J. L., Sweetman, A. J., Thomas, G. O., Braekevelt, E., Stern, G. A., and Jones, K. C. Spatial and Temporal
Variability in Air Concentrations of Short-Chain (C10-C13) and Medium-Chain (C14-C17) Chlorinated n-alkanes
Measured in the U. K. Atmosphere. Environ. Sci. Technol., 39(12):4407–4415, 2005. doi: 10.1021/es047949w.

Bennie, D. T., Sullivan, C. A., Maguire, R. J. Occurrence of chlorinated paraffins in beluga whales (Delphinapterus

leucas) from the St. Lawrence River and rainbow trout (Oncorhynchus mykiss) and carp (Cyprinus carpio) from
Lake Ontario. Water Qual. Res. J. Canada, 35(2):263–281, 2000.

Bogdal, C., Alsberg, T., Diefenbacher, P. S., MacLeod, M., and Berger, U. Fast Quantification of Chlorinated Paraffins
in Environmental Samples by Direct Injection High-Resolution Mass Spectrometry with Pattern Deconvolution.
Anal. Chem., 87:2852–2860, 2015. doi: 10.1021/ac504444d.

Bogdal, C., Niggeler, N., Glüge, J., Diefenbacher, P. S., Wächter, D., and Hungerbühler, K. Temporal trends of
chlorinated paraffins and polychlorinated biphenyls in Swiss soils. Environ. Pollut., 220:891–899, 2016. doi: 10.
1016/j.envpol.2016.10.073.

Brooke, D. N., Crookes, M. J., and Merckel, D. Environmental risk assessment: Long-chain chlorinated paraffins.
Technical report, UK Environment Agency, 2009.

BUA Chlorinated paraffins. Technical report, Gesellschaft Deutscher Chemiker - Beratergremium für umweltrelevante
Altstoffe, no 93, 1992.

Campbell, I. and McConnell, G. Chlorinated Paraffins and the Environment. 1. Environmental Occurrence. Environ.

Sci. Technol., 14(10):1209–1214, 1980. doi: 10.1021/es60170a001.

Canada. Update on the Human Health Assessment of Long-Chain Chlorinated Alkanes. Technical Report May, Health
Canada, 2012.

Cariou, R., Omer, E., Léon, A., Dervilly-Pinel, G., Le Bizec, B. Screening halogenated environmental contaminants
in biota based on isotopic pattern and mass defect provided by high resolution mass spectrometry profiling. Anal.

Chim. Acta, 936:130–138, 2016. doi: 10.1016/j.aca.2016.06.053.

Chaemfa, C., Xu, Y., Li, J., Chakraborty, P., Hussain Syed, J., Naseem Malik, R., Wang, Y., Tian, C., Zhang,
G., and Jones, K. C. Screening of Atmospheric Short- and Medium-Chain Chlorinated Paraffins in India and
Pakistan using Polyurethane Foam Based Passive Air Sampler. Environ. Sci. Technol., 48(9):4799–4808, 2014. doi:
10.1021/es405186m.

Chen, M.-Y., Luo, X.-J., Zhang, X.-L., He, M.-J., Chen, S.-J., and Mai, B.-X. Chlorinated Paraffins in Sediments from
the Pearl River Delta, South China: Spatial and Temporal Distributions and Implication for Processes. Environ.

Sci. Technol., 45(23):9936–9943, 2011. doi: 10.1021/es202891a.

COWI. Medium chained chlorinated paraffins (MCCPs): A survey of products in Norway. Technical report, Klima-OG
Forurensnings-direktoratet, 2010.

Darnerud, P. O., Aune, M., Glynn, A., and Borgen, A. R. Chlorinated paraffins in Swedish breast milk. Technical
report, KEMI - Swedish Chemicals Agency, 2012.

Davis, N. Chlorinated paraffins makers contest proposed EU Reach testing regime.
http://www.icis.com/resources/news/2013/09/26/9710042/chlorinated-paraffins-makers-contest-proposed-eu-
reach-testing-regime/, 2013.

Dick, T. A., Gallagher, C. P., and Tomy, G. T. Short- and Medium-Chain Chlorinated Paraffins in fish, water and
soils from the Iqaluit, Nunavut (Canada), area. World Rev. Sci. Technol. Sustain. Dev., 7(4):387–401, 2010. doi:
10.1504/WRSTSD.2010.032747.

Du, X., Yuan, B., Zhou, Y., Benskin, J. P., Qiu, Y., Yin, G., Zhao, J. Short-, Medium-, and Long-Chain Chlorinated
Paraffins in Wildlife from Paddy Fields in the Yangtze River Delta. Environ. Sci. Technol., 52(3):1072–1080, 2018.
doi: 10.1021/acs.est.7b05595.

S30



EC. European Union Risk Assessment Report Alkanes, C10−13, chloro. Technical report, European Chemicals Bureau,
2000. URL https://echa.europa.eu/documents/10162/c157d3ab-0ba7-4915-8f30-96427de56f84.

