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Total arsenic concentrations and the concen- 0.027 mgAskg?!. © 1998 John Wiley & Sons,
trations of individual arsenic compounds were  Ltd.
determined in liver samples of pinnipeds [nine B
ringed seals Phoca hispid3, one bearded seal Appl. Organametal. Chen2, 491-501 (1998)
(Erginathus barbatu3] and cetaceans [two pilot Keywords: HPLC—-ICP-MS; cetaceans; pinni-
whales Globicephalus melgs one beluga whale peds; arsenic; arsenobetaine; arsenocholine;
(Deliphinapterus leucuy. Total arsenic concen- whales; seals
trations ranged from 0:167 to 2.40 mg As kg Received 22 September 1997; accepted 2 February 1998
wet mass. The arsenic compounds extracted
from the liver samples with a methanol/water
mixture (9:1, v/v) were identified and quantified
by anion- and cation-exchange chromatography.
An ICP-MS equipped with a hydraulic high- JNTRODUCTION
pressure nebulizer served as the arsenic-specific
detector. Arsenobetaine (0.052-1.67 mgAskg  Several review articles summarize the role of
wet mass) was the predominant arsenic com- arsenic in the environmehf The toxicity and
pound in all the liver samples. Arsenocholine biological function strongly depend on the chemi-
was present in all livers (0.005-0.044 mg Askg  cal form of the arsenic compounés.The toxicity
wet mass). The tetramethylarsonium cation was of the arsenic compounds decreases in the follow-
detected in all pinnipeds «0.009 to 0.043mg ing order: arsenite- arsenates> methylarsonic
Askg™) but not in any of the cetaceans. The acid ~ arsenic-containing riboses dimethylarsi-
concentration of dimethylarsinic acid ranged nic acid>> arsenobetaine~ arsenocholine ~
from < 0.001 to 0.109 mgAskg" wet mass. trimethylarsine oxide~ the tetramethylarsonium
Most of the concentrations for methylarsonic ion.
acid (<0.001 to 0.025 mg As kg* wet mass) were In 1977 arsenobetaine [(GHAs"CH,COO]
below the detection limit. Arsenous acid and was isolated from the Western rock lobster
arsenic acid concentrations were below the (Panulirus cygnus® Subsequent work proved that
detection limit of the method (0.001 mg Askg").  arsenobetaine is the major arsenic compound in
An unknown arsenic compound was present in  many marine animals, including fish, crustaceans,
all liver samples at concentrations from 0.002— molluscs and echinodermgn 1982 Norin and co-
workers detected arsenocholine in addition to
arsenobetaine in the shrimpandalus borealis
* Correspondence to: W. Goessler, Institute for Analytical In 19.87 the tetramethylar_sonlum IQI’I [(GHASJF] .
Chemistry, Karl-Franzens-Univerditaraz, Universitisplatz 1, ~ Was identified as the major arsenic compound in
A-8010 Graz, Austria. gills of the clamMeretrix lusoria® Marine algae are
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knownto containarseniaibosesat high concentra-
tions?

For the determinationof arseniccompoundsan
efficient separationstep followed by an adequate
detectionstepis necessaryTheseconditionsare
metby liquid chromatographgoupledto detection
systemssuch as hydride generation—atomicab-
sorption spectrometry (HG-AAS)®** hydride
generation—inductivelgoupledplasma—masspec-
trometry (HG—ICP-MS)'2*2 inductively coupled
plasma—atomic emission spectrometry (ICP-
AES)* and inductively coupled plasma—mass
spectrometry(ICP—MS)™*® The hydride genera-
tion techniqueprovidesexcellentdetectionlimits
for arseniccompoundshatarereducibleto volatile
hydrides,but cannotdetectarsenobetainegrseno-
cholineandthetetramethylarsoniurnationwithout
prior chemicalconversionThe detectionlimits for
ICP-AES are too high for minor arsenic com-
poundsin biological samples.High-performaice
liquid chromatographyombinedwith ICP-MSas
an arsenic-specificdetector provides the low
detectionlimits required and is also capable of
detecting'hidden’ arsenicspeciesHigh-efficiency
nebulizers such as the hydraulic high-pressure
nebulizer (HHPN) can lower the detectionlimits
by an orderof magnitude:’

