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Abstract

Aerobic batch experiments containing a diluted slurry of activated sludge from a real sewage treatment plant
(STP) near Frankfurt/Main were undertaken, in order to investigate the persistence of natural estrogens and
contraceptives under aerobic conditions. The batch experiments showed that while in contact with activated sludge
the natural estrogen 17B-estradiol was oxidized to estrone, which was further eliminated in the batch experiments in
an approximate linear time dependence. Further degradation products of estrone were not observed. 16a-hydroxy-
estrone was rapidly eliminated, again without detection of further degradation products. The contraceptive 17a-
ethinylestradiol was principally persistent under the selected aerobic conditions, whereas mestranol was rapidly
eliminated and small portions of 17a-ethinylestradiol were formed by demethylation. Additionally, two glucuronides
of 17B-estradiol (17B-estradiol-17-glucuronide and 17B-estradiol-3-glucuronide) were cleaved in contact with the
diluted activated sludge solution and thus 17B-estradiol was released. The glucuronidase activity of the activated
sludge was further confirmed by the cleavage of 4-methylumbelliferyl-B-p-glucuronide (MUF-B-glucuronide) in a
solution of a activated sludge slurry and Milli-Q-water (1:100, v/v). The turnover rate obtained was approximately
steady state, with a turnover rate of 0.1 pmol /1 for the released MUF. Hence, it is very likely that the glucuronic acid
moiety of 17B-estradiol glucuronides and other estrogen glucuronides become cleaved in a real municipal STP, so
that the concentrations of the free estrogens increase. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Natural hormones and contraceptives influence
the hormonal system and belong therefore to
potential endocrine disrupters in sewage treat-

* Corresponding author. Tel.: +49 611 7804343; fax: +49
611 7804375; e-mail: ternes@goofy.zdv.Uni-Mainz.de

ment plants (STPs), as recently assumed by Des-
brow et al. (1998) and Routledge et al. (1998).
The daily production rate of natural estrogens by
humans is in the microgram range, ranging up to
approximately 400 pg for 17B-estradiol for women
(Lauritzen, 1988; Rombke et al., 1996). In hu-
mans and mammalians estrogens undergo various
transformations mainly in the liver. Frequently,
they are oxidized, hydroxylated, deoxidated and
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methylated prior to the final conjugation with
glucuronic acid or sulphate (Lauritzen, 1988;
Mutschler, 1996). For instance, 17B-estradiol is
rapidly oxidized to estrone which can be further
converted to estriol, the major excretion product.
Many other polar metabolites like 16-hydroxy-
estrone, 16-ketoestrone or 16-epiestriol are
formed and can be present in urine and faeces.
However, the estrogens are principally ex-
creted as inactive polar conjugates. 17B-estradiol
was predominantly found as 17B-estradiol-3-
glucuronide, estrone as estrone-3-sulphate and
estriol as estriol-16-glucuronide. The daily excre-
tion rates of natural estrogens for women was
observed to be in the lower microgram range with
a maximum of 64 pg/day for estriol (Rombke et
al., 1996). Estrone is excreted at a rate between 3
and 20 pg/day and 17B-estradiol between 0.5
and 5 g/ day.

The prodrug mestranol is converted after
administering into 17a-ethinylestradiol by
demethylation. The -contraceptive 17a-ethinyl-
estradiol is mainly eliminated as conjugates,
whereas other metabolic transformations occur,
but are of minor relevance (Ranny, 1977; Taubert
and Kuhl, 1995). The question arises, whether
these endocrinically inactive conjugates of natural
estrogens and contraceptives are cleaved in the
raw sewage and in the STP, so that the released
active estrogens cause elevated environmental
concentrations. Due to the presence in the STP
of high population densities of microorganisms,
such as Escherichia coli, which exhibit glu-
curonidase and sulphatase activity, a separation
of the glucuronic acid and sulfate moieties is
reasonable. This hypothesis is supported by the
detection of several unconjugated estrogens like
17B-estradiol, estrone, 16«a-hydroxyestrone and
17a-ethinylestradiol in municipal STP discharges
(Tabak and Bunch, 1970; Tabak et al., 1981; Ah-
erne and Briggs, 1989; Shore et al., 1993; Stumpf
et al., 1996; Desbrow et al., 1998; Ternes et al.,
1999). However, to our knowledge a proof of the
experimental cleavage of estrogen glucuronides
and sulphates is unavailable. Additionally, there
is a lack of information about the behaviour of
natural estrogens and contraceptives within the
STP process.

