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The formation of dissolved gaseous mercury (DGM, mainly
composed of elemental mercury, Hg0) in the surface ocean
and its subsequent removal through volatilization is an
important component of the global mercury (Hg) cycle.
We studied DGM production and loss in the coastal waters
of the Gulf of Mexico using 4- 26 h in situ incubation
experiments. DGM production was only induced in the
presence of sunlight. Once produced, DGM was rapidly lost
from solution (with a first order rate constant of k ) 0.1
h- 1), apparently as a result of oxidation. Furthermore, labora-
tory experiments showed that dissolved gaseous Hg0 could
be rapidly oxidized in the presence of chloride. In the
field, most DGM production (about 60%) was associated with
the dissolved and colloidal Hg(II) phases. Spiking of
samples with inorganic Hg(II) prior to in situ incubation
greatly increased DGM production rates, suggesting that
photoreducible Hg(II) complexes were limiting DGM
production. Diurnally, DGM seems to be formed through
photoproduction in the morning; DGM production halts
when substrate is exhausted, and DGM levels decrease
afterwards, presumably by oxidation of Hg0.

Introduction
Th e o c ean i c p ro d u c t i o n an d su b seq u en t t ran sfer t o t h e
at m o sp h ere o f d i sso l v ed g aseo u s m erc u ry ( D GM ) i s a c ru c i a l
p art o f t h e g l o b a l m erc u ry ( H g ) c y c l e (1) . O c ean i c ev asi o n
o f 1 0 M m o l H g y r- 1 ac c o u n t s fo r ab o u t 3 0 % o f t h e c u rren t
t o t a l an n u al fl u x o f H g t o t h e at m o sp h ere. By c o m p ari so n ,
v a l u es fo r d i rec t an t h ro p o g en i c H g em i ssi o n t o t h e at m o -
sp h ere ran g e fro m ab o u t 1 8 t o 2 3 M m o l y r- 1 (2, 3) . D GM i s
m ai n l y c o m p o sed o f e l em en t a l H g 0 i n t h e su rfac e o c ean (4,
5) , i n fresh w at er l akes (6) , an d i n est u ar i es (7) . O t h er v o l at i l e
H g sp ec i es ( i n p art i c u l ar d i m et h y l m erc u ry ) m ay b e p resen t
at d ep t h i n t h e o c ean . Bo t h l ab o rat o ry c u l t u re exp eri m en t s
an d i n c u b at i o n exp eri m en t s w i t h n at u ra l seaw at er h av e
su g g est ed t h at b i o l o g i c a l l y m ed i at ed red u c t i o n o f H g ( I I ) t o
H g 0 c o n t ri b u ted to D GM p ro d u c t i o n (8) . Th i s red u c t i o n c o u l d
b e l i n ked t o l i g h t - d ep en d en t b i o l o g i c a l p ro c esses (9, 10) .
Al t ern at i v e l y , p h o t o c h em i c a l D GM p ro d u c t i o n c o u l d a l so b e
i m p o rt an t (11- 14) .

We i n v est i g at ed t h e effec t o f so l ar rad i at i o n o n D GM
p ro d u c t i o n i n seaw at er sam p l es c o l l ec t ed a l o n g t h e c o ast o f

t h e Gu l f o f M exi c o , o n t h e sh o res o f Gal v est o n Isl an d , TX. Th e
Texas c o ast a l reg i o n i s c h arac t er i z ed b y re l at i v e l y l i t t l e c l o u d
c o v er an d h i g h t em p erat u res y ear ro u n d , b o t h fac t o rs b ei n g
i m p o rt an t i n p h o t o c h em i c a l an d p h o t o b i o l o g i c a l st u d i es.

We assessed t h e effec t o f u l t rav i o l e t rad i at i o n ( U VA: 3 2 0 -
4 0 0 n m ; U VB: 2 8 0 - 3 2 0 n m ) , v i si b l e rad i at i o n ( 4 0 0 - 7 0 0 n m ) ,
su b st rat e av a i l ab i l i t y , an d fi l t rat i o n o n D GM p ro d u c t i o n .
Fu rt h erm o re, t h e i m p o rt an c e o f D GM l o ss b y o xi d at i o n w as
i n v est i g ated . Lab o rato ry exp eri m en ts b y Yam am o to (15) h av e
rec en t l y sh o w n th at el em en tal m erc u ry o xi d at i o n i s st i m u l ated
b y c h l o r i d e i o n s i n a d o se- an d t i m e- d ep en d en t m an n er. We
t h erefo re h y p o t h esi z ed t h at o xi d at i o n sh o u l d b e a si g n i fi c an t
m ec h an i sm c o n t ro l l i n g D GM l ev e l s i n seaw at er.

Experimental Section
Wat er sam p l es w ere c o l l ec t ed i n t o 2 - L FEP Tefl o n b o t t l es
( N al g en e) u si n g a p eri stal t i c p u m p eq u i p p ed w i th fresh l y ac i d -
c l ean ed Tefl o n an d M ast erfl ex t u b i n g . P l ast i c g l o v es w ere
w o rn at a l l t i m es. Sam p l es w ere t aken fro m a fi sh i n g p i er o n
t h e Seaw al l o f Gal v est o n Isl an d fro m a d ep t h o f 1 m , ab o u t
2 0 0 m o ffsh o re. Th e sam p l es w ere an al y z ed fo r D GM c o n ten t
w i t h i n 5 m i n o f t h e en d o f i n c u b at i o n d u ri n g t i m e ser i es
exp eri m en t s an d w i t h i n 6 h fo r o th er i n c u b at i o n exp eri m en t s.
D u ri n g t h e 6 - h l ag b et w een c o l l ec t i o n an d an al y si s, so m e
D GM m ay h av e b een l o st b y o xi d at i o n . Th erefo re, fo r
exp eri m en t s w i t h su c h l ag s, o u r D GM p ro d u c t i o n rat es
rep resen t c o n serv at i v e est i m ates an d are p ro b ab l y l o w er th en
ac t u a l rat es.