The ability of marine mammalsto accumulate
trace elementshas been studied intensively. The
National Institute of Standardsand Technology
(NIST) has beenbanking tissue specimensfrom
marinemammalsaspart of the National Biomoni-
toring SpecimerBanksince19878 Subsamplesf
aportionof thesespecimenswhich aremaintained
in liquid-nitrogen vapor freezers, are analyzed
routinely for trace elements by instrumental
neutronactivationanalysis(INAA) atNIST aspart
of its efforts to establisha databasdor baseline
concentrationsof trace elementsin these speci-
mens.Additional analysesof thesespecimensby
othermethodsare periodically conductedoy other
researcheraspartof specificresearchprojectsor as
part of quality assurancenterlaboratorycompar-
isons administeredby NIST. In liver specimens
from nine different speciesof marine mammals
archivedin this specimerbank,the concentrations
of up to 30 elementshavebeendetermined.*&1°
Thehepaticarseniacconcentrationfor mostof these
animals (harbor porpoise, Phocoena phocoena
white-sideddolphin, Lagenorhynchuscutus be-
luga whale, Delphinapterus leucas bowhead
whale,Balaenamysticetusbeardedseal ,Erignatus
barbatus northernfur seal, Callorhinus ursinus
spotted seal, Phoca largha) do not exceed
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0.62mgkg~* wet mass Exceptfor onepilot whale
(Globicephalusmelag, which had a total arsenic
concentrationn its liver of 1.17mgkg~* wetmass,
thehepaticarsenidn this speciesvasalsolessthan
0.60mgkg .

Positive linear correlationswere observedfor
hepatic concentrationf mercury with selenium
(r =0.978), silver with selenium(r =0.852), zinc
with cesium (r =0.915) and magnesium with
chlorine (r =0.850). Total arsenicconcentrations
were not correlatedwith any other element.The
hepatic concentrationsof selenium, silver and
mercuryin pilot whalesalsocorrelatewith animal
length, with linear correlation values of 0.866,
0.894and0.831,respectively Body lengthfor this
speciess relatedto theageof theanimal,indicating
thatsilver, seleniumandmercuryaccumulatesthe
individual ages. Although vanadium, selenium,
cadmiumand mercuryaccumulaten the livers of
ringed sealswith increasinglength of the animal,
arsenic concentrationswere not correlated with
body length, probablyindicating that this element
doesnot accumulatein the liver with increasing
age®®

The animalswith the highestarsenicconcentra-
tions were ringed seals (Phoca hisgida) from
Norton Sound, Alaska (Bering Sea)*® For these
animals,hepatictotal arsenicconcentrationgip to
2.4mgkg~! wet mass were measured.Norton
Soundis anareaof gold-miningactivity thatbegan
in the 1880sandcontinuegodayin the coastalarea
aroundNome, Alaska. Arsenic concentrationsare
normally elevatednear arseniferousdepositsand
mineralized zones containing gold, silver and
sulfides of lead and zinc?° therefore, elevated
levels of arsenicare not surprisingin food webs
leadingup to ringed sealsthat feedin the region.
Liver, aswell asotherportionsof this animal,are
consumedasfood by local communities.Because
the relative toxicity of arsenic dependson its
valenceand molecularform, the determinationof
the arseniccompoundghat contributeto the total
arsenicconcentrationsn marinemammallivers is
important. No information about the arsenic
compoundsn marine mammallivers is available
exceptthework of Brattonetal., who reportedthat
98% of the total arsenicin the livers of bowhead
whalesis arsenobetaing.

Liver tissuesarchivedin the National Biomoni-
toring SpecimerBankthathadbeencollectedfrom
nineringedsealdn NortonSoundwereselectedor
the determinationof arsenic compounds.These
sampleswere chosenbecausedhey haverelatively
high concentration®f total arsenicas determined
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Table 1. Detailedinformationon the animalssampled

Species Animal identificationno. Samplingsite® Sex Length(cm) Mass(kg)
Pilot whale PW599 Hyannis,MA F 413

Pilot whale PW600 Hyannis,MA F 439

Ringedseal RGSL008 Barrow, AK M 104.0 23.1
Ringedseal RGSLO11 Nome, AK M 119.5 33.6
Ringedseal RGSL012 Nome,AK F 124.5 36.3
Ringedseal RGSL013 Nome,AK M 103.5 31.8
Ringedseal RGSL014 Nome,AK M 101.0 29.5
Ringedseal RGSL015 Nome,AK F 83.2 20.0
Ringedseal RGSLO017 Nome, AK F 113 40.8
Ringedseal RGSL018 Nome,AK F 87.0 21.8
Ringedseal RGSL029 Nome, AK M 106.7

Ringedseal RGSL032 Nome, AK M 79.0 29.0
Belugawhale BLKAO11 PointLay, AK M 433

Beardedseal BDSL001 Nome, AK M 166.7

& Hyannis,MA: Hyannis,Massachusettsyorth Atlantic coastof the United States;Barrow, AK: Barrow, Alaska, locatedat the
boundaryof the ChukchiSeaandBeaufortSeasArctic OceanjNome,AK: Nome,Alaska,locatedon NortonSoundwhichis partof
the Bering Sea;PointLay, AK: PointLay, Alaskalocatedon the ChukchiSea,Arctic Ocean.