The aim of this work was to study the transfor-
mation of natural estrogens, contraceptives and
estradiol glucuronides in contact with real acti-
vated sludge using aerobic batch experiments.

2. Materials and methods
2.1. Analytical methods

2.1.1. Solid phase extraction

The solid phase extraction of the 100 ml frac-
tions obtained from the 1-1 batch experiments
(spiked with 17B-estradiol, 17B-estradiol-17-
glucuronide or 17a-ethinylestradiol, all from
Sigma, Deisenhofen, Germany) were carried out
as described for the 1-1 native water samples in
Ternes et al. (1999). The only difference was the
reduced sample volume of 100 ml used. 17B-
estradiol-17-acetate was spiked as a surrogate
standard, before the samples were sucked through
the filled glass cartridges.

2.1.2. Silica gel clean-up, derivatisation, GC / MS /
MS detection

Silica gel clean-up, Derivatisation, GC/MS/
MS detection were performed as described in
Ternes et al. (1999).

2.1.3. Calibration, detection limits and blank samples

The calibration was performed over the whole
procedure after spiking ground water from the
highland Taunus with the standard mixture in
order to adjust six different calibration concentra-
tions. The sample volume and the enrichment
procedure of the calibration points were selected
according to the samples which were analysed.
For instance, 100 ml of ground water was ex-
tracted by SPE for analyzing estrogens in 1-1
batch experiments (1 ng/ml) and 1 ml of the
ground water was evaporated to dryness for the
determination of the analytes in the 20 ml batch
experiments (1 wg/ml). Always six point calibra-
tions were used ranging from 1 pg/ml to 1.5
ng/ml for the 1 ng/ml batch experiments, and
from 5 ng/ml to 1.5 pg/ml for the samples of the
1 pg/ml batch experiments. Detection limits al-
lowing for the quantitation of analytes were set as
the lowest or the second lowest calibration point
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of the linear correlation. Blank samples (ground
water spiked with the surrogate standard 17(3-
estradiol-17-acetate) were included in every series
of analysis.

2.2. Batch experiments with analyte concentrations
of 1 ug/ml

A 2 ml suspension of activated sludge (mixed
liquor suspended solids: 2.6 g/1) diluted in 18 ml
drinking water was spiked with estrogens and
17B-estradiol glucuronide conjugates to obtain a
nominal concentration of 1 pg/ml for the uncon-
jugated analytes and 1.65 pg/ml for the conju-
gates (corresponding to 1 pg/l of the released
17B-estradiol). All natural estrogens (estrone,
17B-estradiol, 16a-hydroxyestrone), contracep-
tives (mestranol, 17a-ethinylestradiol) and glu-
curonides (17B-estradiol-17(B-p-glucuronide),
17B-estradiol-3(B-p-glucuronide)) were purchased
from Sigma (Deisenhofen, Germany). The sludge
was taken from a STP close to Frankfurt/Main
and was immediately (1-2 h after sampling) uti-
lized in batch experiments. In order to maintain a
homogenous suspension and aerobic conditions,
the slurry was horizontally shaken over the whole
investigation period (up to 72 h). At the beginning
of the experiment the concentration of oxygen
was 9 mg/1 and this declined down to 8 mg/I
after 72 h. At appropriate time intervals (1 min, 2
min, 5 min, 15 min, 0.5 h, 1 h,3 h, 5 h, 24 h, 28 h,
48 h, 72 h), 1 ml aliquots of the homogenized
suspension were taken and were immediately in-
activated by addition of 20 wl of 0.5% hydrochlo-
ride acid (pH 3). The acidic slurry (pH 3) was
evaporated to dryness at room temperature by a
nitrogen stream. 1 ml of hexane was then added
to the residue and was evaporated by nitrogen to
200 pl. Then, before using the silica gel clean-up,
the surrogate standard 17B-estradiol-17-acetate
was spiked. For clean-up the extracts were quan-
titatively transferred to the top of the prepared 1
g silica gel column. The glass vessels were rinsed
twice with 2 ml of the elution mixture
hexane /acetone (65:35, v/v) to assure that the
whole extract including most of the solid matter
were transferred to the column. The elution in
the clean-up step and the GC/MS /MS detection

was performed as described in Ternes et al. (1999).
By this procedure the portion of analytes which
were adsorbed to sludge particles should be mainly
desorbed and hence are included into the mass
balance. All batch experiments were performed in
triplicate.

