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The long-term fate of chemical weapon debris disposed of in
the ocean some 50 years ago, now sinking into marine sediments
and leaking into the ocean environment, is poorly known.
Direct evidence exists showing chemical weapon agents actively
being released on the sea floor with detrimental effects
including harm to marine life. Thus there is strong interest in
determining the fate and lifetime of these materials, their
decomposition products, and the affected zones around these
sites. Here we study the geochemical properties of a mustard
gas breakdown product, 1,4-thioxane (TO), using Raman
spectroscopy. We show that TO forms a hydrate with a help-
gas (a second guest added to stabilize the hydrate), such

as methane or hydrogen sulfide, with the hydrate stability regime
some 10 °C above pure methane hydrate. The temperature,
pressure, and reducing conditions required for hydrate formation
commonly occur at known disposal sites. The TO solubility
was measured in seawater and found to vary from 0.65 to 0.63
mol/kg water between 4.5 and 25.0 °C. Similar to other
hydrate systems, the TO solubility decreased in the presence
of hydrate. A low solubility in water coupled with its ability to form
a hydrate within marine sediments can greatly decrease
molecular mobility and increase its lifetime. These results
demonstrate how unanticipated reactions with marine sediments
can occur, and how little is known of the processes controlling
the environmental science of these materials.

Introduction

The Chemical Weapons Convention mandates the active
destruction of chemical weapon (CW) stockpiles held by
nations on land, but does not address the far larger quantities
of “abandoned” CW that await passive environmental
decomposition following disposal on the sea floor. At the
end of World War II the warring nations had stockpiled large
quantities of such material and this posed both an immediate
and physically real danger, and a source of political concern.
Convenient and rapid means of disposal were sought, and
the ocean offered this opportunity. In the years immediately
following World War IT and until the signing of the London
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Convention in 1972, hundreds of thousands of tons of CW
were disposed of in the Baltic and Adriatic Seas, off the east
coast of Japan, in the Russian Arctic, and off the U.S. east
and west coasts (1, 2). In many cases, the hasty means of
disposal, poor record keeping, unauthorized activities (3),
and the techniques of navigation at that time resulted in
large uncertainties in location and depth, means of contain-
ment, and quantity of material disposed (4).

Some fifty years have now passed but still no national or
international policies or programs exist to map and identify
conditions at these sites (5). In the U.S., disposal was typically
in deep water and far enough offshore thatlittle contact with
humans has occurred. But at sites closer to shore in the Baltic,
and Adriatic, and off Japan, there have been some 500 cases
of injury to fishermen over the decades since disposal took
place (4. The rates of release are first due to corrosion of the
containing casing, and then from decomposition of this
material in seawater. Most reports suggest a 50 year time
scale for the corrosion process, and we are now at about that
point in time. Added to this is the evidence at many sites of
battering of the casings by fishing gear, thus accelerating the
release of CW agents. As an example, in a field site in the
Adriatic, observations of agent spilling onto the sea floor,
and subsequent harm to marine life. This was accompanied
with the presence of TO directly measured in the surrounding
sediment (6).

Mustard agent (1,1’-thiobis[2-chloroethane]) represents
a large fraction of the disposed material and is thus a
substance of significant concern; mustard itself is denser
than seawater and will remain on the sea floor, forming a
hard crust of hydrolysis products which slows decomposition.
Mustard is hydrolyzed in seawater first to hemimustard,
which then undergoes further hydrolysis to yield thiodiglycol
and thioxane (TO, also known as 1,4-oxathiane) in a ratio of
roughly 4:1 by the following overall reaction:

5 CI-C,H,-S-C,H,-Cl + 9 H,0 —— (€))]
CH
VN
4 OH-C,H,-S-C,H,-OH +s\ /o +10 HCI
CH,

Mustard and its hydrolysis rate has been well studied in
the laboratory (7, 8), but very little is known of the
environmental complexities that may occur, such as within
anoxic sediment pore waters. Knowledge of the decomposi-
tion pathways and the manner in which these CW agents
interact with other oceanic geochemical processes is thus
critical to predictions of the lifetime and fate of this material.
Because of the hazards of the primary material, there is
interest in estimating the contaminant halo in marine
sediments and surrounding waters through detection and
knowledge of the breakdown products. In this paper we
examine the ocean geochemistry of TO as a critical indicator
of the status of such sites and present new information on
its solubility in seawater and its phase behavior in anoxic
marine sediments.

