in the literature and have been attributed
to the natural variation of background
tropospheric aerosols (2); vertical trans-
port and advection of natural and anthro-
pogenic aerosols with greater instability
and convection during summer months,
particularly over continents (/5); and an-
nual migration of trajectories of strato-
spheric aerosol bands (/6). We note that
there is no change in the phase of the an-
nual variation at Mauna Loa before and
after a volcanic eruption.

A biennial periodicity in transmission
is evident in the record for 1958 to 1962,
when no explosive volcanic activity was
reported (Fig. 2). Over this S-year peri-
od, this oscillation is in phase with the
stratospheric wind direction (I/7), and a
westerly flow in the stratosphere over
Mauna Loa is coincident with a larger
decrease in transmission in summer. Af-
ter Agung, the biennial variation in trans-
mission is either nonexistent or masked
by the larger episodic variations that fol-
lowed.

Transmission recovery rates after the
initial injections of volcanic effluent into
the stratosphere are 0.61 percent per
year after the Agung period, 0.33 percent
per year after the Awu period, and 0.40
percent per year after the De Fuego peri-
od. The initial recovery rate after an epi-
sode seems to be more linear than ex-
ponential, whereas an exponential rate
might be expected if only gravitational
settling were acting on an originally
Junge aerosol distribution (/8). If addi-
tional aerosols are created sometime lat-
er from the gaseous effluent that accom-
panies the initial influx of aerosols into
the stratosphere, they will undoubtedly
affect the recovery times, as will the dy-
namics of natural cleansing processes
between the troposphere and the strato-
sphere (19, 20). Complete recovery of at-
mospheric transmissions after volcanic
eruptions, in times ranging from months
to a few years, have been reported by
others (7, 21).

Comparison of the transmission at the
beginning (1958) and at the end (1977) of
the Mauna Loa record shows no obvious
long-term trend. Recovery from all vol-
canic eruptions in the 20-year period ap-
pears to be complete. However, a long-
term linear decrease of 0.2 percent can
be inferred from 1958 to 1976, excluding
the transient decreases in the interim.
Although such a small decrease in trans-
mission is within the noise of the data,
we attempted to account for it by com-
puting the decrease in transmission that
would be caused by a gradual increase in
total atmospheric ozone from 270 to 280
m-atm-cm over Mauna Loa (/5, 22). The
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Fig. 3. Annual cycles in transmission for three
periods at Mauna Loa. All the annual cycles
are in phase. The magnitude of the annual

cycle is largest for the period 1963 to 1970 and ]

smallest for the pre-Agung period.

calculated decrease amounted to only
0.03 percent and would not be enough to
account for the total decrease, if any.

Annual, biennial, and transient varia-
tions in transmission have been observed
in the continuous Mauna Loa record
since 1958. The transient changes appear
to be linked to episodic stratospheric
aerosol increases due to injections of
volcanic effluent into the stratosphere by
sufficiently strong eruptions. The effect
is greatest with eruptions originating
near the equator, where the vertical mo-
tion and the subtropical jet and strong
zonal stratospheric winds are conducive
to rapid transport of aerosols over the
equatorial belt. Volcanic injections that
occurred north or south of 50° latitude
can be detected at Mauna Loa, but are
seen as gradual rather than sharp de-
creases in the transmission and as in-
creases in the magnitude of the annual
cycle.

A biennial cycle in the first 5 years of
the record and an annual cycle in the en-
tire record strongly suggest natural vari-
ations in atmospheric transmission, inde-
pendent of the transient variations due to
volcanic episodes. The cause or causes

of these cycles observed at a remote site
such as Mauna Loa Observatory are still
not fully understood.
BERNARD G. MENDONCA
KirBY J. HANSON
Joun J. DELuUIsI
Air Resources Laboratories,
Environmental Research Laboratories,
National Oceanic and Atmospheric
Administration, Boulder,
Colorado 80302
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Atmospheric Reactions of Polycyclic Aromatic Hydrocarbons:

Facile Formation of Mutagenic Nitro Derivatives

Abstract. Directly active mutagens are formed on exposure of the promutagen
benzolalpyrene to gaseous pollutants in smog. In simulated atmospheres containing
I part per million nitrogen dioxide and traces of nitric acid, directly mutagenic nitro
derivatives are readily formed from both benzolalpyrene and perylene, a non-
mutagen in the Ames reversion assay. Possible formation of direct mutagens by such
reactions on sample collection filters, in exhaust effluents, and in the atmosphere

should be recognized.

