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ABSTRACT

Saco Bay hosts the larg est sand beach and the larg est salt marsh sys tem in Maine.  We con structed a sand bud get
for the bay by eval u at ing the sources and sinks for sand, as well as the path ways in which this ma te rial moves. 
Side-scan so nar and bot tom sam ples were em ployed to map the off shore ar eas, while seis mic re flec tion and
vibracoring meth ods were used to ex am ine the vol ume of sand.  On land, ground-pen e trat ing ra dar and cores were
used to mea sure sand vol ume and stra tig ra phy.  His tor i cal maps and ae rial pho to graphs pro vided mea sure ments of
sand move ment over long time frames, and cur rent me ters eval u ated sand move ment both offshore and in the Saco
River estuary.

The Saco River is the main source of sand to the bay, and pro vides an es ti mated 10,000 to 16,000 m3 of sand per
year to the bay.  This sand moves to the north and al lows Pine Point to grow.  Con struc tion and sub se quent en large -
ment of the north jetty at the Saco River mouth pro foundly al tered the nor mal move ment and stor age of sand be -
tween 1867 and 1955.  At the pres ent time, 56 mil lion m3 of sand re side in the shoreface and 22 mil lion m3 of sand are
be neath the beach and dunes.  This sand is all uti lized by the beach sys tem, how ever, so that dredg ing and spoils dis -
posal prac tices that do not take into con sid er ation the nat u ral stor age and move ment of sand place the overall system 
at risk.

IN TRO DUC TION

Sand beaches are among the most im por tant and valu able
ar eas of the coastal zone, yet they are the most rap idly chang ing
as well.  Their at trac tion as des ti na tions for rec re ational swim -
ming and boat ing, and their prox im ity to pro tected bays suit able
for har bors has led to the large-scale cul tural de vel op ment of
most beaches.  That de vel op ment is, in turn, placed at risk by its
very pres ence in a dy namic coastal sys tem.  Fur ther more, en gi -

neer ing mea sures taken to pro tect some cul tural fea tures com -
monly in crease the haz ard to other de vel op ments as well as to the 
beach sys tem it self.  Saco Bay, Maine, is a long-es tab lished
coastal re sort area in north ern New Eng land, U.S.A. (Fig ure 1)
that is an out stand ing ex am ple of these in ter ac tions.  This pa per
eval u ates the dy nam ics of sand de po si tion and ero sion on sev -
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eral time scales as a result of both anthropogenic and natural
activities in Saco Bay.

Shore line change along sandy beaches like those of Saco
Bay re sults from an in ter ac tion among the rate of sup ply of sand,
wave and wind cli mate, es pe cially storm fre quency and in ten -
sity, rate of rel a tive sea-level change, an te ced ent geo log i cal set -
ting, and ac tiv i ties of hu mans (Pilkey and oth ers, 1989).  The
be hav ior of the beach sys tem over a long pe riod of time, such as
the Ho lo cene Ep och, is prin ci pally gov erned by vari a tions in
sand sup ply and rates of rel a tive sea-level rise (Belknap and
Kraft, 1981, 1985).  The an te ced ent geo log i cal set ting may rep -
re sent a source of sand for the sys tem and ex ert con trol on lo cal
geo mor phol ogy.  Along a rock-framed coast line like Maine,
bed rock out crops com monly in ter rupt long shore sand move -
ment and es tab lish the ge om e try of an embayment (Nel son and
Fink, 1980; Duffy and oth ers, 1989; Kelley and oth ers, 1989a). 
Over an in ter me di ate time frame, such as the time span since the
Eu ro pean col o ni za tion of north east ern North Amer ica (circa

1609), hu man ac tiv i ties like dam, jetty, and seawall con struc tion
prob a bly ri val ris ing rel a tive sea level as an in flu ence on shore -
line be hav ior.  On a time scale of a few years, hu man ac tiv i ties
such as dredg ing and spoils dis posal, along with storm-gen er -
ated waves, are probably the most important factors in shaping
the coast (Pilkey and others, 1989; Fenster and Dolan, 1994).

Saco Bay, Maine is the larg est beach sys tem in north ern
New Eng land (Fig ure 1).  Al though its econ omy is dom i nated by 
rec re ational pur suits to day, in the past, in dus trial ac tiv ity and
com mer cial fish ing were the main stays of the lo cal econ omy.  As 
a re sult of its his tory, the beach sys tem is in flu enced by
long-term geo log i cal pro cesses, coastal en gi neer ing struc tures
and prac tices, and by con tem po rary rec re ational ac tiv ity.  Al -
though the beach sys tem is con strained by en gi neer ing struc -
tures (jet ties) at the river mouths on its north and south ends and
sev eral high-rise de vel op ments in the cen tral beach re gion, this
area is not yet as in tensely de vel oped as beaches on the
mid-Atlantic and southeastern United States’ coast.

Kelley and others
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Fig ure 1:  Lo ca tion of the study area within the Gulf of Maine (in set map), and bathymetric map of Saco
Bay.  Geo graphic names and fig ure num bers re fer to those used in this re port.



Be cause Saco Bay is a rock-framed pocket beach sys tem, it
is self-con tained and un in flu enced by far-afield lit to ral ac tiv i -
ties.  This iso la tion, cou pled with a rel a tively sim ple lo cal stra -
tig ra phy (Belknap and oth ers, 1989a; Kelley and oth ers, 1989a;
Belknap and Shipp, 1991), ren der the bay ame na ble to mea sure -
ment of its sand bud get over vary ing time frames.  The pur pose
of this re port is to eval u ate the static vol ume of sand in the ma jor
depositional res er voirs of the Saco Bay sys tem, in clud ing the
dunes, berm, shoreface, and es tu ary, and to es ti mate the rate of
ex change of sand among these res er voirs on geo log i cal, his tor i -
cal, and con tem po rary time scales.  In com pil ing a sand bud get
we also ad dress two work ing hy poth e ses:  (1) that sand for the re -
gional beaches is de rived from an off shore gla cial source, and af -
ter reach ing the beach, moves from north to south (USACOE,
1955), or (2) that sand for the beaches is de rived from the Saco
River and moves along the beach from south to north (Kelley and 
others, 1989a).

PREVIOUS  WORK

Sand Bud gets

Many pre vi ous stud ies have at tempted to an a lyze shore line 
changes to better an tic i pate the fu ture be hav ior of beach sys -
tems.  In New Eng land and ad ja cent mar i time Can ada, a con cep -
tual model de picts the co-evo lu tion of bar rier spits and at tached
bluffs of gla cial sed i ment (John son, 1925; Boyd and oth ers,
1987).  This model ex plains the rapid land ward mi gra tion of the
bar rier in re sponse to the de ple tion of its sed i ment sup ply (a bluff 
of gla cial sed i ment) through ero sion.  Al though Saco Bay may
once have con tained such bar ri ers, the pres ent sys tem does not
and ap pears to be more sta ble than those sys tems associated with
eroding bluffs (Nelson, 1979).

Bruun (1962) took a quan ti ta tive ap proach to pre dict ing
shore line re sponse to ris ing sea level.  His “rule” as sumed a
shoreface pro file of equi lib rium in which the depth off shore, h, is 
di rectly re lated to the dis tance sea ward of the beach, x, times a
constant, A:

h = Ax2/3

To main tain this shape as sea level rises, Bruun (1962) pos -
tu lated the rule that:

s = (a)l/h;

where s is the amount of land ward mi gra tion of the beach, a is the 
amount of sea-level rise, and l and h are the ver ti cal and hor i zon -
tal di men sions of the sys tem, re spec tively.  In this for mu la tion,
sand is re moved from the land ward-mi grat ing beach and trans -
ferred to the shoreface and sea bed to main tain a pro file of
equilibrium.

Al though of ten ap plied in plan ning and en gi neer ing de -
signs, the Bruun Rule, even as ac knowl edged by Bruun him self
(1988), is a two-di men sional model that as sumes:  (1) no long -
shore move ment of sand, and (2) no losses of sand land ward of

the dune line nor sea ward of the “depth of clo sure” (an ar bi trary
off shore line).  These re quire ments, in clud ing the as sump tion
that a de fin able sandy pro file of equi lib rium ac tu ally ex ists,
greatly lessen the util ity of the rule (List and oth ers, 1991;
Dubois, 1992; Pilkey and oth ers, 1993).  In an area like Saco
Bay, where sea-level rise is not the only fac tor in flu enc ing shore -
line change, the Bruun Rule is not applicable.

The most use ful, but least ap plied, ap proach to un der stand -
ing the be hav ior of beach sys tems in volves con struct ing a sand
bud get (Komar, 1983).  This ap proach re quires that the rate of
sand flux to and from out side source(s) is known, as well as the
rate of ex change of sand among the depositional res er voirs
within the sys tem (Carter, 1988).  Some stud ies have eval u ated
the rate of sand move ment over lim ited time pe ri ods by di rect
mea sure ment or by in di rect cal cu la tion of the amount of sand
move ment us ing cur rent ve loc i ties, and ex trap o lat ing the re sults
over lon ger time pe ri ods.  On a beach sys tem the size of Saco
Bay, such dy nam i cal mea sure ments are pro hib i tively costly and
may be rep re sen ta tive of only short-term shore line pro cesses. 
We have em ployed dy nam i cal mea sure ments of beach-pro file
changes and off shore and estuarine sand transport only to
demonstrate the relative direction of sand movement.

Some re ports have com pared time-se ries his tor i cal maps
and bathymetric charts of coastal ar eas to eval u ate changes in
sand vol ume, and to in fer di rec tions of sand move ment over the
past cen tury (Hess and Har ris, 1987a, Fitz Ger ald and oth ers,
1989; List and oth ers, 1991).  De spite the dif fi culty in geo graph i -
cally reg is ter ing old maps, we have em ployed vin tage charts and
maps to make his tor i cal as sess ments of sand bud get changes
(last 130 years), and we have used his tor i cal ae rial pho to graphs
to es ti mate sand vol ume changes over shorter time frames
(10-40 years).

Few stud ies have mea sured the vol ume of sand in
depositional res er voirs of the beach sys tem even though this
tech nique eval u ates the in te grated prod ucts of pro cesses act ing
over mil len nia.  In many coastal plain set tings it is dif fi cult to dis -
tin guish be tween a va ri ety of com plex sandy de pos its re sult ing
from the re peated Qua ter nary fluc tu a tions of sea level (Ashley
and oth ers, 1991).  In gen er ally muddy re gions, how ever, sand
de pos its are clearly de lin eated by geo phys i cal meth ods and cor -
ing, and the vol ume of depositional res er voirs are mea sur able
(Pope and oth ers, 1991).  Be cause Pleis to cene sed i ments in Saco
Bay are dis tin guish able from Ho lo cene sand bod ies with geo -
phys i cal tech niques (Kelley and oth ers, 1989a), we have em -
ployed these meth ods, along with core stratigraphy, to measure
the total volume of sand within Saco Bay.