EC. European Union Risk Assessment Report: Alkanes, C14−17, chloro (MCCP) Part I - environment. Technical
report, European Chemicals Bureau, 2005. URL http://echa.europa.eu/documents/10162/584faee8-d13a-41dd-
8b33-959ad1a81171.

ECHA. Data on manufacture, import, export, uses and releases of alkanes, C10−13, chloro (SCCPs) as
well as information on potential alternatives to its use. Technical report, European Chemicals Agency,
2008. URL http://chm.pops.int/TheConvention/POPsReviewCommittee/Meetings/POPRC8/POPRC8Followup/
SubmissionsSCCPs/tabid/3145/Default.aspx.

EFTA. Impact assessment of regulation of medium-chain chlorinated paraffins C14−17 (MCCPs) in consumer products.
Technical report, EFTA Surveillance Authority, 2010.

EPA. Chlorinated Paraffins - A Report on the Findings from Two Field Studies: Sugar Creek, Ohio; Tinkers Creek,
Ohio. Technical report, U.S. Environmental Protection Agency, 1988. URL http://nepis.epa.gov/Exe/ZyPURL.
cgi?Dockey=9100RZOK.TXT.

EPA. Short-Chain Chlorinated Paraffins (SCCPs) and Other Chlorinated Paraffins Action Plan. Technical report,
U.S. Environmental Protection Agency, 2009. URL http://www.epa.gov/oppt/existingchemicals/pubs/sccps_ap_
2009_1230_final.pdf.

Fisk, A. T., Cymbalisty, C. D., Bergman, Å., and Muir, D. C. G. Dietary accumulation of C12- and C16-chlorinated
alkanes by juvenile rainbow trout (oncorhynchus mykiss). Environ. Toxicol. Chem., 15(10):1775–1782, 1996. doi:
10.1002/etc.5620151019.

Fisk, A. T., Cymbalisty, C. D., Tomy, G. T., and Muir, D. C. G. Dietary accumulation and depuration of individual
C10-, C11- and C14- polychlorinated alkanes by juvenile rainbow trout (Oncorhynchus mykiss). Aquat. Toxicol., 43:
209–221, 1998a. doi: 10.1016/S0166-445X(97)00103-3.

Fisk, A. T., Wiens, S. C., Webster, G. R. B., Bergman, Å., and Muir, D. C. G. Accumulation and depuration of
sediment-sorbed C12- and C16-polychlorinated alkanes by oligochaetes (Lumbriculus variegatus). Environ. Toxicol.

Chem., 17(10):2019–2026, 1998b. doi: 10.1002/etc.5620171018.

Fisk, A. T., Tomy, G. T., Cymbalisty, C. D., and Muir, D. C. G. Dietary accumulation and quantitative structure-
activity relationships for depuration and biotransformation of short (C10), medium (C14), and long (C18) carbon-
chain polychlorinated alkanes by Juvenile rainbow trout (oncorhynchus mykiss). Environ. Toxicol. Chem., 19(6):
1508–1516, 2000. doi: 10.1002/etc.5620190606.

Fridmanis, J., Toropovs, V., and Linde, A. COHIBA - Control of hazardous substances in the baltic sea region -
Summary report LATVIA - Work package 4: Identification of sources and estimation of inputs/impacts on the
Baltic Sea. Technical report, Baltiv Environmental Forum Latvia, 2011.

Gao, Y., Zhang, H., Su, F., Tian, Y., Chen, J. Environmental Occurrence and Distribution of Short Chain Chlorinated
Paraffins in Sediments and Soils from the Liaohe River Basin, P. R. China. Environ. Sci. Technol., 46(7):3771–3778,
2012. doi: 10.1021/es2041256.

Gao, Y., Zhang, H., Zou, L., Wu, P., Yu, Z., Lu, X., Chen, J. Quantification of Short-Chain Chlorinated Paraffins
by Deuterodechlorination Combined with Gas Chromatography–Mass Spectrometry. Environ. Sci. Technol., 50(7):
3746–3753, 2016. doi: 10.1021/acs.est.5b05115.

Gewurtz, S. B., Helm, P. A., Waltho, J., Stern, G. A., Reiner, E. J., Painter, S., and Marvin, C. H. Spatial Distributions
and Temporal Trends in Sediment Contamination in Lake St. Clair. J. Great Lakes Res., 33(3):668–685, 2007. doi:
10.3394/0380-1330(2007)33[668:SDATTI]2.0.CO;2.

Glüge, J., Bogdal, C., Scheringer, M., Buser, A. M., and Hungerbühler, K. Calculation of Physicochemical Properties
for Short- and Medium-Chain Chlorinated Paraffins. J. Phys. Chem. Ref. Data, 42(2):023103, 2013. doi: 10.1063/
1.4802693.

Hilger, B., Coelhan, M., Fromme, H., and Völkel, W. Determination of chlorinated paraffins in human breast milk by
HRGC-ECNI-LRMS. Organohalogen Compd., 73:1611–1613, 2011a.

