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INTRODUCTION 

Part icles  are added to  the e s tuarin e  environment by river s , by the 

a tmo sphere , by shore erosion , by b iological ac t ivity within es tuaries , by 

the sea , and by municipal and indu st rial d i s charge s . The sources  are thus  

ext ernal ,  in t ernal , and ma rginal . The part icles are  b o th organic , liv ing 

and dead ; and inorgani c ,  naturally-occurring and an thropogen i c . 

Man ha s cl early mo d i f ied the natu ral f l ow o f  par t icles  in to the 

e s tuarine environment by def ore s tat ion , agr icu lture , and urbanizat ion o f  

drainage b a s ins ; by con s t ru c t ion o f  dams and reservo irs o n  t r ibutary 

river s ; by d ivers ion o f  river s ;  and by engineering proj e c t s  to  cont rol 

shore eros ion . His ac t ivities  also have in t rodu c ed s ign i f icant quant i t ie s  

o f  an throp ogenic part icu late  ma t t er and have s t imulat ed t h e  produ c t ion o f  

o rgan i c  ma t ter . Nu tr ient leve ls  have in creased as a r e s u l t  o f  sewage 

e f f luent and runoff from agricu ltural areas and , as  a resu l t , the local 

p rodu c t ion o f  organic ma t t e r  has b e en ac celerated . 

Be cau se part iculate ma t t e r can a f f e c t  the e s tuarine  env ironment in a 

variety o f  ways , the ab ility to  predict it s b ehavior is  o f  t .he grea t e s t  

s c i en t i f ic and pract ical impor tanc e . Th is  is  part i cu larly t rue o f  the 

f ine-grained fract ion , s i l t  and clay , which p o s e  the gr eate s t  prob lems : 

e conomi c , aes thet i c , and environmental . The e f f e c t s  are direct  and 

indire c t . In mo s t  e s tuaries  the sediment that fills  navigat ion chann e l s  

a n d  mu s t  b e  removed by dredging at a c o s t  o f  millions of  d o l lars each year 

i s  mu d-- s i l t  and c lay . F ine particles  also  are impor tant in det ermining 

wat e r  " qual ity" o f  the e s tuarine environment . 

I t  is well known that many o f  the p o t en t ia l ly mo s t  in s id iou s 

contaminan t s  are re lat ively in s o lub le in water  and have a high af f inity 
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f or ad sorption t o  f ine particle s . Among the s e  contaminant s  are pe troleum 

hydrocarb on s ,  heavy meta l s , po ly chlorinated b iphenyls and other 

chlorinated hydrocarb on s ,  p o lynu clear aromat i c s , p e sticide s ,  herb icides , 

and some rad ionuc l id e s . Be cau s e  o f  their in s o lub ility , the s e  sub stances  

are  scavenged rapid ly from solut ion in  the wat er column near the ir po ints 

of introduct ion by f ine suspended part i c l e s . On ce  ad s orb ed on t o  f ine 

part icles , the ir d i stribution , transporta t ion , and accumu lat ion--and 

their environmental and ecolog ical ef f e c t s --are d e t ermined pr imarily by  

the suspended sediment d i sper s a l  sy s t em o f  that  par t i cu lar wa t er body . 

The proces s e s  that control  d i spersal are not all phys ical . 

Filter-feeding  organ i sms ing e s t  f ine  suspended particle s and 

a s s oc iated con taminants and agg lomerate the smaller parti c l e s  into larger 

comp o s ite part icles  in their f e c e s  and p s eudo f e c e s  thereby acce leratin g  

the accumulation o f  f ine  par t i c l e s  with in the estuarine environment and 

providing the contaminants in a more con centrat ed f orm to d epo s it- feeding  

animals . The d istr ibution and character o f  suspended and particularly 

b o t t om sedimen t s  are important factors  in govern ing the d i s t r ibutions o f  

b enthic an imals , includ ing commerc ially important species  o f  she l l f i sh, 

su ch as oy s t e r s  and c lams . F ine  parti c l e s  can a l s o  serve as sourc e s  and 

s inks f or nu trients • 

F ine-grained suspended sediment a l s o  can decrease the amount o f  

dis solved oxygen in e s tuarine  waters both d ire ctly and ind ire c tly . 

Resu spen s ion o f  f ine-grained , organ ic-rich sed iments with a high oxygen 

d emand may p rodu ce a sag in the oxygen d i stribu t ion . The decrease in 

d epth of the euphotic zone whi ch accompanies  in crea s e s  in suspended 

sedimen t leve ls  cau s e s  decreas e d  produ ction of  oxygen by phytop lankton 

and by rooted aquati c p lants . Area s of the b ottom formerly within the 
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euphot i c  zone can b e  removed from it a s  a result o f  man ' s a c t ivitie s . 

Increa s e s  in the level o f  su spended part i cu la t e  ma t t er ab ove some 

threshold level is aes thet ically disp leasing and inhib i t s  recreationa l  

u se . T h i s  level i s  a funct ion not on ly o f  t h e  t o t a l  concentrat ion , b u t  

al so o f  t h e  s ize d i s t r ibut ion a n d  t h e  comp o s i t ion o f  t h e  suspended 

mat eria l . A concen t rat ion o f  100 mg/� o f  f ine quartz sand d o e s  no t have 

the same e f f e c t  on wat e r  color and tran sparen cy as does  the same 

concen t rat ion o f  organic-rich s i lt and clay • 

Regard less  o f  the criterion one s e l e c t s  to  measure environment a l  

quality , in f luxes o f  f ine-grained part i culate  mat t er in t o  e s tuaries have 

a delet erious e f f e c t  on many u s e s  of the s e  environmen t s  and a salutary 

e f fect  o f  few .  Thi s  is  t rue whe ther the part i c les  are suspended in the 

wa ter  co lumn , or  are depos ited on the b o t tom . I t  p rob ably is  not an 

exaggera t ion t o  s t a t e  that f ine-grained particulate  ma t t er has a grea t e r  

e f fect--d irect  and ind irect--on environmental  qual i ty and o n  t h e  u s e s  

s ociety make s o f  t h e  Nat ion's e s tuarie s than any o t her s ingle fa c t o r . 

The r e  are two qu i t e  d i f f erent approaches t o  the study o f  e s tuarine 

sedimen t a t ion . One deals with specific  proce s s e s  such as  the phy s i c a l  

mechanisms that con t r o l  t h e  dep o s it ion a n d  eros ion o f  mud ,  t h e  forma t ion 

of comp o s i t e  par t i c l e s  ( agg lomerat e s )  by b io logical and by phy s ical­

chemical processe s , the reworking o f  s e d imen t s  by benth ic organisms and 

the cons equent changes they produce in the phy s ical properties  o f  the 

sedimen t , and the proce s s es that con t r ol the uptake and release o f  

sub s tance  by f ine part icles . The o ther app roach d e a l s  with t h e  charac­

t erizat ion o f  the e s tuary as a sedimentary sy stem .  

Many studies  o f  the first kind have b e en completed  su c ces s fully; 

others such as the e f f e c t s  o f  organ isms on the phy s ical  chara c t eri s t i c s  o f  
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sedimen t s  are only now b e ing addr e s s ed. The prospe c t s  for res olving 

qu e s t ions at  this level  are good , if  s c ient i s t s  f ind them exc i t ing and if  

rea s onable support is provided through conven tional fund ing me chani sms . 

Bu t ,  studies o f  the second kind-- studies o f  estuarine sediment ary 

sy s t ems--hardly have b e en cons idered . Where es tuarine sedimen tary sys­

t ems have b e en charac t e r iz ed it  u sually has b e en in respon se to  a 

cris is. On e o f  the b e s t  examp l e s  o f  this is the wo rk that led t o  the 

explana t i on of the format ion of the mu d dep o s i t s  in the Thames and their  

relat ionship t o  maint enance dredging o f  the  sh ipp ing channels  t o  the 

London d o cks ( Inglis and Allen , 195 7) . It is t o  studies  o f  the second 

kind-- s tudies of e s tuarine f ine part icle sediment sys t ems--that we dire c t  

o u t  a t t en t ion in t h i s  report . 

