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INTRODUCTION 

Hydrophobic organic contaminants (HOCs) sorb strongly t o  sediments and parti t ion  weakly 
into the porewater and overlying water. This leads t o  the detection of HOCs i n  sediments long 
after their original introduction t o  the environment. Water bodies w i t h  active sediment 
processes have larger fluxes of HOCs t o  overlying water. I n  the absence of sediment resuspension 
by erosive processes, the normal l i fe  cycle activities of benthic organisms will predominate i n  
the transport of particles from w i t h i n  the sediment bed t o  the sediment-water interface. As a 
result the HOCs associated w i t h  the particles are released t o  the water column. This process 
i s  called bioturbation and is  the focus of this paper. There are a number of species t h a t  act 
as bioturbators. The most prevalent ones. especially i n  contaminated sediments across many si tes 
i n  the U.S. are the Tubificidae species t h a t  burrow w i t h i n  the sediment and defecate a t  the 
surface. 

Capping w i t h  clean sediment i s  a possible remediation measure for isolating the aquatic 
system from contaminated sediments (Thoma e t  a l ,  1993). The placement of the cap will 
effectively increase the pathlength for contaminant transport by diffusion and advection and,  
will also decrease pol lu tan t  release by direct bioturbation of contaminated particles. This 
paper describes our experiments on contrasting the flux of HOCs from bioturbated capped and 
uncapped sediments i n  small laboratory microcosms w i t h  those of control microcosms (capped and 
uncapped) without bi oturbators . 

METHODOLOGY 

The experiments were conducted i n 1 aboratory microcosms which have been described i n 
detail elsewhere (Reible et al, 1994). They were designed t o  simulate the flow of water over 
a sediment surface. Each microcosm was 15 cm x 5 cm x 4.5 cm i n  dimension and was constructed 
out of 0.64 cm thick plexiglass. Two f l a t  overflow slots were located on both ends of the 
microcosms t o  make water flow more uniformly over the sediment surface. Fifteen such microcosms 
were used. The t o t a l  sediment thickness i n  each was 3.5 cm t h a t  included the clean sediment used 
as cap i n  some of the microcosms. Seven of them were control microcosms t h a t  contained no 
organisms. Of the seven, three were uncapped and four were capped w i t h  clean sediment t o  a 
thickness of 0 .  5 cm. The remaining eight microcosms contained 200 organisms each. Of the 
eight, four were uncapped and four were capped w i t h  cleam sediment t o  a thickness of 0.5 cm. 
The sediment used was obtained from a local area (Bayou Manchac. Baton Rouge, LA) .  I t  had an 
organic carbon content of 2.8% and a porosity of 0.67. The sediment was processed and inoculated 
w i t h  a mixture of three polyaromatic hydrocarbons (pyrene. phenanthrene and dibenzofuran) . In  
this paper we report our results only for pyrene. The pyrene concentration i n  the sediment was 
31.921.1 mg/kg. The sediment inoculation procedure was described i n  an  earlier publication 
(Reible e t  al, 1994). The bioturbators used were Limnodril lus hof fmeis ter i ,  head-down feeders 
often found i n  many freshwater estuarine environments (Stimpson et  al, 1985). 

I n  the experiments reported here, the average flow rate of water over the sediment was 
500 m l / h .  This h igh  flow rate ensured t h a t  water-side mass transfer resistance was negligible 
i n  the transport of pyrene from sediment t o  water. The effluent water was collected periodically 
t o  estimate the contaminant concentration on an HPLC by a n  EPA standard method (Reible e t  al. 
1994). The flux of contaminant was determined from N = C A V / A t ,  where AV i s  the volume collected 
i n  time A t .  The experiments were run for sixty days and then the sediment was cored i n t o  4 mm 
t h i n  sections and analyzed for pyrene. 
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RESULTS 