The carcinogenicity of atmospheric or-
ganic particulate matter in experimental
animals has been known for more than
30 years (I, 2). It has generally been at-
tributed to the presence in polluted air of
benzola]pyrene (BP) and other polycy-

clic aromatic hydrocarbons (PAH) as
well as their azaheterocyclic analogs (3,
4). Several investigators, however, have
noted that the carcinogenicity of both ur-
ban air and exhaust particulates from
spark-ignition engines could not be ac-

0036-8075/78/1103-0515$00.50/0 Copyright © 1978 AAAS 515



counted for solely on the basis of their
measured content of BP and other car-
cinogenic PAH 2, 5, 6). In fact, there
was a significant ‘‘excess carcinogenic-
ity,” presumably due to unidentified
compounds present.

The mutagenic activity of organic par-
ticulates that we collected at a number of
sites throughout the Los Angeles air ba-

sin (7-9), as studied by the Ames micro-
biological reversion assay (/0), may be
related to these observations. All urban
and suburban samples tested to date in-
duce frameshift mutations and are direct-
ly active—that is, are mutagenic without
requiring metabolic activation. This
clearly indicates the presence in the total

“samples of frameshift mutagens other

COMPOUNDS IDENTIFIED |  R¢- PURE AMBIENT
o] PA -
BY CI - MS VALUE AR SMOG 3 N NOz o9
— 09
[~ 08
BENZO[o]PYRENE MW252 252 252
NITRO-BENZO[a]PYRENE | o 7 _I
MW 297 o
- 06 —
BENZO[a]PYRENE-QUINONES| . ¢ 5 _| %~ 282--3 282
MW 282
o4 0
HYDROXY-BENZO[a]PYRENES
Mw2es| |
L 0.2 o
DIHYDROXY-BENZO[]PYRENE Co2BAT 0
MW 284 298"
) - 0.1
BENZO[a]PYRENE -
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Fig. 1. Thin-layer chromatograms of products formed on exposure of BP (6 to 10 mg, deposited
on two 8 by 10 inch Gelman AE glass fiber filters) to pure air, ambient smog, O3, PAN, and
NO, and on treatment of BP with liver S-9 mix. Each TLC band (separation on Merck silica gel
plates, No. 5763) was recovered in methanol and analyzed by methane chemical ionization-
mass spectrometry (CI-MS, direct introduction probe). Each band (solid line, major; dashed
line, minor) shows the molecular weight (MW) of each product found in it. Also shown are the
products identified by CI-MS in each band and the TLC R;. values. See text for exposure levels,
experimental conditions, and results of mutagenicity assay.

N
\_ 1-NITRO AND
N\ 3-NITRO-BP

log €

log €

A\
\ 3-NITRO-

\ PERYLENE
\
\
\
\
PERYLENE \
1 1 L .
200 300 400 500 600

WAVELENGTH, nm

6-NITRO-BENZO [a] PYRENE

80 |-C 125
60 250
239 297

401 Iy 7 !
o | |
o L bbb L

t v ; v

100 150 200 250 300

m/e
ITRO AND 3-NITRO-BENZO[a]PYRENE

%
T

W sold 125
2 ol 251 297
9 4o 239 | e
> eof
o
g Ll . . l | I
w 100 150 200 250 300
>
= m/e
<<
'
w
@
3-NITRO-PERYLENE
100
750

so-€ 125 297

60|

aol 239 |

20}

oLl ‘ B

100 150 200 250 300
m/e

Fig. 2. (a and b) Ultraviolet-visible spectra in methanol and (c to e) electron impact mass spectra
of 6-nitro-BP, 1-nitro- and 3-nitro-BP, and 3-nitroperylene formed on exposure of BP or per-
ylene to NO,. Also shown (a and b) are the formulas and ultraviolet-visible spectra of the parent

PAH.
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than BP and other promutagens that re-
quire metabolic activation in the Ames
test (10).