Pre vi ous Seis mic and Strati graphic Re search in the West ern
Gulf of Maine

Ear lier re search in the re gion per mits rel a tively con fi dent
as sess ment of seis mic re flec tors en coun tered in Saco Bay.  Pre -
cam brian and Pa leo zoic ig ne ous and meta mor phic rocks can be
traced di rectly from coastal out crops into the subsurface and
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form the acous tic base ment of the area (Belknap and oth ers,
1989a; Belknap and Shipp, 1991).  Where bed rock crops out on
the seafloor, its strong acous tic re flec tivity and frac ture pat terns
are eas ily rec og nized on side-scan so nar re cords (Kelley and
oth ers, 1986, 1987, 1989a, b; Kelley and Belknap, 1991).  Till
un con form ably rests on bed rock and is widely rec og nized from
its cha otic in ter nal struc ture and strong sur face re turn in seis mic
re flec tion pro files (Belknap and oth ers, 1989a; Belknap and
Shipp, 1991), and ir reg u lar, acous ti cally dark, boul der-lit tered
sur face on side-scan so nar re cords (Kelley and oth ers, 1989a, b;
Kelley and Belknap, 1991).  Gla cial-ma rine sed i ment, the
Presumpscot For ma tion (Bloom, 1963), ex hib its a va ri ety of
acous tic fa cies in seis mic re flec tion pro files, but is com monly
acous ti cally trans par ent (GM-M, unit of Belknap and oth ers,
1989a) with wide spread, rhyth mic, co her ent re flec tors that
drape the un der ly ing to pog ra phy (GM-D, unit of Belknap and
oth ers, 1989a) or with weaker acous tic re flec tions that are
ponded within bathymetric de pres sions (GM-P, unit of Belknap
and oth ers, 1989a).  Where this ma te rial crops out on the seafloor 
a lag de posit of sandy gravel with rip ples is vis i ble in side-scan
so nar re cords (Kelley and oth ers, 1989a; Kelley and Belknap,
1991).  In wa ter depths less than about 60 m, an ero sional un con -
formity ex ists on the sur face of the gla cial-ma rine sed i ment
(Belknap and oth ers, 1989a; Kelley and Belknap, 1991; Kelley
and oth ers, 1992).  In many ar eas, acous ti cally trans par ent Ho lo -
cene mud, of ten charged with acous ti cally-opaque nat u ral gas,
rests on the transgressive un con formity (Kelley and Belknap,
1991; Kelley and oth ers, 1994a; Belknap and oth ers, 1989a). 
Mud of fers al most no acous tic re turn on side-scan so nar re cords
(Kelley and Belknap, 1991).  Sea ward of sandy beaches like
Saco Bay, a stron ger sur face re turn from an acous tic unit of ten
con tain ing clinoform re flec tors is in dic a tive of Ho lo cene sand
(Belknap and oth ers, 1989a).  In side-scan sonar records the sand 
offers a strong acoustic return and is commonly covered with
ripples in large fields or narrow linear bands (Kelley and others,
1989b). 

Cores pen e trat ing all of the sed i men tary units have es tab -
lished con fi dence in these in ter pre ta tions as well as in a chro nol -
ogy for the strati graphic units (Kelley and oth ers, 1990, 1992,
1994a).  Gla ci ation, deglaciation, and the ac com pa ny ing rel a tive 
sea-level changes are the most im por tant in flu ences on the geo -
log i cal col umn (Fig ure 2) (Belknap and oth ers, 1987; Kelley and 
oth ers, 1989b, 1992).  A lowstand shore line was formed around
10,500 yr B.P. near the con tem po rary 55 m isobath (Shipp and
oth ers, 1989, 1991; Kelley and oth ers, 1992).  In outer Saco Bay
the sur face of this fea ture is cov ered with sand that we hy poth e -
size was de rived from the an ces tral Saco River (Kelley and oth -
ers, 1992).  Fol low ing the lowstand, sea level rose rap idly to 20
m depth at 9,200 yr B.P., when a sig nif i cant slow down oc curred
(Kelley and oth ers, 1992; Barnhardt and oth ers, 1995).  Lit tle re -
cord re mains of coastal de pos its in wa ter depths greater than 20
m.  The rate of rel a tive sea-level rise ac cel er ated around 7,000 yr
B.P., and then slowed again at 5,000 yr B.P..  Rel a tive sea level
con tin ued to slow its rate of rise to 1.2 mm/yr at 4,000 yr B.P. and

0.5 mm/yr at 1,000 yr B.P. in south ern Maine (Kelley and others,
1995, Barnhardt and others, 1995; Gehrels and others, 1995).  

Dur ing the past 5,000 years of slow rel a tive sea-level rise,
many of north ern New Eng land’s coastal beaches and marshes
de vel oped (Oldale, 1985; Belknap and oth ers, 1989a,b; Kelley
and oth ers, 1995).  Bar rier evo lu tion be fore this time of slow rel -
a tive sea-level rise was mostly transgressive in na ture, as sug -
gested by ev i dence from a num ber of nearby bar ri ers.  At Hills
Beach and Fletcher Neck, im me di ately south of the study area,
Hulmes (1980, 1981) found an ab sence of shal low-ma rine fa cies 
in Biddeford Pool, and a 985 year-old peat sam ple col lected at
the sea ward side of the beach.  She con cluded that the bar rier had
mi grated land ward ap prox i mately 20 cm/yr dur ing the Ho lo -
cene, in the pro cess re work ing proglacial sands.  Sim i larly, the
ex is tence of the Wells-Ogunquit bar rier sys tem in south ern
Maine is re lated in part to the ero sion of the San ford outwash

Kelley and others
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Fig ure 2:  Rel a tive sea-level change graph for the west ern Gulf of Maine 
(mod i fied from Kelley and oth ers, 1992; Barnhardt and oth ers,
1995).The gray en ve lope en cir cles a large num ber of gla cial-ma rine
dates not gath ered for this re port (Belknap and oth ers, 1987).  Those
points la beled SC are from Saco Bay.



plain.  Sand was trans ported to the con ti nen tal shelf dur ing the
late Pleis to cene re gres sion and sub se quently was par tially re -
worked into bar ri ers (Kelley and oth ers 1987, 1989b; Shipp,
1989).  Land ward mi gra tion of this bar rier lithosome is in di cated 
by the pres ence of salt-marsh peat be low the bar rier fa cies (Mon -
tello and oth ers, 1992).  Ra dio car bon dates (Hussey, 1959, 1970; 
Belknap and oth ers, 1989b; Mon tello and oth ers, 1992; Kelley
and oth ers, 1995) sug gest that the Wells-Ogunquit sys tem
formed at least by 5000 yr B.P., and reached near its pres ent po si -
tion af ter 2500 yr B.P., co in ci dent with de cel er at ing rates of rel a -
tive sea-level rise.  Many beach sys tems in the re gion dis play
ev i dence of coastal progradation in the form of sea -
ward-younging beach ridges, closed tidal in lets and aban doned
coastal la goons, and bo tani cally ma ture salt marshes, pos si bly as 
a re sult of the very slow rate of sea-level rise for the past two
thousand years (Duffy and others, 1989; Kelley and others,
1993; Gehrels and others, 1995).

Con tem po rary rel a tive sea-level rise in the Gulf of Maine
ranges from 1.8 mm/yr (since 1927; Seavey Is land, ME) to 2.9
mm/yr (since 1921; Boston, MA), as eval u ated by tide gauges
(Lyles and oth ers, 1988; Belknap and oth ers, 1989b).  These
short-term rates are greater than any long-term rates the re gion
has ap par ently ex pe ri enced in the past 4,000 years.  It has been
sug gested that this ac cel er a tion in the rate of rel a tive sea-level
rise is partly re spon si ble for con tem po rary ero sion of salt
marshes and beaches (Ja cob son, 1988; Kelley and others, 1995).

Pre vi ous Re search on the Dis tri bu tion and Move ment of Sand
in Saco Bay 

Farrell (1972) pre pared the first bot tom-sed i ment map of
Saco Bay based on grab sam ples and fa thom eter traces.  He spec -
u lated on erod ing gla cial de pos its as for mer sand sources in the
Prouts Neck area and noted that surficial sand ap peared thin in
the outer bay.  De spite his hy dro graphic ob ser va tions (Farrell,
1970, 1972) which re vealed that the Saco River is strat i fied in
the sum mer, he con sid ered the river as the main source of sand to
the bay.  He noted that the ori en ta tion of paleospits in the
Goosefare Brook salt marsh sug gested a south ern, riverine sand
source, as did the fin ing of sand size along the bay’s beaches
from south to north.

In early re ports, the U.S. Army Corps of En gi neers
(USACOE) also con sid ered the Saco River as a source of sand,
at least to its es tu ary (“The river...dur ing spring freshets car ried
large quan ti ties of sand, and more par tic u larly logs, saw dust, and 
other re fuse...[to] just be low Fac tory Is land (a wa ter fall at the
head of tide)” (USACOE, 1886, p. 5)). In all later work, the
Army in ferred a gla cial or i gin for the bay’s sand:  “The beach
ma te rial in [Saco Bay] is of gla cial de posit or i gin ... Due to the
to pog ra phy of the coast there is ap par ently no nat u ral source of
ma te rial other than by lo cal ero sion within the con fines of Saco
Bay” (USACOE, 1955, p. 6).  The con struc tion and re peated
length en ing of the 2030 m long north ern jetty at the Saco River

en trance is pred i cated on the un tested as sump tion that “...a con -
stant move ment of sand from north to south along the ocean
beach ... has...de pos ited ma te rial in front of the orig i nal en trance
chan nel” (USACOE, 1910, p. 3).  The Army hy poth e sized that
erod ing gla cial de pos its near the cen ter of Saco Bay shed sand to
the north and south:  “It ap pears that the beaches in Saco Bay
may have been formed as spits which grew in both di rec tions
from the high ground at Old Or chard Beach” (USACOE, 1955,
p. 5.).  Hulmes (1980, 1981) eval u ated the evo lu tion of
Biddeford Pool through vibracores and be lieved that that beach
system also originated through the erosion of glacial sediment.

Re search em ploy ing mod ern geo phys i cal de vices be gan in
the 1980’s.  Kelley and oth ers (1986) eval u ated the seis mic stra -
tig ra phy of Saco Bay and in ferred, based on early lower-res o lu -
tion seis mic pro files, that a rel a tively thick de posit of sand
floored the bay’s bot tom.  They con cluded that sand from the
Saco River must have been re spon si ble for that great vol ume of
sand as well as for the ex ten sive beaches in the area.  Kelley and
oth ers (1987) de scribed the bot tom sed i ments in the re gion in de -
tail based on grab sam ples, sub mers ible dives, and geo phys i cal
ob ser va tions, and later (Kelley and oth ers, 1989a) syn the sized
this work with Farrell’s (1972).  More re cently, cores re veal ing
less than one me ter of sand over gla cial-ma rine sed i ment and
higher-res o lu tion seis mic re flec tion pro fil ing data re vised
down ward the thick ness of sand in Saco Bay (Kelley and oth ers,
1992).  Ra dio car bon dates from core sam ples in Saco Bay also
sug gested that the lower and up per pop u la tions of heavy min er -
als in early cores from Saco Bay (Luepke and Grosz, 1986) rep -
re sented glacial-marine and fluvial sediments, respectively
(Kelley and others, 1992).

His tor i cal Shore line Changes and En gi neer ing Ac tiv i ties in
Saco Bay

His tor i cally, the Saco River has been a ma jor ship ping
chan nel, but the tidal delta at its mouth has al ways been a bar rier
to nav i ga tion.  In 1827 some ob struc tions to nav i ga tion were re -
moved, but by 1866 it be came nec es sary to con struct a 1311 m
long jetty on the north side of the river en trance to block “...a
con stant move ment of sand from north to south along the ocean
beach, ...which has ...de pos ited ma te rial in front of the orig i nal
en trance chan nel” (USACOE, 1910, p. 3).

