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ABSTRACT 

Wachapreague Inlet, a large down~rift offset inlet in ~he bar-
ri r island compl x of the mid-Atlantic coast (Delmarva penin~ula), 
was studi d during the period 1971-1974. The inlet channel width 
is bout 500 m and the throat cross-sectional is about 4,500 m2

• 
The inlet channel is about 3 km in length, approximately one-half 
of which is within the well-developed horseshoe shaped ebb delta 
compl x. The max·mum channel depth is 20 rn which occurs at the . 
throa. Elements of the study included: (1) the inlet morphornetric 
h"story (120 years), (2) assessment of surficial and sub-botto~ 
sediments within the inlet complex, (3) determination of the ~is-. 
tr·bution of tidal flows within the inlet channel, (4) determination 
of th zone of influence of inlet hydraulic currents along the face 
of the updrift barrier island and (5) the determination of the 
response of the channel cross-sectional area to short-term varia-
tions in wave activity and tidal prisms. 

Th work of other investigators indicates that the basin-inlet 
compl x of the Wachapreagu system developed in relation to a 
dr tnag formed on a Pleistocene erosion surface and that during 

h Holoc n tran gression an xtensive flood delta sand deposit of 
h anc stral inl t led to segm ntation of the basin. Comparison 

o as ri s of ba hym tric surveys between 1852 and 1972 indicate 
hat appreciabl sand is no longer advected to the interior of the 

inl t. Thus, it app ars that the inlet has evolved from a condi-
ion of adv ction of sand into the interior to a bypassing mode. 

Th inl t chann 1 has migrated to the south about 460 m (one 
·n1 t wid h) sin 1852 and during th, migration has deposited 
bout 7 000 m3 /yr on th north rn flank of the channel. In the 

cour of outh r y m·gration the offset has become more pronounced. 
Th_ ·n1 t has incised relatively firm cohesive lagoonal deposits 
which compos th bottom and southern side of the channel. It 
app ar that th ro ·on of the thalweg has been due to abrasion by 

h l , grav land nd shi ting back and forth in the bedload. 

R d · ocarbon dat ·ng of shells ncovered from a well driven near 
h ·'nl t su sts that local uplift of about 92 m has occurred in 
he nc 19,000 B.P. 

a r sult of he offs t nature of the inlet the north flank 
of th inlet chann l i xposed to lateral inflow for a distance of 
abou 1 km (from the throa to the base of the ebb delta). Ephemeral 
hoa s occupy h shallow flank. Flow gaging during times of dimin-

is~ d shoal dev opm nt ~ndicat that as much as 35% of the flood 
pr sm enters as lateral nflow from the north. During ebb flow only 
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about 15% of th prism exits laterally due to the jet like structure 
of the chrnnelized ebb flows. Drogue measurements along the updrift 
barrier island (Cedar Island) indicate that the influence of the 
flood hydraulic r g·m extends 3 or 4 inlet widths to the north of 
the inlet. This effect is absent during ebb. 

Exam·nation of basin tide records showed that the duration of 
rising water exc eds that of falling stages by 0.45 hr. Likewise 
examination of records of th tidal currents at the throat indicate 
that the duration of flooding currents exceed that of ebb by 0.35 
hr. The duration diff rence is attributed principally to generation 
of }4 and overtides w'thin the inlet and basin. Thus, on the 
average th bb curr nt trength must exceed that of flood since 
equal water volumes must exit in a shorter time. The spatial dis-
tribution of ebb and flood flows augment the current strength 
asymm try as the ebb flows are more concentrated in the central 
deep r portion of the chann 1. 

Rep titive cross-s ctional area surveys over 10 range lines 
along the inlet chann l 1 ngth (~ 1,500 m) were conducted 46 times 
during the thirte n month period of Aug., 1971 through Sept., 1972. 
Virtually all of th cross-s ct'onal area modulations occurred as 
th result of sand accumulation on the north side of the channel 
over which la ral 'nflow occurs. The largest single filling 
episod at the throat ection result din an ar a reduction of 
7.2% which was in r sp nse to passage of a tropical storm. Howev r, 
at some range ther was a 1 ng rt rm area reduct·on due to sand 
cascad' g ·no he ch nn 1 at the base of the ebb delta. Addition 
of th incr mental sand volumes d posited and removed by currents 
within the gmen of the chann l surveyed v r the 13 month p riod 
total to minimum of 2 X 10 m3 • 

Th r was g n ral quali 
ar a chan ·n h throats 
ratio o bb tidal pow r o 
agre m nt b tw n chann 1 r 
impor nc of wav act'vi yon 
wav di ction. 

agreem nt b tw n the s nse of 
and h s nse of change ·n the 

t wave pow r. It appears that 
and the power ratio reflects th 

bb d ta compl x, regardless of 

Th large dim nt volume modula ·ons observed dur·ng th sur-
veys ( 2 X 10 m3 ) and oh rob rvati n of sedim nt volum 
modulation on flanking shoal sugg st that the area modulations 
observed in th channel wer du for the most part, to sand trans-
f rs b twe n the ebb d lta compl x and th channel. An internally 
consistent qua itativ mod 1 for such a sedim nt flow loop which 
incorporates th in(lu nc of wav refraction, the regional tidal 
flow and the flow distribu ion within the channel is presented. 
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An analysis of Wachapreague tides for a three year period showed 
mean tide levels are lowest in Jan. and Feb. while the highest occur 
in Sept., Oct. and Nov. The importance of this phenomena, due to 
steric and pressure differences, in complex storage systems with 
marshe is evident. Calculations show that an Oct. spring tidal 
prism is 18% larger than Jan. Thus, the period of enhanced prisms 
coinc'des with th advent of the northeast storm season on the east 
U.S. coast. Were i not for the enhanced prisms occurring simul-

aneously more severe inlet shoaling might be expected. 

A remote sensing t chnique was developed to determine the tidal 
prism of the sys em for any incident tide range and mean tide level. 
U ing_sequen ial B1ack and White infrared imagery from low to high 

i it was possible to delineate the relationship between flooded 
ar a an tide 1 vat'on and thence to calculate the storage function 
fo _the.sys em. It appears that the technique is applicable to inlet ba ns in g n ral. 
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I. INTRODUCTION 

A. Background and Purpose of the Study 

The subject of the hydraulic ands dimentologic characteristics 
of tidal inlet-lagoon systems has received a great deal of previous 
investigation. Lucke (1934, a, b) mphasized the importance of the 
form:ition of the flood delta complex as a keystone to the evolution 
of lagoon deposits and m:>:--pho logy. Moreove·c, Luck advanced quali-
tative hypoth ses for th ord rly evolution of tidal lagoon deposit8 
for several sets of inl t circumstances. He did not however couple 
the hydraulic characteristics of the combined inlet-lagoon c;yste1n 
to exrunlne the atability charact ristics of the inlet itself. Of 
all the aspects of inlet-lagoon b havior the que~tion of the en-
trance stability has re.:~iv d the most recent attentio~. Obse.va-
tio:1 of historical map:, shou I.hat inlet en-:rances may migrate 

aterally as well a exp rience w·dely varying depths and widths 
through time or to close ntirely ju to choking from sands in the 
littoral drift system. 

During the past se:,eral decades co,1siderable attention has 
been focused on the int .r stin? mpiri~al results of O'Brien (1931, 
also 1969) w:1ich d mons ,_rated a poN r low r lationship between th 
basin tidal p:-ism a·1d the ccos -se.:tional a a of the throat of the 
inlet cha,m l (a m ,: receni: co:npi latio:i of an expanded data base 
is given by Jarrett (1976)). Since the cases repres nting the data 
set are b3.sed ·.1po~ ran<l :n su· v y tim s for inlet area or prism th 
relationship has become accepted s being representative of an 
"quilibrium" correlation. Given the randomness o= th input ·nfor-
m,'l'~ion the co=r latio:i does not repr sent information on stability: 
per se but rath ran intriguing statement of an" quation of state", 
albeit empirical. 

One of th firs~ attemp~s to eludidate inl t hydraulic w s 
that of Bro·.,a ( 1928), who pr s nt _d an analysis bas d upon the 
g ometric charact ristica of th ·nt e ad lagoo~ fo.:- the conditio~ 

fa unifor,nly rising or falling basLn water level. This classic 
work was extend d by Keul gan (1967) o inclu th eff ct of non-
sinusoidal tidal variatlon in th lagoon. As a r sult < f h·s 
an :1lysis he obtain d a dimensionl ss parameter, th coefficient of 
r pletion wh·ch may be interpret d as am asure of he effici ncy 
of the syst m ~oward filling th lagoon sy~tem to is full potential 
tidal prism. Th ana ysis of Brown and K ulegan, although not 
dealing sp cifically with inlet stability do provide am thod 
for calculating the hydraulic charact ristics of the inlet given 
specified inl t and lagoon charact ristics and th ocean tide rang. 
The question of chann 1 cross-sectio,1al area stability was explicitly 
examined by Escoff. r (1940) w~o consid red the influence of reduced 
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or nlarged channel cross-sectional area on the maximum velocity 
in the channel and whether the area change would consequently be 
ace ntuated. More recently, O'Brien and Dean (1972) presented 
a method for calculating inlet entrance stability due to closure 
t nd ncy from transport and deposition of sand into the inlet 
channel. Their analysis incorr.orates the work of Keulegan, . 
Escoffier and the "equilibrium' cross-sectional area of O'Brien 
so as to indicat th capability of the inlet to transport sand 
from its cross-section. They asstnne that the changed cross-
section area i geometrically similar to the "equilibrium" cross 
section. 

Wh"le 11 workers in tidal inl t stability have implicitly 
recogn·z d hat en ranee stability represents some balance between 
th scouring cap city of the inlet currents and the amount of 
mater· 1 carr·ed to the entrance from the littoral drift system 
Bruun and co-work rs (1960, 1967, 1974) explicitly consider stabil-
ity int rm of ratio of tidal prism to gross quantity of littoral dr'ft. 

Purpos Study 

Th princip 1 object·ve of the present study was to document 
h hot- rm r sponse of inlet channel cross-sectional area to 

variation in ncoming wav energy and tidal prism which arise 
fr m storm ivity and fortnigh ly variations in tide range, and 
tor at r sponse to th se process variables. 

us for th study was derived from the fact that while 
pr vi us tu i s examin d long-term historical trends in chan-

urat · on th r was no information available on short-term 
pons. Obviou ly the interpretation of cross-sectional 

urv y ak n d cad s apart are tenuous unless they can be 
n h c ext o~ exp cted short-term variability. Wacha-

pr au Inl , downdrtf off-set inlet in the barrier island 
complex of th mi -Atlant c coa~t (Fi~. 1) was selected for study 
a 1 pos ingl , we 1 d find tidal basin system. Moreover, 

ts offs ur app red to be ty-pical of the many offset inlets alon th nt c coat of th U.S • 

of 

a. 

. udy ~ro r d s v ra; subordinate study objectives 
f d wh ch would be requ red to elucidate the behavior 
t compl . These ubordinate objectives included: 

udy of the h. torical configuration of the inlet 
r on nd th g olog·c or sedimentological constraints on ·he syst m. 
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b.) The study of the character of the current flow distribu -
tion within the entrance channel. 

c.) The study of the hydraulic influence of the inlet currents 
along the face of the updrift barrier island . 

3 . 
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D. [QE!!a t _ of the ReErt 

Sine this study of Wachapreague Inlet focuses on the several 
important characteristics of the inlet-lagoon system which describe 
or explain its history and/or its present behavior the characteris-
tics are present d sequentially in Chapter II with the methods and 
results incorporated in each subsection. The authors felt this 
would provide a cl arer exposition than would a presentation which 
lump d methods and r sults. 
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II. CHARACTERISTICS OF THE WACHAPREAGUE INLET SYSTEM 

A. Inlet Morphology, Recent History and Sediments 

Al. Introduction and background discussion. 