The same proce sse s--b iolog ical , chemical , geo chemical , geolog ical 

and phys ical--are a t  wo rk in all e s tuarie s , but  the relat iv e  importance  

o f  these  proce s s e s  vary drama t ically not only f rom on e e s tuary t o  the 

next , but among dif f erent segmen t s  o f  an e s tuary at any g iven t ime . And 

the re are large temp oral varia t ion s within any segment o f  an e s tuary • 

One can lea rn a great deal ab o u t  the mechan ic s  o f  s ediment t ransport  and 

ab ou t the other proce s s e s  importan t  in e s tuarine sedimentat ion through 

lab orat o ry flume experiment s  and isolat e d , short- t e rm f ield studies;  by 

experimen t s  o f  the f ir s t  kind. These  studies , however ,  o f t en provide 

l it tle in sight in t o  the long- t e rm man i f e s t a t ion s o f  e s tuarine 

sedimen t a t ion and the id en t i f icat ion of the sp e c i f i c  pro c e s s e s  that 

control sedimentation in d i f f erent parts  of an e s tuary . At tainment of 

this level o f  understand ing--the level that is neces sary for developmen t 

o f  e f fec t ive management s trat egie s--requ ires a holist ic app roach, an 

approach that comb ines sp e c i f i c , short-t erm f ield and lab ora t o ry 

4 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

experiments with sy s t em-wide studie s . It requires  studies  o f  the se con d 

kind; studies  o f  e s tuarine f ine particle systems • 

ESTUARINE FINE PARTICLE SEDIMENT SYSTEMS : 

WHERE TO BEGIN • 

Ideally , one wou ld like to know f o r  each e stuary : ( a ) the source s 

o f  sediment-- their location s  and s t rengths , (b ) the character  o f  the 

sedimen t  int rodu c ed--its s ize dis tribution , comp o sition , and a s so ciated 

contaminant s ,  ( c ) the rou t e s  and ra t e s  of se diment transport--including 

the tran sient rep o s itorie s , ( d ) the s ites o f  f inal ac cumu lat ion within 

the estuary and , ( e ) the amount lo st to the ocean. There are also many 

importan t b iological and geochemical que stion s; the s e  will b e  t ou ched on 

only lightly in this report . The prob lem is already too large . Ou r 

p r imary t a sk is to identify a s t rat egy , or stra t e g ie s , that have a 

reasonab le chance o f  su c c e s s  in deve lop ing understanding o f  e s tuarine 

s e d imentary sy stems • 

Sedimentation proce s s e s  in estuaries  are ext remely variab le in t ime 

and spac e . They not only undergo tidal and seasonal cycle s but are 

d i s turb ed occas ionally by maj or storms or floods  which may d ominate the 

sedimentation of  the sy stem , or  a t  lea st se gmen t s  o f  it.  Becau se o f  the s e  

vagarie s , it is  f requ en tly mo re e f f ect,
ive to b e g in a n  inve stigation o f  

e s tuarine sediment sy s t ems by  examin ing the end products o f  these pro­

c e s s e s  rather than the proce s s e s  thems e lves. Indeed , where in frequent 

events dominate , there i s  no alternative • 
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Sedimen t ary Dep o s i t s--

O r  Wha t  The Record Can Tell Us  

I f  one  thinks o f  an  es tuary as a ma ch ine f o r  hand l ing sedimen t , then 

the produ c t s  o f  this machine are the permanen t , s e d imen t ary depo s i t s that 

line the es tuary floor . The sedimentary depos i t s  are the in t e grat ed 

result s o f  many and variab le processe s--r iver flow , wave eros ion and 

b iological produ c t ion and proces sing , f o r  example . To help des ign an 

e fficient and e f f e c t ive s tudy of the phy s ical pro c e s s  of f ine-grained 

sediment t ransport  in the e s t uary , it  is  u s e ful to  know first where the 

e s tuarine mud depo s i t s  are f ound , the type and amount o f  mat e r ial in 

the s e  d epo s i t s , and the ra t e s  at which they are ac cumula t ing . 

On nau t ical cha r t s  the d e s i gnat ion o f  " s o f t " b o t t om is a fair 

ind ica t ion of where mu d dy sedimen t s  can b e  f ound , b u t  for many es tuarie s  

t extural map s  o f  the surf ic ial sedimen t s  also have b e en comp ile d . Thes e  

map s not  only show the lo cat ion o f  f ine-grained s e d iment depo s i t s--the 

materials that are t rapped within the system--bu t  also help iden t ify the 

typ e s  of ma ter ials tha t pass through the par t i cular e s tu arine sys t em .  

Development  o f  su rv ey ing t e chniques that measure the acou s t ic refle c t ivity  

o f  the  sea floor t o  iden t i fy sedimen t typ e s  would make rap id and mor e  

ext en sive inve s t igat ions p o s s ib le . Only i n  a f ew e s tuaries has the 

th ickn e s s  o f  these mu d depo s i t s  b een measured or  have changes in comp o s i­

t i on o f  the sedimen t wi th dep th b een chron icled over the li fe of  the 

e s tuary . As a resul t , there is  usually no ind i cat ion o f  how represen t a­

t ive the pre sent condi t ions are o f  the long- t e rm b ehavior o f  the 

e s tuarin e  sy s t em ;  nor is there a b a s i s  f o r  d i stingu ishing between tho s e  

p r e sent features o f  the surf  i c ial sedimen t  d is t r ib u t ion wh ich will b e  

6 
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perman en t charac t e r i s t i c s  o f  the sedimen t ary sys t em-- characteri s t i c s  that 

wi ll  b e  in corporated  in to the Record--and tho se wh ich may b e  tran s ien t  

f eature s .  

Onc e  the areas o f  es tuarine  mud are lo cated , the thickness  o f  the 

dep o s i t s  may be  measu red ei ther with a ne two rk of cores or by  high 

resolu t ion seismic re f le c t ion . Ideally , con t ou r  map s o f  the th ickn e s s  

and comp o s i t ion o f  t h e  e stuarine mud wou ld b e  produ c ed u s ing a 

comb inat ion o f  the s e  me thod s . Acou s t ic survey s  shou ld b e  u s ed to  choose  

tho se locat ions whe re cores  and  b o t t om samp les  could b e  taken to  mo s t  

e f f e c t ively map the s e d iment d ep o s i t s  and chron icle  their  d ep o s i t ional 

historie s . Changes in the comp o s it ion o f  the d ep o s i t s  with d ep th show 

the long-term trend s in sedimen tat ion and the relat ive imp ort ance  o f  

fluvial , l i t t ora l , and b iological  sourc es o f  material  over the li f e  o f  

the e s tuary • 

While the approach ou t lined to  this p o int is  conceptually s t ra ight­

forward , e f f e c t ing i t  is  anything but . To app ly the se method s ,  the 

e s tuarine  mud s  mu s t  be read ily d i s t ingu ishab le from relict dep o s i t s . Du e 

t o  P lei s t o c ene sea l evel chang e s , the pre sent e s tuarine env ironment wa s 

p rob ably preceded by some comb inat ion o f  f luvia l , sub-aeria l , g la c ia l ,  

and lacu s t r ine envi ronmen t s . Relict sediment d ep o s its which are 

chara c t eri s t ic  o f  earlier environment s  mus t  be excluded f rom 

det erminat ion o f  the volume o f  e s tuar ine sediment s .  Unf ortunat ely , in 

many es tuaries the contact b e tween e s tuarine sedimen t s  an d the underly ing 

depos its is  ill-de f ined and therefore not  readily ident if iab l e . To make 

mat t ers worse , f ine-grained estuarine dep o s i t s  f requent ly are so h i ghly 

charged with gas bubb les  ( primar ily me thane ) that they are v irtually 

opaque to the high frequency sound energy characteris t ic o f  h igh 

re solu t ion se ismic p r o f iling sy s t ems . 
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Sedimen tary proce s s e s  in coas tal waters  not  only und ergo tidal and 

seasonal cycles b u t  also are disturb ed ep isodically by major s t orms • 

Be cau s e  o f  the se perturb a t ion s , direct  ob servat ions o f  the ra t e  o f  sedi­

ment ac cumulat ion may require ob servat ional periods o f  t ens o r  even 

hundred s of years to ob tain a meaningful long-term average sedimentat ion 

rat e .  I t  i s  u s e ful , therefore , t o  e s t ima t e  the sedimentat ion ra t e  by 

measuring  the amount of ma ter ial tha t  has ac cumula t ed on a geological 

t ime s cale and the t ime requ ired for  this accumula t ion • Such a procedure 

can only b e  applied if  a s t art ing t ime for  the pro c e s s  is  well-d e f ined . 

I f  the thickn e s s  o f  es tuarine  sedimen t  has b e en mea sured , one way to get  

the average sedimentat ion rat e  is to  date  the on s e t  o f  es tuarine 

condit ions in the b a s in from the lo cal rate o f  sea-level ris e . A map o f  

this long-t erm average sedimentat ion rat e  would ident ify areas  o f  maximum 

and minimum accumulat ion and the regions where the sedimen t a t ion rate  is  

likely t o  be  un iform .  