previouslyby INAA. Forcomparisonliver samples
from a ringed sealfrom anotherregionof Alaska,
one beardedseal,one belugawhale and two pilot

whaleswerealsoincluded.Detailedinformationon

theseanimalsis given in Table 1. As part of an

interlaboratoryquality assuranceomparisontotal

arsenicconcentrationsvere determinedfor each
sampleby both ICP-MS and by INAA. Arsenic
compounds were identified and quantified in

methanol/wateextractsby HPLC-ICP-MS

MATERIALS AND METHODS

Instrumentation

Digestions were performed with an MLS-1200
Mega microwave system (MLS, Leutkirch, Ger-
many).Total arsenicwasdeterminedn the digests
with a VG PlasmaQuac@ Turbo Plusinductively
coupled argon—plasmamass spectrometer(ICP—
MS, VG ElementalWinsford,UK) equippedvith a
Meinhard concentricglassnebulizer,type TR-30-
A3.

The high-performanceliquid chromatography
systemconsistedof a Hewlett-Packardl050 sol-
vent delivery unit (Hewlett-Packard Waldbronn,
Germany)anda Rheodyned125 six-portinjection
valve (Rheodyne,Cotati, USA) with a 100-mn?
injection loop. The separationsvere performedon
a Hamilton (Reno, USA) PRP-X100 anion-
exchangecolumn (25cm x 4.1mm i.d., 10-um
styrene—divinylbenzeneparticles with trimethyl-
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ammoniumexchangesites) and a SupelcosilLC-
SCX (Supelco,Bellefonte, USA) cation-exchange
column (25cm x 4.6mm i.d., 5-um silica-based
particleswith propylsulfonicacid exchangesites).

The outlet of the HPLC columnwas connected
via 60-cm, 1/16-inch (1.6 mm) PEEK (polyether-
ether-ketonexapillary tubing (0.25mm i.d.) to a
hydraulic high-pressureebulizer(Knauer,Berlin,
Germany)TheVG PlasmaQua& TurboPlusICP—
MS servedas arsenic-specificdetector. The ion
intensity at m/z 75 ("°As) was monitored using
‘time-resolved’ analysis softwaré” Version la
(FisonsScientific EquipmentDivision, Middlesex,
UK). Additionally, the ion intensity at m/z 77
(*°Ar3’Cl, "’Se) was monitoredto detectpossible
argon-chloride(*°Ar®°Cl) interferenceson m/z75.
Before each HPLC—-ICP-MSexperimentthe ion
intensityat m/z87 (Rb addedto the mobile phases)
was optimizedat the rate meterof the instrument.
Instrumentakettingsusedthroughouthis work are
summarizedn Table 2. The chromatogramsvere
exportedandthe peakareaswere determinedwith
softwarewritten in-house.The arseniccompounds
were quantified with external calibration curves
establishedwith each of the eight arseniccom-
pounds.

Reagents, standards and mobile
phases

All solutions were preparedwith MilliQ (18.2
MQ cm) water. Concentrateditric acid (Merck,
p.a.)waspurifiedin a quartzsubboilingdistillation
unit. The mobile phasefor the anion-exchange

Appl. OrganometalChem.12, 491-501(1998)
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Table2. Operatingconditionsfor the HPLC—HHPN—-ICP-MSystem

High-performancdiquid chromatography
Columns:
Hamilton PRP-X100anionexchange
SupelcosilLC-SCX cation-exchange

Hydraulic high-pressuraebulizer
Desolvation

Nebulizergas
Back pressure

Mobile phase20mm NH4H-PO,, pH 6.0
Mobile phase20mm Pyridine,pH 2.6

Heating:150°C
Cooling:2.0°C
1.00l min~*
~200-250bar

Inductively coupledplasma—masspectrometry

Plasma:
Rf power

Argon gasflow:
Coolinggas
Auxiliary gas

Vacuum:

Expansion
Intermediate
Analyzer

lon sampling:
Samplecone
Skimmercone

Measuringparameters:
Monitoredsignal
Time/slice
Total analysistime

Forward:1.35kW
Reflected:<1 W

13.5I min~?t
1.1 min~?t

2.4mbar
<1.0x 10~* mbar
5.4 x 10°°® mbar

Nickel, orifice 1.00mm diameter
Nickel, orifice 0.75mm diameter

"®As°Ar37Cl or "'Se
0.53s
~400s (column-dependent)

HPLC was prepared by dissolving 2.30g
NH,H,PO, to 1000cm® and adjustingthe pH of
this solution to 6.0 by addition of NH5; (Merck,
p.a.),andthe mobile phasefor the cation-exchange
HPLC by dissolving 1.58g pyridine to 1000cm
and adjustingthe pH to 2.6 by addition of formic
acid (98%, Fluka, puriss.p.a.). Rubidium (RbCI)
was added to all mobile phasesto achieve a
concentratiorof 50ngcm™>.