Wachapreague Inlet is typical of several inlets with a 
similar bathymetric configuration along a 60 km expanse of the 
southeastern Delmarva Peninusla coast (Fig. 1). Wachapreague 
Inlet is an "offset coastal inlet" similar to those described 
by Hayes, et al. (1970); it is offset to the down.drift side. 
The ''Wachapreague Inlet Complex" is composed of the inlet channel , 
Parramore Island to the south, Cedar Island to the north, a 
crescentric ebb tidal delta to the east and finally a system of 
lagoons and tidal channels to thew st. 

Most investigators in the •ngin ering sciences have generally 
assumed tidal inlet channels to inc·se a bed of material of sand 
size. It is then assumed to be free to migrate in response to 
littoral drift, and to scour and fill as the flushing capability 
of the tidal flow var·es. Little consideration has been paid to 
the fact that many inlets on sandy coasts incise barrier island 
chains, and that many of th se transgressive barrier islands are 
nothing more than thin vene rs of sand overlying marsh peats and 
lagoonal sedim nts. One migh suspect then that th tidal inlet 
channels ·n thes ·nstances would inc·se not only sand but 
coh sive muds, nd that th se muds might exert ome noticeable 
constraints on the tidal inlet system. The geometry of 
Wachapreague Inlet channel sugg sts such constraints in that 
the south flank has a maximum m asured lop of 45° (av ra 
slope of 30°) while the northern flank has an av rage slop 
of 3.5° (Fig. 2). Thes charac er·stics motivat d the study to 
trace the recent morphometric history of the inl t and to det r-
min what geological and sedim ntological controls have influenced 
its tability and evolution. 

Al.1 Regional Setting. Four g omorph·cally dis inc zon s 
can be recognized along th Atlantic co st of the Delmarva 
Peninsula. From Cape Henlop n ·n Delaware Bay to Ocean City, 
Maryland, a barrier beach imp·nges on the mainland. Bay mouth 
bars separate estuaries or bays associated with drown d fluvial 
systems from the Atlantic Ocean. 

From Ocean City to Chincoteague Inlet a continuous barrier 
spit, Assateague Island, is separated from the Pleistocene main-
land by a 10 to 13 km wide lagoon, Chincoteague Bay. Fishing 
Point, on the southern end of Assateague, is a pronounced recurved 
spit of relatively recent origin pointed toward Chincot ague 
Inlet. From Chincoteague to Wachapreague inlets the broken chain 
of barrier islands in marked y indented. Harrison (1971) specu-
lated that this reentrant marks the path of a paleochannel across 
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the Delmarva. The barrier islands along this section of coast 
have very low topographic relief, and the lagoons separating 
the barriers from the mainland are considerably smaller than 
adjacent areas. 

The final sector begins at Parramore Island on the south 
flank of Wachapreague Inlet and continues south to Cape Charles. 
This sector is characteriz d by strongly offset inlets with deep 
channels (20 to 25 m). Betw en the barrier islands and the main-
land lies a tidal flat complex of shallow bays, intert'dal flats, 
marshes, and tidal channels that varies in width from 7 to 15 
kilometers. 

No major streams drain the eastern Delmarva Peninsula to 
supply sediments to the modern coast. Erosion of the headlands 
along the northern Delmarva provid s sands for th beaches there 
and for the barrier sp·t extending to Ch'n oteague Inlet. In 
contrast, the thin, narrow b aches south of Ch'ncoteague Inlet 
indicate that th re is a limit d supply of sand. 

Al 2 Regional Geolo~y. Th Eastern Shore Peninsula has 
low relief(< 20 m) and t e urfac deposits are of Holocene 
and Pleistocene ag . The Plei tocene geology of the Virginia 
section of the D lmarva has b n xtensively studied by Sinnott, 

t al. (1961). Four terrac s w re id ntifi don the mainland of 
th Eastern Shore Peninsula. From youngest to oldest, there are 
the Chowan, Dismal Swamp, Prine s Ann, Pre-Chowan and Wicomico. 
The terraces are consid red to b h merged upper surfac s of 
these formations. The Columb'a group oft rra e formations of 
Pleistocene Age consist of a succession of th'n very gently 
sloping marine and e tuarine formations that ov rli the Tert·ary 
sedimentary rocks of th Virginia Coa al Plain, The Pleistocene 
deposit ar underlain by seaward dipp'n Miocen d posits 
(Chesapeake Group). Scatter d w 11-log informat·on indicat s 
the top of the Mioc ne (Yorktown Format·on) i found at about 
25 meters depth ben ah the barri r islands (S"nnott and Tibb'tts, 
1968). 

Harrison et al. (1965) hav postulat d a late Pleistocen 
uplift of th entranc o Ch sap ak Bay. Thi hypo he i was 
based on th expected versus obs rv d thalw g d pths of the buried 
Susquehanna River Vall y and C14 dat ·ng of peats and shells over-
lying the Pleistocene-Miocen contact. Harrison also encountered 
elevated peats and oyst r shell on Hog Island, loca ed to th 
south of Parramore Island. From the totality of their evidence 
it ·s argued that, "the crust in the immed'ate vicinity of the 
Virginia capes, and probably along th entire Atlantic Coast of 
Virginia to somewhat north of Hog Island has undergone some 160 
feet of uplift since at least 15,000 years B.P." Evidence offered 
later in this chapter confirms that uplift has occurred in the 
immediate vicinity of Wachapr ague Inlet. 
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Al.3 Develo ment of Wacha rea ue La oon. The Holocene-
Pleistoc ne stratigrap yo t e basin in uenced by Wachapreague 
Inlet has been studied by Newman and Rusnak (1965), Newman and 
Munsart (1967), DeVries (1970), Kemerer (1972), Harrison, 1971 
and Morton and Donaldson (1973). The stratigraphy of the system 
is illustrated in Figure 3. The surficial marshes (S~artina 
alternaflora) are relatively thin, averaging about 1. min 
thickness and, based upon palynological evidence, Newman and 
Munsart reason that the rhizome layer began to accumulate after 
1,500 years B.P. Beneath the rhizome horizon are lagoonal and 
flood delta deposits, ranging in thickness from 1.5 to 15 m 
(Morton and Donaldson, 1973). Newman and Munsart obtained radio-
carbon dates from basal peats beneath the lagoonal facies which 
indicat the lagoon had been in existence for at least 5,000 
years B.P. 

Morton and Donaldson (1973) established three lines of jet 
wash bor ngs across the interior basin . The center line extended 
from th Town of Wachapreague to Wachapreague Inlet. These 
authors conclude that Wachapreague Inlet is a site which coin-
cid s w· h drainag from topograph"c lows of the Pleistocene 
ero ional surfac. Their ev'dence also indicates the existence 
of exten iv flood delta sand deposits between the overlying 
la oonnl d posits and th underlying Pleistocene contact. These 
r sult r umm rized in Figures 3 and 4. 

12. 



wachapreage 
J1 

-1 
D 

0 - -
F gure 3. 

cedar 
J3 island 

I c1 fl n- tid o1 f liJ t 
rn r I, 

tnl <•t n1ou h • ' r 

t.i,r,. () ,') • m. r1n. 

OOOft! r 

Interpreted stratigraph'c dip section, 
Wachapreague to Cedar I land (after 
Morton and Donaldson 1973). 

13. 

msl 

10 

20 
5 

30 ,o 
40 

~o 15 

60 
20 

~t meters 



Figure 4. 

... 

,, ,, ,, 
,, 

,, 
,, 

.,. 
,, 

• .. 

• 

.,. ,, 

0 

9 
0 

V Pie,,~ OUICIIIO 
0 botlllQ locOIIOfl 

- - 1t11111 of send 

2 , .... -1 ) •• . -. - -·-=• 

ap of the Holocene-Pleistocene unconformity showing the 
posit'on of present-day drainage and tidal inlets in 
relation to Pleistocene drainage. Depths are in meters 
below mean sea level. (From Morton and Donaldson, 1973.) 

14. 



~..... ---- -

A2. Recent History of the inlet and shoreline; surficial and 
substrate sediments. 

A2.l Recent Erosion Histor of the Barrier Islands. Inspec-
tion of regiona wave re raction patterns Go sm1t, et al., 
1974) and wave climate information (Saville, 1954) indicates that 
the principal supply of littoral drift to Wachapreague Inlet is 
derived from erosion of the barrier islands to the north (see 
Figure 1). These islands from Wallops thru Cedar Islands, have 
beaches with small sand volumes; that is, the beaches are a 
sand veneer covering eroding marsh facies. It is not unconnnon 
after severe storms to find exposed marsh deposits at foreshore 
positions. 

The shoreline positions between the years 1852-1962 for th 
islands to the north of Wachapreague are shown in Figures 5 thru 
9 which maybe keyed to Figure 1. The lower end of Assateague 
Island is a recurved spit, Fishin Point, which formed since 
1852. The U.S. Corps of Engin ers st·mated that .46 x 10 m3 /yr 
of sand drifts to the south along northern Assateague Island and 
that, based on the accumulation in the spit, about 0.3 x 10Pm3 /yr 
is trapped at the southern terminus of the island. A reasonable 
estimate for material by assing Chincoteague Inlet from the north 
is then (.46 - 0 .3) x 10' rn3 /yr or 0.16 x 10 rn3 /yr. 

The long term (110 yr) averag erosion rate with·n the island 
s qu nc from Wallops Island to Cedar Island incr ases to the 
south; Wal ops Island erosion rat was calcula ed at 2.3 m/yr 
while Cedar Island was 4.8 m/yr. A rough tirnat of the mean 
annual littoral dr · ft rate m y b made ·· f an as umption · 
accept d as to the percentage of and ·nth erod'ng marsh fac 
Measurement of area lost in the ·sland chain du o shoreline 
shift indicates 160,000 m2 /yr has b n roded. Using the U .. 
Corps o Engin rs rule of thumb that 1/sq. ft. of area los 
equals /cu. ft. of and volume lo s the roded area convert to 
1.32 x 10pm3 of mat ria per y ar. As urning only 25% of the 
eroding marsh is of sand siz material this reduces the maximum 
sand available for transport t .33 x 10 m3 /yr. 

Given the embodi d assumptions a easonable estimate for 
maximum southerly drift is 0.5 x 10 m3 /yr. I should b empha-
sized that this figur ·s bas don data av raged ov r a 110 year 
period. 

A2.2 in the Inlet Confi uration. United 
States Coast an Geo etc Survey Hydrograp c Survey S ets for 
1852, 1871, 1911, and 1934 (Figs. 10, 11, 12, 13) were compiled 
and contoured at 0.913 m (3 ft.) intervals. It is worthwhile to 
note that the 1871 and 1934 surveys followed sever storms, and 
that this may expla"n the abbreviated south end of Cedar Island 
apparent in the 1934 survey. A new bathymetric survey of the 
entire Wachapreague Inlet system was made by the authors ·n 1972 

15. 



. '. ( 

(Fig. 14). Comparison of the charts showed that the axis of the 
inlet channel has migrated to the south at a rate.o~ 1 meter per 
year during the last 120 years (Fig . 15). In addition the chan-
nel has rotated slightly counter-clockwise from a southeastern 
axial orientation to a more easterly orientati on. In its migra-
tion the channel flow has eroded the northern flank of Parramore 
Island wh'le leaving a wedge of sand on the northern flank of the 
channel. The northeastern face of Parramore Island has accreted 
s award while th southern end of Cedar Island has migrated land-
ward, thus accentuating the offset. 