2.3. Batch experiments with analyte concentrations
of 1 ng /ml

A 200 ml suspension of activated sludge (mixed
liquor suspended solids: 2.6 g /1) diluted in 800 ml
drinking water was spiked with 17B-estradiol,
17a-ethinylestradiol or 17B-estradiol-17(B-D-
glucuronide) to obtain a nominal concentration of
1 ng/ml for the unconjugated estrogen and 1.65
ng/ml for the conjugates (corresponding to 1
ng/1 of the released 17B-estradiol), in order to
assure that the results obtained in the pg/ml-
range were transferable to environmental concen-
trations in the ng/ml-range. The sludge was taken
from the STP close to Frankfurt/Main and was
immediately (2 h after sampling) utilized in the
batch experiments. In order to maintain aerobic
conditions and a homogenous suspension, the
slurry was stirred over the whole investigation
period (up to 72 h). At appropriate time intervals
(5 min, 15 min, 0.5 h, 1 h, 3 h, 5 h, 24 h, 28 h, 48
h), 110 ml of the homogenized suspension were
collected and the microorganisms were inacti-
vated by addition of 200 pl of 0.5% hydrochloride
acid to obtain a pH of 3. After glass fibre filtra-
tion (<1 pm), 100 ml of the sample was spiked
with 17B-estradiol-17-acetate and was extracted
by SPE, treated by silica gel clean-up and de-
tected by GC/MS/MS (Ternes et al., 1999) for
native samples. All batch experiments were per-
formed in triplicate.

2.4. Determination of glucuronidase activity in the
activated sludge solution

A 10 ml-suspension of activated sludge (mixed
liquor suspended solids: 2.6 g/1) diluted in 990 ml
Milli-Q-water was spiked with a 3 ml-solution (c,:
3.2 pmol/ml =1.14 mg/ml) of 4-methylumbel-
liferryl-B-p-glucuronide (MUF-B-glucuronide)
from Sigma (Deisenhofen, Germany) to obtain a
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nominal concentration of 9.6 pmol/I. The solu-
tion was covered with aluminum foil and stirred
over the whole investigation period. At appropri-
ate time intervals 1 ml of the homogenized solu-
tion was collected and stabilized by addition of 1
ml of buffer (4.4 g/1 glycine, 3.5 g/1 sodium
chloride and 0.1 mol /1 sodium hydroxide until pH
10 is adjusted). For quantitation an eleven point
calibration of MUF ranging from 0.01 to 1 pmol /1
was performed. The detection was carried out
using an excitation wavelength of 354 nm and a
fluorescence emission wavelength of 441 nm.

3. Results and discussion

3.1. Behaviour of 17B-estradiol, 16 a-hydroxyestrone
and estrone in batch experiments

The concentration of 17B-estradiol was imme-
diately reduced in the batch experiments at both
spiking levels of 1 pg/ml (Fig. 1a) and 1 ng/ml
(Fig. 1b). After a period of 1-3 h, more than 95%
of the unconjugated 17B-estradiol had vanished,
whereas the concentration of estrone increased
up to 95% with regard to the initial concentration
of 17B-estradiol. 17B-estradiol was almost quanti-
tatively oxidized to estrone.

OH o
oxidation
.
HO | HO' l

17B-estradiol estrone

Qualitatively a similar behaviour for 173-
estradiol and the metabolite estrone was observed,
using both initial concentrations of 17B-estradiol.
However, at a spiking level of 1 ng/ml the re-
moval of 17B-estradiol and the formation and
elimination of estrone was accelerated. After 5 h
neither 17B-estradiol nor estrone were to be found
above the detection limits (shown in Fig. 1b as
c/co = 0.01). Hence, the results of the 1 wg/ml
batch experiments can be transferred only quali-

tatively to the ng/ml-range, whereas at lower
concentration the turnover rates were even accel-
erated.