Calibration curves for the HPLC-ICP-MS
measuremenlwere obtainedby chromatographing
aliquots (100mm?®) of solutions containing 5.00,
10.00r 50.0ng As cm > of arsenouamd(arsenlte)
arsenicacid (arsenate) methylarsonicacid (MA)
and dimethylarsinicacid (DMA) on the Hamilton
PRP-X100anion- exchangeolumn and1.00,5.00
or 10.0ngAs cm™2 of arsenobetainAB), arseno-
choline (AC), tetramethylarsonium iodide
(TETRA) and trimethylarsineoxide (TMAQO) on
the SupelcosilLC-SCX cation-exchangeolumn.

Samples

Liver samples were obtained from the NIST
National Biomonitoring Specimen Bank in
GaithersburgMD, USA. Specimenscollectedfor
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this specimerbankwere frozenin liquid-nitrogen
vaporin the field andmaintainedat liquid-nitrogen
vapor temperatures—120°C until analysis. The
methodsandproceduregor the collectionof these
specimen$avebeendescribedelsewhere’:®

In preparationfor analysis,the liver specimens
were homogenizedcryogenically b}/ a procedure
describedn detail by Zeisleret al.?* consistingof
fracturing the frozen tissue into smaller pieces,
weighing piecesof afew gramseach,andplacing
thesepiecesin a Teflon® mill thathasbeencooled
to liquid-nitrogenvaportemperatureThe piecesof
frozen tissue are ground for about 3min to
pulverize the material completely into a frozen
powder.Pre-weighedliquotsof thisfrozenpowder
werelyophilized at a pressuref 1 Pafor five days,
afterwhich dry weightswererecordedDuring this
period the temperaturegradually increasedfrom
—20°C to 5°C. The freeze-dried,homogenized
tissues were used for the analyses. Detailed
information about the animals included in this
studyis givenin Table1.

Determination of total arsenic
Total arsenicconcentrationsvere determinedby

Appl. OrganometalChem.12, 491-501(1998)
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two independentmethods: instrumental neutron
activationanalysis(INAA) and microwavediges-
tion followed by ICP—-MS determination.INAA
wasperformedat NIST. Subsamplesf the freeze-
dried, homogenizedissueswereformedinto disk-
shapedpellets. Thesedisks were doubly encapsu-
lated in bagsformed from acid-washedbolyethy-
lenefilm. Portionsof StandardReferenceMaterial
(SRM) 1577a Bovine Liver, included in the
analysisschemefor quality control, were formed
into disks and packagedin the same manner.
Standardswere preparedby pipetting solutions
containing known amounts of the elements of
interest onto Whatmanfilter papers.After being
dried, these paperswere formed into disks for
analysis. Samples, standardsand SRMs were
irradiatedtogetherin the NIST researchreactorat
areactorpowerof 20 MW, which correspondﬁo a
neutronflux rate of 3 x 103 cm ! for 16h.
After approximately one week of decay, p-ray
spectrometry was performed to determine the
concentrationsf As in eachsample Quantification
wasbasedon comparlsoanth standardsusingthe
559-keVy-ray line from “®As. Resultsof analyses
of SRMs agreedwith certlfled valueswithin the
uncertaintyof the method®

The microwave digestion—ICP-MS method,
conducedat the Karl-FranzensUniversity, used
aliquots of the freeze-dried,homogenizedissues
(=~ 0.29) weighedto 0.1 mg into Teﬂon digestion
vesselsConcentrateditric aC|d(5 0cm®) and30%
hydrogen peroxide (1.00cm®, Merck p.a.) were

addedto each vessel. The vesselswere closed,
securedn the rotor, and placedin the microwave
oven.The samplesveredigestedusingthe follow-

ing program:2min 250W, 0.5min OW, 5min

300W, 0.5min OW, 5min 450W, 0.5min OW,

5min 600W, 7 min 500W, 2min OW (ventila-

tion). The rcTiigestswere transferredquantitatively
into 50- ¢ volumetric flasks. An aliquot
(0.250cm®) of a solutioncontaining10pg In cm™2

wasaddedo eachflask. Theflaskswerefilled to the

mark. Total arsenic concentrationswere deter-
mined in these solutions by ICP-MS with an

externalcalibrationcurveestablishedvith arsenate
solutions All concentrationsf arsenicarereported
on a wet massbasis.