Furthermore, after chemical separa-
tion of two recently collected particulate
samples from this air basin, we found
that the acidic, neutral, and basic frac-
tions each showed significant specific
mutagenicity (that is, revertants per
gram of sample). However, since the
basic fraction of the organic extract usu-
ally accounts for only ~1 to 2 percent of
the total weight of organics, the muta-
genicity of the total sample is mainly due
to acidic and neutral compounds. In ad-
dition, more than half of the mutage-
nicity of the acidic and neutral fractions
was of the direct type.

We recently proposed (9, 1/-13) that
the presence of these direct mutagens in
ambient particulates may be due in part
to the reactions of BP and other PAH
with Oj;, NO,, peroxyacetyl nitrate
(PAN), and free radicals present in pol-
luted atmospheres (/4-18). If some of the
products formed in these reactions are
analogous to the metabolites of BP and
PAH in mammalian cells (/9), reactions
of PAH in exhaust effluents and in the
atmosphere could account for the pres-
ence of directly active mutagens in the
urban air.

There are several reports that BP and
other PAH undergo photochemical
transformations when adsorbed on a va-
riety of support materials such as filters,
silica gel, and carbon (soot) particles (2,
3, 20). However, statements to the effect
that PAH are chemically inert also ap-
pear in the literature (2/), including a re-
cent comprehensive review on atmo-
spheric mutagens (22).

In order to test our hypothesis that
oxidative reactions of PAH in the atmo-
sphere may lead to the formation of di-
rectly active mutagens, we conducted
one set of experiments in which the car-
cinogen, BP, and perylene, reportedly a
noncarcinogen (3, 4), were each exposed
to pollutant gases under simulated atmo-
spheric conditions and one set in which
BP was exposed to the gases in ambient
photochemical smog. ‘

We first performed experiments in
which BP, deposited on washed and
fired glass fiber filters of the type used in
ambient sampling, was exposed in the
dark to particle-free, pure air containing
(1) Oy [11 parts per million (ppm); ex-
posure time, 24 hours; flow rate, 3 cubic
feet (0.084 m®) per minute (ft*/min)], (ii)
NO, (1.3 ppm, 24 hours, 1 ft3/min), and
(iii) PAN (1.1 ppm, 16 hours, 3 ft%min).
Control runs with BP exposed to pure air
(24 hours at 3 ft3/min) and with blank fil-
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ters exposed to NO,, O;, or PAN were
also included (23). Experiments were al-
so run at 0.25 ppm of NO, and 0.1 ppm of
O, in air with similar results.

After exposure, the products and un-
reacted BP were separated by thin-layer
chromatography (TLC). The major TLC
bands were then analyzed by mass spec-
trometry and were tested for mutagenic
activity with Salmonella typhimurium
strains TA1535, TA1537, TA1538, TA98,
and TA100, with and without addition of
a mammalian metabolic activation sys-
tem [0.5 ml of rat liver S9 mix (24)]. For
comparison, a sample of 9 mg of BP in-
cubated for 30 minutes at 37°C with liver
S9 mix was analyzed and tested in the
same way.

Our tester strains are routinely mon-
itored for the presence of the plasmid
(TA98 and TA100) by ampicillin resist-
ance, for the deep rough mutation by the
crystal violet test (all strains), and for the
uvrB deletion by sensitivity to ultraviolet
radiation (all strains). In each experi-
ment, all strains are plated for the spon-
taneous mutation frequency (this value is
subtracted from the test frequencies),
and each strain is plated with various
known mutagens (ICR-191, hycanthone,
sodium azide, and so on) as quantitative
controls and to ensure that the strains
are responding properly. For example,
TA98 gives 110 to 120 revertants per
nanomole of BP added. As a check on
phenocopies, which might yield false
positive results, five colonies are picked
from selected test plates that have been
scored as positive and are checked on
histidine-free medium to ensure that they
are true revertants.

To prepare S9 mix we follow the
Ames procedure of giving rats a single
injection of Aroclor 1254 (500 mg/kg), al-
low them free access to water and feed
for 5 days, starve them for 12 hours, and
kill them. Our S9 preparations activate
BP, so that our reversion frequencies per
nanomole are in good agreement with
those published by Ames et al. (10).