Hilger, B., Fromme, H., Völkel, W., and Coelhan, M. Effects of Chain Length, Chlorination Degree, and Structure on
the Octanol-Water Partition Coefficients of Polychlorinated n-alkanes. Environ. Sci. Technol., 45(7):2842–9, 2011b.
doi: 10.1021/es103098b.

S31

https://echa.europa.eu/documents/10162/c157d3ab-0ba7-4915-8f30-96427de56f84
http://echa.europa.eu/documents/10162/584faee8-d13a-41dd-8b33-959ad1a81171
http://echa.europa.eu/documents/10162/584faee8-d13a-41dd-8b33-959ad1a81171
http://chm.pops.int/TheConvention/POPsReviewCommittee/Meetings/POPRC8/POPRC8 Followup/SubmissionsSCCPs/tabid/3145/Default.aspx
http://chm.pops.int/TheConvention/POPsReviewCommittee/Meetings/POPRC8/POPRC8 Followup/SubmissionsSCCPs/tabid/3145/Default.aspx
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=9100RZOK.TXT
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=9100RZOK.TXT
http://www.epa.gov/oppt/existingchemicals/pubs/sccps{_}ap{_}2009{_}1230{_}final.pdf
http://www.epa.gov/oppt/existingchemicals/pubs/sccps{_}ap{_}2009{_}1230{_}final.pdf


Houde, M., Muir, D. C. G., Tomy, G. T., Whittle, D. M., Teixeira, C., and Moore, S. Bioaccumulation and Trophic
Magnification of Short- and Medium-Chain Chlorinated Paraffins in Food Webs from Lake Ontario and Lake
Michigan. Environ. Sci. Technol., 42(10):3893–3899, 2008. doi: 10.1021/es703184s.

Huang, H., Gao, L., Xia, D., Qiao, L. Bioaccumulation and biomagnification of short and medium chain polychlorinated
paraffins in different species of fish from Liaodong Bay, North China. Sci. Rep., 7(1):1–9, 2017 doi: 10.1038/
s41598-017-06148-5

Huber, S., Warner, N. A., Nygård, T., Remberger, M., Harju, M., Uggerud, H. T., Kaj, L., and Hanssen, L. A broad
cocktail of environmental pollutants found in eggs of three seabird species from remote colonies in Norway. Environ.

Toxicol. Chem., 34(6):1296–1308, 2015. doi: 10.1002/etc.2956.

Hüttig, J. and Oehme, M. Presence of chlorinated paraffins in sediments from the North and Baltic Seas. Arch.

Environ. Contam. Toxicol., 49(4):449–456, 2005. doi: 10.1007/s00244-005-7024-7.

Hüttig, J. and Oehme, M. Congener group patterns of chloroparaffins in marine sediments obtained by chloride
attachment chemical ionization and electron capture negative ionization. Chemosphere, 64(9):1573–1581, 2006. doi:
10.1016/j.chemosphere.2005.11.042.

ICAIA. Newsletter No. 1. Technical report, International Chlorinated Alkanes Industry Association, 2012. URL
http://www.eurochlor.org/media/88252/20120420_icaia_newsletter_01_.pdf.

ICIS. Hoechst bows out of global CP production. http://www.icis.com/Articles/1995/05/29/18454/Hoechst-bows-
out-of-global-CP-production.html, 1995.

INERIS. Chloroalcanes EN C14-C17 (MCCP). Technical report, Données technico-économiques sur les substances
chimiques en France, 2012. URL http://www.google.ch/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&
cad=rja&uact=8&ved=0CEEQFjAD&url=http://www.ineris.fr/substances/fr/substance/getDocument/3099&
ei=kF6KVZWsHuX9ygONw4s4&usg=AFQjCNGt4uvENkKnYqODCDy88Ea4Y3JriA&bvm=bv.96339352,bs.

Iozza, S. A Survey of the Spatial, Altitudinal, and Temporal Distribution of Chlorinated Paraffins in the Alpine Region.
PhD thesis, Universität Basel, 2010.

Iozza, S., Müller, C. E., Schmid, P., Bogdal, C., and Oehme, M. Historical Profiles of Chlorinated Paraffins and
Polychlorinated Biphenyls in a Dated Sediment Core from Lake Thun (Switzerland). Environ. Sci. Technol., 42(4):
1045–50, 2008. doi: 10.1021/es702383t.

IPEN. Submission of information from IPEN specified in Annex E to the Stockholm Convention
(UNEP/POPS/POPRC.1/4). Technical report, National Toxics Network Inc. on behalf of the International POPs
Elimination Network (IPEN), 2007. URL http://chm.pops.int/Portals/0/docs/from_old_website/documents/
meetings/poprc/submissions/AnnexE_2007/Short-chainedchlorinatedparaffinsIPEN.pdf.

Ismail, N., Gewurtz, S. B., Pleskach, K., Whittle, D. M., Helm, P. A., Marvin, C. H., and Tomy, G. T. Brominated and
chlorinated flame retardants in Lake Ontario, Canada, Lake trout (Salvelinus namaycush) between 1979 and 2004
and possible influences of food-web changes. Environ. Toxicol. Chem., 28(5):910–920, 2009. doi: 10.1897/08-162.1.