Use ful in f ormat ion also can b e  ob t a ined on the ave rage ra t e s  o f  

accumula t ion o f  sediment over approximately the p a s t  centu ry b y  a careful 

c omparison o f  old and re cent  b a thymet r i c  survey shee t s . The survey s  are 

usu ally at  scales o f  1:10 , 00 0  o r  1:20 , 00 0  and have a high den s i ty o f  

soundings along the original survey line s .  Index map s summar ize the 

surveys availab le for each region and b romide prin t s  of  origin al su rvey 

she e t s  are available from the Nat ional O cean Survey . 1 

One e f f e c t ive way to  improve s i gn ificantly our und erstanding  o f  

f ine-grained estuarine sed imen t  sy s t ems is  throu gh c o l lab o rat ive 

inve s t igat ion s by geo chemis t s  and oc eanographers . Geochemis t s  p o s se ss 

1Nat ional O cean Survey, Ro ckville , Maryland 20852 
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powerful t o ols for  improving our knowledge of e s tuarine sedimen tat ion and 

for  chron i cling man's impact on these  systems , b u t  they some t ime s have 

misu sed the s e  tools . 

Mo s t  e s tuarie s are highly het erogeneous, p a t chy , in many o f  the ir 

chara c t e r i s t i c s  and are not amenable t o  facile  s tudies  by it ineran t  

geochemis t s  and oceanographers . I f  one s e t s  ou t t o  und e r s t and an e s tuary 

by spot sampling the wa ters  that en ter  i t , and the waters  tha t t emp orarily 

res ide with in it , or by sp o t  sampling the b o t t om at  a f ew s t a t ions , on e 

had b e t t e r  have some not ion o f  the t emp o ral and spat ial s cale s tha t 

g ove rn that e s tuary b e fore wri t ing i t s  b iography . There i s  a d i s t r e s s ing 

t endency among some geochemi s t s  t o  mod el the f ine-grained sedimen t 

sys t ems o f  es tuaries  and to wr i t e  their pollu t ion h i s t ories  on the b a s i s  

o f  a f ew c o r e s  without asses s ing whe ther or not  their sample s are 

represent a t ive o f  sub s t an t ia l  port ion s o f  tho s e  systems , or whether or 

not the cores have even retained the ir ch ronology . 

S chub el and Hir s chb erg ( 19 8 0 )  outlined the pro cedure shown 

s chema t i c ally in F igure 1 as one that could imp rove the e f f e c t iveness  o f  

geochemical s tudie s in adding to  ou r understan d ing o f  f ine-grained 

e s tuarine sediment sy s t ems , particu larly o f  the rat es at wh i ch f ine-grained 

s e d imen t s  are ac cumulat ing . The ne c e s s ity for  each o f  the s t ep s  should b e  

obviou s , b u t  a numb er o f  them are frequently overlooked . 

Two Case S tud ies 

S chub e l  and Hirs chberg ( 1980)  examined mo s t  o f  the publi shed papers on 

studies in wh ich geochemical t e chn iques  had b e en u sed to s tudy the re cen t  

sedimen tary h i s tory o f  es tuaries . Few adequat ely me e t  the mo s t  importan t  

criteria shown schemat ically i n  F igure 1 .  Fa ilure to d o  so  re su l t ed in 

s ome studies  b e ing far le s s  valuable than they cou ld have been , and in 
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o ther studies  b e in g  inadequate and with in correct conclu s ions . 

S chub el and Hirschberg (1 9 8 0 )  sele cted two case studies as examp les: 

the f irst i l lustrat ed how a comb inat ion o f  ge ophys ical and geological 

studies  and rad iome t r ic dat ing sign i f i cantly imp roved our under stand ing o f  

an es tuarine sed iment sy s t em and man's impact  on it; the second illu s t rat ed 

h ow an inapp ropriate and inad equate app l ication of  geochemical techn ique s  

l ed t o  erroneou s re sults . 

The studies  o f  B okun iewicz et al . (19 7 6 )  and B enn inger (19 7 8 )  p rovide 

a good example o f  the suc c e s s  that can b e  obta ined in understan d ing an 

estuarine se d iment system by thoughtfu l in t egrat ion of geochemical, 

geo logical, and geophy s ical data . Us ing high res olution se ismic re fle ction 

p r o f i l ing, Bokun iewicz e t  al . (19 7 6 )  were ab le  to d e l imit the areal exten t 

and thickn e s s  of  Re cent f ine-grained dep o s i t s  on the f lo or of Long Is land 

S ound . A d i s t in c t ive late-Wiscon s in re f le c t o r  and the ab sen c e  of gas 

bubb les ent rapped in the f ine-grained s e d imen t s  made this approach 

pos s ib le .  Even though these  invest igato r s  had l itt le data on the s t r engths 

of the sediment sour ce t erms, they we re ab le t o  e stima t e  the mean 

sediment ation rat e from the vo lume o f  sediment ,  det e rmined geophy s i c a l ly, 

by a s s i gning an age to the Wis con s in ref l e ctor b a s ed on arguments from s ea 

l evel curves. Us ing the s e  data, they e s t imated a mean sedimentation rate 

-1 
f o r  the lacu s t rin e mud o f  0 . 5  - 1 . 0  mm y • From their data for  Re cent 

marine mud s, one obta in s  a me an sed imentation rate o f  not  more than 

0 . 4 mm y
-l 

for  approximately the past 8,000  years . 

Us ing the lead-210 method, B enninger (19 7 8 )  obta ined a mean sed imenta-

t ion rate of Rec ent f ine-gra in ed mat erial in Long Island S ound of on ly 

-1 
4 . 5 mm y At St eps II and III (Fig . 1) it was clear that the dis-

agr eemen t b etween the long-term s e d imentat ion rate o f  Bokuniewi cz e t  al . 
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l 

Level of Effort and Expense 
(log scale) 

I. Selection of Coring Sites 
A. Criterion for an Acceptable Site: The site should be 

representative of an identifiable, and usually substantial, 
segment of the estuary. 

B. Data Sources for Evaluating Potential Sites: 
1) Consultation with local expert 
2) High resolution sub-bottom profiling records 
3) Core data 
4) Sediment texture map 
5) Bathymetric map 
6) Knowledge of sediment sources 
7) Hydrographic data 
8) Distributions of suspended sediment 

II.Se ect"on of Cores 
A. Criterion for an Acceptable Core: The core should have 

retained its chronology. 
B. Techniques for Assessing whether or n ot Cores have Retained 

Chronol ogy 
1) X-ray examination 
2) Macroscopic examination of split cores 

(STRUCTURED) (STRUCTURELESS) 

III. A. Proceed to Date Core by Pb and 
Analyze for Suite of Contaminants 

III. B. Stop or Use 2 Radiometric 
Measurements, e.g., 210pb 
and 137cs 

IV. Check Results 

Retained 
Proceed--��--; Chronolog 

I 
A. Criterion for Acceptable Results: Do they 

make sense? 
B. Techniques for Assessing whether or not 

Results Make Sense: 
1) Multiply 210pb sedimentation rate (length/ 

time) by representative area (f2) determined 
from (I) and compare with known inputs of 
sediment (f3/time, or mass/time). 

2) Compare calculated 210pb flux over representative 
area with relative strengths of sources. 

3) Compare calculated contaminant fluxes over 
representative area with known inputs. 

* 
(If Reasonable) 

J 
RESULTS: 

1) Representative sedimentation rate 
2) Fluxes of contaminants 
3) Pollution history 
4) Improvement in our quantitative under­

standing of sources and sinks of 
sediment and contaminants 

Has not Retained 
Chronoloqy 

STOP 

(If Proceed ) 

i 
RESULTS: 

Wasted money 
Confusion 
Misleading information 
Bad science 

Figure 1. A conceptual framework for improving the usefulness of radiometrically­
determined sedimentation rates in understanding estuarine sediment systems. 
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(19 7 6 )  o f  
-1 

0 . 4 mm y and the lead-2 10 rate calculated by B enninger (197 8 )  

o f  4 . 5  mm 
-1 

y wa s cau s ed by b ioturb ation of  the core  dated by le ad-2 10 . 

X-radio graphs of  the core gave equivocal re sult s regarding the presence o f  

s e d imen tary stru ctures . Even though reworking h a d  de stroyed the chronol-

o gy, analy t ical integration o f  the lead-2 10 pro f i l e  p rovided an e stima t e  o f  

the lead-210 flux to the core s ite which, when multiplied by the 

"repres entative" area of  accumulation o f  modern e stuarine mu d s  determined 

by sub-b ottom p ro f il ing, yielded a value  for the total l ead-2 10 depo s ition 

in the S ound . Th i s  value was in clo se agreement  with the rate of inpu t 

e stimated p r eviously . The resulting conclu s ion that Long I sland S ound i s  

an e f f i c ient trap f o r  f ine-grained s e d iment a n d  lead-210 is  a n  important 

one; a conclus ion that also ha s many impo rtant implication s f o r  sub s tan c e s  

d i s charged into the S ound by man . 