A jetty was con structed on the south side of the river en -
trance in 1897, and the nav i ga tion chan nel was deep ened and
both jet ties were length ened and raised sev eral times dur ing the
early 20th cen tury.  The north jetty is pres ently 2030 m long, 5.2
m above mean low wa ter (MLW) for the first 259 m from land,
and 4.6 m above MLW for the re main der.  The south jetty is 1463
m long, 3.3 m above MLW for the first 259 m, and 1.7 m above
MLW for the re main der (USACOE, 1992).

Shore line changes ac com pa nied en large ments of the jet ties 
at the river mouth.  Camp Ellis grew sea ward in the late 19th cen -
tury due to changes in the hy dro dy namic con di tions at the river

A Sand Budget for Saco Bay, Maine

5



mouth.  As tidal cur rents at the mouth of the es tu ary be came con -
fined to the dredged, jettied chan nel, the twice-daily sea ward
flow across the Saco River’s ebb-tidal delta ceased.  Re gions on
both sides of the jet ties be came dom i nated by shoal ing wave
con di tions, re sult ing in the on shore move ment of land ward-mi -
grat ing sand bars by 1877 (Farrell, 1972).  This same phe nom e -
non was doc u mented at sev eral in lets else where on the East
Coast of the United States fol low ing jetty con struc tion
(FitzGerald, 1988; Dean and Work, 1993).  

Af ter the pe riod of ac cre tion ow ing to on shore mi gra tion of 
the tidal delta and pos si bly to dredge spoils dis posal, beach re -
treat had be come a prob lem on both sides of the jet ties by 1909
(USACOE, 1955).  Al though the Hills Beach side ap par ently
sta bi lized, Camp Ellis con tin ued to re cede.  The Army es ti mated
that be tween the north jetty at the river en trance and a point 3650
m to the north, be tween mean high wa ter and the 5.5 m isobath,
the shore line lost 61,933 m3/yr of sand from 1859 to 1955, a to tal
of 5.945 x 106 m3.  This does not in clude the ad di tional sand in -
tro duced to Camp Ellis beach by reg u lar dredg ing of the Saco
River navigation channel (USACOE, 1955).  

Shore line ero sion stud ies have of ten been con ducted at
Hills Beach (USACOE, 1920) and Camp Ellis (USACOE, 1935, 
1939, 1955, 1961, 1976, 1987), but found no link age be tween
the jet ties and the shore line changes:  “The Di vi sion En gi neer
also con cludes that the fed eral jet ties at the mouth of the Saco
River have not caused nor ac cel er ated ero sion of the shore in the
study area [Camp Ellis]” (USACOE, 1955, p. 21).  The most re -
cent re port (USACOE, 1992, p. 4) states that wave re flec tion
from the north jetty “...con trib utes to some ex tent in the ero sion”
(of Camp Ellis).  A $500,000 phys i cal model of Camp Ellis and
the river mouth was built by the Corps to evaluate the problem.

Farrell (1972) was the first to com pile all the his tor i cal
maps and ae rial pho to graphs of the re gion’s beaches.  Nel son
(1979) ex tended this early work on shore line change and graph i -
cally de picted the his tor i cal growth of Pine Point, at the north ern
end of the main cen tral beach sys tem in Saco Bay.  Pine Point has
con tin u ously grown east ward and sea ward since the 19th cen -
tury.  Be tween 1877 and 1923 it grew 137 me ters (Farrell, 1972)
partly in re sponse to clos ing of the Lit tle River in let to the south
when a rail road line was built circa 1875.  By 1955 the
Scarborough River in let re quired dredg ing for nav i ga tion, and in 
1957 a jetty was con structed at the south ern side of the river en -
trance.  By this time the Scarborough River inlet had narrowed
from 762 to 207 m.

Dredg ing has oc curred in the Saco es tu ary since the early
19th cen tury, in the Scarborough Es tu ary since 1955, and in the
en trance to Biddeford Pool since 1956 (Normandeau As so ci -
ates, 1994).  Sandy spoils have of ten been placed on nearby
beaches, al though oc ca sion ally dredged ma te rial has been dis -
posed “in open wa ter” (Ta ble 1).  A re cent re view of dredg ing
within Saco Bay has chron i cled the dredg ing his tory of the bay
since 1950 (Normandeau As so ci ates, 1994), but dif fers in de tail
from older dredg ing stud ies (Mahoosuc Corp., 1982) and eval u -
a tions of shore line change (Farrell, 1972; Nelson, 1979).

METHODS

Surficial sed i ment was eval u ated through bot tom sam ples,
side-scan so nar re cords, and seis mic re flec tion pro files (Fig ures
1, 3a, b).  All 134 off shore sam ples were gath ered with a
Smith-Mac In tyre 0.25 m3 grab sam pler, while 200 sam ples were
gath ered in the Saco es tu ary and vi cin ity with a Van Veen sam -
pler.  Size anal y ses were per formed by sieve, set tling tube, and
Micromeritics Sedigraph fol low ing stan dard prep a ra tion tech -
niques (Folk, 1974) (Fig ure 3a).  An EG&G SMS 260,
slant-range cor rected side-scan so nar was used to map 30 km2 of
the sea bed (Fig ure 3a), and an ORE Geopulse seis mic re flec tion
profiler gath ered 370 km of subbottom re cords (Fig ure 3b).  All
nav i ga tion po si tions were mea sured by LO RAN-C and trans -
formed to lat i tude/lon gi tude co or di nates by the com puter pro -
gram, LORCON (J. Stuart, National Ocean Survey, personal
communication).

Off shore cores were gath ered with both Rossfelder (P5 and 
P6) and Al pine vibracorers from 16 sites in wa ter depths up to 60
m (Fig ures 1, 3b).  Of these, 6 cores were taken in wa ter depths
less than 25 m and are the only cores con sid ered for this study. 
All cores were pho to graphed and logged prior to grain-size anal -
y ses and ra dio car bon-dat ing of fos sils.  A Lanesky and oth ers
(1979) vibracorer was em ployed on land to pro vide sam ples for
ra dio car bon dat ing as well as ground-truth in for ma tion for a
ground-pen e trat ing ra dar (GPR) profiler.  A Geo phys i cal Sur vey 
Sys tems Sys tem 3 GPR was mounted on a small cart to min i mize
dis tance be tween the 120 MHz trans ceiver and the ground and to
max i mize the flex i bil ity of op er a tion.  In all, 32 vibracores were
gath ered along 40 ki lo me ters of GPR lines (Fig ures 1, 3c).  In ad -
di tion, 10 ro tary au ger bor ings were con ducted in 1994, iden ti fy -
ing bar rier, back-bar rier, and gla cial-ma rine fa cies and
re triev ing sed i ments for anal y ses.  Beach to pog ra phy was dig i -
tized from my lar flood in sur ance rate maps which have a 0.66 m
con tour in ter val.  Beach profiles were made seasonally at 5
stations following the Emery (1961) method. 

Eval u a tion of off shore cur rent ve loc i ties and waves in -
volved use of an S4 elec tro mag netic cur rent me ter and four
Endeco 105 im pel ler cur rent me ters.  Endeco 105 cur rent me ters
mea sured mean flow at 30 min ute in ter vals while the S4 eval u -
ated wave pe riod and height, and or bital ve loc i ties, in short-term
burst sam pling, at 1 m over the bot tom (Fig ures 1, 3a).  Taut-wire 
moor ings were ar rayed with with Endeco me ters at 1 and 12 m
above the sea bed and on one de ploy ment the S4 re placed the
Endeco at the 1 m po si tion.  Four de ploy ments, sum ma rized in
Ta ble 2, were com pleted in 1991 and 1992, two in a shelf val ley
in south-cen tral Saco Bay, 1.7 km north-north east of Wood Is -
land, one in the cen ter of Saco Bay, 3.5 km east-south east of the
Old Or chard Beach pier, and one site 1 km south east of Prouts
Neck.  The Old Or chard Beach and Prouts Neck deployments
were concurrent.

In the Saco River, cur rent ve loc ity and di rec tion, tem per a -
ture, and sa lin ity were mea sured us ing Marsh-McBirney and
Teledyne Gur ley cur rent me ters and YSI sa li nom e ter.  Read ings
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TA BLE  1:  DREDG ING  HIS TORY  OF  SACO  BAY

SCARBOROUGH  RIVER  ES TU ARYa

YEAR VOL UME DIS POSAL  SITE COM MENTS 
DREDGED 

(m3)

1956  97,906 open wa ter ini tial dredg ing; most 
placed on beachb, c

1962 114,645 open wa ter
1965  24,899 open wa ter
1969  35,922 open wa ter
1973 144,300 open wa ter pos si bly up landc

1975   6,948 open wa ter pos si bly intertidalc

19 year to tal= 424,620 m3

Av er age an nual dredge vol ume = 22,348 m3

Scarborough es tu ary fill ing rate fol low ing first dredge = 17,195 m3/yr

PRO JECTED  FU TURE  DREDG ING

TIME  FRAME VOL UME DIS POSAL  SITE

1995c 175,743c not de ter mined
1995-2005 191,075a not de ter mined
1995-2045 898,052a not de ter mined

SACO  RIVER  ES TU ARY

YEAR VOL UME DIS POSAL  SITE COM MENTS 
DREDGED 

(m3)

1827 ??? ??? ini tial clear ing of
river, build ing of
piers, buoys

BY 1872 84,073 ???
1886 12,515 ??? chan nel deep ened 

to 1.8 m
1912 65,279 ??? chan nel deep ened 

to 2.1 m
1919 “large quan tity” beach as sume min i mum 

60,000 m3

1928 63,437 ??? chan nel deep ened 
to 2.5 m

1939 60,824 ???
1940 48,151 ???
1965 28,279a up land
1969 66,765a beach ex panded an chor age
1969 55,893a beach dif fers from 

Mahoosuc, 1982
1973 28,279a nearshore
1978 61,144a beach dif fers from 

Mahoosuc, 1982
1978 38,215a beach
1982   5,579a beach ex pan sion of 

an chor age
1992 10,000e beach new an chor age
1992 65,706a beach 
1992 19,107a in  chan neld

SACO  RIVER  ES TU ARY  (con tin ued)

122  year  to tal = 773,246 m3

Av er age  an nual  dredge  vol ume = 6,338 m3

 
Saco es tu ary fill ing rate fol low ing last ex pan sion (10 yr) = 8,481 m3/yr

PRO JECTED  FU TURE  DREDG ING

TIME  FRAME VOL UME DIS POSAL  SITE

1995-2005  84,073a not de ter mined, 
prob a bly beach

1995-2045 420,365a not de ter mined, 
prob a bly beach

BIDDEFORD  POOL

YEAR VOL UME DIS POSAL  SITE COM MENTS 
DREDGED 

(m3)

1956 57,177 open wa tera     im prove ment

1956  2,707 up landa     ini tial  dredge
1971  287 up landa

1976  306 up landa

1979  382 up landa     ini tial  dredge
1988  860 open wa tera

1988 35,095 open wa tera     dis posal  site
    mon i toredf

1989 12,233 beachf

1992  9,439 off shorea     im prove ment

33 year to tal = 118,486 m3

Av er age an nual dredge vol ume = 3,590 m3

 
Biddeford Pool fill ing rate fol low ing last ex pan sion (10 yr) = 4,819 m3/yr

PRO JECTED  FU TURE  DREDG ING

TIME  FRAME VOL UME DIS POSAL  SITE

1995-2020 25,232a not de ter mined
1995-2045 50,464a not de ter mined

a (from Normandeau As so ci ates, 1994; most val ues and 
          dis posal sites dif fer from Mahoosuc Corp., 1982)
b (some or all of this filled in Pine Point, Farrell, 1972)
c (Mahoosuc Corp., 1982)
d (pro jected by U.S. Army Corps of En gi neers, 1994, per sonal 
          com mu ni ca tion)
e (per sonal com mu ni ca tion, Maine State De part ment of En vi ron men tal
          Pro tec tion)
f (Maine Geo log i cal Sur vey)
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Fig ure 3(b):  Lo ca tion of seis mic re -
flec tion lines and vibracore sites (filled 
cir cles).