Extraction of the arsenic
compounds

Aliquots (= 0.49) of thepowdersof whaleandseal
livers were weighedto 0.1mg into 50-cn? poly-

ethylenetubes A mixture of methanol/water(9:1
viv, 20cm ) wasadded andthe tubeswereshaken
for 20h. Thesamplesverecentrifugedat 2500rpm
and Washedthree times with methanol/water(9:1
vlv, 20cm® each).The supernatantsvere transfer-
red into round-bottomedilasks and the methanol
was evaporatedon a Rotavapor(Bichi, Swizer-
land) at room temperatureunder an aspirator
vacuum.To eachof the evaporatiorresiduesvater
wasaddedo atotalmassof 10.0g. Theredissolved
extractionresidueswere centrifugedat 3000rpm

Table 3. Total arsenicconcentrationsn livers from whalesandseals

Total arsenicconcentratior(mgkg ™~ wet mass)

Animal identificationno. INAA 2P ICP-MS’ Sumof arsenicspecis  Extractablearseni€ (%)
PW599 1.17+0.04 1.274+0.03 0.915 72.0
PW600 0.2940.03 0.267+ 0.005 0.159 59.6
RGSL008 0.61+0.04 0.566+ 0.006 0.389 68.7
RGSLO11 2.42+0.06 2.40+0.02 1.85 77.3
RGSL012 1.62+0.14 1.55+ 0.04 1.11 71.7
RGSLO013 2.11+0.06 2.11+0.04 1.59 75.5
RGSL014 1.33+0.08 1.27+0.02 0.822 64.7
RGSLO015 1.75+0.14 1.75+ 0.003 1.26 71.7
RGSLO017 1.15+0.08 1.11+0.01 0.777 70.0
RGSLO018 0.81+0.02 0.765+ 0.008 0.515 67.3
RGSL029 0.70+ 0.02 0.776+ 0.02 0.495 63.8
RGSL032 0.93+0.02 1.05+ 0.05 0.770 73.3
BLKAO11 0.07+0.04 0.167+ 0.007 0.074 44.3
BDSL001 0.56+ 0.02 0.483+ 0.003 0.229 47.4
2Refs7, 8, 19.

b Valuesrepresenthe averagefrom duplicateportionsanduncertaintiesepresenthe 95% confidencdevel.
¢ Valuesrepresenthe averagefrom triplicate portionsand uncertaintiesepresenbne standarddeviation.
9 Extractablearseniccalculatedfrom the sumof arsenicspeciesindthetotal arsenicconcentrationin livers determinedy ICP—MS.
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and the supernatantsfiltered through 0.22um
Millex-GS cellulose esterfilters (Millipore, Bed-
ford, USA). Aliquots of the filtered supernatants
werechromatographedn the HPLC-HHPN+CP—
MS system.

RESULTS AND DISCUSSION

Total arsenic concentrations

The total arsenic concentrationsdeterminedby
ICP-MSin the liver samplesfrom marine mam-
malsrangedrom 0.167to 2.40mgkg* (wetmass)
(Table 3). The lowest arsenic concentration
(0.167-+ 0.007mgkg 1) wasfoundin the liver of
the beluga whale from Point Lay, Alaska. The
range of the total arsenic concentrationsin the
livers of 15 belugla whales from Alaska was
0.0475-0.62ngkg ™ * (wet massy

The arsenic concentrationin the liver of the
beardedseal was 0.483+ 0.003mgkg~*. Liver
samplesfrom two pilot whales from Hyannis,
Massachusett@North Atlantic Coastof the United
States)had arsenic concentrationsof 0.267 and
1.27mgkg~* (wet mass) Thesearsenicconcentra-
tionsarein the samerangeasthosefoundin livers
from 10 pilot whales caught near the Faroe
Islands??

The arsenic concentrationsin livers from ten
ringed sealsfrom Alaska rangedfrom 0.566 to
2.40mgkg™* wet mass. The average arsenic
concentrationin livers of nine ringed sealsthat
were caught in Nome, Alaska was 1.42+
0.56mgkg * (wet mass). The lowest arsenic
concentratior(0.5664 0.006mgkg ) in the liver
of a ringed seal was found for the animal
(RGSL008)caughtnearBarrow, Alaska. Different
sourceof prey may be the causefor the divergent
concentrationsof arsenic.The total arseniccon-
centrationdn liver samplesf ringedsealsdid not
correlatewith the lengthor massof theseanimals.

The arsenicconcentrationsleterminecby INAA
andICP—MSagreewithin two standardleviations,
exceptfor the sampleBLKAO11 (Table 3). In the
liver of this animal, the concentrationdetermined
by ICP-MS is about 2.5 times higher than the
concentratiordeterminedby INAA.