Estrone at a spiking level of 1 g/ml exhibited
a similar behaviour (Fig. 2a) as in the batch
experiments spiked with 17B-estradiol (Fig. 1a).
The concentrations of estrone declined continu-
ously (approx. 50% after 24 h) without detection
of any degradation products. No further degrada-
tion products were detected in the scan spectra of
the GC/MS using the previously described ana-
lytical method.

16a-Hydroxyestrone, one of the possible hu-
man metabolites of estrone, was not identified as
a degradation product of estrone in contact with
activated sludge, but it was immediately removed
in the batch experiments after spiking (Fig. 2b).
After 5 h approximately 60% of 16«a-hydroxy-
estrone was eliminated, whereas the degradation
was incomplete after 72 h (approx. 10% re-
mained). Degradation products could not be iden-
tified.

In all cases loss by sorption effects are rather
unlikely. Firstly, in the 1 wg/ml batch experi-
ments sorbed portions are mainly desorbed by the
performed transfer of solid matter to the silica gel
column for clean up and secondly the estrogens
were almost quantitatively recovered at the begin-
ning of the experiments either unchanged or as
metabolites.

3.2. Behaviour of 17B-estradiol glucuronides in batch
experiments

In order to investigate the release of estrogens
from glucuronide conjugates in a municipal STP,
17B-estradiol-17(B-p-glucuronide) and 178-
estradiol-3(B-D-glucuronide) were spiked into the
activated sludge slurries at a concentration level
of 1.65 pg/1 (corresponding to 1 wg/1 unconju-
gated 17B-estradiol). After only 15 min both 17B-
estradiol and estrone were detected (Fig. 1c,d).
Approximately 70% of the conjugated 1783-
estradiol was found for both glucuronides in the
oxidized form (estrone) at the maximum concen-
tration (20-30 h). Therefore most portions of the
glucuronides were cleaved after 20 h. However,
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up to 28 h 17B-estradiol was detected in small
amounts of approximately 3% indicating that the
cleavage of the glucuronides was not complete.

Using 1.65 ng/ml of 17B-estradiol-17(B-D-
glucuronide) as initial concentration (correspond-
ing to 1 ng/1 unconjugated 17B-estradiol), the
results of the pg/ml level could be qualitatively
confirmed (Table 1). The glucuronide conjugate
was cleaved, the released 17B-estradiol was oxi-
dized to estrone and approximately 80% of the
initial amounts were recovered as the sum of the
two estrogens. However, the turnover rates were
faster compared to those obtained in the batch
experiments with a spiking level of 1 ng/ml of
17B-estradiol (Fig. 1b). After 5 min, approxi-
mately 50% were detected as estrone and after 24
h neither 17B-estradiol nor estrone were present
above the detection limits.

3.3. Behaviour of 17a-ethinylestradiol and mestranol
in batch experiments

The concentration of 17a-ethinylestradiol was
not appreciably reduced during the batch experi-
ments (Fig. 2¢). Only approximately 20% of the
initial amount could not be accounted for after 24
h at an initial concentration of 1 ng/ml and after
48 h at 1 pg/ml, but the reduction was not
statistically significant. Even though 17a-ethinyl-
estradiol has a log octanol /water partition coef-
ficient of 4.2 (personal communication, Schwein-
furth /Schering AG, Berlin), sorption effects do
not appear to be a factor in the batch experi-
ments. Further investigations are necessary to
analyse the conjugates together with the unconju-
gated estrogen, in order to confirm these results
and to distinguish between sorption and degrada-
tion behaviour. However, 17a-ethinylestradiol ap-
pears to be mainly stable under the present aer-
obic conditions of an activated sludge process.

In another experiment, mestranol was de-
graded after a lag-phase of approximately 5 h and
yielded a turnover rate of approximately 80%
after 24 h (Fig. 2d). As metabolite only 17a-
ethinylestradiol was identified, which was formed
by 7% with regard to the initial concentration of
mestranol. However, the portion of 17a-ethinyl-

estradiol did not change during the time period
from 24 to 72 h indicating its persistence.

OH OH
hydrolysis
LA SO

mestranol 17a-ethinylestradiol

Similar results were reported for 17a-ethinyl-
estradiol by Norpoth et al. (1973), who observed
no elimination of this contraceptive in contact
with activated sludge. However, in contrast to our
results in their batch experiments mestranol per-
sisted over 120 h.