Th long term cross-sectional area of the inlet throat has 
b en r lat'vely stable since 1871 at about 4,200 m2 (less than 
15o/. variation from mean); however, between 1852 and 1871, the 
cro ctional area increased from 1,845 m to 4,473 m2 (Table 1). 
Historical evid nc indicates that the interior marsh-lagoon 

ys em configuration has changed very little since 1852, thus 
the pot ntial tid lprism appears to have remained unchanged. 
Ther I 'nsufficient tide information for the 1850 period to 
d t rmin if h r duced cross-section admitted a smaller tidal prim. 

Th l ng h of th inlet throat channel (based on the 12 m 
contour) ha incr as d from 1,600 min 1852 to about 3,000 min 
1972 (Table 2), si ificantly increasing the frictional charac-
eri tic o th inlet. Various hydraulic radii of the inlet 

throat c ions w r calculated based on 1) an unmodified 
cros - 2) modified cross-section (long shallow tails 
r mov d), n ) am dified and normalized cross-sectional area 
(expand d to un fo-rm area, y t maintaining geometric similarity 
in or r to al o a va id comparison of hydraulic radii). These 
re ult r tabul din Table 3 and the trend is similar for all 
thr et chn qu n increasing hydraulic radius until the turn 
of he c ntury th n d reasin to the present. Thus, with a 

t di y incr in chann l ngth, and a decreasing hydraulic 
r diu Wachapr ue Inlet appear to be evolving toward a less 

£ ic nt ch 1. 

To the pos ibility that the entire inlet complex 
i r ourc or ink of sand to the littoral 

h b rri r island coast, the volume of sand, 
v 1 21 m blow MLW, was calculated for 

ach of the urv y charts from 1852 to 1972 (no data for 1871). 
Thi w s accomp · hed by a·v ding each of the contoured charts 
for 852 191 , 1934 and 1972 into a matrix of smaller areas 
denoted by lA, 2A lB, 2B, tc. The volume of material in each 
of th m 11 r areas was d ermin d by measuring the area 
betwe n ·n vidual contours with a Compensating Polar Planimeter 
and mul iplyin this by th d'fference between the mean depth ' 
of the o con our and 21 m ters, the base depth. Then each of 
th s volurn s w r ummed to the total volume of smaller areas 
(lA, lB, etc. and thee were umm d to the total volume of 
material in the sy t mat that tim (Table 4). 
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TABLE 1 

Historical Cross-sectional Areas of Wachapreague Inlet 
Throat 

Year Area (m2) 

1852 1845 
1871 4473 
1911 3760 
1934 4572 
1972 4047 

TABLE 2 

Channel L ngth (based on 12 m contour) 

Year 

1852 
1871 
1911 
1934 
1972 

TABLE 3 

Historical Hydraulic Radii (m) 

Length (m) 

1662 
no data 
1701 
1909 
3046 

Modified 
ear Unmodified Modified and Normalized -

1852 2.5 4.3 6.7 
1871 6.9 10.3 9.6 
1911 9.6 9.6 9.4 
1934 4.7 9.6 8.9 
1972 6.1 7.4 7.4 
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TABLE 4 

Wachapreague Inlet Complex , historical changes in the volume of material 
present. (Base depth 21 meters belo w MTL, expressed i n mill i ons of 
cubic meters) . 

Region 1852 1911 1934 19 72 

(lA) 14 .6 14 . 3 No data 13 ,9 
lB 14 ,1 14 , 7 14 ,9 14 .6 
lC 13 ,1 13 .1 12 ,9 12 . s 
lD 12 .0 12 . 3 11 ,9 11 ,6 
lE 11 .6 J 1 . 3 10 .8 10 ,8 

2A 12 ,6 12 -7 12 , 3 11 .1 
2B 13 -8 14 .1 13 , 7 14 , 3 
2C 13 . (, 13 -9 13 . 3 13 . 2 
2D 13 ,9 14 ,0 13 ,8 13 .4 
2E 13 ,3 12 ,9 13 .2 12 ,9 
2F 11 ,6 11 , ] 12 , 7 l?. . 2 

3A 12 . 3 11 . 3 12 .1 10 . 8 
3B 14 ,l 12 .1 12 .6 12 .0 
3C 13 -5 11 .0 12 . s 1 .0 
3D 11.9 11 . 5 11 . s 11 -8 
3£ 12 . 3 12 , 3 12 .0 1 . 4 
3F 12 .9 13 .0 13 .0 12 . 7 

( 4A) 13 -7 No d ta No dat 1 . 0 
4B 15 ,1 15 ,1 15 ,1 15 -1 
4C 13 . 15 ,l 15 .o . 1 
4D 13 -' 13 ,9 14 .0 14 , 3 
4E 13 .3 12 . 13 , 5 13 . 3 
4F 12 , 7 12 ,6 12 . s 12 . 3 

SD 13 , 7 13 . S 13 -2 13 ,2 
SE 13 ,1 2 . 7 12 , 7 2 . s 

Total 302 . 3 297 .6 299 .2 292 .9 
material at 
time of survey , 
less regions 1A and 41\ 
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The net change in total material §ained or lost during the 
120 years was a loss of about 9 x 106 m. Most of the change was 
due to the southerly shift of the channel axis and channel deep-
ening. It is of greater interest to ask how much sand has been 
stored on the north flank of the channel as the channel migrated 
to the south. Comparison of the 1852 and 1972 maps indicates 
approximately 8.7 x 106 m3 of sand has been stored, which when 
considered on an annual basis amounts to about 73,000 m3 /yr. 

Comparison of the maps and Table 4 also indicates that the 
interior shoals (quadrants 2a and 3a of the maps) have dimin-
ished since 1934. The channel depths of the interior feeder 
channels have not changed appreciably in depth; thus, it appears 
that the material on the interior shoals has left the system via 
the inlet channel. This will be further discussed in a later 
section. 

Short term changes in the geometry of the barrier islands 
flanking the inlet and of the lateral ramp margin shoals were 
studied during the period from 1949 to 1973 by using aerial 
photography. The areas of the variable portions of the barrier 
islands, and the shoals were measured on maps drawn from the 
aerial photographs. No corrections were made for tide stage or 
distortions in th photographs. To test the error of not cor-
recting for photograph distortions, an area measured from a 1971 
uncorrected map was compared with the measured area from a dis-
tortion (by mans of a Kelsh Plotter) corrected map (Penney, 
personal corranunication, 1973). There was less than 5% error. 
Based on the U.S. Army Corps of Engineers thumb rule that "one 
square foot of beach is equival nt to one cubic yard of sand" 
(U.S. Army Corps of Engin ers, 1966), the areas of beach or 
shoal wer converted to volumes of sand lost or accreted. 

In order to estimate the errors due to not correcting for 
tide stage, am asurement of th shoreline enc~assing each of 
the planim t red areas was made. Assuming a 10° beach slope, 
and a 3 ft. (.91 m) tidal range, the area of beach covered or 
exposed by the tide was calculated. These areas were converted 
to volumes, and these volumes were all less than 5% of the total 
calculated volum s. 

In 1949 (Fig. 16), he Wachapreague Inlet system consisted 
of a main channel and an apparently well developed north channel. 

ote the large accretional sand wedge on the northeast face of 
Parramore Island and that the lateral ramp margin shoals were 
well developed. A 1957 photograph (Fig. 17) shows the inlet 
complex at a critical time in its life history; note the break-
through inlet on Cedar Island. More significantly, note the 
wedges of sand on the northeast face of Parramore Island, and on 
the south tip of Cedar Island. These accretional features repre-
sent 3.3 x 10 m3 and 2.4 x 108 m3 ~f sand, respectively; while the 
north shoal represents 1.5 x 10 m of sand. Since 1949, this 
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Figure 16. Wachapreague Inlet, 1949. 



Figure 17. Wachapreague Inlet, 1957. 



represents an increase of 1.3 x 10~m3 of sand on the northeast 
face of Parramore Island, a decrease of 0.9 x l0 6 m3 on the shoals 
and an increase on Cedar Island of 2.5 x l0 6 m3 of sand. ' 

In April of 1962 (Fig. 18), after the "Ash Wednesday" storm, 
the shoal had disappeared below the water line, a loss of 1.5 x 
l0 6 m3 of sand. The southeast tip of Cedar Island, although 
elongated, has lost 0.6 x 106 m3 of sand and the northern face of 
Parramore Island gained about 0.5 x 108 m3 to a total volume of 
3.8 x l0 6 m3 • Note also that the north shoreline of Parramore 
Island was straight. In 1966 (Fig. 19) the northeast face of 
Parramore Island had retrograded back to the base line, a loss 
of 3.8 x l0 6 m3 of sand. A shoal had developed, where in 1962 
there was nothing, to a volume of 1.9 x 106 m3

; and the south tip 
of Cedar Island had accreted eastward slightly (0.1 x 106 m3

). 
In Februarr of 1970 (Fig. 20) the north shoal had accreted another 
1.0 x 106 m of sand to a total of 2.9 x 108 m, while Cedar Is and 
had lost 0.1 x 106 m3 • 

In June of 1971 (Fig. 21), the north shoal had decreased in 
size by 1.4 x l0 6 m3 , while Cedar Island, narrowed and lengthened, 
had remained unchanged, and Parramore Island had remain dun-
changed since the 1966 photograph. But, note that the north 
lateral ramp marg·n shoals consist d of two shoals, not one as in 
February, 1970. Also note the oresenc of a concavity of the 
north shoreline of Parramore Island. This is due to diffraction 
of waves approaching from the northeast sector and then passing 
through the channel between Cedar Island and the north shoals. 
In SPpt mber, 1971 (Fig. 22), the syst m was virtually unchan d 
since June, 1971, with the exception hat the shoals have 
decreas d by 0.3 x 106 m3 of sand. Note the interesting configu-
ration of the eastern section of he north hore of Parramor 
Island. It appears hat a small wedg of sand is building out 
on a submerged shelf, due to the protec ·on afforded by he 
shoal, from waves approaching from th north. Again ·n ovemb r 
of 1971 (F'g. 23), th re had b en very little chang n the 
system. 

By February 1972 (Fig. 24), th inlet syst m had begun to 
change again. The north lateral ramp margin shoal had d creased 
in size by 0.7 x 10 m3 • The configuration of the nor hast fac 
of Parramore Island had changed, but the total sand present had 
not changed. Th sand had simply been r distribut d. This 
probably can be related to th disap a anc of th most sea-
ward shoal of the two shoals that existed in 1971. ate also 
the calving or apparent slumping of the sand on that and wedge 
that has been accreting on the easterly portion of the north 
flank of Parramore Island. 

By September of 1972 (Fig. 25), the north lateral ramp margin 
shoals totally disappeared a further loss of 0.5 x 10 m3 of sand 
since February, 1972. The small wedge of sand that had existed 
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Figure 18. Wachapreague Inlet, April, 1962. 



Figure 19. Wachapreague Inlet, October, ·1966. 



Figure 20. Wachapreague Inlet, February , 1970 , 
(2 hours after high water) . 



Figure 21. Wachapreague Inlet, June, 1971. 



Figure 22. Wachapreague Inlet, September, 1971. 



Figure 23. Wachapreague Inlet, ovember, 1971. 



Figure 24. W chapreague Inlet, February, 1972, 
(2 hours prior to low water). 



..... 
- -- - -- -- - -

Figure 25. Wachapreague Inlet, September, 1972, 
(1 hour after high water). 



on the easterly portion of the north flank of Parramore ~sland 
disappeared probably because of the loss of the protection 
afforded by'the shoals. With the loss of that northeast sand 
wedge, the apparent concavity in the north face of Parramore 
Island was reduced. 

By November of 1972 (Fig. 26), another north shoal had emerged 
with a volum of 0.4 x 108 m3 of sand. But more significantly, 
another sand wedge developed on the northeast flank of Parramore 
Island similar to the one that existed in 1949, 1957, and 1962 
photog~aphs. This feature represents an accretion of 1.9 x l0 8 m3 

of sand in only two months time. 