Arsenic compounds

The SupelcosiLC-SCX cation-exchangeolumnis
capable of separating arsenobetaine trimethyl-

© 1998JohnWiley & Sons,Ltd.
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Figure 1. HPLC-HHPN-ICP—MSchromatogramsi(A) of

agueousstandardsolution containingarsenobetaindrimethyl-

arsine oxide, arsenocholineand tetramethylarsoniunmodide

(10ngAsg !, eachspecies)obtainedwith a SupelcosilLC-

SCX cation-exchangeolumn (mobile phase20mmM aqueous
pyridine at pH 2.6, injection volume 100mm°, flow rate

1.5cm®*min~Y). (B) of aqueousstandardsolution containing
arsenousacid, dimethylarsinicacid, methylarsonicacid, and

arsenic acid (10ngAsg™?, each species)obtained with a

Hamilton PRP-X100anion-exchangecolumn (mobile phase
20mm NH4H,PO, at pH 6.0, injection volume 100mm?®, flow

rate1.5cm® min~?).

arsine oxide, arsenocholineand tetramethylarso-
nium iodide (Fig. 1A) with an aqueouspyridine
solution(20mm) at pH 2.6 asmobile phaseUnder
these conditions the anionic arsenic compounds

Appl. OrganometalChem.12, 491-501(1998)
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arsenicacid, arsenouscid, methylarsoniacidand
dimethylarsinicacid elutebeforearsenobetainand
arenot well separatedor this reasorthe extracts
of the liver samplesverealsochromatographedn
a Hamilton PRP-X100 anion-exchangecolumn.
This columnallowsthe separatiorof arsenouscid
(in the absenceof cationic arseniccompounds),
dimethylarsinic acid, methylarsonicacid and ar-
senicacid (Fig. 1B).

The freeze-driedliver sampleswere extracted
with a mixture of methanol/wate(9:1, v/v). This
mixture was found to be very suitable for the
extraction of arseniccompoundsfrom biological
samples.The extractablearsenic,defined as the
sum of the concentrationof arseniccompounds
(expressedsmgAs kg~ wetmass)pbtainedrom
HPLC—-ICP-MSexperimentf the different liver
samplesaccountedfor 66.2+ 9.5% of the total
arsenicconcentrationsn the liver samples.The
lowest values for the percentageof extractable
arsenioverefoundin thebeardedsealliver (44.3%)
and the belugawhale liver (47.4%);seeTable 3.
Thesetwo liver sampleshad very low concentra-
tions of total arsenic.

Arsenobetaine

Most of the pinnipedsand many of the cetaceans
feed in the upperlevel of the food web and are
pelagicfish feeders,exceptfor the beardedseal,
which is a benthic feeder. The ringed seals
representanimals that, dependingon age, feed
from the mid-level of the food web, on pelagic

crustaceangshrimpsandamphipods)fo the upper
level, onfinfish 23 Arsenicin themarineecosystems
hasbeenintensivelyreviewedby Francesconand
Edmonds> The concentrations varies greatly
amongspeciesbut no clear trendshave emerged.
Although arsenicconcentrationsnay be higherin
benthicthanin pelagic animals,the total arsenic
concentrationin a particularanimal is not corre-
lated with its trophic position. Total arsenic
concentrationsrealsonot correlatedwith the size
or ageof ananimal? In the musclesof crustaceans
the total arsenicconcentrationsangedfrom 3.5to
26mgAskg ! (wet mass).At least50% of total
arsenic is present as arsenobetaine.The total
arsenicconcentratiorin the muscleof the Alaskan
king crab(Paralithodescamtschaticawasfoundto
be 8.6mgAs kg‘l (wet mass)of which 82% was
arsenobetaing’ In fish, total arsenicconcentrations
up to 166mgAskg’ have been reported®
Arsenobetain@vasthe major arseniccompoundn
musclesof octopu$® andsquids>®

The arseniccompoundsidentified in the liver
sampleswere dominatedby arsenobetaineThe
concentrationsn the liver extractsrangedfrom
0.052to 1.67mgAskg ' (wet mass)(Table 4),
corresponding to 68-98% of the extractable
arsenic. The lowest arsenobetaineconcentration
was found in the liver of the beluga whale
(0.052mgAskg ). The livers of the two pilot
whales had concentrations of 0.887 and
0.147mgAskg L. The livers of the ringed seal
contained arsenobetaineconcentrationsbetween
0.337 and 1.67mgAskg *. The total arsenic

Table 4. Concentration®f arseniccompoundsn liver samplesof whalesandsealsdeterminedby HPLC-HHPN-CP-MS

Concentratiorof arseniccompoundd (mgAs kg~ wet mass)