As shown from the TLC bands in Fig.
1, BP reacted with O, and PAN to form a
variety of oxygenated products and with
NO, to form nitro derivatives. As ex-
pected, the TLC bands containing the
unreacted BP (R, = 0.77) were not di-
rectly active and required metabolic acti-
vation. The bands containing the BP-
quinones (R, = 0.54) were complex and
contained, in addition to the inactive
quinones (25), a directly active com-
pound of molecular weight 284, as yet
unidentified.

Treatment of BP with liver S9 mix re-
sulted in the appearance of a complex
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TLC band such as that seen with am-
bient smog but not with the single gases
(Fig. 1). This contained directly active
mutagens. Its R, (0.35) and the molecu-
lar weight of its components (268) are
consistent with those of isomers of hy-
droxybenzola]pyrene.

Exposure of BP to NO, (1 ppm) con-
taining traces of nitric acid [~10 parts
per billion (ppb)] resulted in the appear-
ance of only one major TLC band. This
contained a directly active mutagen
whose Ry (0.74) and molecular weight
(297) were consistent with the nitro-
benzola]pyrene (nitro-BP) structure.

By changing the TLC solvent system
described in the caption of Fig. 1 to tol-
uene alone, the band containing nitro-BP
was further resolved into two bands, one
yellow and one orange, the latter having
alower R value. From the mass spectra
and the ultraviolet-visible spectra shown
in Fig. 2, and by comparison with those
of authentic samples synthesized as de-
scribed by Dewar et al. (26), we assign
the structure 6-nitro-BP to the com-
ponent present in the yellow TLC band;
the orange TLC band consists of a mix-
ture of the 1-nitro and 3-nitro isomers
@7).

As shown in Fig. 3, both 6-nitro-BP
and the mixture of the 1-nitro and 3-nitro
isomers are direct mutagens in the Ames
test. They are directly active with strains
TA1537, TA1538, TA98, and TA100,

Fig. 3. Mutagenic ac- la
tivity of (a) BP, (b) 6- |
nitro-BP, (c¢) 1-nitro- QOO, @@OOO

and 3-nitro-BP, and
(d) 3-nitroperylene in
the Ames assay sys-
tem. Dose-response
curves are shown on-
ly for the most sensi-
tive strains, TA100 (a
and b), TA98 (c), and
TA1538 (d), with
(+S9) and without
(—S9) metabolic acti-
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which are reverted by frameshift muta-
gens. Addition of liver S9 significantly
enhanced their activity in strains
TA1537, TA1538, and TA98, and re-
duced the activity of the 1-nitro and 3-
nitro mixture with strain TA100 (28).

Dose-response curves for the authen-
tic samples, also shown in Fig. 3, are in
good agreement with those of the nitro-
BP isomers formed on exposure of BP to
NO,. No activity was found with strain
TA1535, which is reverted by base-pair
substitution mutations.

Samples purified by high-pressure lig-
uid chromatography gave substantially
the same results as the earlier tests. The
purified 6-nitro-BP still showed a sub-
stantial increase in reversion frequency
with metabolic activation. In these latter
experiments we also tested amounts up
to 150 nmole. With TA98, the effect of
both BP and 6-nitro-BP was saturated at
10 nmole, but the effect of the mixture of
1- and 3-nitro isomers continued to rise
out to 50 nmole. At this saturating
amount, the total number of revertants
was approximately 2.5 times higher than
that of the 6-nitro isomer and approxi-
mately 4 times higher than that of the
parent BP. The complex dose-response
curves from the 1-nitro and 3-nitro iso-
mers for TA98 are thought to be the re-
sult of the interaction of the two isomers.

The nitration of BP by part per million
levels of NO, in air is catalyzed by part

vation. Each point i 5
represents the mean of
at least triplicate plates.
Subtracted spontane-
ous revertant back-
grounds were: TA100,
118 to 130 (—S9)
and 130 to 152 (+S9);
TA98, 24 (-S9)
and 44 (+S9); and
TA1538, 12 (—S9) and
41 (+8S9). Also shown
(®) are the corre-
responding curves for
perylene (d) and for
the nitro-BP isomers
(b and c¢) synthesized
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per billion levels of HNO,. This species
was shown by long-path (100 m) Fourier
transform infrared spectroscopy to be
present in our tanks containing known
amounts of reportedly pure NO, in nitro-
gen. In 8-hour exposures, typical yields
for the conversion of BP to the nitro de-
rivatives ranged from ~18 percent at
0.25 ppm of NO, (~3 ppb of HNO,) in air
to ~40 percent at 1.0 ppm of NO, (~11
ppb of HNO,). The lower value of 0.25
ppm is the air quality standard for NO,
(1-hour average) in California and is com-
monly exceeded there.