Background. Our initial surveyled us to realize that critical
information on TO was missing; the solubility in seawater
was not known and information on the interactions with
marine sediments was completely lacking. Along with a higher
density than seawater (1.114 g/mL at 25 °Cversus 1.020—1.029
g/mL under typical ocean conditions), potential TO ac-
cumulation in these CW sites is strongly affected by its
solubility. The reported TO solubility in water is limited to
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a single value of 2.75 mol/kg H,O (2) and the temperature
dependence is not known.

In addition, the molecular size of TO suggested to us that
it could form a solid clathrate hydrate in marine sediments
(9, 10). There have been extensive studies on naturally
occurring oceanic gas hydrates (9, 11, 12). Gas hydrates in
nature are found to contain mostly methane from biogenic
methanogenesis of organic carbon. However, mixed hydrate
containing hydrogen sulfide have been observed under
anaerobic conditions, often at sites of gas venting. Hydrates
commonly occur in anoxic continental margin sediments
including the Gulf of Mexico, the Blake Ridge, the Cascadia
margin off the Pacific Northwest coast, offshore Japan, and
in the Arctic. All of these areas are known to contain CW
disposal sites (11—13). The marine geochemical behavior of
amolecule trapped in a hydrate is strongly affected, slowing
its transport and mobility in the surrounding sediments and
shielding it from microbial degradation and further chemical
attack while it is thus entrapped.

Experimental Section

Raman spectroscopy was chosen as the primary measure-
ment tool because it permitted noninvasive investigation,
thus minimizing laboratory hazards and simplifying high
pressure measurements. TO possess a rich assortment of
Raman-active modes available for measurement, and deep-
ocean in situ Raman systems have now been developed thus
potentially aligning the laboratory and field-investigative
procedures (14, 15).

Laser Raman Spectrometer (LRS). A Kaiser Optical
Systems, Inc. (KOSI) HoloSpec f/1.8i spectrometer (16) with
aholographic grating and a front-illuminated cooled charge-
coupled device (CCD) camera with 2048 x 512 pixels, by
Andor Technology, was used in this study. The spectrum is
split into two stripes on the face of the camera which maps
to 1 Acm™! per pixel, measuring a spectral range from 100
to 4000 Acm™! with a resolution around 3 cm™!. The Kaiser
Mark IT holographic stand-off optical probe (NCO-1.3-VIS),
provided a ~10x objective lens with a focal length in air of
~6.4 cm. A frequency-doubled Nd:YAG laser (Coherent model
DPSS532) operating at 532 nm, had a laser power of ~28 mW
(measured at the focal point of the optical probe). Spectra
were acquired by KOSI's HoloGRAMS software, where dark
spectrum subtraction and wavelength and intensity correc-
tion were performed during acquisition. Spectral analysis
was performed using GRAMS/AI from Thermo Electron Corp.

Procedure. For measurement of TO in water under
ambient pressure, various amounts of TO (Sigma-Aldrich,
Inc., 98%) up to saturation, were added to pure water and
seawater (Monterey Bay, CA) and agitated to facilitate mixing.
The samples were placed in a jacketed glass container and
temperature was controlled by circulating coolant water. The
samples were allowed to equilibrate over 12 h at each
temperature. To ensure equilibrium was achieved, multiple
samples were intermittently measured over 72 h. In each
case, before 12 h, the Raman intensity ratios were stable
indicating that TO was no longer dissolving in the aqueous
phase and it was assumed to have reached equilibrium.
Multiple spectra were collected for each sample over a
temperature range of 4—38.5 °C with a total acquisition time
of 600 s per spectrum.