Hu, M., Peng, J., Sun, K., Yue, D., Guo, S., Wiedensohler, A., Wu, Z. Estimation of size-resolved ambient particle
density based on the measurement of aerosol number, mass, and chemical size distributions in the winter in Beijing.
Environ. Sci. Technol., 46(18):9941–9947, 2012. doi: 10.1021/es204073t.

KEMI. Risk Reduction of Chemicals - Chlorinated Paraffins. Technical report, Swedish National Chemicals Inspec-
torate, 1991.

KEMI. Swedish Chemicals Agency - Chlorinated paraffins. http://www.kemi.se/en/Content/Statistics/Statistics-in-
brief/Statistics-in-brief—Substances-and-substance-groups/Chlorinated-paraffins/, 2011.

KEMI. Swedish Chemicals Agency - Flow analysis for chemical substances - Chlorinated paraffins. Technical report,
2016. URL http://webapps.kemi.se/flodesanalyser/FlodesanalyserSchema.aspx?SchemaID=1282.

Kemmlein, S., Hermeneit, A., and Rotard, W. Carbon skeleton analysis of chloroparaffins in sediment, mussels and
crabs. Organohalogen Compd., 59:279–282, 2002.

Kruopiene, J., Dvarioniene, J., Dudutyte, Z., Stance, L., and Buzelyte, J. The use of hazardous chemical substances
in Lithuanian industry: How sound is it? J. Clean. Prod., 72:89–95, 2014. doi: 10.1016/j.jclepro.2014.03.009.

S32

http://www.eurochlor.org/media/88252/20120420{_}icaia{_}newsletter{_}01{_}.pdf
http://www.google.ch/url?sa=t{&}rct=j{&}q={&}esrc=s{&}source=web{&}cd=4{&}cad=rja{&}uact=8{&}ved=0CEEQFjAD{&}url=http://www.ineris.fr/substances/fr/substance/getDocument/3099{&}ei=kF6KVZWsHuX9ygONw4s4{&}usg=AFQjCNGt4uvENkKnYqODCDy88Ea4Y3JriA{&}bvm=bv.96339352,bs.
http://www.google.ch/url?sa=t{&}rct=j{&}q={&}esrc=s{&}source=web{&}cd=4{&}cad=rja{&}uact=8{&}ved=0CEEQFjAD{&}url=http://www.ineris.fr/substances/fr/substance/getDocument/3099{&}ei=kF6KVZWsHuX9ygONw4s4{&}usg=AFQjCNGt4uvENkKnYqODCDy88Ea4Y3JriA{&}bvm=bv.96339352,bs.
http://www.google.ch/url?sa=t{&}rct=j{&}q={&}esrc=s{&}source=web{&}cd=4{&}cad=rja{&}uact=8{&}ved=0CEEQFjAD{&}url=http://www.ineris.fr/substances/fr/substance/getDocument/3099{&}ei=kF6KVZWsHuX9ygONw4s4{&}usg=AFQjCNGt4uvENkKnYqODCDy88Ea4Y3JriA{&}bvm=bv.96339352,bs.
http://chm.pops.int/Portals/0/docs/from{_}old{_}website/documents/meetings/poprc/sub missions/AnnexE{_}2007/Short-chained chlorinated paraffins IPEN.pdf
http://chm.pops.int/Portals/0/docs/from{_}old{_}website/documents/meetings/poprc/sub missions/AnnexE{_}2007/Short-chained chlorinated paraffins IPEN.pdf
http://webapps.kemi.se/flodesanalyser/FlodesanalyserSchema.aspx?SchemaID=1282


Lahaniatis, M. R., Coelhan, M., and Parlar, H. Clean-up and quantification of short and medium chain polychlorinated
n-alkeanes in fish, fish oil and fish feed. Organohalogen Compd., 47:276–279, 2000.

Li, T., Wan, Y., Gao, S., Wang, B., Hu, J. High-Throughput Determination and Characterization of Short-, Medium-,
and Long-Chain Chlorinated Paraffins in Human Blood. Sci. Total Environ., 51:3346–3354, 2017. doi: 10.1021/acs.
est.6b05149.

Li, T., Gao, S., Ben, Y., Zhang, H., Kang, Q., Wan, Y. Screening of Chlorinated Paraffins and Unsaturated Analogues
in Commercial Mixtures: Confirmation of Their Occurrences in the Atmosphere. Environ. Sci. Technol., 52:(4):
1862–1870, 2018. doi: 10.1021/acs.est.7b04761.

Loos, M., Gerber, C., Corona, F., Hollender, J., Singer, H. Accelerated Isotope Fine Structure Calculation Using
Pruned Transition Trees. Anal. Chem., 87:5738–5744, 2015. doi: 10.1021/acs.analchem.5b00941.