3.4. Glucuronidase activity in the activated sludge
solution

In order to confirm the presence of the glu-
curonidase activity of the activated sludge the
cleavage of 4-methylumbelliferyl-B-D-glucuronide
(MUF-B-glucuronide) using fluorescence detec-
tion was explored. As shown in Fig. 3 the concen-
tration of MUF increased linearly with the inves-
tigation time. After 6.7 h approximately 19% of
the glucuronide conjugates were cleaved, while
the turnover rate obtained was approximately
steady state, with a turnover rate of 0.1 pmol/1
for the released MUF.

CHs CH;
7 enzyme 7
‘ B — | + glucuronic acid
o] () l|3 (o] (¢} OH
glucuronic acid

MUF-B-glucuronide 4-methylumbelliferone

Glucuronide conjugates of estrogens and other
organic compounds can obviously be cleaved in
contact with activated sludge by microorganisms.
Sorption effects can be mainly ruled out due to
the small amounts of solid matter in the batch
experiment spiked with MUF-B-glucuronide. As
the activated sludge was taken from a real munic-
ipal STP and immediately used in the batch ex-



T.A. Ternes et al. / The Science of the Total Environment 225 (1999) 91-99

96

08

oL 09

lopense- ¢, mYm
UONSD i

0S

[u] uopeinp
ov o 0z oL

Yy

(P

r 02°0

r 0€°0

ud

+ 050

r 09°0

r 0L°0

T 080

-+ 060

08

oL 09

jopense-¢, mWm
UONSO  mnffifm

[u] uogeinp
ov o¢ 0z oL

llll.WlWl.llll.lw

(o

00°}

- 0L'0

-+ 020

- 020

T ov'o

T 050

= 090

T 0L0

T 080

-+ 060

00'}

[°9/9] uonesUBIUOD BARRIRL

[°9/2] uoneuasuod aApe|as

Sy 14 St

|olpensa-g.} l‘l
BUOLISD il

Tw/3 1 18 (9p1uoinon[3-a-g)¢-[orpensa-g/ 1
(p) Tu /3 T 18 (opruomonys-a-g), T-[orpense-g.1 (9) ‘Tu/Su T 1e [orpense-g, T (q) Tu/Sv T 1e [orpenss-g/T (B) seredSnluod pue suaSonss JUSINIP YM payids (OT:]
paIN[Ip) suonn[os a3pnys pajeande YIm sjuowrradxo yojeq 'sojedn[uod opruoInon(3 woij sudgonsd pases[ol pue sUAFoI)sd [BINJeU JO SUOHBIIUIIUO0D dANR[Y ‘T “SI

[y] uoneunp
ST

(q

S

S0

08

jolpenss- g2 mYm
QUONS?  mffifem

[y] uopeunp

(43

0z'L

[°9/5] uonesUEOUOD BARRIRL

[°2/2] uonesuadUOI BARR|RA



97

‘Tu /37 1 je [ouensow (p) ‘qu/Su | pue qu /3 | Je [oIpRNSIAUIYIR-0L] (9) qui/ST [ JB QUONSIAXOIPAY-09T (q) /3 T JB UOISI (B) SUSFOIISS JUIIIJJIP
UM poyIds (Iojem YIM (T:] PAINJIP) SUONN[OS AFpn[s pajeAnoe Yim sjuowrodxo yojeq 'seandooenuod pue suoSoIsd [eINJeU JO SUONBIIUAOUOD 9ANR[dY 7 S

T.A. Ternes et al. / The Science of the Total Environment 225 (1999) 91-99

08

[y] uogeinp
oL 09 05 oy o

0z

08 oL 09 05 oy ot 0z ol (]
“ . “ “ . == aw=0=0 0o } h ; ' ' ' ' 000
“llllllll%llllllll -
w <+ 0z'0
-
8 3
= o
g Lo B
a 5
[+
3 8
[ =]
] 090 m
=1
=3 3
o5 -~
8 S
= 8
o oz
2 0g0 S
> g
-0'- o
lopensajAuiye- 0/, mOm Aﬁ A q J-
|ouensaw + auossakxopAy-r9, mYm _
oz'h
[u] uogeinp [y] uogeinp
08 oL 09 0s o o 0z ol 0 08 0L 09 05 °.< o.n o.u o._. o.:..
+ } } ! } 4 } 000 -
dozo 3 3
3 2
wo o s
-+ Op' [z}
S 8
3 3
] [x]
g g
090 = o
2 2
2 =
3 S
080 & —_-
5 3
& e
whu =) «@« 00’
loipesysajAuiyys- 0L}
ozl