Since exposure of BP, a known carcin-
ogen and activable mutagen, to part per
million levels of NO, resulted in the for-
mation of mutagenic nitro derivatives, it
seemed interesting to see whether simi-
lar products could also be formed from a
noncarcinogenic PAH under the same
conditions. To address this point, NO,
exposure studies were repeated with per-
ylene, an isomer of BP present in am-
bient air and emitted in many com-
bustion processes (3, 4), including ve-
hicle exhaust. Unlike BP, we found
perylene to be nonmutagenic with or
without S9 in the Ames reversion assay
(Fig. 3d).

Perylene deposited on glass fiber fil-
ters was exposed to 1 ppm of NO, (contain-
ing trace levels of HNO,) for 24 hours at
a flow rate of 1 ft*/min. The major result-
ing TLC band (brick-red color on silica
gel) consisted of 3-nitroperylene, identi-
fied on the basis of its mass spectrum and
by comparison of its ultraviolet spectrum
with published data (29). Both spectra
are shown in Fig. 2. When tested with
strains TA98 and TA1538, 3-nitro-
perylene was found to be a directly ac-
tive mutagen whose activity was signifi-
cantly enhanced by the addition of liver
S9 (Fig. 3d).

These studies conducted in simulated
atmospheres clearly demonstrate that di-
rectly active mutagens, including nitro
derivatives, can form on exposure of
PAH to gaseous pollutants. Additional
evidence that such transformations may
occur in real atmospheres was obtained
by drawing ambient photochemical smog
(flow rate, 40 ft*/min) through two glass
fiber filters mounted in series, using BP
as our model PAH. The upstream filter
collected ambient particulates, thus al-
lowing BP deposited on the downstream
filter to be exposed only to gaseous pol-
lutants (30).

Five such experiments were carried
out. The first four were conducted simul-
taneously on 17 to 20 July 1977 at two
locations in southern California, Los An-
geles and Riverside (3/), with BP ex-
posed to daytime (6 a.m. to 9 p.m.) and
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nighttime (9 p.m. to 6 a.m.) ambient air
for periods of 40 hours. The filter sam-
ples were then extracted and the concen-
trated organic extracts were tested with
strains TA98 and TA100. Typically, as-
say of 10 ul of these extracts yielded 150
to 250 revertants per plate with strain
TA98 in the absence of metabolic activa-
tion. Thus, exposure of BP to polluted
ambient air results in the formation of di-
rectly active mutagens.

In the fifth experiment, BP was ex-
posed under the same conditions to am-
bient Riverside smog for 72 hours and
the products were analyzed by TLC and
mass spectrometry. The results are
shown in Fig. 1 along with those of the
BP exposure studies conducted in simu-
lated atmospheres. Many of the resulting
products were analogous to those
formed in the laboratory exposures of
BP to the individual gaseous pollutants
or in solution to the liver S9 mix. On the
basis of their molecular weights, deter-
mined by chemical ionization-mass
spectrometry, and their R, values, these
oxidation products appear to include hy-
droxy, dihydroxy, and dihydrodiol de-
rivatives. These are known metabolites
of BP in mammalian cells (/9).

No nitrobenzo[a]pyrenes could be de-
tected in the 72-hour exposure. This is
not unexpected in view of the relatively
low NO, levels prevailing in Riverside
and the fact that the catalyst HNO;,
which is present in photochemical smog,
was removed by the upstream filter. Fur-
thermore, it is possible that the pro-
longed exposure to oxidizing species
would degrade any nitro-PAH com-
pounds that might have been formed.

The fact that 9-nitroanthracene, on
photolysis, forms 9,10-anthraquinone,
both in solution (32) and in our experi-
ments on silica gel (33), suggests that
similar reactions may represent the fate
of nitro-PAH in ambient atmospheres,
where several quinones, including the
three quinones derived from BP, have
been identified (34). Thus, photooxida-
tion of nitro derivatives should be con-
sidered as an alternative pathway, be-
sides direct oxidation of PAH by ozone
(34) or by sunlight in air (20), for the for-
mation of polycyclic quinones in pol-
luted air.