Ma, X., Zhang, H., Zhou, H., Na, G., Wang, Z., Chen, C., Chen, J., and Chen, J. Occurrence and gas/particle
partitioning of short- and medium-chain chlorinated paraffins in the atmosphere of Fildes Peninsula of Antarctica.
Atmos. Environ., 90:10–15, 2014. doi: 10.1016/j.atmosenv.2014.03.021.

Miljodirektoratet. Perfluorinated alkylated substances, brominated flame retardants and chlorinated paraffins in the
Norwegian Environment - Screening 2013. Technical report, NILU - Norwegian Institute for Air Research and
SWECO, 2013. URL http://www.miljodirektoratet.no/Documents/publikasjoner/M-40/M40.pdf.

Muir, D. C. G., Stern, G. A., and Tomy, G. T. Chlorinated Paraffins. In Handb. Environ. Chem. - Anthropog. Compd.,
volume 3, chapter 8, pages 203 – 236. Springer-Verlag, Berlin Heidelberg, 2000.

Muir, D. C. G., Braekevelt, E., Tomy, G. T., and Whittle, M. Medium chain chlorinated paraffins in Great Lakes food
webs. Organohalogen Compd., 60-65:166–169, 2003.

Mukherjee, A. B. The use of chlorinated paraffins and their possible effects in the environment. Technical report,
National Board of Waters and the Environment, Helsinki, Finland, 1990.

NILU. Monitoring of environmental contaminants in air and precipitation, annual report 2013, M-202. Technical re-
port, Norwegian Institute for Air Research, 2014. URL http://www.miljodirektoratet.no/Documents/publikasjoner/
M202/M202.pdf.

NILU. Monitoring of environmental contaminants in air and precipitation, annual report 2014, M-368. Technical re-
port, Norwegian Institute for Air Research, 2015. URL http://www.miljodirektoratet.no/Documents/publikasjoner/
M368/M368.pdf.

NILU. Environmental pollutants in the terrestrial and urban environment 2015, M-570. Technical report, Norwegian
Institute for Air Research, 2016a. URL http://miljodirektoratet.no/Documents/publikasjoner/M570/M570.pdf.

NILU. Monitoring of environmental contaminants in air and precipitation, annual report 2015, M-579. Technical
report, Norwegian Institute for Air Research, 2016b. URL www.miljodirektoratet.no/Documents/publikasjoner/
M579/M579.pdf.

NILU. Environmental pollutants in the terrestrial and urban environment 2016, M-752. Technical report, Norwegian
Institute for Air Research, 2017a. URL http://www.miljodirektoratet.no/Documents/publikasjoner/M752/M752.
pdf.

NILU. Monitoring of environmental contaminants in air and precipitation, annual report 2016, M-757. Technical
report, Norwegian Environment Agency, 2017b. URL http://www.miljodirektoratet.no/Documents/publikasjoner/
M757/M757.pdf.

NIVA. Screening of selected new organic contaminants - brominated flame retardants, chlorinated paraffins, bisphenol-
A and trichlosan (in Norwegian). Technical report, Norwegian Institute for Water Research, 2004. URL http://
www.miljodirektoratet.no/old/klif/publikasjoner/kjemikalier/2006/ta2006.pdf.

NIVA. Contaminants in coastal waters of Norway 2012, M-69. Technical report, Norwegian Institute for Water
Research, 2013. URL http://www.miljodirektoratet.no/Documents/publikasjoner/M69/M69.pdf.

NIVA. Environmental Contaminants in an Urban Fjord, M205. Technical report, Norwegian Institute for Water
Research, 2014a. URL www.miljodirektoratet.no/Documents/publikasjoner/M205/M205.pdf.

NIVA. Contaminants in coastal waters of Norway 2013, M-250. Technical report, Norwegian Institute for Water
Research, 2014b. URL http://www.miljodirektoratet.no/Documents/publikasjoner/M250/M250.pdf.

S33

http://www.miljodirektoratet.no/Documents/publikasjoner/M-40/M40.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M202/M202.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M202/M202.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M368/M368.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M368/M368.pdf
http://miljodirektoratet.no/Documents/publikasjoner/M570/M570.pdf
www.miljodirektoratet.no/Documents/publikasjoner/M579/M579.pdf
www.miljodirektoratet.no/Documents/publikasjoner/M579/M579.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M752/M752.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M752/M752.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M757/M757.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M757/M757.pdf
http://www.miljodirektoratet.no/old/klif/publikasjoner/kjemikalier/2006/ta2006.pdf
http://www.miljodirektoratet.no/old/klif/publikasjoner/kjemikalier/2006/ta2006.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M69/M69.pdf
www.miljodirektoratet.no/Documents/publikasjoner/M205/M205.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M250/M250.pdf


NIVA. Contaminants in coastal waters of Norway 2014, M-433. Technical report, Norwegian Institute for Water
Research, 2015a. URL http://www.miljodirektoratet.no/Documents/publikasjoner/M433/M433.pdf.

NIVA. Environmental Contaminants in an Urban Fjord, 2014, M-375. Technical report, Norwegian Institute for Wa-
ter Research, 2015b. URL http://www.miljodirektoratet.no/Documents/publikasjoner/M375/M375%20komplett
%20liten.pdf.