By July of 1973 (Fig. 27), the new north shoal had accreted 
another 0.5 x 10 m3 sand to a total volume of 0.9 x 108 m3 ; while 
the northeast face of Parramore Island had lost 0.1 x 108 m3 of 
sand. 

The r sults of this twenty-four year survey of available 
aerial photography are summarized in Table 5. During the period 
from February, 1970, to September, 1972, a shoal of 2.9 x l0 8 m3 

of sand disapp ar d. Yet bJ July, 1973, another shoal reafpeared 
wi ha velum of 0.9 x 106 m; and an accretion of 1.9 x 10 m3 

occurr don he north ast face of Parramore Island. In the light 
of he pr vious discu sion on estimated drift rates, changes of 
this ma nitud canno· be reasonably related to fluctuations in 
littoral drift; h y are more likely due to cyclic short-term 
chang on the ebb t"dal delta. For example, a 1 m change in the 
depth ov r the area of th bb tidal delta (4 x l0 8 m2 ) will yield 
a volum chang of 4 x 10 m3 • 

A2.3 Sur icial Sediment Dis ribution of Wachapreague Inlet 
Complex. The mobile dim nt distribution was investigated with 
r pct to both spatial variations over the entire inlet complex 
an t mporal var a ion in the inlet throat channel. Sediment 
samples w r ath red by a m~ni-Van Veen grab sampler, along 
plann d ran cts. Sample sites were determined by shooting 
azimuths on fixed known locations or by shooting adjacent angle 
pairs with as xtant; later these w re plotted on the 1972 
bathymetry cha:t. I~ add"tion to the samples, observations 
wer made by div r in all thos areas of the inlet complex that 
were of pa ticular interest. 

All samp s were initially described as to contents (shell, 
sand, mud, tc.). Sand fraction characteristics were determined 
by si ving on PHI screens and fin grained samples were analyzed 
by the pipette m tho de cribed in Ward (1968), samples were 
tak n at the 40 5 , 60 and 80 intervals. The standard graphic 
textural par meters were computed for the samples. The equations 
for the analysi ar based on those published by Folk, et al. 
(1957). 
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Figure 27. Wachapreague Inlet, July, 1973. 
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Figure 26. 
Wachapreague Inlet 1 November, 1972, 
(1 hour prior to low water). 



TABLE 5 

Recent historical volume changes from aerial photography, expressed in 108 m3 • 

Date 

1949 

1957 

04/1962 

10/1966 

N.E. Face Parramore 
total change 

2.0 

3.3 

3.8 

0.0 

+1.3 

+0.5 

-3.8 

f;; 02/1970 No Data 
No Data 

No Data 

NC 

NC 

NC 

NC 

. 
06/1971 

09/1971 

11/1971 

02/1972 

09/1972 

11/1972 

07/1973 

0.0 

0.0 

0.0 

o.o 
0.0 

1.9 

1.8 

+1 . 9 

-0.l 

Lateral Ramp Margin Shoal 
total change 

2.4 

1.5 

0.0 

1.9 

2.9 

1.5 

1. 2 

1.2 

0.5 

0.0 

0.4 

0.9 

-0.9 

-1.5 

+1.9 

+l.O 

-1.4 

-0.3 

NC 

-0.7 

-0.5 

+0.4 

+0.5 

Cedar Island 
total change 

0.0 

2.5 

1.9 

2.0 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

+2.5 

-0.6 

+O.l 

-0.1 

NC 

NC 

NC 

NC 

NC 

NC 

NC 



The results of the spatial sediment distribution survey are 
summarized in Figure 28. The sediments varied from a veneer of 
very coarse sediments, composed ?f shell debris, cobbles, ~nd 
gravels overlying a stiff, cohesive, sandy clay substrate in 
the deep inlet throat channel, to well sorted, medium to fine 
sand surrounding the inlet throat to a very fine silty sand 
both inside and outside the innnediate area of the inlet channel. 
The sediment distribution appears to correlate well with the 
various depositional environments. That is, coarser sediments 
ar localized in the higher energy areas and the finer sediments 
are restricted to the low energy areas. 

Tables 6, 7, 8, and 9 tabulate the results of the various 
surveys of th ebb tidal delta, the inlet throat, and the interior 
lagoons and tidal channels. Several very interesting points came 
to light as a re ult of the survey. The apparent flood tidal 
deltas or bathymetric highs are in fact rPlative topographic highs 
of lagoonal s diments, overlain by a thin veneer of fine sand. 
Secondly, the north flank of Parramore Island, on the steep wall 
adjacent to h inlet i an exposure of very firm lagoonal 
d posits. And finally, that there appears to be a swath of fine 
sand (> 2. 0 , 2. 5 ) that intersects the coarser sediments in 
th n e axial chann 1. 

In order o discern temporal variations of the sediments in 
he nlet channel, th bottom sedim nt distribution was sampled 

fortni htly for a pr o<l of three months at various high and low 
slack wt r . S mpl sta ions were located at the deepest part 
of each o 1 v n trans cts (Fig. 2) that cross the throat of 
the in et. Th loose sediments recovered from the bottom 
included m d"um and coar gra'n sands, gravels, boulders (up 
to 6 inch ·n diam tr), sh 11 d bris of various sizes and 
hapes, nd round d chunks of hard mud. These mud chunks proved 

to be dentical to the u strat material along the south flank 
nd bot om of he in t throat. The results of these surveys 

ar tabulated 'n 'fabl 0. 

'o obvious r ort·ng patt rn betwe n high and low slack was 
ob erv d during th mp ·ng period. In the deepest parts of 
th inl t throa, blow 15 m ters, the loose bottom sediment 
usua ly consist d of g av sand larg shell debris (Mercenaria 
sp. and Cras ost r sp .. Toward th eastern and western extrem-
ities o t roa chann 1, a d pths ranging between 12 and 15 
me rs, the mobile bo to edim nts usually varied between coarse 
sand and smal r hell fr gm nts. The bottom sediment distribu-
tion did reflect ma ur d f uctuations in the cross-sectional 
area of the inlet' thro t during the sample period. That is, 
during the lat we kin ay, 1972, and the first two weeks in 
June, 1972 appr ciable amounts of sand were recovered from most 
of the transects aero s the gorge, perhaps indicating a choking 
or fill'ng in of the throat. Later, this was correlated with 
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Figure 28 . 
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TABLE 6 

Wachapreague Inlet Complex, bay sediment samples. 
Sample if Mean Grain Size Skewness Standard Kurtosis {ehi units2 Deviation 

B-1 1.8 76 0.746 0.592 0.482 B-2 3.105 0.847 0.544 0.352 B-3 3.236 0.816 0.585 0.781 B-4 2.905 1.038 0. 701 0.491 B-5 2.692 0.061 0.436 0.274 B-6 2.578 -0.015 0.429 0.270 B-7 2.130 0. 326 0.497 0.466 B-8 2.332 0.014 0.555 0.543 B-9 2.451 0.217 0.489 0.375 B-10 2.650 0.110 0.372 0.321 B-11 2.678 0.039 0.406 0.232 B-12 2.758 0.209 0.516 0.372 B-13 2.621 0.000 0.440 0.249 B-14 2.680 -0.012 0.472 0.337 B-15 2.588 -0.010 0.490 0.357 B-16 2.407 -3.469 0.289 0.172 B-17 2.426 1.105 0.328 0.212 B-18 2.332 0.526 0.304 0.181 B-19 2.458 -1. 016 0.348 0.228 B-20 2.450 -0.063 0.499 0.423 B-21 2.500 -0.033 0.522 0.428 B-22 2.551 -0.036 0.485 0.377 B-23 2.343 -0.103 0.335 0.206 B-24 3.011 -1.409 0.718 0. 584 B-25 2.500 0.015 0.376 0.489 B-26 2.301 0.129 0.457 0.407 B-27 2.187 0.261 0.381 0.258 B-28 2.110 0.315 0.352 0.271 B-29 2.372 0.355 0.335 0.222 B-29' 2.392 0. 242 0.438 0.358 

*(') indicates a replicate sample. 
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TABLE 7 

Wachapreague Inlet Complex, inlet channel sediment samples. 
Mean Grain Size Skewness Standard Kurtosis 

{:ehi units2 Deviation 
I 1 1. 964 -0.785 0.448 0.333 I 2 1.994 -0.468 (). 3 71 0.229 I 3 2.004 -0.321 0.343 0.267 I 4 2.341 0.228 0.372 o. 252 
I 5 1.604 0. 031 0.363 0.269 I 6 2.071 1.351 0.427 0.261 I 7 2.101 0.634 0.3 72 0.321 I 8 1.790 -0.042 0.455 0.355 
I 9 1.681 1. 270 0. 593 0.624 I 10 1.344 0.252 0. 393 0.277 
I 11 2.027 0.334 0.427 0.364 I 12 1.869 0.230 0.496 0.430 I 13 1.763 0.454 0.502 0.456 
I 14 1.937 1. 261 0.398 0.256 
I 15 2.179 o. 030 0.354 0.227 
I 16 1. 727 0.388 0.255 0.114 
I 17 2.173 -0.479 0.384 0.284 I 18 2.099 -0.001 0.364 0. 240 
I 19 2.117 -0.030 0.392 0.297 I 20 2.105 0.494 0.321 0.206 
I 21 1.773 1.191 0.587 0.636 
I 22 2.000 1.346 0.426 0.437 
I 23 2.046 1.163 0.337 0.212 
I 24 1.554 1.177 0.516 0.648 
I 25 1. 987 0.170 0.363 0.219 
I 26 2.130 -0.303 0.35 7 0.221 
I 27 2.031 0. 216 0.434 0.231 
I 28 1.423 0.236 0.516 0.527 
I 29 1.514 -3.028 0.575 0.644 
I 30 1.894 -0.012 0.538 0.554 
I 31 1.534 -0.559 0. 326 0.223 
I 32 2.029 0.209 0.489 0.377 
I 33 2.096 0.176 0.432 0.261 
I 34 2.033 -2. 755 0.295 0.159 
I 35 2.015 -0.226 0.400 0.331 
I 36 2 .373 0.226 0.441 0.361 
I 37 2.360 2.154 0.355 0.252 
I 38 2.313 -1.103 0.304 0.186 
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TABLE 7 (Cont'd.) 

Mean Grain Size Ske,;vness Standard Kurtosis 
(phi units) Deviation 

I 24' 1.773 1.191 0.582 0.636 
I 28' 1.615 0.329 0.627 0.783 
I 30' 1.879 0.109 1.135 0.482 
I 35 1 2.090 -0.047 0.428 0.341 

... 
tt (') indicates a replicate sample. 
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TABLE 8 

Wachapreague Inlet Complex, offshore sediment samples. 

Sample If Mean Grain Size Skewness Standard Kurtosis 
{Ehi units2 Deviation 

01 2.971 0.837 0.703 0.658 
02 3.048 0.921 0.713 1.158 
03 3.554 0.434 0.514 0.593 
04 2. 751 - 2. 464 0.508 0.452 
05 3.302 -2.765 0.560 o. 751 
06 2.697 0.053 0.506 0.350 
07 2.434 0. 34 7 0.327 0.200 
08 2.396 0.388 0.342 0.240 
09 2.427 -1. 599 0. 33 7 0.226 

010 2.360 2.154 0.355 o. 252 
011 2.058 -0.171 0.373 o. 242 
012 2 .529 -0.719 0.311 0.173 
013 2.685 0.060 0.476 0.321 
014 2.992 1.033 0.612 0.402 
015 2.987 1.008 0.609 0.385 
016 2. 571 0.137 o. 526 0.326 
017 2.610 0.527 0.875 0.683 
019 2.10 0.174 0.362 0.234 
020 1. 739 0. 222 0.422 0.3 27 
021 1. 617 0.522 0.442 0.372 
022 1.415 -0.293 0.424 0. 224 
023 2.332 -0.055 0.433 0.374 
024 2.948 1.502 0.739 1.207 
025 3.565 0.425 0.586 0. 782 
026 3.536 0.434 0.5 78 o. 787 
027 2.202 0.317 0.433 0.365 
028 2.048 0.228 0.944 1.659 
029 2.058 -0.581 0.455 0.311 
030 2.03 -0.413 0.379 0.427 

011' 2.146 0.234 0.341 0.228 
026' 3.449 0.535 0.633 0.898 

*<') indicates a replicate sample. 
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TABLE 8 (Cont'd.) 