For measurements under pressure, TO and H,O were
combined in near equal amounts and agitated to facilitate
mixing, resulting in two distinct liquid phases under ambient
conditions. Around 4 wt% D,0 was added during the initial
hydrate formation experiments to aid in structural identi-
fication. The aqueous solution, saturated in TO, was injected
into a sapphire-windowed 1 cm® pressure cell, with a pressure
range of 35 MPa, jacketed to allow for temperature control.
An additional amount of pure TO was then injected to allow
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FIGURE 1. Raman spectra of 1,4-thioxane dissolved in seawater
from 400 to 4000 Acm' at 45 and 385 °C. The most intense
vibrations from TO were two C—S stretching modes (vy5 664
Acm™' and vy 693 Acm™') and the CH, stretching modes
(2850—3020 Acm™') (77). Two seawater peaks, from the water
bending (v, ~1640 Acm™') and O—H stretching (3000—3800
Acm™') modes, were also detected.

for changes in saturation conditions due to temperature,
pressure, or hydrate formation. The system was pressurized
with the desired gas and allowed to equilibrate. Hydrate
formation was induced by cooling the system until nucleation
was observed. Upon visual detection of a solid phase, Raman
spectroscopy was used to interrogate all phases in the sample
for each pressure condition. The system was then heated at
around 1 °C per 10 min until the first observation of hydrate
dissociation occurred to give an initial estimate of the
dissociation temperature. At this point the system was cooled
approximately 1.5—2 °C and temperature steps of 0.1 °C every
15 min, were used to determine the dissociation temperature.
Hydrate dissociation was confirmed with both visual ob-
servation and Raman spectroscopic measurements (weak-
ening and disappearance of the hydrate-related peaks). For
a given pressure, multiple Raman spectra were collected for
the aqueous sample with saturated TO, with both the
presence and absence of the hydrate phase between 2.9—35.5
°C. The saturated sample was allowed to equilibrate over
12 h at each temperature. A total of 10 spectra were collected
at each temperature with a total acquisition time of 600 s per
spectrum.

Results and Discussion

Raman Spectra of Aqueous TO Solutions. Raman spectra
of TO dissolved in seawater at two different temperatures
are shown in Figure 1. The strongest peaks from TO were
from two C—S stretching modes (v,5, 664 Acm™?, and vs4, 693
Acm™) and several CH, stretching modes (2850—3020 Acm ™)
(I17). The vy5 and vz, modes for TO(aq) were found at
approximately the same frequency as pure TO(l), whereas
the TO(aq) peaks assigned to C—H stretching modes were
blue-shifted between +15 and 18 Acm™' from TO(l).

Two peaks from water, the water bending mode (v,, ~1640
Acm™!) and O—H stretching modes (3000—3800 Acm ™), were
also present. The water O—H stretching peak, consisting of
a complex profile of several vibrational modes, overlaps the
TO—CH, stretching modes (18—20). A change of the shape
of the water O—H stretching peak was also observed between
4.5 and 38.5 °C, which was attributed to decreased hydrogen
bonding at higher temperatures (20). The v, water bending
mode was not convoluted with TO peaks and its shape
showed little temperature dependence.