Fo r an al y si s o f d i sso l v ed g aseo u s m erc u ry ( D GM ) i n
seaw at er, 2 L o f sam p l e w as sl o w l y d ec an t ed i n t o a g l ass
b u b b l er an d p u rg ed fo r 4 5 m i n w i t h u l t ra h i g h - p u ri t y n i t ro g en
st r i p p ed o f H g 0 b y p assag e o v er Au t rap s, at a fl o w rat e o f 1
L m i n - 1 . Th e g as st ream c o m i n g o u t o f t h e b u b b l er w as d ri ed
u si n g a K2CO 3 c o l u m n . M erc u ry c o m p o u n d s v o l at i l i z ed b y
t h e p u rg i n g w ere t rap p ed o n a g o l d - c o at ed san d c o l u m n .
Th e m erc u ry o n t h e c o l u m n w as d eso rb ed b y p y ro l y si s at a
fl o w rat e o f 6 0 m L m i n - 1 an d q u an t i fi ed b y g as- p h ase at o m i c
fl u o rec en c e sp ec t ro m et ry .

Th e effec t o f so l ar rad i at i o n o n D GM p ro d u c t i o n w as
ev a l u at ed b y i n c u b at i n g w at er sam p l es in situ fo r 5 h i n
Feb ru ary 1 9 9 6 u n d er t h e fo l l o w i n g t reat m en t s: ( 1 ) ab sen c e
o f l i g h t ( b l ack FEP Tefl o n b o t t l es, N a l g en e) ; ( 2 ) p resen c e o f
so l ar rad i at i o n ( t ran sp aren t FEP Tefl o n b o t t l es, N a l g en e) ; ( 3 )
ab sen c e o f U VB rad i at i o n ( t ran sp aren t Tefl o n b o t t l es w rap p ed
i n M y l ar, D u p o n t ) ; ( 4 ) ab sen c e o f U V rad i at i o n ( t ran sp aren t
b o t t l es w rap p ed i n U V Lee fi l t ers M o d el 2 2 6 , U .K.) . Th e
w av e l en g t h c u t o ff o f U V Lee fi l t ers w as d et erm i n ed u si n g an
O p t ro n i c s 7 5 2 Sp ec t ro rad i o m eter c o n n ec ted w i t h an u n d er-
w at er o p t i c a l sp h ere w i t h a 3 - m fi b er o p t i c c ab l e . Th e fi l t ers
w ere p l ac ed 1 0 c m u n d erw at er d u ri n g m easu rem en t s. Cu t
o ff v al u es ran g ed fro m 3 9 0 to 4 0 0 n m . Th ese fi l t ers t ran sm i t -
t ed 0 .3 % o f i n c o m i n g U VB, 4 .9 % o f i n c o m i n g U VA, an d 8 0 .0 %
o f v i si b l e l i g h t . Fo r M y l ar fi l t ers, c u t o ff v a l u es fo r M y l ar w ere
m easu red b y Lean an d Peri n ( u n p u b l i sh ed ) an d ran g ed fro m
3 1 5 t o 3 2 3 n m . Tran sp aren t FEP Tefl o n b o t t l es ab so rb ed
2 .5 % o f t o t a l i n c i d en t rad i at i o n ( ! ) 2 8 0 - 7 0 0 n m ) an d 0 .7 %
o f p h o to sy n th et i c a l l y ac t i v e rad i at i o n ( PAR, ! ) 4 0 0 - 7 0 0 n m ) .
Th e i n fl u en c e o f Tefl o n o n U VA ( ! ) 3 2 0 - 4 0 0 n m ) an d U VB

( ! ) 2 8 0 - 3 2 0 n m ) ab so rp t i o n w as g reat er, c au si n g a d ec rease
i n i rrad i an c e o f 1 8 % an d 3 4 %, resp ec t i v e l y .

Wat er sam p l es i n b l ack an d t ran sp aren t Tefl o n b o t t l es
w ere exp o sed t o su n l i g h t fo r d i fferen t t i m e i n t erv a l s t o
i n v est i g at e t h e re l at i v e i m p o rt an c e o f D GM l o ss v s D GM
p h o to p ro d u c t i o n ( 0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 , 2 4 , an d 2 5 h ) . In c u b at i o n s
w ere c o n d u c t ed i n p l ast i c t u b s p l ac ed o v er d ark su rfac es o n
t h e g ro u n d . To en su re a c o n st an t t em p erat u re d u ri n g
i n c u b at i o n , w ater i n th e tu b s w as c o n t i n u o u sl y ren ew ed u si n g

* Co rresp o n d i n g au t h o r e- m ai l : m am y o t@sc i en c e.u at t aw a.c a;
p h o n e: 6 1 3 - 5 6 2 - 5 8 0 0 , ext 6 6 5 0 .

  U n i v ersi t y o f O t t aw a.
à Texas A&M U n i v ersi t y .
¤ Pr i n c et o n U n i v ersi t y .
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a fl o w - t h ro u g h sy st em . Ad d i t i o n a l exp eri m en t s w ere c o n -
d u c t ed w h ere D GM l ev e l s w ere m easu red i n b l ack an d
t ran sp aren t b o t t l es i n c u b at ed fo r 0 - 6 h . So m e t ran sp aren t
b o t t l es w ere p u t i n t h e d ark aft er a 1 - h i n c u b at i o n i n t h e su n
t o o b serv e D GM l o ss aft er a sh o rt exp o su re t o su n l i g h t . Al so ,
t o i n v est i g at e t h e p o ssi b l e ro l e o f H g ( O H ) 2 ,0 a p h o t o l ab i l e
H g ( I I ) c o m p l ex c o m m o n l y fo u n d i n n at u ra l w at ers (12) , a
t i m e seri es o f D GM l ev e l s i n d i st i l l ed w at er i n c u b at ed i n b l ack
an d t ran sp aren t b o t t l es w as m easu red .

To assess i f D GM p ro d u c t i o n w as l i m i t ed b y su b st rat e ,
w at er sam p l es w ere sp iked w i t h 2 2 , 4 4 , an d 6 6 p M H g ( I I ) an d
i n c u b at ed fo r 3 h .