Fig ure 3a:  Lo ca tion of data col lected
for this re port.  (a) Area of side-scan
so nar swaths shown with ruled pat tern, 
with bot tom sam ple lo ca tions lo cated
as filled cir cles.  The three black boxes
lo cate cur rent meter sites.
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Fig ure 3c:  Lo ca tion of ground-pen e trat ing ra dar (GPR) lines and vibracore sites.



were taken at three lo ca tions through the wa ter col umn (1 m off
the bot tom, mid-depth, and 1 m be low the sur face) at 5-10 sta -
tions in the Saco es tu ary over com plete tidal cy cles dur ing spring 
freshet, tide-dom i nated, and mean con di tions.  In ad di tion to
data gath ered di rectly by this pro ject, data on wind ve loc ity and
wave height from the Port land Large Nav i ga tion Buoy (LNB; R.
Ma rine, Na tional Weather ser vice, per sonal com mu ni ca tion), 11
km to the east-north east of Saco Bay, were an a lyzed.  Stream
gauge data for the Saco River at Cornish, ME, were uti lized as
well (Bart lett and oth ers, 1993; U.S. Geological Survey,
personal communication).

All data were trans ferred to a Geo graphic In for ma tion Sys -
tem (GIS)(ARC/INFO) for anal y sis of sed i ment vol umes and ar -
chi val pur poses.  His tor i cal ae rial pho to graphs were an a lyzed on 
an an a lyt i cal stereoplotter and his tor i cal shore line po si tions
were trans ferred to the GIS for anal y sis (Dick son and Kelley,
1993).  Ar eal and vol u met ric quan ti ties quoted in this paper are
based on GIS-computed values.

RESULTS

Surficial Sed i ment

Bed rock is ex posed over 8% of the bay, and crops out on
the shal low, sub merged mar gins of all is lands in the bay sea ward
of the pen in su las at Biddeford Pool and Prouts Neck.  Bed rock is
ex posed along the shore line in sev eral places in Cape Eliz a beth
and in many small, iso lated shoals scat tered through out the bay
(Ta ble 3; Fig ure 4).  Rock is most ex ten sive in the shal low wa ter
near Bluff and Stratton Is lands in the cen tral bay, re gions pre vi -
ously in cluded as Rocky Zones on phys io graphic maps (Kelley
and oth ers, 1987; 1989a; 1989b).  All out crops of bed rock con -
tain some coarse-grained ta lus and car bon ate sed i ment fill ing in
large cracks (Nep tu nian dikes), and most rocky ar eas are closely
as so ci ated with mixed rock and gravel, and gravel de pos its (Fig -
ures 4, 5a; Kelley and oth ers, 1989a).  Mixed rock and gravel, oc -
cu py ing 30% of the bay bot tom, is the most com mon seafloor
en vi ron ment; it in creases in abun dance off shore.  One rea son for
the un usual abun dance of this seafloor type is the broad def i ni -

tion of the map unit, which is re quired by the ex treme het er o ge -
ne ity of the seafloor and the res o lu tion of the side-scan so nar. 
Within the beach and dune areas, bedrock outcrops are limited in
number as well as size.

Rip pled coarse sand and gravel cov ers 9% of the Saco Bay
in wa ter depths from 5 to 45 m (Fig ures 4, 5a, b).  Four dis tinct
lo ca tions of these coarse-grained rip ples (CGR) are iden ti fied. 
Three lo ca tions con tain large os cil la tory rip ples with mean
wave lengths of 1.3 m and am pli tudes of 20 cm (sim i lar in size to
those mea sured by Belknap and oth ers, 1988).  The fin est mean
grain size from os cil la tory CGR sites was 1 phi (0.5 mm) (me -
dium-coarse sand), while the coars est sam ples con tained cob -
bles (Bar ber, 1995).  Ex ten sive fields of rip ples lie gen er ally
south of Prouts Neck and Rich mond Is land (Fig ures 4, 5b). 
Elon gate CGR rib bons range from 100 m to 250 m in width and
0.5 km to 2.0 km in length.  Some con nect to larger bedform
fields while oth ers oc cur in iso lated, subparallel groups.  A more
re stricted oc cur rence for the rip pled bot tom is ad ja cent to bed -
rock out crops, or over lo ca tions where bed rock is bur ied by less
than 5 m of sed i ment (Fig ure 5a).  Kelley and oth ers (1989a) in -
ferred that in these lo ca tions ero sion of gla cial-ma rine sed i ment
di rectly over ly ing rock, and car bon ate de tri tus from en crust ing
or gan isms, pro vide coarse ma te rial from which the rip ples form.  
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TA BLE  2:  CUR RENT  ME TER  DE PLOY MENTS

LO CA TION LAT I TUDE LON GI TUDE WA TER DATES TYPE
DEPTH

Shelf Val ley 43° 28.0’ N 70° 19.2’ W 30 m 8/2-9/18/91 Endeco 12 m
Endeco   1 m

Shelf Val ley 43° 28.0’ N 70° 19.2’ W 30 m 3/5-3/20/92 Endeco 12 m
S4            l m

Cen tral Saco 43° 29.8’ N 70° 19.8’ W 22 m 7/15-8/18/92 Endeco 12 m
    Bay Endeco   1 m
Prouts Neck 43° 30.9’ N 70° 17.9’ W 22 m 7/15-8/18/92 Endeco 12 m
    Endeco   1 m

NOTE:  Moor ing lo ca tions in Saco Bay are shown in Fig ure 3a.

TA BLE  3:  AR EAL  EX TENT  OF  SEAFLOOR  TYPES  MAPPED  IN
SACO  BAY

%  OF AREA
BOT TOM TYPE AR EAL EX TENT MAPPED  IN

(m2) FIG URE  4

Bed rock 12,100,00 8.0
Mixed rock and gravel 45,700,000 30.5
Gravel (smooth) 4,600,000 3.0
Coarse sand and gravel (rip pled) 13,900,000 9.3
Me dium and fine sand 25,100,000 16.8
Muddy sand 25,000,000 16.7
Sandy mud 18,500,000 12.3
Mud 5,100,000 3.4

NOTE:  Geo graphic dis tri bu tion of these bot tom types is shown in Fig ure 4.



Di rect ob ser va tions from a sub mers ible con firm the pres ence of
car bon ate-rich, coarse clastic ha los around bed rock out crops
(Belknap and oth ers, 1988).  A fi nal lo ca tion with a rip pled
seafloor is lo cated within the es tu ary of the Saco River where
strong tidal currents produce unidirectional megaripples
(discussed below).  

Me dium to fine sand oc curs in wa ter depths less than 15 m
di rectly off shore of  many beaches of the re gion (Fig ure 4).  This
shoreface area is large (17% of the bay, Ta ble 3) and rel a tively
fea ture less ex cept where bro ken up by rock out crops.  A north -
ward fin ing trend in grain size of off shore sed i ment be tween 5 
and 7 m depth par al lels a sim i lar trend ob served on shore by
Farrell (1972; Fig ure 6).  Me dium to fine sand nearshore grades

off shore into muddy sand in most places by the 20 m isobath. 
Muddy sand cov ers the pre vi ously mapped Shelf Val leys which
slope gently off shore into the deeper Gulf of Maine (Kelley and
oth ers, 1989a).  At about the 40 m isobath, muddy sand within
the Shelf Val leys grades into sandy mud which, in turn, grades to
mud around 65 m depth (Kelley and oth ers, 1987).  Seis mic re -
cords show that the large area of muddy sand mapped be tween
Prouts Neck and Cape Eliz a beth (Fig ure 4) de lin eates an area
where till and gla cial-ma rine sed i ment crop out on the seafloor. 
Many large (1 m) boul ders rest on the surficial mud of the area
and may be a lag de posit (Kelley and oth ers, 1989a).  Al though
oc cu py ing more than 30% of the bay, lit tle analysis was made of
muddy areas for this project.
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Fig ure 4:  Surficial sed i ment map based on the side-scan so nar and bot tom sam ple ob ser va tions.  The muddy sand also in cludes sandy
mud and the rip pled gravel also con tains coarse sand.
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Shal low Stra tig ra phy and Off shore Sand Vol ume

Shore-nor mal seis mic re flec tion pro files re veal an ir reg u -
lar bed rock base ment over lain by a rel a tively thick, acous ti cally
trans par ent unit in ter preted as gla cial-ma rine sed i ment (Fig ure
7).  The sur face of this unit is marked by a rel a tively strong
acous tic re flec tor which dips very gently sea ward (1:275, Fig ure
7) and is cut by ap par ent chan nels in a few places.  Over ly ing the
strong re flec tor is a wedge that only lo cally can be re solved into
more than one unit.  This wedge be gins at 20 m wa ter depth and
thick ens to approximately 10 m at the shoreline.

 Vibracores pen e trated each of the un con sol i dated units
and con firmed the pres ence of gla cial-ma rine ma te rial (Pgm) at
depth as was pre vi ously rec og nized in other cores from the area
(Kelley and oth ers, 1990, 1992) (Fig ure 8).  Ho lo cene sed i ment
un con form ably over lies the Pleis to cene ma te rial and the strong
acous tic re flec tor cor re lates well with the change from gla -

cial-ma rine mud to fine sand at 3 m depth in core VCSC92-02. 
Above the un con formity the basal sand be comes muddy (32%
sand, with a range of 9 to 48%; Bar ber, 1995)  Ra dio car bon dates
on woody ma te rial (6,110 æ 50 yr B.P.) de pos ited with salt marsh
foraminifera (Trochammina inflata), and an ar tic u lated mol lusc
(Macoma balthica; 7,060 æ 35 yr B.P.) es tab lish a mid-Ho lo cene,
estuarine set ting (He).  The strati graphic re ver sal of the ra dio car -
bon dates (Fig ure 8) is best ex plained by re work ing and later de -
po si tion of the older Macoma shell.  The sed i ment be comes
sand ier to ward the top of the core (Hs), but Crassostrea frag -
ments sug gest main te nance of the estuarine (back-bar rier?) en -
vi ron ment un til about 55 cm in the core.  Here an abrupt in crease
and coars en ing in the sand con tent oc curs and marks the ap par -
ent ravinement un con formity (Fig ure 8).  A shell ho ri zon at 15 -
20 cm, com monly seen on many other cores about this depth,
prob a bly rep re sents a storm deposit (Davidson-Arnott and
Greenwood, 1976; Hunter and others, 1979; Barber, 1995).
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Fig ure 6:  Trends in grain size along the shoreface and intertidal beach from Camp Ellis to Pine Point 
(mod i fied from Bar ber, 1995).



The other shore-nor mal seis mic pro files de pict a
wedge-shaped body of Ho lo cene sand ex tend ing out to the 15 -
20 m depth (Bar ber, 1995), where muddy surficial sed i ment
marks the out crop of gla cial-ma rine ma te rial on the seafloor
(Fig ure 4).  There are sev eral ex cep tions to the gen er al ized
wedge-shape of the Ho lo cene shoreface sand body (Fig ure 9a). 