Sample /fa Mean Grain Size Skewness Standard Kurtosis 
(phi units) Deviation 

032 2.424 0.032 0.590 0.758 
033 2.440 -0.004 0.593 0.794 
034 3.046 5.264 0.716 0.918 
035 2.772 -0.824 0.512 0.462 
036 3.109 0.169 0.754 1.286 
037 3.085 -1.870 0.704 0.922 
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TABLE 9 

Wachapreague Inlet Complex, bay mud sediment analysis, 
results of pipet analysis. 

Sample ffa 50% Mean % Sand % Silt % Clay 
Ceh i tn1 its 2 

TB 1 ffaS 4.2 44 40 16 

TB 2 ffa5 3.9 51 37 12 

TB 9 #4 5.0 26 51 23 

TB 1 #6 '~. 2 42 41 17 

TB 1 #4 5.8 18 56 26 

TB 1 #3 6.0 17 50 33 

TB 2 #6 < 4.0 61 30 9 

TB 2 #7 4.4 42 42 16 
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TABLE 10 

Temporal variations Wachapreague Inlet throat sediments, 1972. 
Transect High High High High High High Low Low 

Water Water Water Water Water Water Water Water 
4 May 18 May 2 June 13 June 27 June 14 Julv 26 Julv 10 August 
hard small sand mud, sand sand, sand shells, 
dark shell 1.94¢ sand, 1.72¢ mud gravels, 

1 green frags. shell chunks large 
clay, sand shells 
sand 1.68¢ 
1.49¢ 
clay, sand, sand sand shell, no no no 
mud, shells, 1.68¢ sand, sample sample sample 

2 sand, gravels mud, 
gravel, gravel 
1. 76 r/J 
mud, shells, sand sand, no mud shells, no 
sand, gravels, shell sample chunks sand, sample 

2-2 gravel, clay gravels 
l.38~ smear on 

samole 
no large sand, no no no no no 

2-2-A sample shells, gravel 
gravels 

sample sample sample sample sample 

firm large sand, large hard mud, large shells,. 
3 green shells, large shell, mud gravel, shells sand, 

clay gravels shell sand shells small 
mud frags. shell 
no shells, sand, no shells shells, large shells, 

4 sample sand, shells sample mud, shells mud, 
gravels gravels sand 

* mean grain size in PHI units 

...,. 
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Vl 
Vl 

Transect 

5 

6 

7 

8 

9 

TABLE 10 (Cont'd.) 

High High High High High 
Water Water Water Water Water 
4 May 18 May 2 June 13 June 27 June 
large large large sand, shells 
shell shell shells mud 
de.bris, debris 
green 
clay, 
mud 
no large shell, large harct 
sample shell sand shell mud 

debris 1.61¢ on hard 
mud 

lc:r.ge shells, shells, shells, shells, 
shell sand sand sand snnd, 
£rags. mud 
large clean sand sand, shells, 
shell sand 1.75¢ shells sand, 
frags. mud 
sand no sand shells, sand 
1.29¢ sample sand 

* mean grain size in PHI units 

High Low Low 
Water Water Water 
14 July 26 July 10 August 
shells, shells, shells, 
mud mud, sand, 
chunks sand gravel 

shei Ls, mud sana, 
mud mud 
chunks 

mud shells, shells, 
chunks sand, mud 

mud 
shells, large shells, 
mud shells sand 
chunks 
sand sand, shells, 

shell, sand 
gravel 



an overall decrease in the cross-sectional areas of the transects 
across the inlet throat (over a 15% decrease at one transect). 
In mid-July 1972 principally mud clumps (rounded chunks of 
lagoonal mud) wer~ recovered at almost all sample stations in 
the inlet. This indicated relative erosion in the inlet which 
later was verified by a significant overall increase in the 
cross-sectional areas. 

Verification of the migration of shell debris was accom-
plished by direct visual observation by divers on the bottom 
shortly after a slack water work dive. These shifting coarse 
sediments appear to be abrading into the hard bottom substrate, 
as evidenced by pot holes observed in the bottom. 

A2.4 Substrate Sediments. The character of substrate sedi-
ments in the inlet complex was studied from data from samples, 
cores, and observations taken while scuba diving, a well recently 
drilled on Parramore Island, and sub-bottom profiles made across 
the inlet throat and in Horseshoe Lead, landward of Parramore 
Island. The first indication that Wachapreague Inlet was 
different than the typical sandy trough described for inlets 
on sandy coasts came as a result of the mobile sediment distri-
bution survey. Further observations, cores and samples made by 
div rs along the inlet bottom and south flank confirmed that 
underlying the coarse sediments on the deep inlet bottom was a 
stiff, silty clay substrate, with interspersed layers of gravels 
and coarse sands (Figs. 29 and 30). Samples taken from the south 
wall of the inlet (6-9 m below MTL) showed it to be composed of 
lagoonal d posits with a mean grain size of 4 .8 0 (Table 11 and 
Fig. 31). The "bottom debris samples" taken from 12.2 m listed 
in Table 11 and shown in Figure 32 had a mean grain size of about 
80. 

Substrat charac eris ics were further elucidated by sub-
bottom prof'ling across the inlet throat (Fig. 33) and the 
interpr tat on is shown in Figure 34. Note the horizontal 
reflectors blow 20 m; thes underlie both the sedimentary 
depo its to the north and to the south. The sloped reflectors 
on th north s'de b tween 20 and 15 m represent the recent sand 
d posits of the outh tip of Cedar Island as it extends south-
ward. On th south ide of the inlet, the reflectors are 
oarallel and horizontal from below 20 m to a depth of 15 m; but 
no e th two trong reflectors between 15 and 16 m. Between 15 
and 11 month south flank, the reflectors are again inclined 
toward the bott m, indicating either recent sand deposits or 
the deposits along the flank of an older channel. From 11 to 6 m 
the reflectors are again parallel and horizontal. Sub-bottom 
profiles acros Horseshoe Lad (Fig. 35) and the interpretation 
(Fig. 36) show the recurrence of the pair of strong reflectors 
between 15 and 16 m ters. 

56. 



r 

Figure 29. 

CoR. E' 
-:\ 

Short core from the inlet bottom at transect 412-2 in 62 ft. 
water depth. The top of the core is to the left. 

Note the layer of gravels, sand and silt, over a very stiff 
sandy clay. 



Figure 30. 

T-3 

-------
Short core from the inlet pottom at transect #3 in 58 ft. 
water depth. The top of the core is to the right. 

Note the 4" of gravels, sand and silt, over medium sands, 
then interspersed layers of stiff sandy, an~ silty clays. 
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TABLE 11 

Inlet south wall sediment samples, transect #2-2. 

Sample 4F 50% Mean 
~£hi units2 

% Sand % Silt % Clay % H2 0 Ccmments 

Shelf Edge 18' 5 .40 28% 54% 18% 13 Substrate 

Slope 20' 4 . 7 31 49 20 13 Substrate 

Slope 20' 4 . 5 34 62 4 28 Substrate 
R . C. shell sample 

Slope 28 ' 4 . 9 28 52 20 18 Substrate 
V, Slope 33' 5.0 22 75 23 - Substrate 

40' 8.0 4 46 so 19 Bottom debris 

40' > 8.0 4 23 73 - Bottom debris 

40' > 8.0 7 39 64 44 Bottom debris 

40' 3.5 58 40 2 55 Local loose 
sediments 



Figure 31. 
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T~-l 
1.i' 

A sediment sample carved from a mud outcrop on the south 
flank of the Wachapreague Inlet channel at transect #2-2. 



Figure 32. 

\4\ . \ 

T ~-1. 
Lto r~. 

ud ball taken from the south flank of Wachapreague Inlet, 
transect H2-2, at a depth of 40 1

• 



Figure 33. Sub-bo tom profile across Wachapreague Inlet throat , 
Range 22 from north to south (north on left). 
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SOUTH NORTH 0 Feet 
(0 Meters) 

20 Feet 
(6.1 Meters) 

- 40 Feet 
(122 Meters) 

60 Feet 

WACHAPREAGUE INLET 
THROAT CROSS-SE CTI ON - 1972 

CEDAR ISLAND TO PARRAMORE ISLAND 
INTERPRETATION OF SUB- BOTTOM PROFILE 

Figure 34. Interpretation of uh-bottom prof"le of 
Wachapr ague Inlet throat cross-s ction 
shown in Figur 33. 
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Figure 35. Sub-bot om profil in a por ion of Horseshoe Lead, a 
ti al channel 1 ndward of Parramor Island (east is on th 1 f ). 
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Figure 36. Interpretation of sub-bottom profile shown 
in Figure 35. 
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In order to be able to correlate the various reflectors 
with specific geologic strata, a well was drilled on Parramore 
Island and continuously split-spoon sampled to 22 m below MI'L. 
Table 12 tabulates the sediment analysis of the well and a 
summary of this well log is in Table 13. There are some incon-
sis encies between the samples taken along the mud exposures on 
the north flank of Parramore Island in the inlet and the well 
log. The very fine silty sands (mean 3.50) found from 9.0 m to 
14.5 m were not found in the samples taken from the inlet south 
wall. However, immediately below that horizon, the coarse sands, 
shell , and gravels do correlate well with the two strong reflec-
tors found in th inlet between 15 and 16 m and found also in 
Horseshoe Lead between 15 and 16 m. Below this there are alter-
nating layers of medium sands, fine sands, gravels, and finally 
at 22.4 m, a layer of very stiff, silty clay. 

Three separat shell assemb]ages were collected for radio-
carbon analysis. Sample No. 1, Mercenaria sp. and Crassostrea 
sp. sh lls (Fig. 37), was taken by divers from a mud outcrop aiong 
h south flank of Wachapreague Inlet (DeAlteris, et al., 1973) 

at ad pth of 6.1 m (20') below MI'L, and was dated 3490 ± 125 
y r B.P. Sampl o. 2 and 3, shells (Fig. 38), were recovered 
from the wel borings taken from the northwest tip of Parramore 

1 nd adjacent to Wachapr ague Inlet. Sample No. 2, dated 
18,750 ± 750 y ars B.P., was taken from a depth of 15 m (46') 
b low MTL and Sampl No. 3, taken at 20 rn ( 62 '), was dated 
19,600 ± 500 year B.P. All three samples were shells in mint 
condition, preclud ng the po sibility of transport from afar, 
and wer coll cted from silty sands with abundant Foraminifera. 
They ar hr fore considered to be representative of shallow, 
low en rgy, marine nvironm nt near Wachapreague, Virginia, 
19,000 year B.P. 

Based on eu atic sea level changes as summarized by Shevard 
(1963), e lev 1 was lower than present sea level by 3 m (10) 
3500 y rs B.P., 1 7 m (345') 18,750 years B.P., and 112 m (360') 
19,600 ye r B.P. These dat are summarized in Table 14. 

o. 1, tak n 6.1 m below present Ml'L was dated at 
B.P., wh n seal v l was estimated to'be 3 m below 

present 1 e . Thi S mpl o. l, an assemblage of Crassostrea 
sp. nd ere n ria p. sh 1 , was probably deposited in lagoonal 
mud s di .m nts. Kraf (1971) found a similar assemblage of 
Cra o r a p. h 1 in the grow h position 10.7 m (35') below 

MI'L; thes w re radiocarbon dated 3430 years B.P. 