Thi s  case  is espec ially i llu s t rative s ince  many valuable conclu s ion s  

about the study area (Long Island S ound ) were obta in ed ev en thou gh the core 

dated by Benninger (19 7 8 )  was b iotu rb ated . U s e ful and geologically 

reasonab le conclus ions ab ou t the rate s and pattern s o f  sedimentation were 

obtained through a compari son of  re sults obta ined by geophys ical 

(B okun iewicz et a l . 19 7 6 )  and geochemical (B ennin ger, 1 9 7 8 )  mean s (S tep 

IVB) . Many o f  the imp ortan t  geochemical conclu s ion s ab out the estu ary were 

p o s s ible only by ref erence to the geolo g ical and geophy s i c al data . 

I f  La Ro chefou cauld wa s correct that "hi s t o ry never embraces  more than 

a small part of reality," th en the paper  entit led "A Pollu t ion Hi story o f  

Chesapeake Bay" (Go ldb erg e t  al . 19 7 8 )  has succeeded admirab ly . Go ldberg 

et  al . (1978) took a series o f  cores at f ive stat ions along the axis  of the 

main b o dy o f  Chesap eake Bay and ana lyzed them for lead-2 10, plu tonium, and 

a varie ty o f  metals . From the slop es  o f  the lead-210  depth profile s, the s e  

12 
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authors calculated sedimentat ion ra t e s . Us ing the s e  rat e s  and the re su l t s  

• o f  the metal  analy se s , they calcu lated f luxes o f  me tals  to  the sedimen t s  at  

the  various s t a t ion s and con s t ru cted a po llut ion history for Che sapeake 

Bay . The basis  f o r  recon s t ru c t ing that h i s t o ry was the lead-2 10 method . 

• The s e  inve s t igat ors be gan their s tudy appropriat e ly at S t ep I shown in 

• 

• 

• 

• 

I 

� 

F igure 1 ( Goldberg , per sonal commun icat ion 1979) b u t  they apparently pro-

c eeded t o  inve s t  a great deal  o f  t ime and e f f ort in dat ing and analyzing 

t he cores  ( S t ep I I I )  without s a t i s fac tor ily demons t rating that the cores 

had re tained their chrono logie s ( S t ep I I ) . More importan t ly , they appar-

ent ly d id not ask whe ther the ir sedimen t a t ion rat e s  made s ens e .  They d id 

n o t  compare their lead- 210 s e d imentat ion ra t e s  wi th other e s t imat e s  o f  

s e d imentat ion rat e s  f o r  the same area s , nor d id they compare their sedi-

men tation rat e s  with measured inpu t s  f rom kn own sou r c e s  o f  sediment . 

Un l ike Long  I s land S ound , the vo lume o f  Recent f ine-grained sediments 

dep o s i t e d  in Chesapeake Bay is poorly known . There is no d i s t inctive an d 

ub iquitous late-Wis con s in ref l e c t or o f  known age , and large areas o f  the 

Chesapeake Bay's near-surface s e d imen t s  are opaque  to high- frequen cy 

s e ismic s ound sou r c e s  becau se of high concentrat ions of ent rapped gas 

b ubb les (S chub el  and S chiemer , 1973 ) . But , the sources of  sedimen t t o  the 

ma in body o f  Che sap eake Bay are  known far b e t t er than tho se of Long  I s land 

S ound . 

The sed imentat ion rat e s  reported  by Goldb erg e t  al . (1978) are 5 - 10 

t imes greater than previous e stimates  and than rat e s  that can b e  ac counted 

f o r  by a l l  known sediment inpu t s  t o  ea ch o f  the s ev e ral segmen t s  of  

Chesapeake B ay they studied ( S chub e l, 1968; Bigg s , 1970; Schub el and Carter , 

1977; S chub e l  and Hirschberg, 197 7 ) .  Previous e stimat e s  of s e d iment ation 

rates have b e en based  on s imp le sedimen t-budget models  (Schub e l , 1968; 

13 
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B iggs , 1970; S chub e l  and Cart er , 197 7 )  and on lead-2 10 data ( S chub e l  and 

Hirschb erg , 197 7 ;  Hirschb erg , 197 7 ;  Hirschberg and S chub e l , 197 9) . The 

rates  pre sen t ed by Goldberg et al . ( 1978) clearly are no t rep r e s en t a t ive o f  

sub s tant ial  segmen t s  o f  the Bay . F o r  exampl e ,  s e d iment inpu t s  required t o  

support  t h e  sedimentat ion rat e s  es t imated  b y  Goldb e rg et  al . ( 1978 ) for  the 

midd le and upp er Bay are 10 t imes greater  than measured sediment inpu t s , 

a s suming the sedimentat ion rates are representat ive o f  more than local 

condit ions . 

S chub e l  ( 196 8 , 197 2 )  and Gros s  e t  a l . (197 2 )  have e s t imated that the 

long-t e rm mean input of f luvial sedimen t t o  the upper Che sapeake B ay from 

the Susquehanna River--the source of more than 99% o f  the t o t a l  f luvial 

sedimen t inpu t t o  th i s  segment o f  the Bay--is ab out 1 x 10
6 

t ons per year . 

I f  all  o f  th i s  sed iment were dep o s ited in the upp er reaches o f  Chesapeake 

Bay north of 3 9° 1 2 'N ,  it would  account for  a sedimentat ion rat e  of 7-8 mm 

per year--le s s  than 10% of  the sedimentat i on rat e (8 cm per year) e s t imat e d  

by  Goldberg e t  al . ( 197 8) for  a s t a t ion in th is segment o f  t h e  Bay 

39° 14'N ) . Shore eros ion may con t r ib u t e  an add i t ional 0 . 1  x 10
6 

t on s  per  

year of  f ine-grained mataeria l . Clearly , Goldb e r g  e t  a l . 's ( 197 8) 

s e d imentat ion ra t e  is  no t rep resentat ive of  a sub s t an t ia l  segment of the 

upper Chesapeake Bay . It may r e f l e c t  the local sedimentat ion rat e , but I 

doub t i t . Their e s t imat e  o f  the sedimentat ion ra t e  probab ly i s  an omalou s ly 

hi gh becau s e  the s e d imen t s  have been b ioturbated . 

S chub el  and Hir s chb erg (198 0 )  reconst ru c t e d  in Figure 2 Goldb e rg 

e t  al . 's ( 197 8) lead-210 dep th pro f i le for  stat ion CHSP 12 12 located in the 

upp er reaches o f  Ches apeake Bay (39° 14' 1 2 "N; 76 ° 14' 18"W) . The s e  data 

we re interp r e t ed b y  Goldb erg e t  al . (1978 ) t o  repr e sent a sed imentat ion 

rate of 8 cm per year . Although the data in Go ldb erg et  al . ( their  
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CHSP-1212 

-

-

I I I I I I 

10 20 30 40 50 60 70 

DEPTii (cm) 

Lead-210 levels in Chesapeake Bay sediments at Station CHSP 1212 (39°14'12"N, 

76° 14' 18 "W) in upper Chesapeake Bay (based on Figure 2 in Goldberg et al,., 
(1978)). :'/e have adcJect uncertainty estimates based on comparisons with other 

published analyses using the same techniques as Goldberg et al. (1978) . 
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Figure 2) we re rep o r t ed without unce rtainty e s t imat e s , comparison with 

o ther pub lished lead-2 10 analy s e s  u s ing th e same t e chn iques  ind ica t e  an 

-1 
app ropriate  uncert a inty o f  ab ou t ± 0 . 2  dpm g which have b e en add ed in 

F igure 2 .  Cons idering the s e  un certainty b ound s ,  a s lope of approxima t e ly 

zero i s  cons istent wi th their data . This corre sponds t o  an in f init e ly high 

sediment a t i on rat e . The reported  occurren c e  o f  p lu ton ium t o  a dep th o f  

7 2  c m  i n  t h e  sed iment con f i rms the lead-210 data , b u t  n o t  the chrono logy o f  

thi s  core . The int erpretat ion o f f ered here is  con s i stent with the d i s t r i-

but ion o f  lead- 2 10 and exp lains the anomalou s ly high s e d imentat ion rat e . 

