In the foregoing discussion, we ignore
the possibility of a worldwide cyclicity
in the process of continental accretion
(25). Demonstration of undoubted cy-
clicity of this kind would logically
force refinement of estimates of our
mass transfer rates for the past to fit
some cyclic pattern. We note also that a
detailed consideration of the geochemi-
cal evolution of the mantle may ulti-
mately suggest other refinements in our
model. The most obvious implication of
the model in this context is the infer-
ence that the composition of the present
lithosphere is a key to the composi-
tion of the inner mantle. A second logi-
cal consequence of the proposed model
is that the material of the astheno-
sphere, rather than the mesosphere,
most closely approximates a primitive
composition.

Our hypothesis of sinking lithosphere,
accretionary mesosphere, and shrinking
asthenosphere is a dynamic model for
the irreversible evolution of the entire
mantle at a rate linked to the rate of
production of radiogenic heat in the
earth. Appropriate assumptions produce
a viable semiquantitative model in
terms of the mass transfer required
within the time available and also are
in reasonable accord with corollary in-
ferences about the growth of continents.
No physicochemical details have been
treated, as our intent has been to test
the overall model to a first approxima-
tion. Simple extrapolation of the as-
sumptions we have made for the past
into the future indicates that an earth
lacking asthenosphere and presumably
incapable of plate tectonic behavior as
we now know it will be produced in less
than 109 years. It is conceivable to us
that apparently “dead” planetary bodies,
like the moon and Mars, may have
reached such a state by completing an
internal evolution similar to the one
that we suggest is now in progress in
the earth’s mantle.

W. R. DICKINSON
W. C. LutH
Geology Department,
Stanford University,
Stanford, California 94305
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Atomic Absorption Spectrometer for Mercury

Abstract. A new type of atomic absorption spectrometer—one that detects
trace mercury in host material, based on hyperfine structure lines in a magnetic
field—was developed and tested on various substances. This device can detect
trace mercury to about 0.04 part per million (40 parts per billion) in about 1
minute. No chemical separation from the host material is necessary.

A problem of importance today is
the detection of mercury in food, espe-
cially in fish such as tuna and sword-
fish. Unfortunately, as far as we know,
no device available yields a rapid deter-
mination of mercury to about 0.1 ppm
in about 1 minute without preliminary
separation of the mercury from the host
material. Because of the urgent need
for the detection of mercury, we have
converted to this purpose a mercury
optical-pumping nuclear magnetic res-
onance magnetometer (/) which we
had contructed to measure magnetic
fields. We were motivated to use this
technique because we can observe rou-
tinely in our magnetometer a magnetic
resonance signal whose equivalent den-
_sity is about 1010 to 10!! atoms per
cubic centimeter. This corresponds to

Absorption cell

(furnace)
Sample 25378
Electrodeless filter
199 Hg lamp PM No.l

.centimeter.

about 10—12 g of mercury per cubic
Because of the intrinsic
power of detection of this apparatus
and because considerable work had
been done to construct a stable, intense,
sharp mercury lamp and associated
electronic equipment, we believed that
converting the magnetometer to a mer-
cury detector would be useful.

Our objective was to develop an in-
strument that can be operated by com-
pletely inexperienced personnel (such
as fishermen), has high accuracy in
mercury detection to at least 0.04 ppm
(40 ppb), is very rapid in analysis
without any chemical separation from
the host material, and is inexpensive.
We believe that our prototype instru-
ment satisfies the above aims, although
the unit in its present form is not quite

\Natural Hg cell filled with Ar

Is Vout

Fig. 1. Block diagram illustrating the principle of operation of the device.
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portable because we used readily avail-
able materials instead of engincering a
commercial-type unit.

In illustrating the principle of opera-
tion of this device, we describe first an
ideal case and then an alternative way
to approach this ideal condition, which
is more difficult to achieve in practice.
Let us consider an even-isotope mer-
cury lamp placed in a high magnetic
field (about 20 to 30 kgauss). The res-
onance radiation at a wavelength (X)
of 2537 A, corresponding to 3P, —1S,
transitions, is split into three compo-
nents: ¢+, 7, and ¢—. The light emitted
in the direction normal to the magnetic
field consists of three Zeeman compo-
nents whose frequencies v are given by

v(o*) = vo + Ov
v(m) = v
v(o7) = vo — &» (1)
where v, the shift in the frequency due
to the Zeeman effect, is given by

where g; is the Landé g factor, B is
the Bohr magneton, /1 is Planck’s con-
stant, and H is the magnetic field
strength.