Th e effec t o f p art i c u l at e m at t er o n D GM p ro d u c t i o n w as
d et erm i n ed b y c o n d u c t i n g 7 - h i n c u b at i o n exp eri m en t s ( i n
b l ack an d t ran sp aren t FEP Tefl o n b o t t l es) u si n g fi l t ered
seaw ater sam p l es ( fi l t rat i o n w i th 0 .4 5 - m m M SI p o l y p ro p y l en e
fi l t er c ap su l e , West b o ro u g h , M A) . Fu rt h erm o re, D GM l ev e l s
i n fi l t ered an d u n fi l t ered sam p l es i n c u b at ed u n d er su n l i g h t
w ere m easu red at d i fferen t t i m e i n t erv a l s ( 0 - 5 h ; M arc h 1 1
an d 1 8 , 1 9 9 6 ) .

To st u d y d ark o xi d at i o n i n d ep en d en t l y fro m p h o t o re-
d u c t i o n , seaw at er an d ri v er w at er sam p l es w ere sp iked w i t h
8 n M d i sso l v ed g aseo u s e l em en t a l H g ( H g 0 ) , an d t h e l o ss o f
H g 0 an d to ta l H g i n th e d ark w ere fo l l o w ed o v er 7 h . In o rg an i c
H g , H g ( I I ) , w as c a l c u l at ed b y d i fferen c e b et w een H g 0 an d
to tal H g . Th e effec t o f c h l o ri d e o n H g 0 o xi d at i o n w as ev al u ated
u si n g r i v er w at er ( Ch o p t an k Ri v er, N J) , sp iked w i t h 0 .5 M
c h l o r i d e an d seaw at er ( Seasi d e Park, N J) .Th e st o ck so l u t i o n
o f d i sso l v ed g aseo u s H g 0 w as p rep ared b y b u b b l i n g N 2 g as
sat u rat ed w i t h H g 0 v ap o r t h ro u g h M i l l i - Q w at er ( M i l l i p o re) .
Th e N 2 w as sat u rat ed w i t h H g 0 i n a U - sh ap ed g l ass t u b e
c o n t a i n i n g 0 .1 m L o f l i q u i d e l em en t a l H g .

O n e p o ssi b l e c av eat t o th i s w o rk i s t h at Tefl o n i s p erm eab l e
t o H g 0 . I t c o u l d b e arg u ed t h at an y o b serv ed d ec l i n e i n D GM
l ev e l s w i t h t i m e i s d u e t o a l o ss o f H g t h ro u g h t h e w al l s o f t h e
exp eri m en t a l v esse l . To ru l e o u t t h i s p o ssi b i l i t y , D GM l ev e l s
w ere m easu red i n seaw ater sam p l es i n g l ass an d Tefl o n b o t t l es
fo r a 2 4 - h i n c u b at i o n . Th ere w as n o si g n i fi c an t d i fferen c es
( t- t est : t ) 4 .3 0 ; p ) 0 .2 6 3 ; N ) 3 p er t reat m en t ) i n D GM
c o n c en t rat i o n s b et w een Tefl o n b o t t l es ( 1 3 7 ( 1 3 fM ) an d
g l ass b o t t l es ( 1 4 9 ( 4 fM ) . Th erefo re, Tefl o n p erm eab i l i t y t o
H g 0 i s n o t resp o n si b l e fo r th e rap i d l o ss o f D GM c o n c en t rat i o n s
o b serv ed i n t h i s st u d y .

Results and Discussion
Effect of visible, UV, and UVB Radiation on DGM Photo-
production. Sam p l es i n c u b ated i n t ran sp aren t b o t t l es y i el d ed
D GM l ev e l s t h at w ere si g n i fi c an t l y h i g h er t h an t h o se i n b l ack
b o t t l es (Tab l e 1 ) . Sam p l es o n l y exp o sed t o v i si b l e o r t o v i si b l e
an d U VA rad i at i o n al so y i el d ed si g n i fi c an t l y h i g h er D GM l ev el s.

Vi si b l e , U VA, an d U VB rad i at i o n c o n t r i b u t ed ap p ro xi m at e l y
4 6 , 3 1 , an d 2 3 %o f t o t a l D GM p ro d u c t i o n , resp ec t i v e l y . Th ese
resu l t s sh o w t h at D GM p ro d u c t i o n c an b e p h o t o i n d u c ed i n
seaw at er. Th e rat e o f D GM p h o t o p ro d u c t i o n i n t h ese c o ast a l
w at ers i s q u i t e l o w ( i n t ran sp aren t b o t t l es, 1 0 fM h - 1 ) as
c o m p ared t o so m e t em p erat e fresh w at er sy st em s ( 1 1 - 8 5 fM
h - 1 ; 13, 14) . Bu t , n o rm al i z ed t o t h e t o t a l H g c o n c en t rat i o n ,
D GM p ro d u c t i o n i n seaw at er ( 0 .7 % h - 1 ; Tab l e 1 ) i s fast er
t h an i n Fl o r i d a l akes (< 0 .2 % h - 1 ; 16) a t a si m i l ar l a t i t u d e. Th i s
m ay resu l t fro m t h e fac t t h at , c o m p ared t o Fl o r i d a l akes, t h e
sm al l t o t a l H g p o o l i n seaw at er c o n t a i n s a l arg er p ro p o rt i o n
o f H g n o t c o m p l exed t o D O C an d easi l y red u c i b l e (17) . I t i s
a l so p o ssi b l e t h at p art o f t h e D GM p h o to p ro d u c t i o n o b serv ed
i n t h i s st u d y i s l i n ked t o t h e rec en t l y d i sc o v ered p h o t o d eg -
rad at i o n o f m et h y l an d et h y l m erc u ry b y si n g l et o xy g en i n
seaw at er (18) .