[u] uoneinp

0C



98 T.A. Temnes et al. / The Science of the Total Environment 225 (1999) 91-99

Table 1
Batch experiments with activated sludge solutions spiked with
17B-estradiol-17(B-D-glucuronide) at 1 ng/ml

Time 17B-estradiol Estrone Recovery (sum of estrone

[e/c,] [e/c,] and 17B-estradiol) [%]
0 n.d. n.d. n.d.
Smin 0.30 0.50 80
3h n.d. 0.15 15
24 h n.d. n.d. 0

periments, the principal results are presumably
transferable to the real sewage treatment. Basi-
cally, no lag phase has been observed and the
glucuronides were cleaved immediately, indicat-
ing that the microorganisms present have the
enzymes to deconjugate estrogen glucuronides.
However, whether the retention time of a real
STP (mainly below 20 h) is sufficient to cleave all
of the glucuronide conjugates present, can not be
concluded. In a real STP the concentrations of
the estrogens are in the ng/l-range, a multitude
of other substrates are present in high concentra-

tions and the TOC is at least one order of magni-
tude higher than those in the batch experiments.
Glucuronide conjugates are one of the principal
excreted metabolites for organic compounds by
humans. Microorganisms which gain energy by
cleaving and degrading glucuronides are there-
fore expected to be present in the STP. Hence, it
is likely that estrogen glucuronides were cleaved
in the STP, even though their concentrations are
relatively low. In the batch experiments the con-
centrations of glucuronides in the ng/ml-range
were cleaved and eliminated even faster than in
the experiments spiked with higher concentra-
tions (wg/ml-range). Nevertheless, to prove the
hypothesis that glucuronides are cleaved in the
municipal STP, the development of an analytical
method which allows for the determination of
estrogen glucuronide conjugates in sewage and
STP discharges at low concentrations is essential.

4. Conclusions

The batch experiments showed that various
turnovers of estrogens occur in municipal STPs.

0.14 0.20.
T 0.18
0.12 -
T 0.16 oy
. L
< 0107 1014 S
° c
£ 1 ]
= 0.08 - 0-12 ®
e 1 =
© 0.10 §
= 0.06
3 1008 8
e o
£ 1006 2
2 004 B turnover rate ) E
A c/co T 0.04 £
0.02 +
T 0.02
0 t t } } } t 0
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

duration [h]

Fig. 3. Relative concentrations of 4-methylumbelliferone (MUF) and turnover rate of MUF-B-glucuronide. Batch experiments with
activated sludge solutions (diluted 1:100) spiked with 4-methylumbelliferryl-B-p-glucuronide (MUF-B-glucuronide) to adjust a

nominal concentration of 9.6 pnmol /1.
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For instance, the predominant presence of es-
trone in STP effluents and rivers is presumably a
result of the relative high stability of estrone
within the STP, the cleavage of glucuronide con-
jugates from both estrone and 17B-estradiol and
the oxidation of 17@-estradiol to estrone. In the
batch experiments 17@3-estradiol, mestranol and
the metabolite 16a-hydroxyestrone were elimi-
nated relatively fast. Besides oxidation and
demethylation reactions, glucuronide conjugates
can be cleaved in contact with activated sludge.
Thus, for assessing the relevant environmental
concentration, the conjugates have to be included
into the mass balance of the potential endocrine
active compounds. Although the annual prescrip-
tions of 17a-ethinylestradiol in Germany amount
only to approximately 50 kg, the contraceptive
was detected sometimes in comparable concen-
trations to the natural estrogens in STP effluents.
This indicates its higher stability under environ-
mental conditions, as underlined by the persis-
tence in the batch experiments, and the cleavage
of the principal excreted glucuronide conjugates.
In any case, further investigations are necessary
to analyse the conjugates together with free estro-
gens and metabolites in real STPs, in order to
confirm the described results under the real con-
ditions of waste water treatment and to distin-
guish between sorption and degradation be-
haviour.
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