The measured f luxes o f  pyrene from the experimental microcosms are shown i n  Figure 1. 
The open symbols represent the chemical f l u x  from the b i  oturbated systems whi 1 e the s o l i d  symbols 
represent the f l u x  from the non-bioturbated control  microcosms. A1 1 f luxes represent the  average 
o f  f ou r  r e p l i c a t e  microcosms (except the controls which represent three microcosms): the e r r o r  
bars i nd i ca te  the  standard deviat ion i n  the measured f luxes.  The standard dev iat ion among the 
r e p l i c a t e  microcosms was t y p i c a l l y  about 20%. i nd i ca t i ng  the  v a r i a b i l i t y  associated w i t h  the worm 
b io log i ca l  a c t i v i t y ,  l i q u i d  ext ract ion and concentrat ion procedures f o r  HPLC analysis.  I n  f i g u r e  
1 are shown the pyrene f l u x  from both the capped and uncapped Bayou Manchac sediments populated 
w i t h  200 worms. For comparison the pyrene f l u x  from the  contro l  channels are a lso presented. 
Pyrene f l ux  i n  uncapped control  channels decreased gradual ly from - 250 ng/cm2/d a t  the s t a r t  o f  
the experiment t o  about 10 ng/cm2/d a f t e r  25 days. The f l u x  remained stable a t  the.lower value 
for approximately 30 days. I n  the capped control  channels the  pyrene f l u x  observed i n  the o u t l e t  
water was zero i nd i ca t i ng  the effect iveness o f  the cap i n  retarding the  movement o f  a 
hydrophobic compound from the underlying sediment. The data i s  i n  agreement w i t h  the observed 
t rend i n  e a r l i e r  experiments on capping (Thoma et a ? ,  1993). The organisms were added a f t e r  s i x  
days o f  the experiment, the in f luenceof  which i s  obvious i n  the f j u x  of pyrene. Whereas the 
pyrene f l u x  i n  the  contro l  channels was about 60 t o  70 ng/cm'/d a t  the time o f  worm incorporat ion 
i n t o  the  sediment, the bioturbated microcosms showed a f l ux  o f  140 ng/cm2/d. Even towards the 
end o f  the experiment the f l u x  i n  the bioturbated microcosms remained about 60 ng/cm2/d. I n  the 
capped microcosms populated by the worms, the f l ux  was q u i t e  s tab le during the  course o f  the 
experiment and var ied between 30 t o  40 ng/cm2/d. Towards the end o f  the experiment, the f luxes 
from both the capped and uncapped sediments wi th  worms were almost i d e n t i c a l .  

Figure 2 represents the sediment concentrat ion p r o f i l e  f o r  pyrene i n  uncapped contro l  
wi thout worms, capped control  without worms, uncapped sediment wi th  worms and capped sediment 
w i th  worms. The p r o f i l e s  i n  the uncapped controls wi thout worms showed the expected exponential 
p r o f i l e  over the f i r s t  4 mm o f  the contaminated layer  where the sediment concentrat ion decreased 
from an i n i t i a l  loading o f  32 mg/kg t o  7 t o  12 mg/kg. I n  the uncapped microcosms w i th  worms the 
deplet ion o f  pyrene was larger  a t  the surface. I n  the capped control  without worms, the  expected 
e f f e c t  o f  decreased movement of pyrene a t  the surface was apparent: i n  f a c t ,  there was only 
minimal amout o f  pyrene tha t  migrated i n t o  the clean cap. I n  the microcosm w i th  cap and worms, 
there was a c lea r  i nd i ca t i on  o f  the worm transport ing pyrene through the cap. It was observed 
t h a t  the worm fecal  p e l l e t s  co l lected a t  the surface contained about 5 mg/kg o f  pyrene, whi le 
the underlying 3 mm o f  the cap contained no pyrene. The deplet ion layer i n  t h i s  case was - 10 
mm . 