TimeSeriesof DGM Production and Loss. Prev i o u s w o rk
h as c l ear l y d em o n st rat ed t h at D GM p ro d u c t i o n c an b e
p h o t o i n d u c ed i n l ake w at er (11, 13, 14) , b u t si m i l ar st u d i es
w i t h n at u ra l seaw at er h av e y et t o b e c o n d u c t ed . M o reo v er,
rec en t l ab o rat o ry exp eri m en t s h av e sh o w n t h at t h e p resen c e
o f c h l o r i d e i o n s m ay p ro m o t e H g 0 o xi d at i o n (15) . H en c e,
seaw at er m ed i a m ay a l so b e su b jec t ed t o D GM l o ss t h ro u g h
o xi d at i o n . We ev a l u at ed t h e i m p o rt an c e o f t h eses p ro c esses
w i t h t i m e ser i es m easu rem en t s o f D GM i n Tefl o n b o t t l es
exp o sed t o su n l i g h t . Fi rst , a c o n t ro l exp eri m en t w as c o n -
d u c t ed u si n g M i l l i - Q w at er t o v er i fy t h e p o ssi b l e ro l e o f
p h o t o l ab i l e H g ( O H ) 2

0 (12) . D GM l ev e l s i n b l ack an d t ran s-
p aren t b o t t l es rem ai n ed i n t h e 3 0 fM ( ran g e: ( 1 0 fM ) w i t h
n o c o rre l at i o n t o so l ar rad i at i o n (Fi g u re 1 ) . N o t e t h at t y p i c a l
t o t a l H g l ev e l s i n o u r M i l l i - Q w at er (∼1 p M ) are si m i l ar t o
t o t a l H g l ev e l s i n u n fi l t ered seaw at er sam p l es t aken n ear t h e
sh o re o f Gal v est o n Isl an d ( 1 .5 ( 0 .2 p M ) . Th u s, D GM
p h o t o p ro d u c t i o n i n fresh o r sa l t w at er i s n o t t h e resu l t o f a
d i rec t p h o to l y si s o f i n o rg an i c H g c o m p l exes su c h as H g ( O H ) 2 ,
w h i c h are p resen t i n d i st i l l ed w at er at n eu t ra l an d b asi c p H .
O n e c av eat t o t h i s t est i s t h at so m e o f t h e H g i n M i l l i - Q w at er
m ay b e c o m p l exed w i t h D O C si n c e o u r M i l l i - Q w at er h as
su b m i c ro m o l ar l ev e l s o f D O C.

Ti m e seri es m easu rem en t s o f D GM i n seaw at er h e l d i n
t ran sp aren t b o t t l es i n c reased b y 3 - fo l d d u ri n g t h e fi rst h o u r
o f i n c u b at i o n i n su n l i g h t an d t h en d ec reased rap i d l y ( 2 3 fM
h - 1 ) d u r i n g t h e n ext h o u r (Fi g u re 2 ) . A sl o w er d ec rease w as
o b serv ed d u ri n g t h e fo l l o w i n g 5 h ( 2 fM h - 1 ) . Tw en t y - fo u r
h o u rs l at er, D GM l ev e l s at m i d d ay w ere h i g h as c o m p ared t o
t h e fi rst d ay . D GM l ev e l s i n b l ack b o t t l es rem ai n ed l o w ( 2 0
fM ) an d sh o w ed n o c h an g e i n c o n c en t rat i o n d u ri n g t h e
exp eri m en t (Fi g u re 2 ) .

Wh en t h e exp eri m en t w as rep eat ed 4 d ay s l at er (Fi g u re 3 ) ,
D GM l ev e l s i n t ran sp aren t b o t t l es i n c reased at a rat e o f 6 7
fM h - 1 d u r i n g t h e fi rst 3 h an d d ec l i n ed aft erw ard s, at a rat e

TABLE 1. Effect of Visible and UV Radiation on DGM
Production in Seawatera

treatment
during

incubation

DGM
concn
(fM)

p value of
ANOVA for
treatment

effect

Tukey
HSD

comparisonb

% of total
Hg being

photoreduced/hc

black 71 ( 4 0.012 a
no UV 95 ( 6 a b 0.3
no UVB 111 ( 19 b c 0.5
transparent 123 ( 0 c 0.7

a Samples were incubated for 5 h (February 14, 1996) in transparent
bottles, black bottles, transparent bottles wrapped in Mylar (no UVB

treatment), and transparent bottles wrapped in UV Lee filters (no UV
treatment). Results of an ANOVA testing for treatment effect are
indicated. Standard deviations based on three replicates are shown.
b Significant differences (p < 0.05) between treatments are indicated
by different letters. c Based on a total Hg concentrations of 1.5 ( 0.2
pM. FIGURE 1. Time series measurements of DGM levels in Milli-Q

water kept in black (9 ) and transparent (O) bottles on April 2, 1996.
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o f 2 3 fM h - 1 . So m e t ran sp aren t b o t t l es w ere p l ac ed i n t h e
d ark aft er t h e fi rst h o u r o f i n c u b at i o n . D GM l ev e l s i n t h ese
b o t t l es d ec l i n ed at a rat e o f 2 1 fM h - 1 d u r i n g t h e fi rst 3 h o f
d ark i n c u b at i o n an d reac h ed a p l at eau at ab o u t 1 0 0 fM . D GM
l ev e l s i n b l ack b o t t l es rem ai n ed c o n st an t at ab o u t 5 0 fM .
D i fferen c es i n D GM l ev el s b et w een th i s exp eri m en t ( w eath er:
su n n y w i t h so m e c l o u d s) an d t h e o n e rep o rt ed o n Fi g u re 2
( w eath er: ra i n y , o v erc ast ) m ay resu l t fro m d i fferen c es i n so l ar
rad i at i o n .