Raman Spectral Processing. Raman scattering intensity
can be expressed as

R=1IKPoC 2)
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FIGURE 2. The normalized Raman peak area (R’) versus TO
concentration in pure water and seawater.

where R is the Raman peak intensity or area, [ is the laser
intensity, K accounts for instrument parameters including
collection angle and efficiency, P is the optic path length of
the sample, o is the Raman scattering cross-section, and C
is the concentration (21). Because of difficulties in quantifying
I, K and P, an internal reference standard is often required
in order to obtain quantitative solubility data using Raman
spectroscopy. To accomplish this, Raman peaks from the
solute can be normalized with a peak from water. Due to its
relative insensitivity to temperature and lack of overlapping
peaks, the area of the two C—S stretching modes of TO were
normalized with the v, water bending mode (22). The
normalized peak area has following relationship:

R;O:h:(ﬁ)(@) 3)

R0 \ G0\ 0u,0

where R*1o is the normalized TO Raman peak area, Ry is the
integrated area of the TO v;5 and v, modes from 625 to 725
Acm™, and Ry, is the integrated area of the water v, mode
from 1500 to 1800 Acm™!. Thus the normalized Raman peak
area is directly proportional to the concentration ratio of TO
and water (22—24).

Calibration of TO Concentrations from Raman Peak
Intensities. Based on eq 3, the normalized TO peak area
(Rfo) is a function of both the concentration and scattering
cross section ratios of TO and water. It was assumed that the
decrease in water concentration (due to dilution by TO) may
be considered negligible when compared to the large
observed increase in TO. However, the scattering cross section
ratio is still unknown requiring a calibration curve to quantify
TO concentration. This was performed by determining Rfo
after adding known amounts of TO. If the scattering cross
sections do not vary with TO concentration, from eq 3, it is
expected that Rfp should be linearly correlated with TO
concentration, similar to previous Raman studies with other
solutes (25).

As shown in Figure 2, the experimentally determined
calibration curve verified this linear behavior in both pure
and seawater systems as given by the following relationships:

Rio_pw=23.0302[TO] (*=0.9931) )

Rio_qw=2.6656[TO] (* =0.9932) 5)
where Rfo-pw is the normalized Raman peak area for TO in
pure water samples, Rio-sw is the normalized Raman peak
area for TO in seawater samples, and [TO] is the TO
concentration in mol/kg H,O. These correlations (eqs 4 and
5) were shown valid for four different temperatures (4.0, 4.5,
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FIGURE 3. TO solubility with linear correlations both in the
pure water and seawater systems between 4.0 and 38.5 °C.

TABLE 1. Five Measured Average Raman Normalized Peak
Areas (Ryg) and Standard Deviation of TO Saturated Samples
in Pure Water and Sea Water at Various Temperatures®

temperature average absolute
sample °C) normalized average
peak area (Rro) deviation (%)

TO in pure water 4.0 2.116 2.69
9.7 2.096 2.39
20.0 2.072 2.08
27.7 2.054 2.78
38.4 2.043 2.84
TO in seawater 4.5 1.749 2.86
12.1 1.720 2.62
20.0 1.679 3.87
29.9 1.644 1.28
38.5 1.634 2.20

?Note: 10 replicate measurements were averaged at
each temperature.

20.0, and 38.5 °C) in pure water and three different tem-
peratures (4.5, 20.0, and 38.5 °C) in seawater indicating a
negligible temperature effect of the Raman scattering cross
section ratio. It is possible that the difference in R* and the
slopes of solubility versus temperature can be attributed to
changes in the shape of the water peak (3000—3800 Acm™!)
in pure water versus seawater systems.

TO Solubility in Sea Water. Employing the R calibration
curves (eqs 4 and 5), TO solubility in both pure and seawater
was determined by measuring TO saturated aqueous solu-
tions between 4.0 and 38.5 °C (Table 1). Figure 3 shows the
relationship between TO solubility and temperature as given

by

Spy(mol/kgH,0) = —0.0007T(‘'C) +0.6994 (*=0.9649)

(6)

(* =0.9644)
(7)

Sgw(mol/kgH,0) = —0.0013T("C) + 0.6600

where Spy is TO solubility in pure water and Sgw is TO
solubility in seawater.