An oma lously thick ac cu mu la tions of sand (>5 m) oc cur in two
el lip soi dal bod ies, one at the mouth of the Saco River jet ties, and
the other par al lel to the river one ki lo me ter north.  An other un -
usu ally thick de posit of sand (7 m) oc curs south of Pine Point,
where the shoreface ex tends far ther sea ward than else where in
the bay.  In lo ca tions with shal low bed rock, thin ner de pos its ex -
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Fig ure 7:  Orig i nal (top) and in ter preted (bot tom) seis mic re flec tion pro file (SRP) 9132 from the Old Or -
chard Beach shoreface.  Seis mic line lo ca tion is shown in Fig ure 1.  Vibracore 9202 is de picted in Fig ure 8.
Units are as fol lows:  Hs - Ho lo cene sand; He - Ho lo cene estuarine sed i ment; Pgm - Presumpscot For ma -
tion, gla cial-ma rine sed i ment; br - bed rock.  VE is vertical exaggeration.



ist, with the ex cep tion of a J-shaped accumulation over 1 m thick
in the central bay.

On the ba sis of side-scan so nar im ages, seis mic re cords and 
cores, the Ho lo cene wedge of sed i ment was es ti mated us ing the
GIS to oc cupy a vol ume of 6.63 x 107 m3 (Fig ure 9a).  Af ter sub -
tract ing the av er age mud con tent of the cores from this vol ume,
the best es ti mate of clean Ho lo cene sand in the shoreface is ap -
prox i mately 5.62 x 107 m3.

Shal low Stra tig ra phy and On shore Sand Vol ume

 Ground-pen e trat ing ra dar (GPR) pro files re veal a com plex 
bar rier and back-bar rier stra tig ra phy on a base of gla cial-ma rine
muds (Presumpscot For ma tion; Fig ure 10).  Bed rock was found
in ap prox i mately 10 lo ca tions by the GPR.  North west of
Goosefare Brook the basal strata im aged by ra dar are formed by
gla cial-deltaic sands that were de pos ited dur ing the late
Wisconsinan ice re treat, circa 14 to13 ka.  These sands may have
ex tended into the pres ent bay, and, as such, may have formed a
source of some of the sand now pres ent in the bar rier sys tem (van 
Heteren and others, 1994a). 

The bar rier and back-bar rier sed i ments are sub di vided into
three units on the ba sis of morphologic, vibracore, and GPR data
(van Heteren and oth ers, 1996; Fig ure 10a).  The sandy lower
bar rier unit forms a dis con tin u ous bur ied beach ridge that ex -
tends from the Saco River en trance to Goosefare Brook, along
the south ern part of Saco Bay.  Back-bar rier de pos its of muddy
fine sands were iden ti fied.  Also pres ent along the south ern part
of the bay are elon gated ponds, which oc cupy sites of for mer
back-bar rier la goons.  These rel ict la goons and as so ci ated salt
marshes and tidal flats formed be hind the mid dle bar rier unit as
spits accreted north ward from sev eral bed rock pin na cles and
other el e vated an chor points.  Lo cally, parts of this sys tem are
now bur ied, but south of Goosefare Brook, re curves of two gen -
er a tions of paleospits ex tend into the mod ern salt marsh be hind
the bar rier (Fig ure 11; Farrel, 1972; Nel son, 1979; Kelley and
oth ers, 1989a; Millette, 1993, 1997).  Both north erly and sea -
ward spit ac cre tion  are ob served in the sigmoidal re flec tors seen
in GPR re cords in the north ern por tions of Old Or chard Beach,
par tic u larly at Pine Point.  The back-bar rier re gion be hind this
sec tion of the bar rier has al ways had an open con nec tion to Saco
Bay at the Scarborough River in let.  No sep a rate early
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Fig ure 8:  Log of vibracore 9202.  Wa ter depth = 14.1 m (MHW da tum).  
Seis mic line over core site is shown in Fig ure 7.



paleolagoon was iden ti fied, as in south ern sec tions.  The pres ent
bar rier rep re sents, for the most part, a net sea ward wid en ing of
the mid dle bar rier unit (the spit sys tem) at a later time.  At Pine
Point there has been sig nif i cant lonsgshore spit accretion as part
of the development of the upper barrier unit (Figure 10b). 

GPR re cords, ro tary au ger and core data from north of Old
Or chard Beach dem on strate that back-bar rier peat and clastic fa -
cies have infilled low-ly ing Pleis to cene paleotopography.  The
back-bar rier de pos its, in turn, are over lain by, and interfinger
with, washover and eolian bar rier fa cies (Fig ure 10c). 
High-marsh peat from be neath the cen tral por tion of the bar rier
just north of Old Or chard Beach yields a ra dio car bon age of
2,850 æ 75 yr B.P..  This date con strains the age of this por tion of
the bar rier as it trans gressed its own back-bar rier de pos its.  The
pres ence of peat un der neath the bar rier lithosome im plies a com -
po nent of on shore mi gra tion of the bar rier dur ing this stage of
de vel op ment, and not exclusively longshore accretion of a spit.

The com bined data for the Saco embayment sug gest that
the shore line evolved through re peated, but not nec es sar ily syn -
chro nous, land ward and along shore (pri mar ily north ward)
move ment of the sandy bar rier.  This sed i men ta tion his tory and
morphologic de vel op ment prob a bly re sulted from changes in
the bal ance be tween the rates of rel a tive sea-level rise and sed i -
ment sup ply (van Heteren and oth ers, 1996; van Heteren, 1996).

 On the ba sis of the re gional to pog ra phy, GPR re cords,
vibracores, and ro tary-au ger drill ing, we used the GIS to es ti -
mate that 2.2 x 107 m3 of sand ex ists in the dune, beach and other
bar rier de pos its (Fig ure 9b; van Heteren and oth ers, 1994a).  The 
gen er ally muddy and spa tially more re stricted back-bar rier de -
pos its were not in cluded in this calculation.

  In cluded in the cal cu la tions are wedges of sand that ex tend 
both land ward into the salt marsh (washover and tidal in lets fa -
cies) and sea ward to a the o ret i cal depth at which the en tire bar -
rier lithosome has been eroded at the ravinement sur face.  The
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Fig ure 9.  Ho lo cene sed i ment isopach (thick ness) maps:  (a) isopach map of Ho lo cene sed i ment along the shoreface (from Bar ber,
1995).  (b) Ho lo cene sand isopach map for the beach, dunes and back-bar rier re gions of Saco Bay (from van Heteren, 1996).  Pat terns
rep re sent thick ness of sed i ment be tween con tour lines.  Shoreface thick ness ex ceeds 7m near Pine Point and dunes are over 9m thick
in some locations.
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Fig ure 10(b):  Orig i nal GPR re cord from Pine Point show ing clinoform re flec tors dip ping to wards the
Scarborough River es tu ary.

Fig ure 10.  Ground-pen e trat ing ra dar (GPR) data from Saco Bay beaches.  Lo ca tions are shown in Fig ure 1. 
(a) In ter preted and orig i nal GPR re cord across the back bar rier and part of the bar rier beach near Ferry
Beach State Park (from van Heteren and oth ers, 1994b).



most prom i nent area of sand ac cu mu la tion within the lit to ral sys -
tem is Pine Point.  Here a 500 m wide and 2 km long sand body
has an av er age thick ness of 6 m and reaches a max i mum of 9 m. 
Else where, sand de pos its be tween 6 and 11 m in thick ness oc cur
in an elon gate 100 m wide belt that ex tends al most con tin u ously
be tween the Saco and Scarborough Rivers.  The belt co in cides
with the area of high est dunes.  Lesser quan ti ties of sand are
found in ar eas with el e vated bed rock or in dune areas disturbed
by human development.

Dy namic Estuarine Re gime

The lower Saco River (10 km) is cut into bed rock at var i ous 
lo ca tions, and its mor phol ogy is char ac ter ized by rel a tively deep
gorges (5 - 8 m) sep a rated by wide, shal low reaches (2 - 4 m) bor -
dered by marshes and tidal flats (Fig ure 12; Kelley and oth ers,
1994b).  Most of the river is floored by me dium to coarse sand
ex cept in gorges, where cob bles and boul ders pre dom i nate
(Manthorp and oth ers, 1994; Manthorp, 1995).

Bot tom sam ples, hy dro graphic mea sure ments, and
side-scan so nar ob ser va tions in di cate that two dis tinct re gimes
ex ist in the Saco River es tu ary.  Dur ing nor mal river stages,
which en com pass most of the year, the es tu ary is highly strat i fied 
with well-de fined thermoclines and haloclines (Fig ure 13).  Un -
der these con di tions the up per two-thirds of the es tu ary is dom i -
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Fig ure 10c:  Log of ro tary au ger core SB94-RA9.

Fig ure 11:  Paleospits in the Goosefare salt marsh are vis i ble in this 1991 ae rial pho to graph.  Two gen er a tions of spits ap pear to ex ist,
with the ear lier at tached to a for mer sea cliff and the later spit at and be neath the pres ent bar rier.  Some of the lat ter’s subsurface fea -
tures were im aged in Fig ure 10a.  (mod i fied from Kelley and oth ers, 1989a)



nated by ebb flow with stron ger av er age and bot tom cur rents (by
3 to 63 cm/sec; Fig ure 13).  The lower por tion of the es tu ary ex -
pe ri ences dom i nant av er age ebb flows; how ever, bot tom cur -
rents ex hibit stron ger flood ve loc i ties (4 to 16 cm/sec; Fig ure
14a).  Bedforms are re stricted to thalweg re gions and reflect
distinct areas of flood and ebb dominance.

Dur ing spring freshets, the fresh wa ter dis charge, which in -
creases by more than an or der of mag ni tude (Bar ber, 1995), sup -
plants the salt wa ter tidal prism, re sult ing in to tal dom i na tion of
the es tu ary by riverine pro cesses (Manthorp and oth ers, 1994;
Fig ure 13).  Flow is in an ebb di rec tion at all stages of the tide and 
at all depths.  This con di tion may per sist for sev eral weeks.  Dur -
ing this pe riod, me dium to coarse-grained sands floor much of
the es tu ary and ebb-ori ented bedforms oc cupy more than 50% of 
the chan nel bed out to the sea ward end of the jetties (Figure 14b).

No com plete sand dis charge re cords ex ist for the Saco
River, but tem po rally lim ited data ex ist on the sus pended sand
con tent at a gaug ing sta tion 35 km above the head of tide (Bar -
ber, 1995; Bart lett and oth ers, 1975-93).  Re gres sion of the sus -
pended sand vol umes, from the lim ited times of ob ser va tion to
all stages of river dis charge, yields an es ti mate of 6,100 m3/yr of
sand dis charged by the river.  This is a min i mum es ti mate since
the bedload discharge was not evaluated.

Dy namic Beach Re gime

Geomorphological and GPR ob ser va tions dem on strate
that dur ing the lat est Ho lo cene, sand trav eled from south to north 
in Saco Bay (Fig ures 10, 11).  The ori en ta tion of paleospits
(Kelley and oth ers, 1989a) and their con ti nu ity (van Heteren and
oth ers, 1994a, 1996) along the south ern part of the beach are in -
dic a tive of an im por tant quan tity of sand de rived from the Saco
River.  GPR ob ser va tions at Pine Point also de pict the north east -
ward growth of that spit into the Scarborough River In let (Fig ure 
10b; van Heteren and oth ers, 1994a, 1996; van Heteren, 1996). 
Fin ing grain sizes from south to north along both the beach and
nearshore are also sug ges tive of net north erly transport (Figure
6; Farrell, 1972).