However, caution should be ex-
pressed in the interpretation of the for-
mation and yields of quinones in ambient
air or from BP-O; experiments. Thus, in
the latter case we observed that when
high-pressure liquid chromatographic
techniques were used for separation in-
stead of TLC, no quinones were ob-
served as products.

In conclusion, directly active muta-

gens are formed on exposure of PAH to
part per million levels of the major gase-
ous components of photochemical smog,
NO,, Oz, and PAN. Although we are
aware that urban particulates contain
several hundred organic compounds that
have not yet been tested individually for
carcinogenic or mutagenic activity, we
feel that reactions of PAH such as those
investigated here may account, in part,
for our observations of directly active
mutagens in airborne particulate matter.

The facile formation of mutagenic ni-
tro derivatives by exposure of non-
carcinogenic as well as carcinogenic
PAH to part per million levels of NO,
warrants further investigations of the
modes of formation and atmospheric fate
of these compounds, especially in situa-
tions where relatively high levels of PAH
and oxides of nitrogen may coexist.
These could include automobile and die-
sel exhausts as well as plumes from coal-
fired power plants. Indeed, the presence
of direct mutagens in auto exhaust and
the direct mutagenicity of 6-nitro-
benzola]lpyrene have recently been re-
ported (35).

Finally, we reemphasize that our stud-
ies were conducted with PAH deposited
on the surface of glass fiber filters.
Whether PAH adsorbed on the surface
of airborne particles (soot, fly ash, and
so on) will react in a similar fashion in
the atmosphere is not yet known. This is
a complex problem because atmospheric
reactions of PAH may be influenced by
many factors typical of surface chemis-
try as well as by pollutant levels, particle
size, sunlight intensity, atmospheric
mixing, and transport time. Similarly,
little is known about the extent of pos-
sible reactions of PAH on glass fiber fil-
ters, which have been widely employed
for decades to collect ambient particu-
lates; our results suggest that they may
indeed be significant. Therefore, the de-
termination of possible filter ‘‘artifacts’’
is of major importance since most evalu-
ations of the carcinogenic and mutagenic
activity of organic particulates have been
based on filter samples.
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Growth Lines in a Bivalve Mollusk: Subdaily Patterns

and Dissolution of the Shell

Abstract. Scanning electron micrographs of sections of the prismatic shell of the
bivalve Mercenaria mercenaria reveal narrow subdaily growth striations. The width
of these narrow lines, formed by concentrations of organic material, corresponds to
the quantity of shell material that would be expected to dissolve during periods of
anaerobic metabolism. The pH in the extrapallial fluid of the bivalve decreases when
the valves are closed, and the amount of dissolution of shell is related to the duration

of valve closure.

The shells of numerous mollusks con-
tain repeating microscopic - structures
that have been interpreted as records of
periodic growth (/). In radial sections of
bivalve shells these features appear as
lines or striations parallel with growth
surfaces (2, 3). The temporal frequency
of striations has been analyzed in various
species and correlated with seasonal
growth rates, geochronometry, and be-
havior and, by inference, with physiolog-
ical changes in the animals studied (I -<).
Growth lines are visible in polished and
etched shell sections as narrow bands in
which calcium carbonate is absent or
much lower in concentration than in ad-
jacent areas (5).

Until quite recently, hypotheses con-
cerning the origin of these lines were
based on an assumption of periodic epi-
sodes of calcium carbonate deposition
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6), although a few references were made
to the possibility that dissolution of re-
cently formed shell might play a part (3,
6). Last year, Lutz and Rhoads (7) pub-
lished a theory of growth-line formation
which held that organic striations are
simply residues left behind as a result of
dissolution of shell material during peri-
ods of anaerobiosis. To date, quan-
titative evidence confirming this mecha-
nism has not appeared. In this report we
present independent data in partial sup-
port of the hypothesis of Lutz and
Rhoads, based on measurements of ex-
trapallial fluid pH (8), published rates of
shell dissolution during valve closure (9),
thickness of subdaily growth lines, and
duration of closure.

We installed glass microelectrodes,
sealed by O rings from the surrounding
seawater, through a drilled hole in the
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