Q u an t i t a t i v e exam i n at i o n o f t h e d at a fro m Fi g u res 2 an d
3 sh o w s t h at t h e ki n et i c s o f D GM l o ss are ap p ro xi m at e l y fi rst -
o rd er, w i t h a m ean rat e c o n st an t s o f k ) 0 .1 0 ( 0 .0 1 h - 1 . I t
i s u n l ikel y th at z ero - o r sec o n d - o rd er ki n et i c s ap p l y h ere si n c e
th e resp ec t i v e rat e c o n st an t s fo r t h ese o rd ers v ary w i d e l y o v er
t h e ran g e o f i n i t i a l D GM c o n c en t rat i o n s (19) . N o t e t h at rat es
fo r exp eri m en ts u n d er su n l i g h t sh o u l d b e c o n si d ered n et rates
fo r b o t h o xi d at i o n an d red u c t i o n . H o w ev er, si n c e o b serv ed

rates i n su n l i g h t are si m i l ar to th o se o b tai n ed fo r b o t t l es p l ac ed
i n t h e d ark ( aft er 1 h o f exp o su re t o su n l i g h t ) , p h o t o red u c t i o n
w as p resu m ab l y re l at i v e l y u n i m p o rt an t ( p ro b ab l y d u e t o
su b st rat e l i m i t at i o n ) d u r i n g t h i s p h ase o f t h e exp eri m en t .

Th ese resu l t s su g g est t h at D GM i s i n d eed p ro d u c ed b y
p h o t o red u c t i o n i n seaw at er an d c an al so b e rap i d l y o xi d i z ed
i n sa l t w at er. Th i s i s p art i c u l ar l y si g n i fi c an t fo r i t c o n t rast s
w i t h t h e resu l t s fro m fresh w at er sy st em s w h ere D GM l o ss
w as ei t h er n o t d et ec t ab l e (11) o r re l at i v e l y sl o w (13) . Th ese
fi n d i n g s su p p o rt t h e l ab o rat o ry st u d y o f Yam am o t o (15) ,
w h ere i t w as sh o w n t h at , d u e t o t h e p resen c e o f c h l o r i d e, H g
o xi d at i o n w as m o re i m p o rt an t i n seaw at er t h an i n fresh o r
d i st i l l ed w at er.

Th e p l at eau reac h ed b y D GM l ev e l s ( c o rrec t ed fo r l o ss,
assu m i n g fi rst - o rd er ki n et i c s; Fi g u re 3 ) i n d i c at es t h at p h o -
t o red u c t i o n c o m p l et e l y st o p s aft er 3 h o f i n c u b at i o n . Si n c e
so l ar rad i at i o n w as st i l l i n t en se at t h at t i m e ( 1 4 :0 0 ) , D GM
p ro d u c t i o n m ay h av e b een l i m i t ed b y th e am o u n t o f su b st rate
av a i l ab l e fo r p h o t o red u c t i o n , w h i c h w o u l d t h u s b e a sm al l
frac t i o n o f th e to ta l H g . H o w ev er, t h e h i g h D GM c o n c en t ra-
t i o n s o b serv ed aft er 2 4 h i n t ran sp aren t b o t t l es (Fi g u re 2 )
i n d i c at e t h at t h e p o o l o f p h o t o red u c i b l e su b st rat e c an b e
rep l en i sh ed d u ri n g t h e n i g h t . Th e ki n et i c s o f p ro d u c t i o n o f
red u c i b l e sp ec i es i s t h u s m u c h sl o w er t h an t h e ki n et i c s o f
p h o t o red u c t i o n .

In t h e d ark b o t t l es (Fi g u res 2 an d 3 ) , D GM l ev e l s d i d n o t
si g n i fi c an t l y d ec rease o v er t i m e. Th i s m ay i n d i c at e t h at a
st ead y st at e w as reac h ed b et w een l i g h t - i n d ep en d en t red u c -
t i o n an d o xi d at i o n . I t i s a l so p o ssi b l e t h at o xi d at i o n o f H g ( I I )
i s i n d u c ed b y su n l i g h t , si n c e l o ss o f D GM w as o n l y o b serv ed
i n b o t t l es e i t h er c o n t i n u o u sl y exp o sed t o so l ar rad i at i o n o r
rec en t l y p l ac ed i n t h e d ark ( aft er a 1 - h i n c u b at i o n u n d er
su n l i g h t ) . I t fu rt h er i n d i c at es t h at ad so rp t i v e l o sses o f H g 0

w ere l o w .
Oxidation of Hg0. Past l ab o rat o ry exp eri m en t s o n H g

o xi d at i o n i n seaw ater w ere c o n d u c ted w i t h l i q u i d H g d ro p l et s
i n w at er as so u rc es o f H g 0 , an d o n l y H g ( I I ) w as m easu red
(15) . To t est w h et h er t h ese d at a are p ert i n en t t o n at u ra l
en v i ro n m en t , w e exam i n ed th e o xi d at i o n o f d i sso l v ed g aseo u s
H g 0 i n t h e p resen c e o f c h l o r i d e, b u t i n t h e ab sen c e o f H g
d ro p l et s.

D i sso l v ed g aseo u s H g 0 w as rap i d l y o xi d i z ed i n t h e d ark i n
u n fi l t ered seaw at er (Fi g u re 4 ) an d ri v er w at er sam p l es sa l t ed
w i t h 0 .5 M c h l o r i d e (Fi g u re 5 B) . Th e ap p aren t fi rst - o rd er
c o n st an t fo r H g 0 l o ss o r H g ( I I ) p ro d u c t i o n v ar i ed b et w een 0 .1
an d 0 .4 h - 1 ( Tab l e 2 ) . By c o m p ari so n , v ery l i t t l e o xi d at i o n
w as d et ec t ed i n fi l t ered r i v er w at er w i t h n o c h l o r i d e ad d ed
(Fi g u re 5 A) . In t h ese exp eri m en t s, H g 0 l o ss n o t o n l y i n c l u d es
o xi d at i o n b u t a l so v o l at i l i z at i o n fro m so l u t i o n . In fac t , t o t a l
H g d ec reased o v er t i m e ( fi rst - o rd er k : 0 .0 7 - 0 .1 0 h - 1 ; Tab l e
2 ) as a resu l t o f H g 0 v o l at i l i z at i o n i n t h e h ead sp ac e o f t h e
sam p l e. Fo r eac h o f t h ese exp eri m en t s, o n l y o n e sam p l e w as

FIGURE2. Time series of DGM levels in seawater samples kept in
black andtransparent bottles. The sampleswere collectednearshore
(Galveston Island) on February 29, 1996.