C o l lab o rat ive inv e s t igations by geochemi s t s  and o ceanographer s  can ,
. 

i f  

done prop e r ly , add sub s tan t ia l ly t o  the und e r s t and ing o f  e s tuarine s e d i-

ment sys t ems and t o  the impac t s  o f  man on tho se sy s t ems . Too  frequen t ly , 

however , p o t ent ial ly p owerful ge o chemical t o o l s  have b e en mi sapp lied 

leading t o  erroneou s resu l t s  and confus ion • 

F ine-grained s e d iment can b e  incorpora t ed in t o  the "permanent " sedi-

men tary record by a varie ty o f  mechanisms . Part icle-by-par t i c le s e t t l ing 

may proceed from the d i lu t e  suspens ion of  s e d iment in the wa ter  co lumn • 

The se part icles  can b e  .either ind ividu al mineral grains or  minera l-organ i c  

agg lomera t e s , and dep o s i t ion can o c cur quas i-con t inuou s ly or  at p e r i o d s  o f  

s la ck wat e r . Depo s i t ion from d ilu t e  suspen s ions has prob ab ly rece ived the 

mo s t  at t en t ion both in the f ield  and in the lab o ra tory , but  i t  may b e  o f  

minor imp o rtance i n  some sys t ems . In some e s tuarie s ,  the ra te  of  s e d imen t 

supp ly i s  so  large that the f l ow cannot ma int a in i t  a l l  in suspens i on . I f  

the leve l o f  benthi c  b iological  a c t ivity i s  low , a f lu id mud layer may b e  

f o rmed on the es tuary floor . The rat e  of  ac cumu la t ion is  then con t r o l led 

by the r a t e  of  de-watering and con s o l ida tion at the base o f  the flu id mud 

layer . I f  the rate o f  b io logical pro c e s s ing  i s  large , however , the es tuary 
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f loor  may b e come b lanket ed by a layer o f  fecal p e l l e t s  that is  re suspended 

eas ily . The tran s it ion o f  this ma t erial int o  the p ermanent mu d dep o s i t  

o c curs at  the b o t t om o f  t h e  layer presumab ly by a comb inat ion of  phy s ical 

and chemical d i sagg lomera t ion . For the two s i tuat ions ju s t  men t ioned , the 

me chan i sm of accumu lat ion depends on a b a lan ce among the rat e s  of sed imen t 

supp ly , re suspens ion , and b io logical pro c e s s ing . The t ran sport and 

s e t t l ing o f  sediment in the wa t er co lumn may have l it t le direct  b earing on 

the dep o s i t ional proce s s e s  • 

In summary , the p lace t o  start  s tudying an es tuarin e  sediment sys t em 

is with the re cord . Atten t ion may then b e  more e f f e c t ively f o cu s ed on the 

mo s t  imp ortant areas and on tho s e  proc e s s e s  that are rate-limit ing • 

Sourc es o f  S e d imen t 

The prin c ipal sources  o f  sediment t o  mo s t  e s tuarie s are : rivers , 

shore ero s ion , primary produ c t ivity , and the o cean. 

F luvia l Inpu t s  

River ( f luvial)  input s  a r e  one o f  t h e  mo s t  importan t  sou r c e s  o f  

sediment t o  e s tuarie s .  The f luvial s our c e s  are the b e s t  und e r s t o od o f  a l l  

sedimen t inpu t s , but  even t h e s e  are poorly known f o r  mo s t  es tuarie s .  The 

locat ions o f  the se " s ourc e s "--the river mouth s--are well known , but  the 

s t rengths of mo s t  are poorly do cumented . The s t rength of the source is 

determined primarily by the r iverflow and the sediment yields  throughou t 

the drainage bas in whch can vary by ord e r s  o f  magnitude depending on 

li thology , vege t a t ive c over , and man's a c t ivitie s . 

Few rive rs are samp led at loca tion s c lose enough to the ir mouths and 

at frequen cies  adequa t e  to  permit rel iab le e s t ima t e s  of sediment inpu t s  t o  

17 
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the ir e s tuarie s . For l e s s  than ha l f  the e s tuaries o f  the Un i t ed S t a t e s  d o  

we have any kind o f  regular mea surement o f  t h e  input  of  river  s e d imen t • 

The U . S .  Geological Su rvey shou ld examin e  the locat ions o f  the ir gauging 

s t a tions on the lower reaches  of  major r ivers and s t reams and , where 

neces sary , add new s t a t ion s or  move the p o s i t ion s o f  exi s t ing on e s  c l o s e r  

t o  t h e  landward l imit  o f  t idal act ion . C overage shou ld b e  adequat e  t o  

ensure reliab le e s t imat e s  o f  t h e  f luv ial sedimen t d i s charge s in t o  

e s tuarie s , and o f  the character  o f  t h e  mat e rial-- i ts s i z e  d i s t ribu t ion ; 

minera logic and chemical comp o s i t ion; organic  matt er content; and 

a s s o c ia t ed contaminan t s  o f  concern . Measurement s shou ld b e  made o f  b o th 

suspended load and bed  load . 

Thes e  stat ion s shou ld b e  maintained p e rmanent ly so that the relat ive 

importan c e  o f  occas ional f lo o d s  can be a s s es sed . On ly a f ew r iver s  have 

b een monitored long enough for  do cumen tat ion of the s e d imen t o logical impo r­

tance  o f  extreme even t s  which may domin a t e  the sedimentat ion in e s tuarie s , 

or  at least  segments o f  them. During the hurricane f lood o f  1955 the 

De lawar e  River carried mo re sediment  past Trent on in two days than i t  had 

in all f ive years comb ined in the mid-196 0's drought . On three days in 

De cemb e r  1 9 6 4  the E e l  River in northern California t ran sp o r t e d  more 

sediment than in the preceding e ight years; and during the week f o llowing 

Trop ical S t orm Agn e s  in June 1 9 7 4  the Susqu ehanna d i s charged 2 0 - 2 5  t imes a s  

much sediment in t o  t h e  upper Chesapeake B ay as i t  had durin g  t h e  ent ire 

previou s year . Two even t s--Agn es  in 197 2 and the Great Flood o f  193 6-­

ac count for  mo re than 5 0 %  o f  all  sediment dep o s i t ed in the upp er  Che s ap eake 

B ay e s tuary s ince  190 0  • 
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Shore Eros ion 

In many estuar ies , or at  least segment s of them , shore eros ion is  a 

major source o f  sedimen t. In the midd le and lower reaches o f  the 

Chesap eake Bay , for  examp le , it  ha s b een estimated that shore eros ion i s  

t h e  primary source o f  sedimen t ( Schub el  and Carte r , 1 9 7 6 ) .  E s t imat es o f  

the inputs o f  sediment f rom shore eros ion have b een mad e  for  on ly a sma l l  

numb er o f  e s tuarie s , and the f a c t o r s  tha t  con t r o l  shore  ero s i on are poorly 

evaluat ed. Nevertheles s , the s e  data are prerequ i s i t e s  t o  the understand ing 

and mode l l ing of e stuar ine s e d imentary sy s t ems. The management value o f  

t h i s  informat ion i s  great. 

The mo s t  reliab le way of  e stima t ing the long-term average ( over 

decade s )  input o f  sediment to  an e stuary from shore erosion is  throu gh a 

crit ical comparison o f  shoreline  p o s i t ions on o l d  and recent topographic 

surv ey sheet s. Area l  l o s s e s  (and gain s )  det ermined in th i s  way can b e  

c omb ined with measurements o f  coas t a l  relief  and s t ra t igraphy t o  e s t imat e  

t h e  added vo lumes and mas ses  o f  sediment o f  d ifferent t extu r e. Cop ies  o f  

o r i g inal survey shee t s , rather than pub l i shed map s and char t s , shou ld b e  

u s ed t o  do cument changes  in the  shore l ine  b ecau se o f  the ir  larger s c ale. 

Great care mu s t  be taken to ensure tha t  approp riate datum sh if t s  are mad e  

in char t s  prepared b e fore 19 2 7 .  Th is  me thod o f  e st ima t ing shore l ine 

recess ion ra t e s  and a s s o c iated inpu t s  o f  sediment t o  the e s tuary is 

relatively inexpens ive and a mo re rel iab le indicator  o f  long-term average 

c ond i t ions than short-term d irect me asurements o f  shoreline recess i on . 

Short-t erm direct  ob servat ions can , howeve r ,  p rovide  useful  in forma t ion on 

relative imp ortance o f  d i f feren t weather and sea cond it ions in determiln ing 

ero s ion rate s . 
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In ternal S ources: Primary and Secondary Produ c t ivity 

In some estuari e s  interna l  sourc e s  can account f or a large fract ion o f  

the t o t al sediment inpu t .  In the Delaware Bay , f o r  examp le , d iatom 

fru stules  have b e en e s t imat ed t o  ac count f or up t o  5 0 %  o f  the t otal amount 

of ma t erial dredged from the ma in sh ipp ing channels . In mo s t  estuaries  

living and  dead p lank t on can account f or a large fra ction o f  the  t o t al 

su spended mat t er t hroughout the year . 