The absorption profile of mercury in
air is pressure-broadened (2) so that
the absorption width is much wider
than the Doppler width. However, dv
is linear in a magnetic field, H, so that,
at least in principle, if the magnetic
field is increased, two of the Zeeman
components, ¢t and o—, will lie out-
side the absorption profile, and the =
component will lie inside the absorption
profile. At atmospheric pressure, the
Doppler effect is negligible, and the
absorption broadening is entircly due
to the pressure effect. On the other
hand, the line profile of the rcsonance
radiation is that of the Doppler width
of the low-pressure electrodeless mer-
cury lamp. We made this lamp with an
cffective lamp temperature of about
300°K. The shape of the 2537-A light
profile was checked with a Fabry-Perot
interferometer as well as by Bitter’s

mangetooptical scanning method (3).

In order to determine the trace mer-
cury from the host material with no
initial chemical separation, we heated
the host material in the absorption
furnace to decompose its mercury com-
pounds to mercury metal. In addition
to mercury, complex chemical by-prod-
ucts also fill the furnace, whether we
heat the host material in air or in an
oxygen-rich atmosphere. These non-
mercury components either scatter or
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absorb the 2537-A radiation. This phe-
nomenon has hitherto made the deter-
mination of trace mercury to even 10
ppm impossible without prior extrac-
tion of metallic mercury from the
kost material. However, the absorption
or scattering by nonmercury vapors in
general varies very slowly in the vicin-
ity of 2537 A, so we can assume that
it is the same for the ¢+, =, and o~
lines. Thus, if we construct a device
that detects the difference of absorption
between the total monitoring light I =
I(ct)4+1(o—) +I(x) and the refer-
ence light I, =1(ct) +1(0c—), we get
the cffect of absorption by mercury
only, provided the absorption by non-
mercury vapor is not close to 100 per-
cent. Figure 1 is a block diagram of
such a device. Because there is a mer-

cury cell (Hg in 1 atm of Ar or N,)
in front of photodetector 2, the inten-
sity Iy of the light impinging on this
detector is entirely due to the o+ and
o~ components and is given by

Iy = 1(0’+) + 1(0'_) = lout

whereas the intensity Iy of the light
impinging on photodetector 1 contains
all the components and is given by

Is = I(c*) + 1(¢7) 4+ I(7) = loue + Iin
Here S refers to light containing the
signal due to mercury, and R stands
for the nonmercury reference; I, re-
fers to the intensity of the Zeeman
components lying outside the absorp-
tion profile and I;, to the intensity of
those lying within. The photoelectric
current, and hence the output voltages

Transmission. of (Io*/lo) and (I57/10) of2°*Hg light through Hg cell with 1 atm N,

40—
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300~

240~

201,F=1
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O = 200 ‘

6.0, 198

T 201, rn
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Energy in 3P, state of Hg (Ghz)
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Fig. 2. Energy levels of the 6P, states of the natural mercury isotopes and the
Zeeman pattern of ™Hg and *'Hg. Superimposed on the figure is the pressure-
broadened shifted profile of the 6P, state of natural mercury experimentally traced
by a magnetic scanning technique; Zeeman-shifted ¢* and ¢~ light of ®*Hg at wavelength
2537 A was used. I/1, = (transmitted intensity)/(incident intensity).
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of photomultipliers 1 and 2, is propor-
tional to Ig and Iy. Thus, the output
voltages can be represented as

Vs = kils and Vg = kolx

where k; and k., account for the quan-
tum efficiency of the photodetectors, the
gain, the geometrical factor, and so on.
In the absence of a sample containing
mercury in the absorption cell, we can
set Vout = VOont = VS - VR =0, by ad-
justing either the light intensity Iq and
I, or the amplifier gains 4, and A,
(see Fig. 1). Thus we have