These results show that TO is only sparingly soluble in
water, with a range of 0.63—0.65 mol/kg H,O. It should be
noted that the solubility determined in this study varies
greatly from an earlier report of 2.75 mol/kg H,O (2).

TO Hydrate Formation and Stability. Molecular size is
the overwhelming criterion for hydrate formation (25). The
estimated molecular diameter of TO was determined to be
~7 A, similar to tetrahydrofuran and very close to the
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FIGURE 4. Raman spectrum of 1,4-thioxane + CH, hydrate from
400 to 4000 Acm'. The peak at 2914 Acm ' was assigned to
the v; symmetric stretching mode of CH, in the 5> cage. Other
peaks present were assigned to TO and H,0 in the hydrate
phase. The C—S stretching modes of TO exhibited the greatest
shift upon enclathration. Insert shows the change in Raman
shift for the vi; and vy C—S stretching modes of TO in the
hydrate (Hyd) phase versus the aqueous (Aq) phase (vys: +10
Acm™', vy +8 Acm™).

transition where a second guest is needed to stabilize the sII
lattice. We therefore first examined whether TO alone would
form a simple hydrate under ambient pressure, cooling to
273.25 K. After 48 h, hydrate formation was not observed
under these ocean relevant temperature conditions. However,
hydrate formation was quickly observed with the addition
of the help-gas CH,.

Raman spectroscopic measurements (Figure 4) confirmed
the visually observed solid phase to be hydrate, with TO
participating in the lattice. A peak at 2914 Acm™! was assigned
to the v, symmetric stretching mode of CH, in the 5'2 cage
(26). For TO, the largest change in Raman shift occurred for
the C—S stretching modes. The v;5 (664 Acm™') and v, (693
Acm™!) C-S stretching modes of TO dissolved in water
remained unchanged from the pure liquid phase (17) but
had a significant shift upon enclathration (v;5: +10 Acm™,
v, +8 Acm™!). For molecules entering the hydrate phase,
this magnitude of frequency shift is routinely observed (27).
Additionally, the isolated O—D stretching modes in the
hydrate lattice (28) were Gaussian shaped, centered at 2545
Acm™! with a full width at half-maximum of 80 Acm™!. The
visual presence of a solid and subsequent Raman evidence
indicated a hydrate was formed. From both the size of TO
and the O—D Raman stretching modes, the evidence supports
sl as the lattice type. While we can qualitatively estimate the
TO/methane ratio, quantitative information is not available
for the hydrate guest concentrations using Raman spec-
troscopy.

To help generalize this result of TO hydrate formation,
we replaced CH, by N, as the help-gas. Using a pressure of
15.8 MPa, formation of a TO + N, clathrate was readily
observed upon cooling the system. Both the Raman shifts
for TO and the isolated O—D modes of the water lattice were
identical to those measured in the system with CH,, indicating
hydrate formation containing TO. This supports the idea
that any guest molecule which stabilizes the 5'? cavity will
form a mixed hydrate with TO under the appropriate
conditions.

While the participation of TO in the hydrate was shown,
the P—T stability must be determined to understand if
hydrate formation could occur in known oceanic CW sites.
Using a combination of visual and Raman measurements,
the dissociation temperature of the mixed TO + CH,4
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FIGURE 5. Temperature—Pressure (depth) equilibrium diagram
showing the phase boundary for TO + CH, mixed hydrate
(conducted in pure water and corrected for salinity) (9) and
pure CH, hydrate formation with a salinity of 33.5. The dashed
line is a fit to the experimental points. Adding TO results in a
hydrate of greater stability (shift of over 10 °C). This implies
that, with the exception of shallow sites such as the warm
waters of the Adriatic and off Hawaii, almost all known ocean
CW sites will fall within this phase space, including sites in
the Baltic, the Arctic, Atlantic, and Pacific Oceans.
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FIGURE 6. TO solubility from 2.9 to 355 °C at 8.85 MPa, both

with presence (side A) and absence (side B) of hydrate. The TO

solubility in water decreases with temperature in the presence

of hydrate.