The above resu l t s  c l e a r l y  ind icate-  t h a t  b io turbat ion s i g n i f i c a n t l y  increased the 
contaminant f l u x  from the sediment over control  capped and uncapped microcosms. The t o t a l  
contaminant f l u x  from the sediment can be regarded as the sum o f  the d i f f us i ve  f l u x  from the 
porewater and the b io turbat ion f l u x .  The l a t t e r  i s  a combination of the sediment p a r t i c l e  
t ranspor t  and water pumping during feeding a c t i v i t i e s  by worms. I n i t i a l l y  the d i f f u s i o n  f rom 
the sediment surface w i l l  be large; however, wi th  t ime the e f f e c t i v e  deplet ion o f  t he  surface 
sediment w i l l  lead t o  a decrease i n  the ra te  o f  molecular d i f f us ion .  As the d i f f u s i v e  f l u x  
decreases w i th  t ime r e l a t i v e  s igni f icance o f  b io turbat ion w i l l  increase. The b io turbat ion f l u x  
from the sediment can be determined by subtract ing the f l u x  i n  the  controls wi thout worms from 
those of the microcosms w i th  worms. For pyrene the average b io turbat ion re la ted  f luxes estimated 
thus were: 55rt14 ng/cm2/d i n  the uncapped microcosms, and 33k6 ng/cm*/d i n  the capped microcosms. 
Therefore the decrease i n  pyrene f l u x  as a r e s u l t  o f  the cap was only 40% i n  the presence o f  the 
worms, The f l u x  due t o  b io turbat ion as obtained above was observed t o  remain r e l a t i v e l y  constant 
f o r  pyrene dur ing the  course o f  the experiment. 

An e f f e c t i v e  b io turbat ion mass t rans fe r  c o e f f i c i e n t  can be defined as the r a t i o  o f  the 
f l u x  due t o  b io turbat ion t o  the contaminant concentrat ion i n  the sediment: 

The numerator represents the b io turbat ion f l u x ,  v i z . ,  the d i f ference i n  f l u x  between the 
microcosms w i th  the species (N obs) and the microcosms without the species ( N c o n t ) .  pb i s  the 
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igure 1. Sediment-to-water f l u x  of pyrene i n  the various microcosms as a function o 
time. 

sediment bulk  density and W, i s  the sediment concentration of pyrene. The effective 
bioturbation mass transfer coefficient for pyrene was 0 . 7  cm/y This is  comparable to measured 
values i n  the field for other compounds which range from 0 . 1  t o  10 cm/y (Reible e t  a l ,  1994). 
Assuming t h a t  the effective bioturbation depth is  limited t o  - 3 cm. an  effective bioturbation 
diffusion constant can be estimated from Ob,,, = Kb 0 (3 cm), which for pyrene would be 2 . 1  cm2/y. 

CONCLUSIONS 

The major focus of these experiments was t o  evaluate the effects of a conveyor-belt worm 
Limnodri Ius hoffmeisteri  on capping as a control technology for contaminated sediment 
remediation. The overall approach was t o  inoculate the sediment w i t h  contaminants and then 
monitor i t s  effluent concentration i n  small microcosms inhabited by the species. The pyrene f lux  
i n  uncapped control microcosms decreased gradually from 250 ng/cm2/d a t  the s tar t  of the 
experiment t o  about 10 ng/cm2/d after 30 days. The f l u x  then remained constant for the next 30 
days. The add i t ion  of the worms after six days of the experiment markedly increased the f lux  
of pyrene. The f l u x  due t o  bioturbation from an uncapped sediment was 55*14 ng/cm2/d and from 
a capped sediment was 33+6 ng/cm2/d. Towards the end of the experiment the f l u x  from both capped 
and uncapped sediments were similar. The effective bioturbation mass transfer coefficient for 
pyrene was 0 .7  cmly. Capping effectively reduced the contaminant release t o  the water column 
only i n  the absence of the worms. I n  the presence of the worms, a 5 mm layer of cap was found 
t o  be less effective i n  retarding the movement of pyrene from the underlying contaminated 
sediment t o  the overlying water. 
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'igure 2. Sediment concentrat ion p r o f i l e  f o r  pyrene i n  the d i f f e r e n t  microcosms as a 
funct ion o f  depth i n t o  the sediment. 
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