FIGURE3. Time series of DGM levels in seawater samples kept in
black and transparent bottles and incubated in sunlight. Some
transparent bottles were placed in the dark after the first hour of
incubation. Thesampleswere collectednearshore (GalvestonIsland)
on March 4, 1996.

FIGURE 4. Time series of dissolved gaseous Hg0 and total Hg
concentrations inseawater samplesafter an 8.7 nM additionof Hg0.
Samples were kept in the dark.
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fo l l o w ed o v er t i m e, an d d at a p o i n t s rep resen t su b sam p l es
fro m t h e sam p l e b ei n g st u d i ed . Th i s c o n t rast s w i t h m o st o f
t h e o t h er exp eri m en t s p resen t ed i n t h i s p ap er w h ere eac h
d at a p o i n t i s asso c i at ed w i t h a d i fferen t b o t t l e .

Th ese resu l t s c l ear l y i n d i c at e t h at H g 0 i s b e i n g o xi d i z ed i n
th e d ark t o H g ( II ) i n th e p resen c e o f c h l o ri d e an d th at o xi d at i o n
m ay b e as i m p o rt an t as v o l at i l i z at i o n i n t h e d ep l et i o n o f t h e
H g 0 p o o l i n seaw at er. Fu rt h erm o re, si n c e n o h ead sp ac e w as
l eft i n t h e b o t t l es i n c u b at ed in situ at en v i ro n m en t a l l ev e l s
(Fi g u res 2 an d 3 ) , v o l a t i l i z at i o n c o u l d n o t b e i n v o l v ed i n t h ese
c ases. O xi d at i o n o f H g 0 i s t h u s t h e l ikel y m ec h an i sm o f D GM
l o ss.

Hg(II) Availability as a Limiting Factor of DGM Produc-
tion. D GM l ev e l s o b t a i n ed aft er i n c u b at i o n i n c reased w i t h
th e am o u n t o f H g ( I I ) ad d ed to th e sam p l es p ri o r to i n c u b at i o n ,
su g g est i n g t h at D GM p ro d u c t i o n w as l i m i t ed b y t h e am o u n t
o f av a i l ab l e p h o t o red u c i b l e su b st rat e ( Tab l e 3 ) . Th erefo re,
o rg an o m erc u ri al c o m p o u n d s are n o t th e o n l y p o ten t i a l so u rc e
o f su b st rat e fo r red u c t i o n .

Wh i l e , u n d er n at u ra l c o n d i t i o n s, m axi m u m D GM l ev e l s
aft er a 3 - h i n c u b at i o n w ere l o w er t h an 3 0 0 fM (Fi g u re 2 ) , h ere
D GM p ro d u c t i o n ran g ed b et w een 9 2 0 an d 2 0 4 0 fM aft er H g -
( I I ) sp iki n g , aft er a 3 - h i n c u b at i o n . Th i s c o rresp o n d s t o a
c o n v ersi o n o f t o t a l H g o f 3 - 4 % p er 3 - h i n c u b at i o n . Th ese
rat es are l o w er t h an t h o se o b t a i n ed i n t em p erat e an d arc t i c
reg i o n s ( u p t o 2 7 % i n a 4 - h i n c u b at i o n ; 13, 14) . O n e
exp l an at i o n fo r t h i s d i fferen c e m ay b e t h at D GM o xi d at i o n
i s m o re i m p o rt an t i n su b t ro p i c a l en v i ro n m en t s as c o m p ared
t o t em p erat e areas.

Effect of Particulate Mat ter on DGM Production. D u e
t o resu sp en si o n o f sed i m en t s an d h i g h p ro d u c t i v i t y , su s-
p en d ed p art i c u l at e m at t er i n c o ast a l reg i o n s i s m u c h h i g h er
t h an i n t h e o p en o c ean . To d et erm i n e t h e i n fl u en c e o f t h e
p art i c u l at e p h ase o n D GM p h o t o p ro d u c t i o n , fi l t ered an d
u n fi l t ered sam p l es w ere i n c u b at ed an d c o m p ared . In a fi rst
exp eri m en t , aft er a 7 - h i n c u b at i o n u n d er d ay l i g h t , D GM
p ro d u c t i o n w as 4 0 % l o w er i n fi l t ered t h an i n u n fi l t ered

TABLE 2. Kinetics Constants k for DGM Oxidation, Assuming Zero-Order, First-Order, and Second-Order Kineticsa

treatment
initial

[DGM] (fM)
k (in fM h- 1)
zero-order

k (in h- 1)
first order

k (fmol- 1 h- 1)
second-order see

Experiments at Environmental Levels of DGM
light 68 4.2 0.09 5.8 × 10- 3 Figure 2
light 251 23.1 0.10 4.5 × 10- 4 Figure 3
dark 157 14.6 0.12 9.3 × 10- 4 Figure 3
dark 227 18.2 0.09 1.8 × 10- 3 N/A

mean ( SD 178 ( 82 15.0 ( 8.0 0.10 ( 0.01 2.2 ( 2.4 × 10- 3

CV (%) 46 53 10 108

Experiments with Hg0 Addition

A: River Water (+ 0.5 M Chloride)
Hg0 loss 8.3 × 106 1.0 × 106 0.21 4.9 × 10- 8 Figure 4
Hg(II) prod 8.3 × 106 4.6 × 105 0.33 2.8 × 10- 7

Hg volatil 8.3 × 106 4.6 × 105 0.07 1.1 × 10- 8

B: Seawater
Hg0 loss 8.7 × 106 1.0 × 106 0.44 4.0 × 10- 7 Figure 5
Hg(II) prod 8.7 × 106 4.1 × 105 0.42 1.9 × 10- 6

Hg volatil 8.7 × 106 5.9 × 105 0.10 4.1 × 10- 4

a For experiments at environmental levels of DGM, DGM oxidation was measured in bottles continuously exposed to sunlight (ÒlightÓtreatment)
or in bottles kept in the dark after a 1-h exposure to sunlight (ÒdarkÓtreatment). For experiments with DGM addition, kinetics constants for Hg0 loss,
Hg(II) production, and Hg volatilization were measured in the dark after spiking (no exposure to sunlight). CV coefficient of variation; SD, standard
deviation; N/A; not available.