More e f f e c t ive and diagn o s t i c  tools  and te chn i ques  are re qu ired f o r  

e s t imat ing t h e  abundances  and kinds o f  organ ic mat t er pre sent i n  t h e  wa ter 

column and ac cumulat ing on the bottoms o f  es tuarie s . Un t i l  su ch me thods 

are develop ed , l o s s  o f  tota l ma s s  of par t i cu late matter on comb u s t ion can 

b e  used  to e s t imat e  organic content o f  su spended and dep o s ited  s e d iments . 

E s t imat e s  o f  su spended particu late organ ic ma t t er should b e  ava ilab le  on a 

s easonal bas is; f or b o ttom s e d imen t s  do cumentat ion o f  seasonal variab i l ity 

i s  not  requ ired except in areas  domina t ed by roo t ed aquatics . 

Inpu t f rom the S ea 

The sea may b e  an importan t  source o f  sediment to the lower reaches  o f  

many e s tuarie s .  Coars e-grained  ma terial i s  transpo r t ed in to e s tuarie s  f rom 

the adjunc t  contin ental shelf as b e d load; f ine-grained mat erial as 

su sp ended load . Whi l e  inf orma t i on is ava i lable on the rou t e s  and rat e s  o f  

t ransport o f  mar ine  sands  in t o  some es tuarie s , there a r e  f ew ,  i f  any , 

re laiab le  e s t imat e s  of  the f lux o f  f ine-grained suspended sediment  through 

the mouths  o f  estuaries . Even the d ire ction rare ly is  known • 
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Rou t e s  and Rat e s  of Transport  

S e d iment Flux 

There are f ew direct  measuremen t s  of the f luxe s  of suspended sedimen t 

in streams and e s tuarie s. F luxes o f  suspended s e d iment in e s tuaries have 

b e en ob tained by ca lculat ion from measured cu rrent ve l o c i t i e s  and concen­

tra t ions of su spended sediment determin ed either gravimetrically or  f rom 

o p t ical measuremen t s. Calcu lated  f luxes from mea surement s  mad e  ove r short  

p eriod s--a f ew t idal cyc le s  to  a f ew days--may b e  very poor ind icators  o f  

long-t e rm cond i t ions. While  current me ters  a r e  capab le o f  providing 

r e l iab le measuremen t s  over extended periods o f  time , recording  in s itu 

opt ional device s are crudeby comparison. The d i f f icu lty and expen se  

a s s o ciat ed with making con c omi tant d ire c t  measuremen t s  o f  the concen t ra­

tion s of su spended s e d iment preclude ext en s ive t ime series  ob servation s • 

Unt il b e t t er su spended  sediment  sensors  are d evelop ed , we mu s t  rely on 

o ther method s  to determine ave rage rou t e s  and rat e s  o f  suspended sed iment 

t ransport  in e s tuaries  • 

Route s o f  Sedimen t Transport and Rat e s  o f  Accumu la t ion 

There are a variety of natural and art if icial tracers that can b e  u s e d  

t o  in fer  rou t e s  o f  s e d iment t ran sport and ra t e s  o f  s e d iment ac cumu la t ion • 

The s e  in c lude  d i s t in c t ive naturally-oc curring minerals with known source 

areas su ch as  coal in uppe r  Che sapeake Bay derived from the Susquehanna and 

g laucon i t e  in the lower b ay of New Y o rk Harb or derived from N ew Jer s ey • 

Tal c  and other d i s t in c t ive minerals can be in t ent iona l ly introduced int o  

aquatic environmen t s  t o  t race the rou t e s  and ra t e s  o f  f ine-gra ined sedimen t 

d ispersal. Rad ionu c l ides  from natural and an thropogen ic sour ces are a l s o  

p o t ential ly powerful tools  t h a t  have not  b e en fu l ly exploited by coa s t a l  
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marine s c ien t i s t s. Radionu clides from nu clear power plan t s  can provide 

very u s e f u l  tracers in many coastal  environment s  ( JRS get Ref s ) .  P o llen is 

ano ther tracer that rarely has b e en exp lo i t e d  in unrave l ing the sed imen tary 

history of e s tuarie s. Grace S. Brush ( 1 9 8 2 )  has demon s trated c learly the 

u t i l i ty of p o llen in chron i c l ing the recen t  s e d imen tary of Chesapeake Bay 

and the e f f e c t s  o f  man . Natural and an thropogen i c  tracers  have great e r  

d iagnos t ic valu e  i n  a s s e s s ing rou t e s  o f  fine s e d imen t d i spersal  and rat e s  

o f  sed iment ac cumu la t i on than do  calcula t ed f luxe s based on shor t-term 

measurement programs. 

S t ab il i ty o f  the Bo t t om 

Sediment that en t ers  an e s tuary wi l l  e ither b e  expor t e d  or  dep o s ited  

within the e s tuary eventually. Be fore i t  reaches either o f  the se p ermanen t 

repositories , it will  pa s s  in t o  the wa ter  co lumn many time s as  a re sult  o f  

repeat ed re suspen s ion. In mos t , if  not a l l  e s tuari e s , there i s  a supp ly o f  

muddy sediment availab le f o r  resu spens ion , sediment tha t i s  o n  the b o t t om 

part o f  the t ime and in the wat er column part o f  the t ime. The greater  

the  amount o f  thi s  materia l , the  l e s s  s t ab le i s  the  b o t t om .  Bo t t om in s ta­

b il i ty and resuspen s i on are important in two ways t o  the overall propertie s 

o f  an e s tuary. First , resuspended sedimen t can rea c t  mo re f r e e ly with the 

amb ient wat er and may have a controlling inf luence on some imp ortan t  

geochemical pro c e s se s . S econd , an uns t ab le b o t t om is  a poor b enthic 

hab ita t--b o t t om s t ab il i ty is  one o f  the prin c ipal  factors  con t r o lling th e 

makeup o f  the an imal commun i t i e s  that r e s ide  on and in the b o t t om • 

There i s  reas on t o  b e l i eve that there are marked dif f erences  in the 

b o t t om s t ab il i ty of d i f f e rent es tuarie s. In an e s tuary l ike the S evern 

(UK ) ,  which has powerful t ide s, deep , t ran s ient f lu id mud layers form on 

neap t ides . The s e  d ep o s i t s  are mob i l ized on the next spring t ide. The 
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b ottom is so  un stab le that b enthic communities are unab le to e stab lish 

themselve s. Large quantities of silt- c lay materia l periodical ly enter the 

water column and are availab le f o r  chemic al reaction. When the level  o f  

tida l  energy in a n  e s tuary i s  lower than in the S evern , b enthic an imal 

c ommunities may b e  ab l e  to e stab lish thems e lves on the muddy b ottom. Both 

depo sit and filter f e e ding anima l s  p ro c e s s  new s e d iment enter ing the 

e stuary , thereby a lte ring its phy sical  f o rm and its susceptib i lity to 

eros ion. The resu l t  is  a comp l ete ly dif fe rent s e d imentary re gime , 

dif f erent e stuarine geochemistry , and a dif f erent f o od supp ly for 

b ottom-f eeding fishes. 

To characteriz e bottom stability , it is neces sary to know the power  

that is  availab le to  resuspend s ediment--its inten sity and the way that it 

varies in time and space--and the sus c eptibil ity o f  the sediment to 

ero sion , whi ch depend s on its mineral content , the degree and nature  o f  

b enth i c  proces sing and the pre s ence  o f  cohesive mate ria l s  in it . A l l  o f  

the s e  top i c s  need to b e  addres s ed in characterizing the s edimentary sy stem 

of an estuary • 

The power requ ired to move s e diment through an estuary may b e  derived 

f r om the tid e , from wind-driv en circu lation , or  f rom wind wave s. The 

e f f e ct o f  waves is prob ab ly the b e st understood o f  the s e . In the shallowe r 

water around the margins o f  an estuary waves s et water at the bottom in 

motion and d i sturb the sediment . Thi s motion has b e en studied in detail by 

students of beach and continental she lf  proces ses.  B ecau se  the fetch in 

most estuaries is limited , waves o f  long wave length are not f o rmed and th e 

b ottom in the deeper water remains undisturb ed by wind wave s. The depth o f  

the wave-af f ected zone can b e  e stimated fairly easily . In some sha l low 

e stuari e s , wind-driven circulation is strong enou gh to move appreciab l e  
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amount s  o f  sedimen t but  the s e  are thought to  b e  unusual .  In mo s t  e s tuarie s , 

the t ide is the p r in c ipal  source  of  p ower cau s ing movement o f  sediment • 

Tidal act ion is  re gular and predictab le , and the re sul tant sedimen t 

movemen t s  shou ld b e  t o o . The actual s ituat ion is n o t  that s imple . In Lon g 

Is land S ound , for  examp le , the amount o f  s e d iment re suspende d  by the t id e  

i s  much greater  under  s tormy condi t ions than in c a lm weather even though 

the wat er is  mu ch t o o  deep t o  b e  af f e c ted  by waves on the surface. Wind 

s t re s s  on the sur f a c e  has b e en shown to in crease the rat e  of d i s s ipat ion o f  

tidal p ower b u t  the me chanism b y  which this happ ens is unknown . S imilar 

e f f e c t s  are ant i c ip a t ed in other e s tuar i e s  with d e ep wat er . Th is i s su e  

needs  t o  b e  resolved b e fore  the stab i lity o f  the muddy b o t t oms o f  e s tuaries  

c an b e  d e s c rib ed ad e quat e ly . 