His tor i cal mea sure ments of shore line po si tions also doc u -
ment a con tin u ing move ment of sand from south to north.  Charts 
de pict a very large ebb-tidal delta at the mouth of the Saco River
in 1866 (Fig ure 15a).  This sand body was de stroyed by con -
struc tion of the north jetty, and sand moved ashore (Farrell,
1972).  Af ter 1896 the beach and nearshore area north of the jetty 
un der went ero sion.  Bathymetric changes be tween high wa ter
and the 5.5 m isobath from 1859 to 1955 in di cate loss of 5.95 x
106 m3 of sand in the south ern part of the bay (USACOE, 1955). 
The Lit tle River in let closed be tween 1871 and 1877, prob a bly in 
re sponse to the north ward move ment of that sand (Farrell, 1972;
Fig ure 15b).  The si mul ta neous north ward growth of Pine Point
re quired at least 1.36 x 106 m3 of sand mov ing from the south. 
Even more sand lies off of Pine Point in the ac tive ebb- and
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Fig ure 12:  Bathymetry of the Saco River Es tu ary and lo ca tion of Fig -
ures 13 and 14.  Bathymetric data from NOAA chart 13287.



flood-tidal del tas of the Scarborough River in let and the flood
tidal delta of the abandoned Little River inlet (Figure 16).

Com par i son of ae rial pho to graphs from the past 40 years
doc u ment the con tin ued ero sion of the beach near the north jetty
at Camp Ellis (Fig ure 17a) and the con tin ued ac cre tion of the
beach at Pine Point (Fig ure 18a).  At Pine Point, the spit has
grown south east ward to wards Prouts Neck in a sea ward di rec -

tion 40 - 80 me ters.  Com par i son of 1976 and 1991 beach pro -
files sug gests that this ero sion and progradation is con tin u ing
(Fig ures 17b; 18).  At Camp Ellis the beach ero sion led to con -
struc tion of sea walls by 1953 (USACOE, 1955) in an at tempt to
re duce the loss of prop erty.  As a re sult, the rate of land ward re -
treat has abated some what from ear lier val ues.  Since then
unarmored shore lines have retreated 10 - 30 m (Figure 17a).

A Sand Budget for Saco Bay, Maine
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Fig ure 13:  Hy dro graphic data from the Saco River Es tu ary dur ing spring and sum mer (from Fitz Ger ald and oth ers, 1993, and
Manthorp, 1995).
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Fig ure 15(a). The shore line and nearshore bathymetry of the Saco River 
mouth in 1866 (USACOE, 1955).

Fig ure 15(b):  The shore line and nearshore bathymetry near Pine Point be tween 1859 and 1871 
(USACOE, 1955).



Dy namic Off shore Re gime

Cur rent me ters, de ployed at 1 and 12 m above the bot tom in 
20 - 30 m wa ter depth, mea sured mean cur rents (Pugh, 1987),
tidal cur rents, wave or bital mo tion, and wind-driven cir cu la tion
(Ta ble 2; Fig ure 3a).  Fair-weather tidal cur rents had speeds less
than 15 cm/sec and were ro tary, re sult ing in a tidal el lipse.  The

great est speeds in the el lipse were into and out of Saco Bay
(north west-south east) along the axis of the shelf val ley, but
never strong enough to trans port sand and gravel (Dick son and
others, 1993a, b).

High fre quency (4 - 5 sec), re vers ing wave-or bital cur rents
ca pa ble of en train ing sand and gravel were ob served on sev eral
oc ca sions.  Or bital cur rents up to 48 cm/sec were mea sured be -
neath 2 m storm waves with a pe riod of 10 sec onds dur ing a
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Fig ure 16:  In ferred bathymetric changes re sult ing from the con struc tion of the north jetty at the Saco
River mouth.  Bathymetry near the Saco River was eval u ated by the U.S. Army Corps of En gi neers
(1955); bathymetric changes at the Scarborough River mouth are pro jected on the ba sis of ex ist ing
bathymetry and the known vol ume of ma te rial added to Pine Point and lost from Camp Ellis.  Check -
ered pat tern shows area of new beach added to Pine Point.
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Fig ure 17:  Shore line change at Camp Ellis, 1953-1991.  (b) Beach pro file com par ing el e va tions from 1976 to 1991.  Pro file lo ca tion
shown in (a) above (L. K. Fink, writ ten com mu ni ca tion, 1992).



March 19, 1992 north easter (Dick son and oth ers, 1993a).  Al -
though these cur rents were fast enough to trans port the shoreface 
sand, their re vers ing di rec tions (north west-south east, or on -
shore-off shore) prob a bly led to little net sand movement.

Wind-driven cir cu la tion was also ob served to gen er ate cur -
rents ca pa ble of mov ing sand.  A north east storm on Au gust 4 - 5, 
1991 cre ated an off shore-di rected bot tom cur rent of 20-35
cm/sec for up to 12 hours (Dick son and oth ers, 1993a).  This
prob a bly re sulted from an on shore wind-driven sur face cur rent
that in duced a coastal set-up lead ing to the off shore-di rected,
downwelling storm current.

Sim i lar con di tions were ini tially pro duced on Au gust
19-21, 1991 when Hur ri cane Bob tracked across Saco Bay (Fig -
ure 19).  The ap proach of the storm, with on shore-di rected
winds, pro duced a downwelling, off shore-di rected flow at 12 m
above the bot tom for 12 hours un til the eye of the storm crossed

the coast line.  Then, a re ver sal of the wind di rec tion led to 24
hours of on shore (north west) bot tom flow, over whelm ing the
ebb-tidal cur rent of Au gust 20.  The off shore cur rents reached 30 
cm/s, while the on shore cur rents ranged from 15 - 20 cm/s.  The
du ra tion of upwelling was ap prox i mately twice as long as the
downwelling, and per sisted about half a day af ter the winds had
slack ened.  Sig nif i cantly, no beach ero sion ac com pa nied the
hur ri cane, rather, Old Or chard Beach accreted sediment
(Dickson and others, 1993b).

DISCUSSION

Or i gin and Di rec tion of Move ment of Saco Bay Sand

The Army in ferred that an erod ing gla cial de posit in Saco
Bay sup plied lo cal beaches with sand (USACOE, 1955).  Once
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Fig ure 18:  (a) Shore line change at Pine Point, 1953-1991.  (b) Beach pro file com par ing el e va tions from 1976 to 1991.  Pro file lo ca -
tion shown in (a) above (L. K. Fink, writ ten com mu ni ca tion, 1992).
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Fig ure 19:  Wind ve loc ity, cur rent ve loc ity, and at mo spheric pres sure pre ced ing, dur ing, and fol low ing Hur ri cane Bob (from Dick -
son, in prep.).  Dashed wind vec tors rep re sent gusts.



eroded on the seafloor, they be lieved that the sand moved land -
ward to a nodal point near Old Or chard Beach and then trav eled
north to Pine Point and south to Camp Ellis.  The north jetty at the 
mouth of the Saco River was con structed to in ter cept the in ferred 
north-to-south move ment of sand in the lit to ral drift (USACOE,
1910, 1955).

Sup port for this hy poth e sis in cludes the ori en ta tion of a
small mod ern spit on the north ern side of Goosefare Brook, in di -
cat ing south erly sand trans port.  In ad di tion, hindcast me te o ro -
log i cal and ocean o graphic data (Jensen, 1983) in di cate that the
north east-east is the di rec tion from which the larg est storm wind
and waves ap proach the outer bay dur ing the win ter.  The Army
as sumed that the more com mon sum mer waves, which are de -
rived from the south east-south west, are too small to be im por tant 
rel a tive to win ter storm waves, and that they are blocked by
Biddeford Pool and by the north jetty.  The Army cites re cent
shoal ing ad ja cent to the north jetty as ev i dence for north to south
lit to ral sand trans port, and the suc cess of the north jetty in pro -
tect ing the nav i ga tion chan nel from fill ing.  Fi nally, un filled de -
pres sions in the Saco es tu ary and dams on the Saco River have
been cited as ev i dence for a lack of con tem po rary river
contribution to the bay (Maine State Planning Office, 1979).

Our surficial sed i ment ob ser va tions in Saco Bay con tra dict
the early, un sup ported as sump tions of the Army that there is a
sig nif i cant source of gla cial sand in the bay.  Most of the sand in
the bay is part of the shoreface pro file of equi lib rium (Fig ure 4)
and so can not pro vide new sand to the shoal ing Saco River chan -
nel or to the beaches.  Muddy or rocky ma te rial crops out over
most of the re main der of the bay (Ta ble 3; Fig ure 4).  A lag de -
posit near Prouts Neck prob a bly rep re sents a re worked till or
gla cial-ma rine de posit that may once have been im por tant as a
source of sand and gravel.  Side-scan so nar re cords pro vide ev i -
dence of wave and cur rent re work ing of some of this off shore
sea bed (Kelley and oth ers, 1989a; Dick son and oth ers, 1993a;
Fig ure 5b), but the po ten tial source area for sand is small (4 km2)
(Fig ure 4).  An un rea son able and un ob served amount of ero sion
would be re quired to pro duce the vol ume of sand added just to
Pine Point in this cen tury.  Fur ther more, the off shore sed i ments
are largely mud at depth (Kelley and oth ers, 1992) and cov ered
with only a ve neer of coarse sed i ment.  Sand at nearby Pine
Point, by contrast, is fine-grained (Figure 6; Farrell, 1972;
Barber, 1995).

Cur rent me ter ob ser va tions clearly in di cate that the Saco
River is ca pa ble of trans port ing sand down stream of the dams
from the head of tide at all times of the year, and that all sed i ment
trans port is ebb-ori ented dur ing times of high dis charge (Fig ure
13).  Bedform anal y sis by side-scan so nar de picts off shore-ori -
ented megaripples at the jetty mouth and im ply off shore sand
trans port dur ing the spring freshet (Fig ure 14).  Sus pended sand
trans port up stream of the dams sug gests that at least 6,100 m3/yr
of sand moves through the base-drain ing dams at the head of tide
(Bar ber, 1995).  This min i mum es ti mate ex cludes bedload trans -
port, but is only slightly less than the his tor i cal in fill ing rate at

the Camp Ellis an chor age of 6,300 m3/yr or of the mod ern
in fill ing rate of 8,500 m3/yr (Ta ble 1).  The in fill ing rates are also
min i mum es ti mates of the sand in tro duc tion to the bay from the
Saco River be cause an un mea sured vol ume of sand leaves the
river mouth and en ters the bay dur ing freshets.  We as sume that
the intertidal de pos its of the Saco es tu ary are in equilibrium or
are accumulating sand at very slow rates.