Animal

identificationno. AB AC TETRA TMAO Unknowr? DMA MA Arsenate
PW599 0.887 0.005 <0.001 <0.01 0.016 0.004 0.003 <0.001
PW600 0.147 0.005 <0.001 <0.01 0.007 <0.001 <0.001 <0.001
RGSL008 0.337 0.005 0.010 <0.01 0.016 0.021 <0.001 <0.001
RGSLO11 1.67 0.020 0.041 <0.01 0.014 0.109 <0.001 <0.001
RGSL012 1.02 0.012 0.026 <0.01 0.013 0.040 <0.001 <0.001
RGSL013 1.46 0.015 0.038 <0.01 0.013 0.067 <0.001 <0.001
RGSL014 0.764 0.008 0.009 <0.01 0.009 0.032 <0.001 <0.001
RGSL015 1.17 0.011 0.043 <0.01 0.013 0.018 <0.001 <0.001
RGSL017 0.702 0.025 0.015 <0.01 0.007 0.028 <0.001 <0.001
RGSL018 0.417 0.021 0.021 <0.01 0.010 0.036 0.010 <0.001
RGSL029 0.386 0.044 0.017 <0.01 0.027 0.021 <0.001 <0.001
RGSL032 0.684 0.018 0.016 <0.01 0.023 0.004 0.025 <0.001
BLKAO11 0.052 0.002 <0.001 <0.01 0.002 0.016 0.002 <0.001
BDSL001 0.156 0.016 0.024 <0.01 0.008 0.021 0.004 <0.001

& Meanof two different extracts.

b Sameunknowncompounddetectedn DORM referencematerial.

© 1998JohnWiley & Sons,Ltd.
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Figure 2. Hepaticconcentration®f individual arseniccom-
pounds(mg As kg ! wet mass)in marine mammals,plotted
versusthe total arsenicconcentration(mg As kg~* wet mass):
(A) arsenobetaing€B) arsenocholineC) tetramethylarsonium
ion. The mammalsareidentifiedin Table1.

concentratioris highly correlatedwith the arseno-
betaineconcentration(Fig. 2A).

Arsenocholine

Arsenocholine,a rather elusive member of the
marlnearsenlccycle wasreportedto be presemm
shrimp>+? Iobstersé mussel$”?° and fish?

Arsenocholine represented0.5-9% of the ex-
tractablearsenicin the livers of marinemammals.
The concentratlons ranged from 0.002 to
0.044mgAs kgt (wetmass)Table4). Thelowest

© 1998JohnWiley & Sons,Ltd.

arsenocholin&:oncentrationNasfound in theliver
of thebelugawhale(0.002mgAs kg %). Thelivers
of the two pilot whaleshad arsenocholm@oncen-
trations of 0.005mgAskg !, of the ringed seals
betweer0.005and0.044mg As kg~*. Theconcen-
trationsin theliversof the cetaceanweregenerally
lower than those of pinnipeds.The total arsenic
concentrationgdid not correlatewith the arseno-
cholineconcentrationgFig. 2B).

The tetramethylarsonium cation

The tetramethylarsoniuntation was first isolated
from the clam Meretrlx lusoria® and was later
identifiedin clams in the herblvorousgastropod
Austrochochleaconstncta in the seacucumber
Stichopussp?® andasa traceconstituenin crabs?®
The concentration®f the tetramethylarsoniunion
in the livers of the threecetaceansverebelowthe
detection limit, <0.001mgAskg™ (wet mass).
For the seals, the tetramethylarsoniunion con-
tributed 1-10%o0f the total extractablearsenicand
concentratlonsranged from 0.009 to 0.043mg
Askg* (wet mass)(Table 4). The tetramethyl-
arsoniumion concentratiorincreasedvith thetotal
arsenic concentration(Fig 2C). Surprisingly, no
tetramethylarsoniunion wasfoundin the livers of
the cetaceangFig. 3). The origin of the tetra-
methylarsoniumion is still not clear. A reduction
and subsequentmethylation of trimethylarsine
oxide or the biosynthesiswithin the animalsfrom
still-unknownarsenicprecursorsvasdiscussed.

Whetherfood differenceshetweerthe pinnipeds
and cetaceansglifferent biotransformationf the
arseniccompoundsn theseanimals,or someother
factors are responsiblefor the differencesin the
concentrationof the tetramethylarsoniumon in
thelivers of thesetwo groupsof marinemammals,
is not known. Exact knowledge about trophic
relationships, principal prey, the arsenic com-
pounds associatedwith the prey and arsenic
metabolism in the cetaceansand pinnipeds is
neededto resolvethe open questions.Generally,
pilot whalesarepelagicfish feedersBelugawhales
feed extensivelyon pelagicfish, but alsoconsume
othermarineorganismsn near-shoreoastalreas.
Beardedsealsfeed extensivelyon benthic organ-
ismsandringedsealsfeedat severatrophiclevels,
dependingon the ageof the animal and seasorof
the year. Thus, different arsenic sources and
different metabolicpatternsin thesespeciesmust
be considered.