Voue = Voour = kils — kolr = 0 (2)
so that

kodr __ kol out
I Loue + Lin 3)

k1:

If we now introduce a sample of the
host material containing mercury into
the absorption cell (furnace), the trans-
mitted light intensities Iy and I, are
given by

IS = Ilu(l — Qug — an) +Iout(1 -_ an)
Iu:lout(l—an) (4)

where ap, is absorption by mercury
and «, is absorption or scattering by
nonmercury elements or smoke. There-
fore

Ve = kils — k-.'[u = —-klllnanz
_ Lout )
= — k(7 Y ®

Thus, V,, is proportional to the mer-
cury absorption, and the effect of non-
mercury is completely eliminated.

In the actual practice of detecting
mercury in the host material, it is not
convenient to use the normal Zeeman
effect described above; the width of
the absorption profile is so large, be-
cause of pressure broadening, that we
would need an unreasonably large
(more than 20 kgauss) magnetic field
to obtain /I, sufficiently far away from
the absorption profile. This would add
the cost and weight of a relatively large
magnet to the instrument. To overcome
this difficulty, we used a *Hg source,
since the hyperfine structures of 199Hg
in the 3P, state lie at the extreme ends
of the isotope distribution of natural
mercury.

Figure 2 shows the Zeeman effect of
199Hg along with the energy levels of
the natural mercury isotopes. From Fig.
2 it is evident that we gain about 12
Ghz in Zeeman separation over the
normal Zeeman effect we discussed pre-

406

viously [9°Av(P,) = 22,128.650 Mhz]
(4). However, the pressure-broadened
profile of natural Hg (about 10 percent
198Hg, 28 percent 200Hg, 13 percent
201Hg and 20 percent 2°2Hg) overlaps
these two hyperfine levels in a zero
magnetic field, so we need a further
shift in the hyperfine lines. This can
be accomplished by the Zeeman ef-
fect. }

A magnetic field of about 10 kgauss
can shift the hyperfine Zeeman levels
|[F=3/2, mp=3/2); |F=13/2, mp=
1/2); and |[F=1/2, mp=—1/2) of
199Hg sufficiently far away that the
optical Zeeman components originating
from these three levels can be used as
I,., described earlier. The remaining
Zeeman lines, originating from |F =3/2,
mp=—1/2); |F=3/2, mp=—3/2)
and [F=1/2, mp=1/2), play the role
of I;,. Thus we were able to use a light-

=(%-W)G = -V,,G

o

Mercury absorption signal
S

—=  —22Sec.

Reference signal (v,)

Ve =0 |-

28
—

=
)
T

Mercury & reference signal (v)

1 | | 1 | |

250 350 400 440 470 500
Temperature (°C)

Fig. 3. Recorder tracings of Vs, Vg, and
amplified Hg signal, (— G)(Vou), for
tuna meat, where — G is the gain of the
amplifier with integration time constant
0.1 second. The large drop in Vs and Vy is
due to the smoke effect. The temperature
indicated is the temperature of the fur-
nace; the temperature of the sample is
lower by about 50° to 100°C.

weight permanent magnet and still ob-
tain sufficient shifts in the hyperfine
structure Zeeman lines to obtain an
I,,; reference signal for elimination of
the nonmercury effect.

The performance of the instrument
was tested against a standard, made by
mixing Hgl into carbon and HgO into
carbon and starch. In addition, we ig-
nited various materials containing no
mercury to ascertain that V,; remained
zero in the absence of mercury, in spite
of smoke, steam, and so forth. We also
used our standard to determine k; and
k, and to calibrate the instrument. The
apparatus was used to test for mercury
on tuna supplied and analyzed (by
standard chemical analysis) by the
National Canners Association; we ob-
tained good agreement with our stan-
dard. We placed varying amounts of
tuna containing 0.49 and 0.24 ppm of
Hg in the furnace and plotted the num-
ber of nanograms of Hg against the
area under the Hg absorption signal.
All samples were within 12 percent of
the average over the range 5 to 35 ng.
After these tests, we measured mercury
concentrations in various materials such
as wall paints, papers, and meats. Fig-
ure 3 shows a typical signal V. along
with Vi and Vg.