Samples o. 2 and 3, assemblages on small gastropod and 
p lecypo hel dat d 18 750 and 19,600 years B.P., were taken 
from depos· ently only 15.0 (46') and 20.0 m (62') below 
MTL. Howev r eu tatic s a 1 vel was 107 m (345') and 112 m 
(360 1

) below present L 18,750 and 19,600 years B. P. In order 
to deposit marine sediments ·n the area of Wachapreague, Virginia 
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TABLE 12 

Sediment analysis Parra~ore Island well log. 

Sand Sieve Analysis 

Sample# (meters) Mean Skewness Standard Kurtosis Blows/of/Hammer 
~Ehi units} Deviation 

37-39 (11.6) 3.476 0.014 0.677 0. 709 5-6-6-8 

40-42 (12.5) 3.604 -0.457 0.454 0.439 5-10-11-12 

42-44 (13.1) 3.300 0.662 0.673 0.815 9-8-10-10 

47-49 ( 14. 6) 3.464 
Ci' 

-0.026 0.635 0.880 13-19-22-28 
-..J . 52-54 ( 16. 1) 1.712 0.589 1.124 1.489 Top Half 

(Top Half) 

57-59 ( 17. 7) 1. 743 -0.158 0.893 1.753 14-15-52-40 

59-61 (18.3) 2.525 -2.319 0.881 1.437 15-12-12-20 

62-64 (18.9) 2.278 -9.249 1.136 2.016 12-10-5-4 

65-67 ( 20. 2) 1.983 0.281 1.112 2.172 10-7-8-3 

67-69 (20.8) 1.885 0.039 0.996 1.967 9-9-8-22 
70-72 ( 21. 7) 2.876 0.036 1.048 1.495 6-11-12-35 

72-74 (22.3) 1,830 0.118 1.010 1.862 Top 

72-74 (22.3) 1.958 0.937 1. 341 4.449 14-6-5-l(Middle) 



TABLE 12 (Cont'd.) 

Pipet Analysis 

SamEle # {meters} 50% Mean rp_ % Sand % Silt % Clay 

17-19 (5.5) 5.8 12 81 7 

20-22 (6.4) 4.4 38 58 4 

25-27 (7.9) 4.9 23 73 4 

54 (16.5) 5.8 12 85 3 

74 (22.6) 5.3 18 79 3 
Cl() 
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TABLE 13 

Summary of Parramore Island well log. 

Depth Below MTL 
(meters) 

0 - 8.9 

9.0 - 14.5 

14.6 - 15.3 

15.4 - 15.7 

15.8 - 16.4 

16.5 - 17.4 

17.5 - 19.0 

19.1 - 20.4 

20.5 - 20.9 

21.0 - 21.3 

21.4 - 21. 6 

21.7-21.9 

22 

22.1 - 22.3 

lean Grain Size 
(phi units) 

5.0 

3.5 

1. 71 

transition zone 

5.8 

1. 74 

2.40 

1.93 

2.87 

transition zone 

-4.0 

1.89 

-4.0 

5.25 
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Cormnents 

firm lagoonal mud, 
shells and rhizomes 

very fine silty sand, 
shells 

medium sand, shells 
and shell fragments 

no samples 

firm silty clay mud, 
small shell 

medium sands, shells 
and gravels 

clean fine sands, 
small shells 

medium sand, shells 
fragments 

fine sands 

no samples 

gravels, shell 
fragments 

medium sands, shell 
fragments 

gravels 

ver stiff silty mud 



TABLE 14 

Summary of radiocarbon dates, present sample depths and hypothesized 
eustatic sea levels. 

Sample No. Recovered Radiocarbon Date Eustatic Sea Level 
and Material DeEth Below Ml'L Years B.P. Lower than Present 

#1, Shells 6.1 m (20') 3490 ± 125 3 m (10 ') 

#2, Shells 15.0 m (46') 18, 750 ± 750 107 m (345') 

#3, Shells 20.0 m (62') 19,600 ± 500 112 m (360') . 
0 ,..__ 



Figure 37. 

T-7 
~S' 

An assemblage of shells taken from a horizon 25 ft. (7.6 m) below 
M.T.L. along the south flank of the inlet channel at transect #7, 
similar to those taken at 20' (6.1 m) at transect #2-2, and dated 
at 3490 years B.P. 



C,. 

Figure 38. An assemblage of shells taken from the Parramore Is1and we11 1og at 
ho~~zons is= and 20 = be1ow M . T.L. 



the depositional surface must have been at least 92 m (310') lower 
than present. This implies that some time during the period from 
18,750 years B.P. to 3,500 years B.P. the crystalline basement in 
the area of Wachapreague Inlet, Virginia, uplifted at least 92 m 
(310'). If the shells were not deposited at sea level, but at 
depths of 1, 2, or 3 m of water, the implied uplift would be even 
greater. 

Late Quaternary uplifts have been described for other areas 
of the east coast of North America. Kaye and Barghoorn (1964) 
report 290' of crustal rise in Boston Harbor occurring between 
14,000 and 6,000 years B.P. They theorized that the uplift was 
possible in response to deglaciation. Harrison, et al. (1965) 
suggested 170' crustal uplift in about the last 15,000 years in 
the area of Chesapeake Bay entrance. This conclusion was based 
on channel depths and expectable stream gradients by the thalweg 
of the buried Susquehanna River, as proposed by Hack (1957). 

Several mechanisms can be postulated to account for the up-
lift in the area of Wachapreague Inlet. Woollard (1955) proposed 
an arcuate fracture in the underlying basement rocks running 
northwesterly through Virginia's Eastern Shore. The proposal 
was based on earthquake data, and the western side of this 
fracture, including lower Chesapeake Bay and up to Wachapreague 
Inlet would have been on the upthrown side of the fracture. 
Murray (1961) also suggests either faulting, simple uplift or 
a combination of both processes in the Norfolk-Fort Monroe uplift 
~rea. Taylor, et al. (1968) and Drake (1969) de cribe anomalies 
in the magnetic investigations of the eastern shore of Virginia, 
suggests a fault trending N. 30°W through Exmore with a structural 
throw of 400 m (1300 1 ). 

In addition to evidenc based on tectonic activity in th 
crystalline basement complex, evid nee of uplift also exists in 
the overlying sedimentary rocks. Inspect·on of the west-east 
geologic sections across the eastern shor peninsula from Sinnott 
and Tibbetts (1969) show a gentle upwarping of the base of the 
Chesapeake Group of undifferentiated sedim nts of Miocene Ag . 
This upwarping amounts to 122 m (400') in the area of Wachapreague 
Virginia. 

Variations in the textural characteristics of the beach zone 
sediments to the north and to th south of Wachapr ague Inl t 
have recently been investigated (Ingram 1975). Sands of great r 
size and lesser angularity were found north of Wachapreague Inlet 
when compared to the sand~ from the beaches to the south. A 
conclusion that may be drawn from this data is th difference 
in the sediment textural characteristics is due to the exposur 
of different geologic formations caus d by differential warping 
or possibly a fault normal to the coastline, in the area of 
Wachapreague, Virginia. 
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The importance of the proposed uplift is that it may make 
a significant contribution not only to the understanding of the 
evolution of the present lower Delmarva Peninsula and in under-
standing the present geomorphology of the mid-Atlantic Coast al 
Plain, but also indicates possible recent active tectonism in 
this geologic province. 
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A3. Discussion. 

Over the last 120 years the inlet channel has migrated to the 
south at a rate of 1 meter per year. The migration has been in 
response to the net littoral drift and the migration has occurred 
in spit e of the fact that the southern flank of the channel is 
composed of fairly resistant cohesive sediments. In the process 
of migration approximately 8.7 x 106 m3 of sand has been deposited 
on the northern flank in the form of an advancing sand wedge. 

The barrier islands updrift of the inlet are sand starved. 
A reasonable estimate for southerly longshore drift, based upon 
~pdrift erosion rates and trapping characeristics at updrift 
inlets, is 0.5 x l0 6 m3 /yr. However, observed sand volume changes 
from aerial fhotographic evidence indicates temporal storage of 
up to 2 x 10 m3 over a few months. These changes are attributed 
to adjustments in sand volumes on the ebb delta shield rather 
than sand drift input from adjacen~ islands. 

Comparison of bathymetric maps between 1852 and 1972 indicate 
~he interior feeded channels leading to the inlet have increased 
in depth. Thus it appears that sand was not, in recent times, 
taken into residency on the interior through the augmentation of 
flood delta features. In contrast the stratigraphic studies on 
the lagoon itself by other workers show that within the last 5,000 
years large flood delta sand deposits were precursors of the 
segmentation into lagoonal compartments. Thus, it would appear 
that Wachapreague Inlet is a case wherein the hydraulic system 
changed from one favoring advection of sand into the interior with 
flood delta formation to one wherein sand bypassing at the channel 
and ebb delta dominates. This point will be discuss data at r 
time after the currents and nearshore circulation ·s discuss d . 

Since 1871 the cross-sectional area of the inlet thro t has 
remained relati~ely constant at about 4,200 ml'.\. Howev r th e 
inlet channel length (based in th 12 met r contour) has increased 
from 1,600 min 1852 to 3,000m in 1972. Since the turn of the 
century the hydraulic radius has decreased. 

Investigation of the surficial sediment distributions indi-
cate that the inlet channel floor is covered by a veneer of 
coarse grained gravels and shell debris overlying a firm silty 
clay substrate. These coarse materials appear to b abrading 
the resistant subs rate as they migrate back and forth with each 
change in tidal flow d"rection. Examination of the short-term 
changes in bottom sediment characteristics demonstrat d that 
during periods of temporary sediment choking of the inl t the 
channel bottom is lined with sand. 

The collective evidence indicates that the inlet channel has 
limited freedom of movement: over the short term area reductions 
occur by movement of material on the north flank and filling of 
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the bottom. Over the long term, however, the channel has migrated 
to the south by erosion of the firm cohesive materials composing 
the south flank. Thus, the channel system is incising older 
lagoonal deposits. 

Radiocarbon dating of shell material from the channel ''wall" 
and from well borings within a kilometer of the channel indicate 
that local uplift has occurred. In order to bring these shell 
bearing horizons into conformity with accepted eustatic sea level 
curves uplift of 92 meters is required. 
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B. Tides and the Characteristics of Storage Basins 

Bl. Morphology of the basin system. 

. The storage basin serviced by Wachapreague Inlet is shown 
in Fig~re 39: ~he srstem is comprised of tidal channels, open 
bays with fringing tidal flats, and extensive areas of Spartina 
alternaflora marsh dissected by small channels. The main feeder 
channels from the inlet to the bays are quite deep, ranging from 
6 to 10 m. The component areas are: 

Tidal channels 
Bays and flats 
Marsh 

24 • 0 X l0 6 m2 

34.8 X 106 m2 

37. 6 X lQ6 m2 

Although exact delineation of the area influenced by the 
~nlet can not be specified, gaging of the tidal flows in the 
interior channels indicate relatively small leakage to and from 
the basins serviced by adjacent inlets via the Swash on the south 
and Teagles Ditch on the north. 

B2. Ocean and basin tides. 