Paleospit ori en ta tion sug gests south-to-north lit to ral sand
move ment (Fig ure 11), which is also in di cated by GPR re cords
(Fig ure 10; Farrell, 1972; Kelley and oth ers, 1989a; van Heteren
and oth ers, 1996).  The small, south-ori ented spit at Goosefare
Brook is paired with a north-ori ented spit on the other side of the
in let and is an ar ti fact of lo cal wave re frac tion.  A strong ar gu -
ment for net north ward sand move ment is in the his tor i cal ob ser -
va tions of Pine Point’s growth and Camp Ellis’ con cur rent
ero sion.  Al most 6 x 106 m3 of sand left the river mouth area in the 
cen tury fol low ing con struc tion of the north jetty (USACOE,
1955).  At the same time 1.3 x 106 m3 of sand was added to the
subaerial beach and dunes at Pine Point.  If the re gion off shore of
Pine Point, which to day rep re sents the larg est sin gle de posit of
sand in Saco Bay, accreted only 0.5-1.0 m ver ti cally dur ing that
same time, it would ac count for an ad di tional 3.5 x 106 m3 of
sand.  Ad di tional sand ex ists in the rel ict flood-tidal del tas of the
Lit tle River (Fig ure 15) and Scarborough River (Farrell, 1972). 
Thus, to ac count for the sand lost near Camp Ellis, it is nec es sary
for a sig nif i cant net north erly lit to ral trans port to ex ist.  The con -
tin u ing build-out of Pine Point and ero sion of Camp Ellis sug -
gests this is an on go ing pro cess (Fig ures 17, 18).  Dur ing the last
dredg ing of the Camp Ellis an chor age (1992), the 65,000 m3 of
sand in tro duced to the beach quickly dis ap peared, and woody,
shelly estuarine sand blocked Goosefare Brook and was ob -
served all along the re main der of the beach sys tem (Fig ure 20)
for months after spoils disposal (L. Mitchell, Saco City
Administrator, personal communication, 1992).

Off shore sands of Saco Bay are af fected by com bined
flows gen er ated by storms.  Ex actly how much vol ume is trans -
ported from the beach off shore or from the off shore to the beach
is dif fi cult to quan tify.  How ever, di rec tions of move ment can be
in ferred from cur rent me ter data.  Cur rents cre ated from waves,
tides and wind shear all com bine to pro duce speeds suf fi cient to
trans port sand.  Time-av er aged flows are de ter mined pri mar ily
by tidal stage and wind di rec tion.  Un der rough seas these av er -
age flows can in di cate the di rec tion of sed i ment trans port.  For
ex am ple, north east erly winds and an ebb ing tide were found to
gen er ate off shore-di rected bot tom cur rents.  These cur rents
should trans port sand away from the toe of the beach to the lower 
shoreface.  Sand loss is par tic u larly likely to oc cur from the
beach to the shelf val ley at the south ern part of the bay and onto
mud dier off shore sed i ment.  Sand en ter ing the val ley may be
top o graph i cally con tained there, or in cor po rated into more co -
he sive muddy sed i ments, and thus not eas ily re worked back on -
shore.  In the shal low shoreface, on the other hand, con di tions
are com monly con du cive to on shore trans port of sand.  It was
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seen that not all storm con di tions lead to off shore trans port.  In
the case of Hur ri cane Bob, cur rent me ter data sug gest that strong
north west erly winds and a flood ing tide com bined to cause cur -
rents that trans ported sand onto Old Or chard Beach.  Seis mic
pro files and cores dem on strate that there is a sea ward thin ning
wedge of shal low shoreface sands, and vir tu ally no sand be low
about 16 m wa ter depth.  At pres ent we can not rule out off shore
trans port into the shelf val ley, but there ap pears to be a rel a tively
ef fi cient re cy cling of sed i ment on shore to the lit to ral sys tem.  In
short, the off shore cur rents are vari able and in flu enced by
meterological and ocean o graphic con di tions.  The cur rents may
in turn re work beach sands off shore at some times and off shore
sands onto the beach at other times.  The cumulative effect of this 
variability is best observed in the geologic and historic record of
evolution of the coast.

A Sand Bud get for Saco Bay: 7,000 yr B.P. to 130 yr B.P.

The larg est de posit of sand in the bay, 5.6 x 107 m3, re sides
in the shoreface and ebb-tidal del tas (Fig ure 9).  The sec ond larg -
est body of sand, 2.2 x 107 m3, is in the berm and dunes, in clud ing 
old washover de pos its (Fig ure 9).  Al though we have not mea -
sured the vol ume of sand in the es tu ar ies, we as sume that such a
vol ume is small rel a tive to beach and off shore vol umes be cause:
(1) the Saco es tu ary pos sesses very lit tle ac com mo da tion space
for sand, and (2) the Scarborough es tu ary is generally muddy
(Farrell, 1972).

The rate of in tro duc tion of sand to the sys tem from the Saco 
River to day is prob a bly greater than ei ther the value es ti mated on 
the ba sis of the up stream sand dis charge of the river (6,100
m3/yr) or the value based on the in fill ing rate of the an chor age
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Fig ure 21:  Sand path ways in Saco Bay.



(6,000-8,500 m3/yr; Ta ble 1) be cause:  (1) the dis charge value in -
volves only sus pended sand; and (2) the in fill ing value ne glects
sand pass ing through the jet ties into the bay.  This lat ter ob ser va -
tion is fur ther sup ported by the in fill ing rate of nearby Biddeford
Pool (3,600 - 4,800 m3/yr; Ta ble 1), which prob a bly de rives its
sed i ment from the Saco River as well.  On the ba sis of this con -
sid er ation, and con sid er ing the in fill ing rate of the Scarborough
River an chor age (17,000 m3/yr; Ta ble 1) we have se lected
10,000 m3/yr to 16,000 m3/yr as a range within which the cur rent
value prob a bly falls (Fig ure 22a). The pre his toric sand dis charge 
rate of the Saco River, as sum ing a con stant cli mate, was prob a -
bly closer to the larger end of this range because some sand may
be trapped behind dams.

The only pos si ble off shore source of sand is lo cated south
of Prouts Neck and is to day cov ered with rip pled coarse sand and 
gravel (Fig ure 4).  That re gion, un der lain by both till and gla -
cial-ma rine sed i ment (Kelley and oth ers, 1989a) and cov ered by
rip ples (Fig ures 4, 5b) oc cu pies about 4 km2.  All cores here con -
tain coarse-grained sed i ment at the top, with finer ma te rial at
depth (Kelley and oth ers, 1990; Luepke and Grosz, 1986).  The
av er age sand con tent of the only core an a lyzed is 58%, which is a 
rel a tively high value for glacigenic sed i ment in Maine (ap prox i -
mately 33 %, W. Thomp son, per sonal com mu ni ca tion, 1995;
Kelley, 1989).  If this area were orig i nally 5 m above pres ent sea
level (some what higher than nearby Bluff and Stratton Is lands)
and eroded to its pres ent av er age depth of 20 m, it could ac count
for al most 3.3 to 6.0 x 107 m3 of sand (as sum ing a sand con tent of
33% and 58%, re spec tively).  A con tri bu tion of this mag ni tude is
un likely, how ever, be cause the sand in this area is coarse grained
(modal size of 2.8 phi; Kelley and oth ers, 1990), and all the
nearshore sand is finer grained (3.2 phi; Fig ure 6).  As this de -
posit eroded it would have quickly been capped by a lag de posit
pre serv ing deeper parts of the unit as ob served else where
(Forbes and oth ers, 1991; Stea and oth ers, 1994).  Since there is
no ev i dence of a more ex ten sive lag de posit, it is rea son able to
con clude that 10 m or less of ero sion oc curred in this area.  Ero -
sion of a de posit of the pres ent area and tex ture (33 - 58%) to 10
m depth would yield 1.3 x 106 m3 to 2.3 x 106 m3 of sand.  Ow ing
to the prox im ity of Scarborough Beach to the north east of the
area of rip pled coarse sand and gravel, and the south ern di rec tion 
from which the pre vail ing sum mer winds orig i nate, at least 50%
of this sand prob a bly went to the Scarborough Beach sys tem. 
This leaves only 0.65 - 1.15 x 106 m3 of sand to con trib ute to the
Old Or chard Beach sys tem.  The im por tance of this source of
sand has prob a bly decreased with time as the lag deposit on the
surface thickened and its depth and distance offshore increased.

 At the rate of sand in tro duc tion es ti mated for the Saco
River, 10,000 m3/yr to 16,000 m3/yr, the 7.8 x 107 m3 of sand in
the en tire beach sys tem would be de liv ered in be tween 7,800 and 
4,900 years (Fig ure 22a).  Off shore sand, which might have been 
lo cally im por tant ear lier in the bay’s his tory, would not af fect
these val ues by more than a few hun dred years be cause of the
small quan tity of ma te rial avail able from that source.  Fur ther ev -
i dence sup port ing the sce nario that the Saco River formed the

bay’s beaches be tween 4,900 and 7,800 yr B.P. and the pres ent
in cludes (1) ra dio car bon dates on back-bar rier fauna col lected in 
off shore cores range from about 6 - 7 ka (Fig ure 8); (2) re cent re -
con struc tions that dem on strate that the Wells bar rier beaches (25 
km to the south) formed within that in ter val (Kelley and oth ers,
1995), and (3) a slow down in the re gional rate of rel a tive
sea-level rise that occurred at that time (Barnhardt and others,
1995).

An im por tant com po nent of the progradation of the over all
beach sys tem has been the growth of sand dunes.  Cores and au -
ger holes in di cate that the eolian ma te rial ranges from 2 m to 4 m
in thick ness.  Ne glect ing the re cently added ma te rial at Pine
Point (Fig ure 18), the vol ume of dune sand ranges from 4.0 to 8.0 
x 106 m3.  If this de posit formed within 7,800 to 4,875 years, the
rate of eolian de po si tion ranged from 500 m3/yr (2 m thick dunes
form ing in 7,800 years) to 1,600 m3/yr (4 m thick dunes form ing
in 4,900 years).  Our best es ti mate lies in the mid dle of this range, 
around 1,000 m3/yr (Fig ure 22a).  It is likely that dunes formed
quickly, and have been ef fi ciently re cy cled throughout the late
Holocene.

A Sand Bud get for Saco Bay: 1859 to 1955

Dur ing the time in ter val 1859-1955, hu man ac tiv i ties
caused im por tant changes in the lo ca tion of sand stor age within
Saco Bay.  The rate of sand in tro duc tion from the Saco River av -
er aged from 10,000 to 16,000 m3/yr, but the con struc tion of the
north jetty at the mouth of the river caused 61,200 m3/yr of sand
to move away from the Camp Ellis area (USACOE, 1955) to -
wards Pine Point (Fig ure 22b).  This rate of hu man-in duced, net
sand move ment ex ceeded the long-term, nat u ral rate of trans port 
by at least a fac tor of four.  We as sume that this sand trav eled with 
wave-gen er ated long shore cur rents un til reach ing Pine Point. 
Al ter na tively, a lon ger-term pro cess of on shore-off shore sea -
sonal cy cles of sand move ment cou pled with slow north ward
drift could have caused this transfer of sediment. 

By 1957, Pine Point had ex panded 550 m from its
long-term po si tion (Farrell, 1972) and gained 1.4 x 106 m3 of
sand.  Of this, be tween 1.0 and 2.0 x 105 m3 were added to sand
dunes from 1859-1991, as sum ing 2 or 4 m aggradation, re spec -
tively.  This yields rates of dune growth be tween 840 and 1,690
m3/yr, some what greater than the long-term av er age of the
beach.  Prob a bly this is be cause of the finer sand size in the area
and much wider spit, upon which the dunes at Pine Point de vel -
oped, com pared with the re main der of the beach system. 

Else where in the bay dur ing this time in ter val, houses and
com mer cial es tab lish ments were built on most of the sand dunes
of the beach sys tem.  Sea walls were later con structed along the
outer edge of most of the fron tal sand dunes of the beaches, in -
hib it ing or elim i nat ing the ex change of sand be tween the beach
and dunes.