This technique is not limited to the
detection of mercury; we believe it can
be extended to almost every element
for which the atomic absorption tech-
nique is applicable. The block diagram
(Fig. 1) illustrates only the principle
behind the instrument. In the actual
instrument we used an automatic heat-
ing furnace, a phase-sensitive detector
to eliminate extraneous light interfer-
ence, and a digital integrator. The per-
formance of the instrument would be
improved by the use of an automatic
light-intensity stabilizer and an auto-
matic gain control against the attenua-
tion of I; and Iy due to «,.

Barringer (5) and, independently,
Ling (6) obtained I, from the wing
of the pressure-broadened 2537-A emis-
sion line to monitor the nonmercury
effect. The basic difference between
Barringer’s and our instrument is that
we used a sharp spectral line of 5.5
gauss Hg (FWHM) while, from Fig.
2, Barringer’s spectral line must be at
least 48 gauss Hg (FWHM). Since Av
(lamp)/Av (absorption) is about 1/9
in our instrument, the variation in Av
(lamp). due to temperature and to
power variation in the light source
causes no serious error in Hg deter-
mination. Ling used pressure-broadened
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resonance fluorescence for Iy. We be-
lieve that the intensity of the resonance
fluorescence would be quite weak.

No great effort was made to increase
the capability of our instrument to the
limit. With improved electronics it
should be possible to determine Hg as
low as 10—11 g/cm3, corresponding to
a sensitivity of about 1 ppb for a 10-
mg sample.

T. HADEISHI
R. D. MCLAUGHLIN
Lawrence Radiation Laboratory,
University of California,
Berkeley 94720

References and Notes

—

. B. Cagnac, Ann. Phys. 6, 467 (1961).

2. See, for example, A, C. G. Mitchell and M,
W. Zemansky, Resonance Radiation and Ex-
cited Atoms (Cambridge Univ, Press, New
York, 1962).

3. F. Bitter, H. Plotkin, B. Richter, A. Teriotdale,
J. E. R. Young, Phys. Rev. 91, 421 (1953).

4. F. Bitter, Appl. Opt. 1, 1 (1962),

5. A. R, Barringer, Inst. Mining Met. Bull.. No.

714 75B, 8120 (1966).

6. C. Ling, Anal, Chem. 39, 798 (1967); Anal.
Chem. 40, 1876 (1968).

7. We thank M. Nakamura for assistance and

advice regarding electronics, M. Michel for

discussion of the chemical processes that may
take place in the furnace, W. Berlund for glass-
blowing, and D. Escobales for furnace design.

This work was done under the auspices of the

Atomic Energy Commission.

17 June 1971; revised 5 August 1971 =

Riboflavin Photosensitized Oxidation of 2,4-Dichlorophenol:
Assessment of Possible Chlorinated Dioxin Formation

Abstract. Dimeric products are formed by riboflavin-sensitized photooxidation
of 2,4-dichlorophenol. The products of this reaction were examined to determine
whether chlorinated dibenzo-p-dioxins could be formed from chlorophenols in
water by the action of light of wavelengths greater than 280 nanometers. Dimers
are formed by union of phenoxy radicals through carbon-carbon or carbon-oxygen
bonds. 4,6-Dichloro-2-(2,4-dichlorophenoxy)phenol was obtained in greater quan-
tity than other dimers. Products were characterized by combined gas chroma-
tography and mass spectrometry. Chlorinated dibenzo-p-dioxins which could
result from ring closure of a 2-phenoxyphenol derivative were not detected in
the products of photolysis. The failure to detect chlorinated dibenzo-p-dioxins
may result from the rapid photolytic breakdown of the lower chlorinated dibenzo-
p-dioxin‘s. Under environmental conditions, dioxins are unlikely products of the
lower chlorinated phenols or phenoxyalkanoic acids.