clathrate was determined in pure water over a range of
relevant pressure conditions. Adding TO increased the
overall hydrate stability versus the pure CH, hydrate by
over 10 °C. While these experiments were performed in
fresh water, a correction can readily be applied for saline
ocean conditions (9). To determine where TO + CH,
hydrate would be stable in comparison with known CW
sites, we show in Figure 5 equilibrium stability curves for
TO + CH, hydrate along with pure CH, hydrate. Almost
all known CW sites, with the exception of the shallow
warmer water sites (e.g., Hawaii, Adriatic), fall within the
stability conditions for TO + CH, hydrate. A much more
stable hydrate guest than CH, is H,S, which will inevitably
be present in any CHy-rich sediment. While not measured
in this study with TO, based on other studies of multi-
component hydrate systems, it can reasonably be inferred
that any addition of H,S will increase the overall hydrate
stability (9) thus, further decreasing the depth at which
binary hydrates with TO are stable and where the saturation
conditions are met.

Anoxic conditions typically form within sediments
under almost any structure placed on the sea floor (29),
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and thus CH; and H,S commonly occur at such debris
sites covered in the various chemical weapon containers.
TO has been found to accumulate in marine sediments
and a saturated boundary layer should quickly form around
the material within the sediment pore waters (2). Combined
with low temperatures and high pressures at many of these
debris sites, it is quite possible to have comingling of TO
and CH,4/H,S resulting in hydrate formation.

Itshould be noted that thiodiglycol is also formed during
mustard hydrolysis, which would act as a hydrate inhibitor.
However, thiodiglycol is highly soluble in seawater (56.5
mol/kg) and will be rapidly dispersed from a site; TO has
a much lower solubility (Figure 3) resulting in a higher
likelihood for accumulation in the sediments.

TO Solubility in the Presence of Hydrate. The solubility
of TO in the presence of the (TO + CH,) hydrate phase was
measured between 2.9 and 35.5 °C at 8.85 MPa. As shown
in Figure 6, the TO solubility in water decreases with
temperature in the presence of hydrates in agreement with
both theoretical and experimental results on other hydrate
formers such as CHy, liquid CO,, and C,Hs, where the
solubility in water with presence and absence of the hydrate
phase is well-known (30—32).

Ocean Geochemical Implications. The temperature,
pressure, and reducing conditions required for hydrate
formation commonly occur at known disposal sites. Similar
to other hydrate systems 1,4-thioxane solubility decreased
in the presence of hydrate; alower solubility in water coupled
with the ability to form a hydrate within marine sediments
can greatly decrease molecular mobility and increase chemi-
cal lifetime.

The comingling of disposed weapons material with anoxic
hydrate bearing sediments is not theoretical. As one practical
example of this, the U.S. Ocean Drilling Program (ODP) in
1992 drilled site 889 on the Cascadia Margin to examine CH,
hydrates (33). The operations report notes that “because the
drill site was less than 10 m from the center of an old
munitions dumping ground certain safety precautions were
imposed by the Canadian government.” These included a
video survey of the sea floor, and a prohibition on coring the
uppermost 20 m of sediment on the assumption that this
was the maximum depth to which the munitions may have
sunkin the mud. Yet another example is the Baltic Sea, where
CH, gas has been shown to exist at shallow depths near a
known CW site (34).

We have presented results for only one breakdown product
of one CW agent; there are numerous such agents, including
long-lived arsenical compounds with complex redox chem-
istry. Most environmental chemical predictions are based
upon extrapolating oxic conditions and few direct measure-
ments have been made to test these assumptions due to the
obvious hazards of observation. The rapid development of
in situ laser Raman spectrometry provides new opportunities
for remote sensing of chemical processes in the ocean (35, 36),
and may provide an essential link between laboratory and
field studies.
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