We es ti mate that 3.5 x 106 m3 of sand ac cu mu lated off shore
of Pine Point, shoal ing that area by 0.5 to 1.0 m, and that the re -
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Fig ure 22(a):  Sand bud get for Saco Bay from 7,000 yr B.P. to 130 yr B.P.
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Fig ure 22(c):  Sand bud get for Saco Bay from 1859-1955.
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Fig ure 22(c):  Sand bud get for Saco Bay from 1955-1991.



main ing 0.8 x 106 m3 was dis persed along the shoreface, lost sea -
ward, or re mains bur ied in tidal delta de pos its (Fig ure 22b).  This 
re sults in an an nual in put from the beach to the shoreface of 3.6 x
105 m3 be tween 1859-1955.

A Sand Bud get for Saco Bay: 1955 to 1991

Dur ing the most re cent time in ter val un der con sid er ation,
1955-1991, en gi neer ing struc tures con tin ued to al ter sand
depositional pat terns in the bay.  De spite the con struc tion of a
jetty at the end of Pine Point to pre vent fur ther shoal ing of the
Scarborough River In let, an av er age of 2.23 x 104 m3/yr of sand
has been dredged from that chan nel (Ta ble 1).  Af ter the ini tial
dredg ing, we es ti mate 1.7 x 104 m3/yr of sand reaches the in let. 
Army re cords are un clear about the ul ti mate dis posal site of all
this sand, but in di cate that most of it went to an off shore, “open
water” site (Figure 22c; Table 1).

Al most all of the 8,500 m3/yr of sand dredged from the
Saco River has been di rectly de pos ited on the ad ja cent beach at
Camp Ellis (Fig ure 22c).  This sand has rap idly moved to the
north and blocked the Goosefare Brook in let fol low ing dis posal
events.  The most re cent clo sure of the in let in 1993 re quired the
use of heavy con struc tion equip ment to re-es tab lish the chan nel
(L. Mitch ell, Saco City Ad min is tra tor, per sonal com mu ni ca -
tion).  This chan nel is re quired to ac com mo date ef flu ent from the 
Old Or chard sew age treatment facility on Goosefare Brook.

The beach at Pine Point has con tin ued to build out, even as
the beach at Camp Ellis has con tin ued to re cede (Fig ures 17, 18).  
The in fill ing rate in the Scarborough River chan nel, 1.7 x 104

m3/yr, is more than twice the av er age rate of dredged sand dis -
posal on the beach at Camp Ellis.  This im plies that the dif fer -
ence, ap prox i mately 8,500 m3/yr, co mes from:  (1) sand that is
de liv ered by the Saco River and by passes the an chor age, (2)
spoils from the Scarborough River which re-en ter the in let, or (3) 
con tin ued sand re work ing from the south ern beach and
shoreface.  Re gard less of the ul ti mate source, Pine Point ap pears
to re ceive a min i mum of 8,500 m3/yr of sand from both the
shoreface and from the longshore drift.

The Pres ent Sta tus of Saco Bay, and Rec om men da tions for
Beach Man age ment

Saco Bay is pres ently fac ing po lit i cal and eco nomic is sues
con cern ing its beaches and har bors that are strongly in flu enced
by geo logic pro cesses of sand move ment, but also by en gi neer -
ing and land-use prac tices.  The ero sion of Camp Ellis con tin ues
as on shore, re fracted and jetty-re flected waves strip away sed i -
ment and at tack wooden bulk heads and sand em bank ments. 
This ero sion will con tinue, since the jet ties have starved the for -
mer ebb-tidal-delta sys tem of sand.  It is likely that the zone of
shore line re treat will ex tend far ther north as a new geo log i cal

equi lib rium is at tempted, ex tend ing the Camp Ellis sce nario of
houses fall ing into the sea, block by block, along the beach.  Pine
Point, on the other hand, will con tinue to accrete sand, al though
at a de creased rate as the sup ply from the south de clines.  In side
the Scarborough River, par tial cut off of sand from the beach by
the short jetty will con trib ute to lo cal ero sion.  The cen tral part of
the Saco Bay sys tem (Ocean Park, Old Or chard Beach, and
Surfside) ap pears rel a tively sta ble and by passes sand, yet as rel a -
tive sea level con tin ues to rise, shoreline retreat is likely in this
part of the system as well.  

In lets, such as Goosefare Brook, and the for mer Lit tle
River in let, are and were links to the back-bar rier marsh sys tems, 
that open, close, and mi grate over his tor i cal and geo logic time
pe ri ods.  Dur ing se vere storms, new in lets could form from a
pro cess of land-to-sea breach ing, as doc u mented in Cape Cod
(Oldale, 1992) and else where.  For mer in let lo ca tions are par tic -
u larly vul ner a ble to this breach ing be cause of their mor phol ogy,
hy drol ogy, and un der ly ing geologic and stratigraphic control.

Sev eral fac tors could dis turb the pres ent sed i ment bud get. 
First, con struc tion of sea walls, busi nesses, houses, highrises,
and other in va sive coastal struc tures have al ready re sulted in a
loss of nat u ral sand ex change path ways be tween the beach and
dunes.  Dune sand is a ma jor res er voir that the beach sys tem must 
oc ca sion ally draw on to sur vive great storms and ris ing rel a tive
sea level.  Wall ing up all of the Saco Bay dune sand would re -
move be tween 5% and 10% of the to tal sand bud get of the sys -
tem (as sum ing 2 or 4 m dune thick ness, re spec tively).  Such a
loss would leave the beach sys tem with no flex i bil ity in the fu -
ture and trans form it over time into a coast lack ing beaches like
the New Jer sey shore.  New Jer sey will spend more than 1 bil lion
dol lars re plen ish ing its beaches in the next de cade (Pilkey, per -
sonal com mu ni ca tion). Ul ti mately, such un checked de vel op -
ment in Maine would re sult in the loss of the pri mary aes thetic
and eco nomic draw to the area, the uninterrupted stretch of clean
sandy beaches.  

Sec ond, an in creased rate of rel a tive sea-level rise could
cause in creased shore line re treat, erod ing pres ent prop er ties and
struc tures.  This re ces sion is a nat u ral pro cess of re-es tab lish ing
pro files of equi lib rium.  When in ter fered with by en gi neer ing
struc tures, or where dunes have been re moved or built upon,
sea-level rise can be come an ac cel er at ing process of instability.

Our rec om men da tions for man age ment are straight for -
ward.  Sed i ments dredged from ei ther the Saco or Scarborough
River should be re turned to the south end of the sys tem, at Camp
Ellis.  This is ini tially more ex pen sive than off shore dis posal, but
wise re lo ca tion of sandy dredged ma te rial de creases the need for
later nour ish ment and pro vides some pro tec tion to the beaches. 
Even with beach nour ish ment, ero sion is likely to oc cur.  In the
long run, pub lic ac qui si tion of en dan gered prop er ties in Camp
Ellis for a park is an op ti mal so lu tion.  Prop er ties near pres ent
and his tor i cal in lets should be rec og nized as es pe cially vul ner a -
ble to shore line changes, and de vel op ment of any type, but
especially highrise structures, should be precluded.
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CONCLUSIONS

Sed i ment bud gets are dif fi cult to fully quan tify, but pro -
vide a guide to sources, path ways, and sinks of ma te rial.  We
have ex am ined these trans port path ways on sev eral time scales:
geo logic (past 7,000 yrs), his toric (past 100 years), and mod ern
(past 40 years).  It is clear that an ex am i na tion of the geo logic and 
geomorphic data, cou pled with mea sure ment of rep re sen ta tive
pro cesses of sed i ment trans fer, give a more com plete and ac cu -
rate de scrip tion of the forces mod i fy ing the beaches and in lets of
Saco Bay than ex ist ing mod els.  Phys i cal and nu mer i cal mod els
are use ful tools, but are of ten in com plete, and com monly ig nore
geo logic in for ma tion on past changes in a sys tem.  We feel that a
mis take was made in the early years of USACOE ma nip u la tion
of the Saco River mouth.  Sand is dom i nantly mov ing south to
north in the sys tem, and is sup plied by the Saco River, not the re -
verse.  Thus, the jet ties are in ter fer ing with the over all sup ply of
sed i ment to the beaches, rather than pro tect ing the river mouth
from a fic ti tious infill de rived from north to south sand
movement.  Our primary conclusions from this project are listed
below.

The Saco River is the pri mary source of sand to the Saco
Bay beach sys tem, and has been so through the late Ho lo cene. 
This fact is doc u mented by hy dro graphic ob ser va tions in the
river, side-scan so nar map ping of flow-ori ented river bedforms,
and tex tural data from the river sed i ments.  An off shore gla cial
sed i ment de posit may have been a lo cally im por tant source of
coarse-grained sed i ment be fore the mid dle Ho lo cene, but off -
shore side-scan so nar and seis mic-re flec tion re cords and bot tom
sed i ment tex ture re veal that it is no lon ger im por tant.  Our best
es ti mate is that the Saco River con trib utes be tween 10,000 to
16,000 m3/yr of sand to the bay, mostly dur ing the spring freshet.  
All sand ac cu mu lat ing in the Saco River nav i ga tion chan nel and
federal anchorages comes from the Saco River.

The net di rec tion of sand move ment in the bay has been and 
re mains from south to north.  This is doc u mented by the ori en ta -
tion of paleospits vis i ble in ae rial pho to graphs and in
ground-pen e trat ing ra dar re cords.  It is fur ther sup ported by
changes in ferred from his tor i cal bathymetric and top o graphic
maps which de pict the trans fer of al most 6 x 106 m3 of sand from
the Camp Ellis area to Pine Point be tween the mid dle 19th and
20th cen tu ries.  Con tem po rary move ment of sand from south to
north is in di cated by the rapid dis ap pear ance of dredged sand
placed on Camp Ellis, and the co in ci den tal clo sure of Goosefare
Brook in let and the ap pear ance of the same dredged ma te rial all
along the beach.  The con tin ued ero sion of Camp Ellis may be di -
rectly contributing to the further growth of Pine Point.

The frag ile bal ance be tween ero sion and ac cre tion along
much of the Saco Bay shore line sup ports reg u la tions re strict ing
fur ther large-scale al ter ation of the coastal zone.  There is no way 
at pres ent to pre dict whether the ero sion in the south ern part of
the bay will be re stricted to that area or ex tend north of
Goosefare Brook.  The large-scale en gi neer ing and de vel op ment 

of most of the bay’s sand dunes leaves lit tle room for flex i bil ity
as rel a tive sea level con tin ues to rise, possibly at increasing rates.

The long-term na ture of shore line re treat in the south ern
part of the beach, the his tory of prop erty de struc tion, and the
pres ence of the north jetty at the river mouth sug gests that build -
ings in jeop ardy may need to be moved.  Al though the rate of re -
treat has slowed since the early 20th cen tury, the sed i ment
bud get does not bal ance in some lo ca tions.  Beach nour ish ment
and build ing re lo ca tion are long-term so lu tions that should be
con sid ered to man age the dynamic shoreline of Saco Bay.

If the Scarborough River in let is dredged again, as planned, 
sandy spoils should be re turned to the Camp Ellis beach.  Al -
though ini tially more costly than lo cal dis posal, the avoided cost
of a lon ger re turn time for the sand and the sav ings in prop erty
pro tected as it re turns jus tify mov ing sand to Camp Ellis, from
whence it ul ti mately came.

The re moval of the jet ties at the Saco River mouth is jus ti -
fied geo log i cally, but prob a bly not eco nom i cally.  For the long
term, how ever, the jet ties’ det ri men tal ef fects on the beach will
re quire con tin ual main te nance dredg ing and nour ish ment,
and/or pub lic ac qui si tion of prop er ties in Camp Ellis.  The day
may come when the pub lic will be faced with the ques tion of
whether it wants a har bor at Camp Ellis or a beach in southern
Saco Bay.
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