NIVA. Contaminants in coastal waters of Norway 2015, M-618. Technical report, Norwegian Institute for Water
Research, 2016a. URL http://miljodirektoratet.no/Documents/publikasjoner/M618/M618.pdf.

NIVA. Environmental pollutants in large Norwegian lakes, 2015, M-548 (in Norwegian). Technical report, Norsk
institutt for vannforskning, 2016b. URL http://www.miljodirektoratet.no/Documents/publikasjoner/M548/M548.
pdf.

NIVA. Environmental Contaminants in an Urban Fjord, 2015, M-601. Technical report, Norwegian Institute for Water
Research, 2016c. URL http://www.miljodirektoratet.no/Documents/publikasjoner/M601/M601.pdf.

NIVA. Environmental Contaminants in an Urban Fjord, 2016, M-812. Technical report, Norwegian Institute for Water
Research, 2017. URL http://www.miljodirektoratet.no/Documents/publikasjoner/M812/M812.pdf.

Nyberg, E., Faxneld, S., Danielsson, S., Bignert, A., Eriksson, U., Holm, K., Borg, H., Berger, U., and Haglund,
P. The National Swedish Contaminant Monitoring Programme for Freshwater Biota. Technical report, Swedish
Museum of Natural History, 2012.

Petersen, M., Bussmann, P., Grümping, R., and Liek, G. Analysis of short-chain (C10-C13) and medium-chain
chlorinated paraffins (C14-C17) in norwegian sediment and water samples by GC/ICNI-MS. Organohalogen Compd.,
68:2101–2104, 2006.

POPRC. Additional information on short-chained chlorinated paraffins: Bioconcentration study of a chlo-
rinated paraffin (UNEP/POPS/POPRC.5/INF/23). Technical report, Persistent Organic Pollutants Re-
view Committee, 2009. URL http://chm.pops.int/TheConvention/POPsReviewCommittee/Meetings/POPRC5/
POPRC5Documents/tabid/592/Default.aspx.

Přibylová, P., Klánová, J., and Holoubek, I. Screening of short- and medium-chain chlorinated paraffins in selected
riverine sediments and sludge from the Czech Republic. Environ. Pollut., 144(1):248–254, 2006. doi: 10.1016/j.
envpol.2005.12.020.

Putaud, J.-P., Raes, F., Van Dingenen, R., Brüggemann, E., Facchini, M.-C., Decesari, S., Fuzzi, S., Gehrig, R.,
Hüglin, C., Laj, P., Lorbeer, G., Maenhaut, W., Mihalopoulos, N., Müller, K., Querol, X., Rodriguez, S., Schneider,
J., Spindler, G., Brink, H. T., Tørseth, K., Wiedensohler, A. A European aerosol phenomenology — 2: chemical
characteristics of particulate matter at kerbside, urban, rural and background sites in Europe. Atmos. Environ., 38
(16):259–2595, 2004. doi: 10.1016/j.atmosenv.2004.01.041.

Qiao, L., Xia, D., Gao, L., Huang, H., and Zheng, M. Occurrences, sources and risk assessment of short- and medium-
chain chlorinated paraffins in sediments from the middle reaches of the Yellow River, China. Environ. Pollut., 219:
483–489, 2016. doi: 10.1016/j.envpol.2016.05.057.

Qiao, L., Gao, L., Xia, D., Huang, H., and Zheng, M. Short- and medium-chain chlorinated paraffins in sediments
from the middle reaches of the Yangtze River: Spatial distributions, source apportionment and risk assessment. Sci.

Total Environ., 575:1177–1182, 2017. doi: 10.1016/j.scitotenv.2016.09.193.

Quinn, L., Pieters, R., Nieuwoudt, C., Borgen, A. R., Kylin, H., and Bouwman, H. Distribution profiles of selected
organic pollutants in soils and sediments of industrial, residential and agricultural areas of South Africa. J. Environ.

Monit., 11(9):1647–1657, 2009. doi: 10.1039/b905585a.

Renberg, L., Sundström, G., and Sundh-Nygard, K. Partition coefficients of organic chemicals derived from reversed
phase thin layer chromatography: Evaluation of methods and application on phosphate esters, polychlorinated
paraffins and some PCB-ubstitutes. Chemosphere, 9:683–691, 1980. doi: 10.1016/0045-6535(80)90120-4Y.

Reth, M., Zencak, Z., and Oehme, M. New quantification procedure for the analysis of chlorinated paraffins using
electron capture negative ionization mass spectrometry. J. Chromatogr. A, 1081(2005):225–231, 2005. doi: 10.1016/
j.chroma.2005.05.061.

Reth, M., Ciric, A., Christensen, G. N., Heimstad, E. S., and Oehme, M. Short- and medium-chain chlorinated
paraffins in biota from the European Arctic - differences in homologue group patterns. Sci. Total Environ., 367(1):
252–260, 2006. doi: 10.1016/j.scitotenv.2005.12.014.