The tide characteristics for the region are shown in Table 
15. The inlet gates the full semi-diurnal oceanic tide range 
into the basin so the full potential tidal prism of the basin 
is realized. In fact the basin range, as reflected at the t'de 
gage on the western fringe of the basin (Town of Wachapreague), 
is about 10% larger than the ocean range. This is likely du 
to inertial forces wherein the mass of w ter entering the d p 
inlet continues to flow in the same direction even though h 
surface slope has changed direction (King, 1974). Moreover , it 
should be noted that the durat·ons of rising and falling tide 
stages within the basin are unequal. The comparison betw en 
duration differences for the ocean tide station of Wallops 
Island and that of Town of Wachapreague are shown ·n Figures 40 
and 41. These observations for a one year period show the 
duration differences to be random dis ributed and tha the 
basin experiences a duration asymmetry wher in the mean duration 
of rise is 0.45 hours longer than the fall duration (Byrne and 
Boon, 1976) . It has been noted elsewhere (Shureman, 1958) that 
the~ tidal constituent is the leading contributor to long-term 
duration asymmetries in the vertical tides. A per'odogram of 
the vertical tide in the basin system (Fig. 42) shows a signif-
icant contribution of the constituent. 

In order to ascertain whether the same uration asymmetry 
exists in the tidal currents in the inlet the durations of ebb 
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Figure 39. 
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Frequency distribution of rising and falling water elevation differences 
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and floo~ phases were obtained for one of the monthly records 
from the in situ recording current meter in.the inlet throat 
(locationshown in Figure 2). In that particular month (Feb.-
Mar. 1972) the average flood duration exce 7ded the ~verage of 
ebb durations by 0.3 hr. For the same period a merigram.from 
a tide gage at the inlet entrance show the average duration of 
rise exceeded the average ebb duration by 0.4 hr. A period~gram 
for the inlet currents (Fig. 43) illustrates that the overtides 
also contribute significantly to the total inlet current signal. 
The data treatment of the inlet currents suffers somewhat from 
the fact that the Savonious rotor current meter used in the 
inlet integrates speed over a 20 minute interval and that the 
current direction is determined from the vane orientation which 
may be sluggish at slack water. The durations resulting from 
this data are based uoon a smooth curve through the data points. 
The significance of the duration difference between ebb and 
flooding currents is discussed in later sections. 

The average difference in the times of high and low water 
b tween the inlet gage and the Town of Wachapreague gage is 
0.6 hr. for high water and 0.7 for low water with the Town gage 
lagBing in both cases. 

B3. Basin storage characteristics. 

As pr viously mentioned, the basin morphology consists of 
chann ls, open bay with tidal flats and extensive marsh area. 
Thus, in the vertical excursion of the tides these elements 
become sequentially flooded or exnosed. The storage function, 
defined s the water volume stored in the system as a function 
of tidal elevation, is therefore considerably more complex than 
the ca e s generally trea~ed in theoretical analysis; that is, 
a bas n of constant area with vertical sides (Keulegan 1951) 
or a basin with linear side slopes (Oliveira, 1970; Ki~g, 1974). 
s·nce tidal prism or mean discharge has evolved as an important 
param ter n our understanding of inlet behavior it was necessary 
to d lineate the storage relationship for the Wachapreague System. 
It hould be noted that there is negligible fresh water input into 
the syst m. The goal then was to determine the storage curve such 
that the tida1 prism could be obtained by subtraction of the low 
water volume from the high water volume. 

The central idea used in the aporoach to determine the 
storage function was to use the water surface itself as a con-
touring machine as the water surface rises over the variable 
topography during rising tide. This was achieved using sequen-

ial aerial photo coverage with black and white infrared film 
to enhance the con~rast betwee~ flooded and exposed surfaces. 
In or er to determine the vertical changes in tidal elevations 
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during the sequential overflights tide gages were installed within 
the study area. The volume storage as a function of tide stage 
could then be computed as the product of the incremental increase 
in flooded surface area and the corresponding incremental rise in 
tide elevation. The details and evaluation of the procedure used 
are discussed in Appendix A. 

The storage curve deduced from the imagery analysis is shown 
in Figure 44. The tidal prism for any given tide range is obtained 
by subtracting the volume stored at low water from that stored at 
high water. As indicated in Appendix A the prism deduced from 
the storage curve shows agreement to within 10% of the value 
obtained by integration of the instantaneous tidal discharge 
measured by current meter arrays at the inlet throat. All things 
cons·dered, the results are qu'te encouraging and they suggest 
tha utilization of storage curves for such complex systems have 
considerable utility in calculating gross discharge characteristics 
at inlets. The mean discharge, a measure of tidal power, may then 
be corr la ed with charges ·n the inlet mrophology, a subject 

reat din a later section. In cases where the inlets currents 
h v small phas lags between slack water and the extremes of the 
vertical tie the tim his ory of instantaneous discharge may be 
d pict d with reasonable accuracy. 

R lativ to annual mean tide level, the prisms for · the 
Wachapr gu Syst m for mean and spring tidal ranges are 77 x 
10 m3 and 91 x 10 m3

, r spectively. 

Man tid 1 v 1 shows significant variations in absolute 
lev 1 during the year a a r sult of steric fluctuations and 
atmosph ric pres ure patt rns (Pattulo, et al., 1955). An 

nalys·s of W chapr_ague ides for a three year period (Boon, 
1974) show d man t1de 1 v ls are lowest in January and February 
wh'le th h'gh st levels occur in S ptember October and 

vemb r. an tid levels for the period ~f August: 1971 
through S ptemb r, 1972 are hown in Figure 45 wherein it is 
to b not d hat th .octob r level i~ 0.3 m higher than the 
J nuary lev 1. ~h 1~portance of this phenomenon in complex 
storag systems s evide~t of o~e considers spring tide prisms 
at the times. Calcuations using the storage relationship 

ndicat s that th. October prism is 18% larger than that of 
January. Th p r1od of nhanced prisms coincides with the advent 
of th "north ast r y" storms ason on the U.S. east coast. 
During th se mon h the lar&est longshore drift may be expected 
as the tonn waves induce a 'seasonal'' reduction in beach volumes. 
Wer it not for he nhanced prisms occurring simultaneously 
mor s vere inlet shoaling might b expected. 
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C. Flow Characteristics jn the Inlet Channel 

Cl, Spatial distribution of th~ inlet currents. 

The generalized pattern of flow at the inlet conforms with 
that expected wherein the flood flow behaves as a radial inflow 
to a point sink modified by the offset characteristic. The dis-
tribution of lateral inflow on the north side of the channel is 
con~rolled by the degree of development of the flanking shoals. 
During ebb flow conditions the channelized currents issue as a 
plane jet over the ebb delta system. 

In order to determine the details of the flow distribution 
flow gaging was performed for a 26 hour period on 13 and 14 
September 1972. Current meter mea~urements were obtained sim-
ultaneously at a transect across th throat of the channel 
(transect 22 in Fig. 46) and another at transect 8 which is the 
entrance point to the horseshoe shaped ebb delta. Six anchored 
buoys were arrayed across the throat transect and four more were 
positioned at the outer (#8) transect. During a measurement 
cycle the boat would secure to a buoy and a fast-response ducted 
current met~r (Byrne and Boon, 1974) was lowered to the bottom 
on a weighted vane. The rotor revolution rate was monitored at 
the surface. Rather than reconstruct the velocity profile from 
discrete point measurements in the vertical the current meter 
was raised, by a powered capstan, to the surface at a constant 
rate of about 5 cm/sec thereby mechanically 'ntegrating for th 
mean velocity over the vertical profile In practice it was 
possible to repeat a measurement at each station every 30 to 40 
minutes when four boats were used. Curves of discharge as a 
function of time were then calculated for each transect u ing 
small area partitions multipl'ed by the corr spending man 
velocities taken from curves of transverse mean velocity con-
structed from the measured points (Troskolan ki, 1960). 

At the date of the flow gaging the lateral shoals on th 
north flank had dimenished to the extent of no exposur at low 
water (see Figure 25). The water depth at th crown of the 
shoal was about one meter. The lateral inflow and outflow wa 
calculated by subtracting the prism passing transect 8 from 
that passing transect 22. The gross flow characteristics are 
shown in Table 15. It was found that lateral inflow was 
appreciable during flooding current when 30 to 40% of the ·n-
coming prism oassed over the north flank. Lateral outflow 
during ebbing currents was appreciably smal er, as would be 
expected. At transect 8 the ebb flow distribution was strongly 
skewed with the higher speeds on the south side of the channel 
(Fig. 47) whereas during the flood currents the flow is slightly 
skewed with the higher speeds on the north side. At the throat 
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Table 15: Tidal Prism From Flow Gaging 

Tide Gage Tide Lateral Inflow 
Staff Duration Prism at Prism at (% of prism at 

Date Tide Height (ft) (hrs) Range 22 Range 8 Range 22) 

high low 

13 Sept. 1972 Ebb 6.4 3.2 5.9 63. 18 X 106 .m3 52. 38 X l0 6 m3 17% 
Flood 5.7 3.2 6.1 4 7. 56 X 106 2 7. 54 X 108 42 

14 Sept. 1972 Ebb 5.7 3.1 5.8 45. 54 X 108 40.50 X 10° 11 

ex, Flood 6.1 3.1 7.1 61. 02 X 106 41. 22 X 106 32 
'° Section Area Section Area Section Area 

4,409 m2 3,459 m2 950 m2 



NORTH 
500 

100 
I> 
0 

50 ......_ 

(.) 

I 
400 

I 

RANGE 8 
DISTANCE FROM RANGE MARKERS (METERS) 

300 200 
I I 

EBB 

- -.t;\.-----0--.... - - - - "' FLOOD -

100 
I 

SOUTH 
0 
I 

o ....___ ______ er--r~-.---~---r-----r-----r-------,-----r-....,.....----r-,-..:."---------

NORTH 
500 

100 
1> 
0 

50 
....... 

I 

6 15 21 27 

400 
I 

33 39 42 45 45 
DEPTH (FEET) 

RANGE 22 
DISTANCE FROM RANGE MARKERS (METERS) 

300 200 
I I 

-0- - - - - - -<D- _ ~LOOD --

42 30 24 12 3 

--e_ 

100 
I 

u O ~--- :, • • ~, 
6 15 29 45 51 60 60 51 45 39 2715 9 

Figure 47. 

DEPTH (FEET) 

Distribution of ebb and flood 
velocities across the channel 
Figure 46), 14 July 1972. Se 
ebb and flood prism. 

vertically averaged maximum 
at Ranges 8 and 22 (see 
Table 16 for details on 

SOUTH 
0 
I 

0 

°' 



·-?,•• 

(tran sect 22) the ebb and flood currents are similarly distribu-
ted with the exception of the flow along the shallow shelf on 
the southern one-third of the section (see Figure 46 and note 
the shelf f ormed by the 15 ft. contour). During flooding 
curre nts about 10% of the prism passing the throat passes over 
the shelf (a bout 12% of the cross-sectional area). On ebb, 
however, only 4% of the prism passes through that flow area. 
The net effe ct is the enhancement the ebb current speeds in the 
deeper porti on of the channel over those of flood currents. 
This factor plus the duration asymmetry noted earlier results 
in a conditi on where the ebb current induced transport exceeds 
that of the f lood current. 
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D. Inlet Induced Tidal Motions in Front of Cedar Island 

As previously discussed the degree of development of the 
ephemeral shoals flanking the north side of the inlet channel 
appears to regulate the distribution an~ m~gnitude of the la~eral 
inflow and outflow of water into the main inlet channel. This 
observation leads quite naturally to the question as to how far 
up the face of Cedar Island the inlet exerts an influence on 
the tidal currents. In order to answer this question a series 
of curr nt drogue measurements were excuted in 1973 (May to 
September). 

Th configuration of the flanking shoal and the south end 
of Cedar Island during the period of observation is shown in 
Figure 48. Figure 49 shows the regional bathymetry (1972 bathy-
metry for depths less than 30 ft.) wherein the well developed 
ebb d lta is apparent. During the time of the field experiments 
the flank·ng shoal was moderately well developed with subaerial 
exposur ext nding from the base of the ebb delta to about one-
half the distance to th tip of Cedar Island (Fig. 48). 