FIGURE5. Time seriesof dissolvedgaseous Hg0, total Hg, and Hg(II)
concentrations in (A) filtered river water and (B) unfiltered river
water with 0.5 M chloride. 8.3 nM Hg0 was added at the onset. Hg(II)
was obtained by the difference between Hg0 and total Hg.

TABLE 3. Effect of Hg(II) Addition on DGM Levels in
Transparent Bottles Incubated at Midday for 3 ha

amt of Hg(II) added
(pM)

DGM concn
(fM)

22 920 ( 60
44 1440 ( 200
66 2040 ( 40

a Samples were collected nearshore on Galveston Island on April 5,
1996.
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sam p l es ( Tab l e 4 ) . D GM c o n c en t rat i o n s i n fi l t ered sam p l es
kep t i n t ran sp aren t an d b l ack b o t t l es w ere resp ec t i v e l y 4 1 %
an d 4 8 % l o w er t h an t h e i r u n fi l t ered c o u n t erp art s.

In an o th er exp eri m en t (Fi g u re 6 ) , u n fi l t ered sam p l es ag ai n
y i e l d ed h i g h er p ro d u c t i o n rat es o f D GM t h an fi l t ered o n es,
d u ri n g th e fi rst 3 h , c o n fi rm i n g th e c o n t r i b u t i o n o f p art i c u l at e
m at t er i n D GM p ro d u c t i o n . Aft er 4 h o f i n c u b at i o n , D GM
l ev e l s b ec am e re l at i v e l y si m i l ar i n b o t h t reat m en t s b ec au se
o f an i m p o rt an t D GM l o ss i n fi l t ered b o t t l es. H o w ev er, si n c e
t h e o b serv ed d ec rease i n t h e u n fi l t ered sam p l es i s b ased o n
o n l y o n e p o i n t , w e d o n o t c o n si d er t h at t h i s exp eri m en t
c o n v i n c i n g l y sh o w s t h e p resen c e o f o xi d at i o n o f H g 0 .

Th ese resu l t s i n d i c at e t h at t h e m ajo r i t y (∼6 0 %; Tab l e 4 )
o f su n l i g h t - i n d u c ed D GM p ro d u c t i o n w as asso c i at ed w i t h
d i sso l v ed an d c o l l o i d a l H g p h ases. Co l l o i d a l H g ( 1 kD a, 0 .4 5
m m ) i n Gal v est o n c an ac c o u n t fo r as m u c h as 7 7 % o f t h e
fi l t rat e (< 0 .4 5 m m ) (20) . Co n seq u en t l y , i t i s l ikel y t h at
p h o t o c h em i c a l p ro c esses are resp o n si b l e fo r m o st o f t h e
o b serv ed D GM p ro d u c t i o n . H o w ev er, o t h er p ro c esses as-
so c i at ed ei t h er w i t h p art i c l es o r w i t h p h o t o sy n t h et i c o rg an -
i sm s m u st al so b e i m p o rtan t si n c e 4 0 %o f th e D GM p ro d u c t i o n
i n v o l v ed p art i c l es l arg er t h an 0 .4 5 m m . Fi l t ra t i o n m ay b e
rem o v i n g a read i l y exc h an g eab l e o r a p h o to l ab i l e p art i c u l at e-
H g p o o l o r a b i o t i c c o m p o n en t ( e .g ., b ac t er i a an d al g ae) t h at
c an red u c e H g ( I I ) .

Th i s su g g est s t h at p h o t o i n d u c ed D GM p ro d u c t i o n i n
seaw at er i s t h e resu l t o f m o re t h an o n e m ec h an i sm . N ear-
sh o re w at er sam p l es u sed i n t h i s st u d y c o n t a i n ed re l at i v e l y
h i g h l ev e l s o f p art i c l es ( su sp en d ed p art i c u l at e m at er i a l i n
Gal v est o n Bay : 7 - 1 6 m g L- 1 ; 20) as c o m p ared t o t h e o p en
o c ean , an d p art i c u l at e m at t er m ay b e l ess i m p o rtan t o ffsh o re.

Mechanismof DGM Loss. O u r w o rk an d o t h er l ab o rat o ry
st u d i es su g g est t h at D GM l o ss i s l ikel y t h e resu l t o f H g 0

o xi d at i o n , si n c e H g 0 i s t h e p red o m i n an t v o l at i l e sp ec i es i n
m o st n at u ra l w at ers. At t h i s p o i n t , w e h av e i n su ffi c i en t
i n fo rm at i o n t o p ro p o se a sp ec i fi c H g o xi d at i o n m ec h an i sm

i n v o l v i n g c h l o r i d e m ed i at i o n . Ch l o r i d e i o n s m ay st ab i l i z e
o xi d at i o n p ro d u c t s ( e .g ., H g ( I I ) ) an d t h erefo re p ro m o t e t h e
o xi d at i o n reac t i o n (15) . Th e o xi d an t s i n v o l v ed i n t h i s
o xi d at i o n m ay b e o rg an o p ero xy c o m p o u n d s (21) , O 3 (22, 23) ,
O H ¥ (3, 24) an d / o r O 2 (25) . Si n c e, i n t h e p resen t st u d y H g
o xi d at i o n w as o b serv ed i n t h e d ark, t h e m o st l ikel y o xi d an t
w o u l d b e O 2 . D GM l o ss m ay a l so resu l t fro m n o n o xi d at i v e
p ro c esses. Fo r i n st an c e, i f d i m et h y l m erc u ry rep resen t s a
si g n i fi c an t frac t i o n o f D GM ( w h i c h i s u n l ikel y ; 4, 5) , d eg rad a-
t i o n o f d i m et h y l m erc u ry t o m o n o m et h y l m erc u ry o r o t h er
n o n v o l at i l e sp ec i es w o u l d d ec rease D GM l ev e l s. Ad so rp t i o n
an d c o m p l exat i o n o f v o l at i l e sp ec i es c an al so i n d u c e so m e
D GM l o ss, ath o u g h th e c o n stan t D GM l ev el s o b serv ed i n b l ack
b o t t l es su g g est t h at ad so p t i v e l o sses are l o w .