S34

http://www.miljodirektoratet.no/Documents/publikasjoner/M433/M433.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M375/M375%20komplett%20liten.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M375/M375%20komplett%20liten.pdf
http://miljodirektoratet.no/Documents/publikasjoner/M618/M618.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M548/M548.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M548/M548.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M601/M601.pdf
http://www.miljodirektoratet.no/Documents/publikasjoner/M812/M812.pdf
http://chm.pops.int/TheConvention/POPsReviewCommittee/Meetings/POPRC5/POPRC5Documents/tabid/592/Default.aspx
http://chm.pops.int/TheConvention/POPsReviewCommittee/Meetings/POPRC5/POPRC5Documents/tabid/592/Default.aspx


Saborido Basconcillo, L., Backus, S. M., McGoldrick, D. J., Zaruk, D., Sverko, E., and Muir, D. C. G. Current status
of short- and medium chain polychlorinated n-alkanes in top predatory fish across Canada. Chemosphere, 127:
93–100, 2015. doi: 10.1016/j.chemosphere.2015.01.016.

Scheringer, M.; Strempel, S.; Hukari, S.; Ng, C. A.; Blepp, M.; Hungerbuhler, K. How many Persistent Organic
Pollutants should we expect?. Atmos. Pollut. Res., 3(4):383–391, 2012. doi: 10.5094/APR.2012.044.

Thomas, G. O., Farrar, D. G., Braekevelt, E., Stern, G. A., Kalantzi, O. I., Martin, F. L., and Jones, K. C. Short
and medium chain length chlorinated paraffins in UK human milk fat. Environ. Int., 32(1):34–40, 2006. doi:
10.1016/j.envint.2005.04.006.

Thompson, R. S., Caunter, J. E., Gillings, E. Medium-chain chlorinated paraffin (51% chlorinated n-pentadecane-8-
14C): Bioconcentration and elimination by rainbow trout (Oncorhynchus mykiss) Report BL6869/B. AstraZeneca
Brixham Environmental Laboratory, 2000.

Thompson, R. S., Vaughan, M. Medium-chain chlorinated paraffins (MCCPs): A review of bioaccumulation potential
in the aquatic environment. Integr Environ Assess Manag, 10(1):78–86, 2013. doi: 10.1002/ieam.1452.

Tomy, G. T. The Mass Spectrometric Characterization of Polychlorinated n-alkanes and the Methodology for their

Analysis in the Environment. PhD thesis, University of Manitoba, 1997.

Tomy, G. T. and Stern, G. A. Analysis of C14-C17 polychloro-n-alkanes in environmental matrixes by accelerated
solvent extraction-high-resolution gas chromatography/electron capture negative ion high-resolution mass spectrom-
etry. Anal. Chem., 71(21):4860–4865, 1999. doi: 10.1021/ac990458n.

Tomy, G. T., Stern, G. A., Muir, D. C. G., Fisk, A. T., Cymbalisty, C. D., and Westmore, J. B. Quantifying C10-C13

Polychloroalkanes in Environmental Samples by High-Resolution Gas Chromatography/Electron Capture Negative
Ion High-Resolution Mass Spectrometry. Anal. Chem., 69(14):2762–2771, 1997. doi: 10.1021/ac961244y.

Tsunemi, K. Risk Assessment of Short-Chain Chlorinated Paraffins in Japan. In Handb. Environ. Chem. - Chlorinated

Paraffins, pages 155–194. 2010. doi: 10.1007/698.

Umweltbundesamt. Identification of Organic Compounds in the North and Baltic Seas. Technical report, Umwelt-
bundesamt, 2008. URL http://www.umweltbundesamt.de/publikationen/rd-project-identification-of-organic-
compounds-in.

Vaughan, M., Hurd, K. S. [14C]-chlorinated n-tetradecane: Determination of the bioconcentration in Rainbow trout
(Oncorhynchus mykiss) Report BR0088/B. Astrazeneca Brixham Environmental Laboratory, 2010.

Wang, Y., Li, J., Cheng, Z., Li, Q., Pan, X., Zhang, R., Liu, D., Luo, C., Liu, X., Katsoyiannis, A., and Zhang, G.
Short- and Medium-Chain Chlorinated Paraffins in Air and Soil of Subtropical Terrestrial Environment in the Pearl
River Delta, South China: Distribution, Composition, Atmospheric Deposition Fluxes, and Environmental Fate.
Environ. Sci. Technol., 47:2679–2687, 2013. doi: 10.1021/es304425r.

Wang, X.-T., Wang, X.-K., Zhang, Y., Chen, L., Sun, Y.-F., Li, M., and Wu, M.-H. Short- and medium-chain
chlorinated paraffins in urban soils of Shanghai: Spatial distribution, homologue group patterns and ecological risk
assessment. Sci. Total Environ., 490:144–152, 2014. doi: 10.1016/j.scitotenv.2014.04.121.

Wang, X.-T., Xu, S.-Y., Wang, X.-K., Hu, B.-P., and Jia, H.-H. Occurrence, homologue patterns and source appor-
tionment of short- and medium-chain chlorinated paraffins in suburban soils of Shanghai, China. Chemosphere, 180:
302–311, 2017. doi: 10.1016/j.chemosphere.2017.04.037.