The amount o f  re suspens ion that will o c cu r  on the muddy b o t t om of an 

e s tuary depends on the prop e r t i e s  o f  the sediment a s  we ll  as on the p ower 

d i s s ipat e d . When dealing with sandy sedimen t , knowledge o f  the grain s i z e  

usually suf f ices  t o  charac t e r ize the ero s ion r e s i s t ance  o f  t h e  b o t t om .  

Thi s  i s  no t t rue f o r  muddy sediment . S il t  and clay particles  are natura l ly 

c oh e s ive b e cause  o f  e le c t ro s t a t ic for c e s  and organ i c  mat t er s ecreted  by 

b a c t eria may add s ign i f ican t ly to  the cohes ion . S i l t  and c lay part icles  

a r e  pas s ed through dep o s it and  f i l t er f e e d ing an ima l s , eme rging in  altered  

f o rm ,  u sually as larger agglomerat es . The re s u l t an t  fecal  p e l le t s  have a 

mu ch grea t er s e t t ling speed than the ind ividual mineral and organ ic  grain s  

o f  which they are mad e . P ro c e s s ing o f  mineral ma t erial by b enthic an imal s  

c an a l t e r  t h e  sedimen tary charact eris t ics  of  an e s tuary marked ly. Chemical 

p ro c e s s e s  within the sediment also  will  b e  a l t ered by the burrowing 

a c t ivity of an imals  . 
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The ind ividua l p r o c e s s e s  d e s c rib ed ab ove can b e  studied in detail  

either in  the f ie ld or in  the  lab orat ory . S ome are b e ing studied 

sys temat ica l ly now ; others receive on ly occas ional at t ent ion. What ha s 

received almo s t  no a t t ent ion i s  the way in which these proce s s e s  in t erac t 

to produ c e  a sedimentary regime within an es tuary. For example , b en thic 

an imals have an important e f f e c t  on the eros ion r e s i stan c e  o f  the b o tt om , 

but  whi ch anima ls  can inhab it any g iven area o f  the b o t t om depend s on i t s  

s tab ility , which depends o n  its eros ion r e s i s t ance  and o n  t h e  phy s ical 

environment .  There  is a web o f  in t erac t ions  among these e f f e c t s  o f  animal 

p opulations and b o ttom proper t ie s , among b o t t om p roperties  and sedimen t 

supply , and among the power d i s s ipat ion spectrum and the nature  o f  the 

sedimen t s  on the b o t t om and in the water column. The se  int e r-r e lat ionship s 

will  b e  r e s o lved on ly by f ield studies  o f  es tuaries d i sp laying a ran ge o f  

physical  and b iological  chara c t e r i s tics.  Very d e t a i led stu d i e s  may n o t  b e  

neces sary o r  approp riate  unt i l  tho s e  proce s s e s  that are rat e - l imit ing are 

identif i ed in dif f erent typ es of e s tuarie s .  The typ es o f  measuremen t s  that 

are requ ired in clude 

( 1 )  The physical  f o rm o f  the sedimen t subj e c t  to  resuspen s i on. Thi s  

can b e  d e termined by examina t i on o f  und i s turb ed samp les  o f  su spended 

material co l lected  near the b o t t om by underwat e r  pho t ography • 

( 2 )  The amount o f  material  ava ilab l e  f o r  resu spen s ion and i t s  rela­

t ion to  the sediment  supp ly . This can be d e t e rmined from the s e d imen t 

input s  and the mea sured vo lume o f  the un con s o l idated material  • 

( 3 )  T ime series  o f  the t o t a l  amount s o f  resuspended sedimen t in the 

wa t er column under a wide range of seasonal and weather condit ion s. Thes e  

c an b e  e s timated b y  regu lar programs o f  wa ter samp l ing and data from con­

t inuou s ly re cord ing in st rument s. 
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INSTRUMENTATION 

The s tudy of e s tuarine s e d imentary sy s t ems d e s c ribed in this report  

contains  e l ement s  o f  geology , geochemi s t ry ,  bio logy and phy s ical  oceanog­

raphy. Although a d is cu s s ion of the relevant technical  problems in each of 

these  d i s c ip l ines  is  b ey ond the scope  of th is  report , three general clas s e s  

o f  ob s e rvat ions may b e  ident i f i e d  i n  wh ich t e chnical  capabil i t i e s  need t o  

b e  developed further • 

There  i s  growing recogn i t ion o f  the importance  o f  in f requent s t o rms 

and f lo o d s  in the sediment bud g e t  o f  the coa s t a l  z on e. To do cument the 

e f f e c t s  of ep isode s , s e lf-contained sen s ing systems are needed which are 

capab le of measuring concentrat ions of su spended s o l ids  during these  

d i s turb ances.  Unmanned me chanical samplers , o r  s e l f-recording acou s t ic o r  

opt ical sensors cou ld b e  d e s i gned t o  f i l l  th is  n e e d  . 

Many chara c t e r i s t i c  prop e r t i e s  o f  sediments , whe ther suspended o r  

dep o s ited , are pat chy. P o int samp ling i n  t h e  water  co lumn or o n  t h e  s e a  

f loor  may mi s s  important f eatures  o f  the d i s t r ibut ion o f  part i culate  

mat erial. There i s , thu s , the need  t o  d e s ign in s t rument s  or  me thod s  

c apab le o f  taking " snap sho t s " o f  t h e  d i s t r ibu t ion o f  sediment a long 

extended t ranse c t s  or over large areas. For examp l e , cont inu ous mea sure­

men t s  o f  acou s t i c  re f le c t ivity u s ing s ignals  in the 100 kHz range may be 

use ful in d i s t inguishing variat ions in t exture , comp o s i t ion , and wa ter  

c ontent o f  b o t t om sedimen t s  and  in  s e l e c t ing samp l ing stat ions fo r maximum 

informa t ion. Part o f  the lateral inhomogene i ty is  due to irregu lar , con­

tagiou s d i s t r ibu t ions of  benthic an ima l s. Pu l s e-echo sounding wi th s i gnals 

in the mega-her t z  f r e quencies  may be  capab le o f  resolving macrofauna and 

p rovide a me thod for  a s s e s s ing the d i s t r ibu t ion of organ i sms. Expanded u s e  
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o f  remo t e  s ensors , aerial and submarine photography shou ld a l s o  b e  

c on s idered • 

There i s  a gap in ou r re s o lu t ion o f  the t emporal variab il ity o f  

s e d imentary proce s s e s. Geolog ical and geochemical me thods  are u s ed t o  

e s t ima t e  mean sedimentat ion ra t e s  over  periods  o f  d e c a d e s  to  thou sand s o f  

years. The techno logy is  a l so ava ilab le to make d irect  measuremen t s  of 

sediment mo t ions on t ime scales  o f  from a f ew s e cond s to , perhap s , s everal 

weeks . The t ime variab i lity o f  sediment d i s trib u t ions for in termed iat e 

period s , mon ths t o  decade s , i s  poorly do cument ed. Ins t rumen t s  d e s igned f o r  

t h i s  purp o s e  wou ld requ ire s ome method o f  averaging mea suremen t s  i n  order 

to  record una t t ended f o r  long period s • 

CONCLUS ION 

S ch eme s for  c l a s s ifying the hydraulic regimes of e s tuari e s  have b e en 

d eveloped an d wide ly u s ed. There i s , however ,  no c omprehen s ive me thod f o r  

comparing d i f ferent e s tuarine sedimentary regime s.  Such a c la s s i f i c a t ion 

could b e  based  on the hypo the s i s  that there are a sma l l  numb e r  of param­

e t e r s  that characterize  any e s tuarine sedimentary sy s t em. Al thou gh the s e  

parame t ers  have n o t  yet  b e en ident if ied , one p o s s ib le quan t i t a t ive clas s i­

f i cat ion might inc lude : 

1 .  The rate o f  s e d imen t supp ly. 