Analyticaland Biogeochemical Implications. O u r resu l t s
st ro n g l y su p p o rt t h e v i ew t h at H g 0 d o es n o t a l w ay s b eh av e
as a c o n serv at i v e e l em en t i n aq u at i c sy st em s b u t m ay b e
rap i d l y o xi d i z ed . Fro m an an al y t i c al p ersp ec t i v e, i t i s th erefo re
v ery i m p o rt an t t o an al y z e seaw at er sam p l es fo r D GM i m -
m ed i at e l y aft er c o l l ec t i o n ( i .e . , d u r i n g t h e 0 .5 h ) . I t w o u l d b e
ev en b et t er t o m easu re D GM in situ. So m e st o rag e p ro t o c o l s,
su c h as c o o l i n g , c o u l d b e t est ed t o m i n i m i z e t h ese p ro b l em s.
Fu rt h erm o re, i n v i ew o f t h e v ery d y n am i c n at u re o f D GM , i t
i s i m p o rt an t t o st u d y t h e t em p o ra l v ar i a t i o n s o f D GM l ev e l s
o v er sh o rt t i m e i n t erv a l s

Fro m a b i o g eo c h em i c a l p ersp ec t i v e , H g 0 o xi d at i o n m ay
h av e t o b e c o n si d ered i n fu t u re m o d el i n g o f sea- a i r t ran sfer.
Prev i o u sl y , o n l y red u c t i o n , d i ffu si o n , ad v ec t i o n , an d t h e
av a i l ab i l i t y o f red u c i b l e su b st rat e w ere c o n si d ered as i m -
p o rt an t p aram et ers c o n t ro l l i n g D GM l ev e l s (26) . Th e re l at i v e
i m p o rt an c e o f H g o xi d at i o n v s H g v o l at i l i z at i o n i n c o n t ro l l i n g
D GM l ev e l s i n seaw at er w i l l d ep en d o n t h e rat e at w h i c h
D GM d eg ases fro m t h e w at er c o l u m n as c o m p ared t o
resi d en c e t i m es an d th e d ep th o f th e p h o to red u c t i o n i n fl u en c e
( i .e . , l i g h t p en et rat i o n ) . To i l l u st rat e , w i t h a p i st o n v e l o c i t y
o f 5 m d ay - 1 ( t y p i c a l o f t h e eq u at o r i a l reg i o n ; 27) an d an
at m o sp h eri c g aseo u s m erc u ry c o n c en t rat i o n o f 2 an d 4 0 n g
m - 3 i n t h e w at er ( ab o u t 2 0 0 fM ; see Fi g u res 3 an d 6 ) , w e
c a l c u l at e a fl u x o u t o f t h e w at er o f 8 n g m - 2 h - 1 . By
c o m p ari so n , t h e l o ss o f D GM resu l t i n g fro m o xi d at i o n ( fi rst -
o rd er k ) 0 .1 h - 1 ) at t h e sam e i n i t i a l D GM c o n c en t rat i o n ( 4 0
n g m - 3 ) w o u l d b e 4 n g m - 2 h - 1 fo r a 1 m d eep w at er c o l u m n
( h a l f o f t h e ev asi o n a l fl u x) an d 4 0 n g m - 2 h - 1 fo r a 1 0 m d eep
w at er c o l u m n ( fi v e t i m es t h e ev asi o n a l fl u x) .

Th erefo re, i n sh a l l o w c o ast a l w at ers, su c h as Gu l f Co ast
est u ar i es, ev asi o n o f D GM m ay b e m o re i m p o rt an t t h an
o xi d at i o n . D GM p h o t o p ro d u c t i o n w i l l b e fav o red si n c e l i g h t
m ay p en et rat e t h e en t i re w at er c o l u m n ( a l t h o u g h i n so m e
c ases l i g h t p en et rat i o n m ay b e d i m i n i sh ed b y h i g h l o ad s o f
su sp en d ed p art i c u l at e m at t ers) . Al so , D GM d eg assi n g m ay
b e p ro m o t ed b y t u rb u l en c e, w arm t em p erat u res, an d p ro x-
i m i t y o f th e ai r- w ater i n terfac e. In c o n t rast , D GM p ro d u c t i o n
i n o ffsh o re w at er c an o c c u r at g reat er d ep t h , an d D GM
d eg assi n g w i l l b e l ess i m p o rt an t t h an in situ d eg rad at i o n o f
D GM . N o t e, h o w ev er, t h at t h e p resen t st u d y d eal s o n l y w i t h
c o ast a l seaw at er r i c h i n su sp en d ed so l i d s an d al l o c h t o n o u s
m at t er. N o o xi d at i o n o f H g 0 h as y et b een rep o rt ed i n t h e
o p en o c ean .

TABLE 4. Effect of Filtration (0.45 mm) of Seawater Samples Collected near the Shore of Galveston Island on Janurary 23, 1996a

type of bottle
treatment

before incubation
DGM concn

(fM)
p value of ANOVA

for treatment effect
Tukey HSD

comparisonb
hourly DGM production

(fM h- 1)

black none 69 ( 6 < 0.001 a
transparent none 171 ( 11 b 15 ( 2
black filtration 36 ( 5 c
transparent filtration 101 ( 16 d 9 ( 2

a Samples were incubated 7 h prior to analysis. Standard deviations based on three replicates are shown. b Significant differences (p < 0.05)
between treatment are indicated by different letters.

FIGURE 6. Time series of DGM levels in filtered and unfiltered
seawater samplescollectednearshore of GalvestonIslandonMarch
11, 1996.
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