Chlorinated dibenzo-p-dioxins are
formed by pyrolysis of chlorophenols
and their salts (I). The extremely high
mammalian toxicity and teratogenic
potential of the chlorinated dioxins are
significant because of their possible oc-
currence’ as contaminants of commer-
cial chlorophenols and their derivatives
(1, 2). A report that riboflavin sensi-
tized the photodecomposition of 2,4-
dichlorophenoxyacetic acid (3) prompt-
ed us to investigate the course of
riboflavin-sensitized photooxidation of
2,4-dichlorophenol and especially the
possibility that sensitized photolysis of
2,4-dichlorophenol may give a chlori-
nated dioxin by dimerization and loss
of hydrochloric acid. Although Joschek
and Miller did not detect dibenzo-p-
dioxin during irradiation of phenol,
carbon-carbon and carbon-oxygen dim-
ers were formed (4). In the presence
of photoexcited dyes similar reactions
may occur through intermediate phe-
noxy radicals (5). Other photochemi-
cal reactions of chlorophenols have
been reported. Under mercury arc ir-
radiation in organic solvents, chlori-
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nated phenols are reductively dehalo-
genated (6), and, in water, replace-
ment of halogen by hydroxyl is possi-
ble (7). :

Sunlight irradiation of the rice herbi-
cide, pentachlorophenol, gives a number
of products. Munakata and Kuwahara
elucidated the structures of these and
found that some dimeric ethers were
formed (8). Later work indicates

cl oH
: 0 c
cl
N
cl c
o W
cl
T —
ofH [« c
c m/e 146
2
oH
OH 4.0 @ OH
cl cl 0 ¢ 0
—> ) =
cl
cl cl cl

m/e 177

3

Fig. 1. Mass spectroscopic fragmentation
of 1 to produce ions 2 and 3.

that octachlorodibenzo-p-dioxin can be
formed by photolysis of pentachloro-
phenol (9).

The herbicides 2,4-D (2,4-dichlo-
rophenoxyacetic acid) and . 2,4,5-T
(2,4,5-trichlorophenoxyacetic acid) are
manufactured by condensation of the
corresponding phenol with sodium
chloroacetate. Since the photolysis of
these herbicides in water yields chloro-
phenols (7), it is important to estab-
lish the ultimate fate of chlorophenols
in the environment.

We have now demonstrated that
photosensitized reactions of 2,4-dichlo-
rophenol irradiated in water (at a
wavelength greater than 280 nm) yields
principally dimeric products. Only trace
quantities of dechlorinated products
could be detected.

A saturated solution of 2,4-dichlo-
rophenol in water saturated also with
riboflavin was irradiated at room tem-
perature by a 450-watt mercury lamp
with a borosilicate glass filter for 1 hour
to obtain maximum yield of dimer.
Oxygen was bubbled through the solu-
tion and, since yields were much lower
in the presence of nitrogen, we con-
cluded that oxygen may function in
regenerating riboflavin from its photo-
reduction product (10). Products were
isolated and examined by combined
vapor phase chromatography and mass
spectrometry (I11). '

Mass spectrometry of the products
and their methylated derivatives showed
that tetrachlorinated phenoxyphenols
and tetrachlorodihydroxybiphenyls were
present. A trace quantity of a trichlo-
rophenoxyphenol was also obtained.
There was no evidence of ring closure
to a substituted dibenzo-p-dioxin.

The tetrachlorophenoxyphenols were
shown to be a mixture of two isomers
separated by thin-layer chromatography
on silica gel GF,;, in benzene (Fig. 1).
The major product was allocated struc-
ture (1), 4,6-dichloro-2-(2,4-dichloro-
phenoxy)phenol. The mass spectrum
showed molecular ion at m/e (mass/
charge) 322; and ratios of abundances
of peaks at m/e 322, 324, 326, and so
on confirmed the presence of four
chlorine atoms in the molecule. A peak
at m/e 146 (two Cl atoms) (2) is in-
dicative of an o-phenoxyphenol, since
the hydrogen transfer shown is typical
of the fragmentation of an orthohy-
droxyphenoxy ether (12). A fragment,
m/e 177 (two Cl) (3), indicates the
presence of the phenoxyphenol system,
as does also the formation of a mono-
methyl ether, m/e 336, on treatment
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