Wang, Y., Gao, W., Wang, Y., Jiang, G. Distribution and Pattern Profiles of Chlorinated Paraffins in Human Placenta
of Henan Province, China. Sci. Total Environ. Lett., 5:9–13, 2018. doi: 10.1021/acs.estlett.7b00499.

Willis, B., Crookes, M. J., Diment, J., and Dobson, S. D. Environmental hazard assessment: Chlorinated paraffins.
Toxic Substances Division/19. Construction Research Communications Limited, 1994. ISBN 9780851256276.

WHO Environmental Health Criteria 181: Chlorinated Paraffins. International programme on chemical safety. World
Health Organization, 1996. URL http://www.inchem.org/documents/ehc/ehc/ehc181.htm.

Xia, D., Gao, L.-R., Zheng, M.-H., Li, J.-G., Zhang, L., Wu, Y.-N., Qiao, L., Tian, Q.-C., Huang, H.-T., Liu, W.-B.,
Su, G.-J., and Liu, G.-R. Health risks posed to infants in rural China by exposure to short- and medium-chain
chlorinated paraffins in breast milk. Environ. Int., 103:1–7, 2017a. doi: 10.1016/j.envint.2017.03.013.

S35

http://www.umweltbundesamt.de/publikationen/rd-project-identification-of-organic-compounds-in
http://www.umweltbundesamt.de/publikationen/rd-project-identification-of-organic-compounds-in
http://www.inchem.org/documents/ehc/ehc/ehc181.htm


Xia, D., Gao, L., Zheng, M., Li, J., Zhang, L., Wu, Y., Tian, Q., Huang, H., and Qiao, L. Human Exposure to Short-
and Medium-Chain Chlorinated Paraffins via Mothers’ Milk in Chinese Urban Population. Environ. Sci. Technol.,
51(1):608–615, jan 2017b. doi: 10.1021/acs.est.6b04246.

Xu, J., Gao, Y., Zhang, H., Zhan, F., and Chen, J. Dispersion of Short- and Medium-Chain Chlorinated Paraffins
(CPs) from a CP Production Plant to the Surrounding Surface Soils and Coniferous Leaves. Environ. Sci. Technol.,
50(23):12759–12766, 2016. doi: 10.1021/acs.est.6b03595.

Yuan, B., Alsberg, T., Bogdal, C., MacLeod, M., Berger, U., Gao, W., Wang, Y., de Wit, C. A. Deconvolution of Soft
Ionization Mass Spectra of Chlorinated Paraffins To Resolve Congener Groups. Anal. Chem., 88(18):8980–8988,
2016. doi: 10.1021/acs.analchem.6b01172.

Yuan, B., Brüchert, V., Sobek, A., de Wit, C. A. Temporal trends of C8 – C36 Chlorinated Paraffins in Swedish
Coastal Sediment Cores over the Past 80 Years. Environ. Sci. Technol, 2017. doi: 10.1021/acs.est.7b04523.

Zeng, L., Lam, J. C. W., Wang, Y., Jiang, G., and Lam, P. K. S. Temporal Trends and Pattern Changes of Short-
and Medium-Chain Chlorinated Paraffins in Marine Mammals from the South China Sea over the Past Decade.
Environ. Sci. Technol., 49(19):11348–11355, 2015. doi: 10.1021/acs.est.5b02473.

Zeng, L., Lam, J. C. W., Chen, H., Du, B., Leung, K. M. Y., and Lam, P. K. S. Tracking Dietary Sources of Short-
and Medium-Chain Chlorinated Paraffins in Marine Mammals through a Subtropical Marine Food Web. Environ.

Sci. Technol., 51(17):9543–9552, 2017a. doi: 10.1021/acs.est.7b02210.

Zeng, L., Lam, J. C. W., Horii, Y., Li, X., Chen, W., Qiu, J.-W., Leung, K. M. Y., Yamazaki, E., Yamashita, N.,
and Lam, P. K. S. Spatial and temporal trends of short- and medium-chain chlorinated paraffins in sediments off
the urbanized coastal zones in China and Japan: A comparison study. Environ. Pollut., pages 1–11, 2017b. doi:
10.1016/j.envpol.2017.02.015.

Zou, Y., Hamada, N., Hashi, Y., Dong, L., Yang, W., Xu, P. Determination of short chain chlorinated paraffins (SC-
CPs) in commercial chlorinated paraffins (CPs) products using comprehensive two-dimensional gas chromatography
coupled with tandem mass spectrometry. Presented at Dioxin 2017

S36


	Production and use
	Information on the reported production and use amounts of MCCPs and LCCPs
	Technical mixtures

	Chemical properties
	Calculated properties
	Bioconcentration factors for SCCPs
	Laboratory-derived biomagnification factors

	Mass interferences between CP congeners
	Information on the measured concentrations
	Omitted studies
	Included studies

	Group congener profiles