Appl. OrganometalChem.12, 491-501(1998)
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Figure 3. HPLC-HHPN-ICP-MSchromatogramsef aqueous
extractsof marine mammals,obtainedwith a SupelcosilLC-

SCX cationexchangecolumn (mobile phase20 mm aqueous
pyridine at pH 2.6, injection volume 100mm°®, flow rate
1.5cm®*min™): (A) Phoca hispida (animal identification
numberRGSL 013; (B) Globicephalusmelas(animalidentifi-

cationnumberPW599).

Dimethylarsinic acid, methylarsonic
acid, arsenic acid and arsenous acid

The hepatic dimethylarsinic acid concentrations
ranged from <0.001 to 0.109mgAskg* (wet
mass).Thelowestconcentrationsverefoundin the
two pilot whales(<0.001,0.004mgAskg ). For
the beluga whale 0.016mgAskg * was found.
This valuerepresente@2% of the total extractable
arsenic.In thelivers of the othermarinemammals
only 0.4-9% of the total extractablearsenicwas
dimethylarsinic acid (Table 4). The hepatic di-
methylarsinicacid concentrationsncreasedwith
the total arsenicconcentrationgFig. 4A).

© 1998JohnWiley & Sons,Ltd.
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Figure 4. Hepatic concentrationgmgAs kg~* wt mass)in

marinemammalsplotted versusthe total arsenicconcentration
(mgAskg™! wt mass): (A) dimethylarsinic acid; (B) an

unknown arseniccompoundfound alsoin the NRCC dogfish
referencematerial DORM1 and DORM2. The mammalsare
identifiedin Table1.

Methylarsonic acid was present above the
detectionlimit of the methodin only five livers.
The concentrationswere between 0.002 and
0.025mgAskg . Surprisingly, the ringed seal,
RGSL032 theindividual with thelowestdimethyl-
arsinicacid concentration(0.004mgAs kg™ ) had
the highest concentrationfor methylarsonicacid
(0.025mgAskg™). In human urine the arsenic
concentration ratio of dimethylarsinic acid to
methylarsonicacid is about8:1. The high methyl-
arsonic acid concentrationin RGSL032 may
indicatea methylationproblemwithin this animal.

The concentratiorof arsenicacidin thelivers of
all the marine mammals analyzed was below
0.001mgAs kg~* (wetmass) Arsenousacid could
not be detectedwith anion-exchangehromatogra-
phy becauseof the high concentration®f arseno-
betaine.In the cation-exchangechromatography
arsenousacid has the same retention time as
methylarsonicacid but is separatedrom arseno-
betaine.Methylarsonicacid canbe separatedrom
arsenouscid/arsenobetainen the anion-exchange

Appl. OrganometalChem.12, 491-501(1998)
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column. Thus, the differencebetweenthe concen-
trations from the signals of methylarsonicacid/
arsenousacid from cation-exchangehromatogra-
phy and the concentrationfrom the signals for

methylarsonicacid from anion-exchangehroma-
tography should reflect the concentrations of

arsenous acid. Because the concentrations of

methylarsonicacid in most of the sampleswere
very small, the concentrationsof arsenousacid

mustbe lessthan0.001mgAs kg * (wet mass).

Other arsenic compounds

A signal for an unknown arseniccompoundwas
detectedin all of the liver extracts(Fig. 3). The
calibration curve for arsenobetainevas used to
guantify this compound.The concentrationsn the
rangefrom 0.002to 0.027mgAs kg (wet mass)
(Table4) accountfor 1-5%of the total extractable
arsenic.The concentratiorof this unknownarsenic
compoundncreasedvith the total arsenicconcen-
tration (Fig. 4B). This compoundalsodetectedn
extractsof the NRCC dogfishreferencematerials
DORM1 and DORM2 2732 cannotbe one of the
dimethyl(ribosyl)arsine oxides that have been
identified so far? Under the chromatographic
conditionsusedfor the separationof the arsenic
compoundsn theliver extracts dimethyl(ribosyl)-
arsine oxides are clearly separatedfrom this
unknowncompound(Figs 3A, 3B).

CONCLUSIONS

Among the arsenic compoundsidentified in the
extractsof livers from marine mammals,arseno-
betaine is predominant. Dimethylarsinic acid,

methylarsonic acid, arsenocholine,tetramethyl-
arsoniumion and an unknownarseniccompound
were minor arsenic-containingonstituentsThese
arsenic compounds are frequently detected in

marineorganismsWhetherthey areformedin the

body of the marinemammalsor takenup with the

food, cannotbe deducedfrom the availabledata.
Identificationof arseniccompoundsn membersof

the food web supportingthese marine mammals
may help to identify the source(s)of thesecom-

pounds.
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