2 .  The amoun t s  of sediment in the wa t e r  co lumn , in t emp o rary s t orage 

on the sea f loor , and in perman ent dep o s i t s. 

3 .  The ra t e  at whi ch t ransport proceed s ; this ra t e  i s  exp e c t ed t o  b e  

e proport ional t o  the p ower ava ilab le t o  move sedimen t par t icles.  
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4 .  

5 .  

The to tal amount o f  time that a particle  spend s in the wa ter 

column • 

The f inal partitioning of  ma t e r ial between the oc ean and the 

p e rmanent e s tuarine dep o s its . 

A c la s s i f i cation based on the s e , or other similar parame ters , would be 

useful  not only for comparing d i f ferent e s tuarine s e d imenta ry sys t ems , but 

also  f o r  recognizing the range o f  dif f erent cond ition s controlling a 

particular e stuary ' s s edimen t a t ion . Eme ry and Uchup i (197 2 )  were correct 

in pointing ou t tha t far more e f fort  has gone in t o  making deta iled stud ies  

o f  the sediments o f  ind ividu a l  e s tuaries  than either in t o  comparing re sult s 

f rom a variety o f  e s tuaries with s imilar phy s ical and geolo g ical 

characteristic s ,  o r  in t o  critical evalua t ions of p r o c e s se s . 

The kind s o f  studies we are recommend ing are d e s igned t o  produce , not 

on ly a bett er under s tanding of e stuarine t ransport mechan i sms , but more 

specifically t o  produce , a s i gn i ficant imp rovement o f  our knowledge of 

tho s e  sed imentary p r o c e s s e s  that chara c t e rize es tua rine sy stems . This 

l evel o f  unde rstand ing is requ ired for  e f f e c t ive management o f  estuarie s • 

Many o f  the mo s t  s e riou s  and persisten t environmental prob lems in e stuarie s 

are a s s o ciated  dire ctly , or indirectly , with f ine-grained particulate 

matter . D evelopment of under s t anding an e s tuarine sediment sy s t em will 

require su s t a ined re s earch programs over  periods  o f  years , perhap s de cade s . 

S cientists int ere s t ed in under standing sy s t ems can not , and should not , 

rely entirely on agenc ies , su ch as  the National S c ience Foundation or  any 

other Fed eral Agency f o r  the uninterrupted supp ort required f o r  e f f e ctive 

r e s earch programs . To a large ext ent , some o f  the mo re importan t re s earch 

c omponents o f  an e stuarine sediment sy s t em may be o f  loca l , or  regional 

importance and should be supp orted by app ropr iate state agencies and by 
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tho s e  Federal agen c i e s  charged wi th respon s ib il i ty for  our coastal  wa ter s . 

Regional fund ing me chanisms shou ld b e  e s t ab l i shed t o  ensure su s t a ined 

support  for research and mon itoring of e s tuarine sy s t ems . Th is  should 

inc lude con t r ibut ion s from the s t a t e ( s ) b ordering the e s tuary as  we l l  as 

support  from appropria t e  Federal agen c i e s. An approp r ia t e  admin i s t rat ive 

s t ructure wou ld have t o  be deve loped t o  ensure that do l lars we re spent 

e ff e c t ively . Inter-in s t itu t ional cooperat ion wou ld b e  requ ir ed ,  at least  

for  large  es tuarine sy s t ems • 

Event s ,  natural and man- induced , can have drama t i c  and p e r s i s t ent 

impac t s  on the coa s t a l  environment and i t s  b io t a . The se inc lude f lood s , 

hurricanes , ext r eme c l imat ic deviat ions , and large ac c idental d i s charge s o f  

p o l lutant s. Becau se  o f  the ir ep isod ic character , even t s  are inheren t ly 

unpredictab l e  and at b e s t  are d i f f icu l t  t o  study . Rap id respon s e  is  

required f o r  e f f e c t ive  inve s t i ga t ion , b u t  present  funding mechan isms are 

not geared t o  provide support  or an app ropriate  t ime scale  through the 

normal r e s earch prop o s a l  and review procedur e . Cont ingen cy f unds  shou l d  b e  

e s t ab lished to  provide immediate , short-term supp ort  to  init ia t e  s t u d i e s  o f  

event s. The s e  fund s should b e  under the dire c t ion o f  t op admin i s t rators  

who have au thority t o  respond rap idly t o  re s earch opportunit i e s. They 

shou ld b e  ab le to c ommit fun d s  to ini t ia t e  studies  by phone and then send a 

rep r e s entat ive t o  the s c ene t o  eva luate  the s c ientif i c  merit  o f  the 

inve s t igat ion and d e t e rmine the resou r c e s  that shou ld b e  a l locat ed to  the 

s tudy . Unt i l  thi s  i s  done , we wil l  cont inu e to  fail  t o  take advan tage o f  

s ome o f  the mo s t  impo rtant experimen t s  that are oc curring in our coa s t a l  

wa ters--tho s e  a s s o c iated  with catas t rophe s • 
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S ome Re s earch P riorit i e s  

For  each maj or e s t uary with sub stant ia l  impu t s  o f  f ine-grained 

s edimen t s  and/or contaminan t s , studies o f  the kinds d e s crib ed in this 

report should b e  conduc t e d  to chara c t er ize the f ine-grained sediment 

sy s t ems suf f i cien t ly well f o r  purposes  of e stuarine managemen t .  S ome o f  

t h e  spe c i f i c  kind s o f  s t udies  o f  f ine-grained part iculate mat t e r  that 

should , in this author ' s opin ion , be g iv en a high p riority are listed  

b e low . They are unranked . 

( 1 )  S tud ies  t o  d e t e rmine the f luvial inpu t s  o f  suspended solids , b o th 

naturally o c curring and anthrop ogeni c , t o  important  e s tuarine sy s t ems • 

(2 ) S tudies  t o  d e t e rmine the rout e s  and rat e s  o f  movemen t o f  

f in e-grained materials  t o  and within e s t uarin e  sy s t ems , and t h e  s i t e s  o f  

a c cumulat ion . 

( 3 )  S tud ies  t o  d e t e rmine the d i s charge o f  su sp end ed and bed load s t o  

the o cean from maj or r ivers an d e s t uarie s .  

( 4 )  S tudies  t o  as s e s s  man ' s impact  on p r eva i l ing f ine sediment 

d i spersal  processe s , and t o  d evise  way s o f  ameliorating und e s irab l e  

e f f e c t s . 

( 5 )  S tudies  t o  characterize the comp o s i t ion , the chemical nature , an d 

the reactiv i ty of  f ine-grain ed suspended mat t e r  in a vari e ty of  e s tuarine 

environment s . 

(6) S t udies  o f  f ine suspended ma t t e r  to  d e t e rmine the direct ions and 

ra t e s  of rea c t ions involving nu t rients , met a l s , ha lo genated  hydrocarbons , 

and a variety o f  other contaminan t s  as a func t ion of  environmental 

parame t e r s  • 
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( 7 )  S tudies o f  b i o log ica l ly-mediated  react ions invo lving f ine 

su spended particles  • 

(8) S tudies  t o  a s s e s s  the role o f  c l imat e  on the inpu t s  o f  dis s o lved 

and suspended loads of r ivers to  e s tuarie s .  

(9) S tudies t o  a s s e s s  the re lat ive impor tance o f  variou s 

agg lomera t ion proces s e s  in controlling the siz e d i s t r ibu t ion o f  su spended 

particles  in es tuarie s , and the sedimentat ion ( dep o s i t ion )  of f ine 

part icles  in a varie ty of coa s t a l  env ironment s  • 

( 10 )  S tudies  t o  a s s e s s  the importance o f  even t s  ( f lo od s , hu rri cane s ,  

t sunami s , e t c . )  in e s tuarine s e d imentat ion. Suc c e s s f u l  condu ct of su ch 

s tudies  will requ ire the es tab lishmen t of fun d ing mechanisms capab le o f  

rap id response . 

( 11)  S tudies o f  the geochemical p ro c e s s e s  that control  the 

c omp o s i t i on o f  dis s o lved and su spended loads in r iver s  and e s t uarie s • 

( 1 2 )  S tudies t o  characterize the proce s s e s  that cau s e  es tuarie s t o  

funct ion a s  f i l t e r s  f o r  t h e  s ignals  they receive f r om rivers and from the 

s ea , and t o  deve lop the capab ility t o  predic t  how an es tuary ' s " f i l t e r  

factor" changes with environment a l  condit ion s • 
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