Th zone monitored by drogues is shown in Figure 50. Ranging 
targets were established at approximately 600 meter intervals 
along th backshore of Cedar Island which served as reference 
positions to r·x the drogue position with horizontal sextant 
angl s from h racking boats. 

Simple current cross drogues were constructed from canvas 
and ·ron pipe (Fig. 51). Their dimensions were large yet their 
design permitted folding and breakdown of the crosses to facil-
·tate handling and storage in small boats. Floats consisted of 
styrof am sandwich d between wooden plates with a bamboo staff 
and flag at ached to a id tracking. A simple lanyard, the length 
of which could b varied connected the float to the drogue. 

Drogue runs were made on days when wind wave and sea con-
ditions were unlikely to have major influenc~ on the float-drogue 
syst m. Most runs w r made with wind velocities less than 4.5 
m/sec (10 miles pr hour) and under calm sea conditions. Wind 
v locity and wav height data wer collected during each drogue 
run. Drogu s w re deployed from a small boat at the beginning 
of a tidal cycle and th ir positions determined at half hour 
intervals. Usually three drogues and a surface float were de-
ployed. Drogues or floats were r covered and recycled when they 
stray_d out of the study area, entered the inlet, went aground, 
or drifted so far from shore that the fixed markers on Cedar 
Island could no longer be s:en. ~t w~s hoped to obtain complete 
coverage of the area under investigation during different stages 
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Figure 48. Wachapreague Inlet, August, 1973. 
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of the tide, and at different positions in the study area. A 
total of 59 separate drogue tracks were run on eleven different 
days (six floods, five ebbs). The drogues were deployed at a 
depth below mid-water and above the bottom. This usually was 
two or three meters below water surface. 

The observed drogue trajectories were corrected to remove 
the contribution that the surface float made to the motion of the 
system due to direct wind drag or wind induced motion of the 
surface layer. The correction technique is fully discussed in 
Appendix B. The drogue tracks and the descriptions of the field 
conditions during the observations are also presented in Appendix 
B. In order to organize the current data in a meaningful way the 
drogue velocity calculated from the segments of the trajectory 
were compared with the current speed in the inlet throat as re-
corded by the Savonius rotor current meter placed at a position 
of six tenths of the depth from the surface. Thus, the ratio of 
drogue current speed to the inlet current speed compensated for 
the tidal range variations. In addition, the use of the velocity 
ratio costs the analysis directly in terms of the phenom non 
forcing the neashore currents. 

Inspection of the corrected drogue trajectories (Figs. B3 
thru B25 in Appendix B) shows that, during ebb flow conditions, 
the flow is directed away from the inlet and generally paral el 
to the beach, except close to areas 1 and 2 where th movement 
had a stronger seaward component. The data for the ebbing tidal 
phase in the inlet channel is shown in Figure 52. Only dur·ng th 
first two hours following the beginning of ebb currents in th 
inlet was there a noticeable influence of the inlet. Aft r that 
time the currents along the southern end of Cedar Island were a 
small fraction, 0.1 to 0.2, of the inlet current. Moreov r, the 
ratio is essentially constant along the length of the zone mon-
itored. 

Drogue tracks during flooding currents in h inlet ran 
parallel to the beach and entered th inlet. Th surnmari.zation 
of the results shown in Figure 53 indicate the zon of influence 
of the inlet extends to area four, a d'stance of about 2.000 
meters (about 3 times the inlet w'dth) from the inlet channel. 
Furthermore, this zone of influence remained constant throughout 
the entire flood phase of the current in the inl t. The fact 
that the zone of influence remains constant suggests that the 
spatial accelerations are due to a topographically controll d 
flow convergence. To exam·ne this aspect the coastwise p rpen-
dicular cross-sectional areas were computed from the mid-point 
of each subarea (Fig. 50) to the depth of 24 f et. The results 
are plotted in Figure 54 where the areas are expressed as a rat o 
of the individual area divid d by th maximum area encountered 
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Figure 52. Mean velocity current ratio (corrected current 
velocity/velocity in inlet) vs. distance up 
Cedar Island (numbers refer to the mid-points 
between stations on Cedar Island approximately 
630 m ters apart), shown for six (I-VI) con-
secutive hours during ebb tide. Average 
velocity represented by · , standard deviation 
by 
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Figure 53. Mean velocity current ratio (corrected current 
velocity/velocity in inlet) vs. distance up 
Cedar Island (numbers refer to the mid-points 
between stations on Cedar Island approximately 
630 meters apart), shown for six (I-VI) con-
secutive hours during flood tide. Average 
velocity represented by • , standard deviation 
by • 
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(subar ea 3) and plotted with respect to distance along Cedar Island. 
There is an abrupt decrease inflow south of the subarea 3 which 
corres ponds with the zone of acceleration. 
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E. Response of the inlet channel cross-sectional 
area to short term variations in wave activity 
and tidal volumes and related matters 

El. Background discussion. 

The early work of O'Brien (1931) and the more recent work 
by Jarrett (1976) indicate that a power function relationship 
exists between the cross-sectional area of the inlet channel 
and the tidal prism passing through the system. These relation-
ships were generally derived from temporarily independent measure-
ments of cross-sectional area, basin tidal range and bay area. 
The principal factor tending to reduce channel area is the 
introduction of sand from the adjacent longshore drift system. 
The tidal prism passing through the channel is determined by 
the storage characteristics of the embayment (area and slope), 
the ocean tide range and the impedance characteristics of the 
channel itself. The attainment of an equilibrium configuration 
may thus be considered (O'Brien, 1970) to represent a balance 
betw en the ratio of tidal power to scour the inlet and the 
wave power generating local longshore transport tending to close 
the channel. Since both of these factors vary through time it 
may be expected that an equilibrium area configuration will 
undergo modulations depending upon the relative strength of 
the wav and tidal power at a given time. Inasmuch as study of 
these short term modulations in an inlet channel had not been 
previously conducted such measurements were undertaken to learn 
more about the short-term response characteristics of an unmod-
ified inl t channel. 

E2. 

In order to ascertain the changes in cross-sectional areas 
at differ nt positions in the inlet channel range lines were 
established on the north shore of Parramore at intervals of 
abou 200 meters (Fig. 46). Since the position of the inlet 
throat changed with time, three ranges (2, 22 and 22A) were 
es ablish d to accomodat the shifts in position. During 
operations th sounding boat progressed across the inlet on a 
range line while distances from the shore were recorded as 
horizontal angles, the base of which was a 400-meter baseline. 
Th angler corder would announce successive angles to the boat 
via voice actuated transcievers so that each "mark" could be 
annotated on the fathograrn while progressing with the survey. 
The echo sounder a Raytheon DE 719 Fathometer was calibrated 
for each survey using a bar check, and all sou~dings were 
corrected tom an tide level. Repetitive surveys over the 
10 range lines were conducted 46 tim~s •:luring the 13 month 
period of August, 1971 through September, 1972. Although the 
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goal was to obtain surveys on a weekly basis and following storms 
periodic equipment failure reduced the actual survey frequency. 
In addition there were times when severe wave conditions pre-
cluded completion of some of the seaward ranges. The precision 
of the survey technique was tested by running ten consecutive 
profiles within a one-hour time span at Range 22. The mean 
area was 4,596 m2 with a standard deviation of 62 m2 • 

. Attempts to obtain local wave information using prograrmned 
~ime lapse photography on the uninhabited islands adjacent to 
inlet f ailed. Therefore, wave conditions were obtained from 
daily visual surf measurements (wave period and height) which 
were supplied by the Coastal Engineering Research Center, U.S. 
Army Corps of Engineers for a station on Assateague Island, 
some 45 km to the north. 

In addition, some use was made of wave direction information 
ta~en ~y the U.S. Coast GuarJ at the Chesapeake Light station 
which is located southeast of the inlet some 35 km off the mouth 
of Chesapeake Bay. 

E3. Cross-sectional area response. 

Examinatio~ of Figure 46 shows that the inlet channel is 
straight and well defined with a shelf on the south side deline-
ated by the 15 ft. contour. The shelf itself pinches out at 
~he location of Range 7. In general, Range 1, just inside the 
:nlet throat (Range 2, 22, 22A) has had the largest area and the 
smallest channel area is found at Ranges 7 and 8. As noted 
~reviously the sediment substrate on the south flank of the 
inlet is a rather firm cohesive material. The deeper parts of 
the bottom of the channel between Ranges 1 and 5 are a firm 
substrate with episode3 of sand cover. The north flank of the 
channel is a sand wedge which has been deposited during the slo~ 
migration of the inlet channel to the south. 

The results of the repetitive cross-sectional area m asure-
ments are shown in Figure 55 and in Table 16. Virtually all of 
the area modulations were the result of change in the volume of 
sand on the ~orth side of the inlet channel. The 8 m contour 
on the steep south flank remained within± 7 m of the mean 
~osition in 91% of the cases; these were not real shifts but 
instead represent the ~ange of positioning errors o~ the steep 
slope. Variations of maximum depth at each range 11.ne was small; 
83% 0£ the maximum depths fell within+ 0.5 m of their means. 
Range 1 showed the greatest depth variation with a decre~se of 
2 m between mid-January and mid-February, 1972. The ho~izontal 
pos ition of maximum depth for each range remained stabl · for 
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TABLE 16. CROSS-SECTIONAL AREAS AT RANGES (m3 ) 

Range l 2 22 22A 3 4 5 6 7 8 

Date 
7/30/71 4067 4755 4574 3903 4306 3866 3652 3618 

8/13/71 4019 4887 4428 3864 4200 3760 3552 3570 

8/18/71 4063 4609 4433 3932 4243 3972 3532 3546 3538 

8/31/71 3954 4666 5433 4046 4306 3864 3S33 3444 3493 

9/15/71 3835 4578 4422 3872 4274 3820 3384 ·3636 3493 

9/28/71 3944 4797 4421 3922 4339 3889 3465 

lC/ 1/71 3878 4592 4102 3767 3971 3620 3434 

10/6/71 4121 5007 4531 4105 4484 3835 3469 3643 3299 

10/13/71 3978 4707 4601 4055 4448 3934 3253 37S3 3858 

10/22/7 2 4058 4992 4534 4013 4092 4196 3857 3632 

10/27/71 4103 5012 4683 4169 4153 4381 3828 3532 3660 

11/4/71 4096 4955 4327 4191 4272 3984 3477 

11/11/71 4001 4819 4641 4237 4077 4329 3741 3450 3861 3626 

11/17/71 3927 46 73 4511 41% 414S 4228 3914 3300 3802 3775 

12/3/71 4813 4875 4361 4166 4331 3951 3198 3764 3487 

12/1 3/71 3942 4744 4764 4410 4178 4311 41107 3190 3715 3850 

1/7/ 72 4190 4822 4962 4503 4157 4610 3900 3568 3789 3636 

1/19/72 4157 4791 4634 4355 4229 4540 3923 3518 4041 

2/4/72 4373 4030 3772 3395 3453 3510 

2/8/72 3923 4597 4607 4338 4277 43S4 3736 3789 

2/18/72 4238 4728 4S35 4422 4183 4473 3833 3362 3299 

3/2/72 4139 S661 44S5 4006 4407 4S36 3700 3392 3452 3838 

3/10/ 72 4689 4336 4083 4549 3769 3352 3291 4071 

3/16/72 4096 4740 4679 4322 4017 4553 3852 3469 3471 3766 

3/24/72 4089 4668 .. 4828 

3/30/72 4113 4659 4738 4363 4102 

4/5/72 4018 4 721 4449 423 5 4186 4409 3601 3403 3357 3862 

4/11/72 4060 440S 4465 4072 4240 4576 3622 3482 3028 4041 

4/19/72 3960 4569 4593 4233 4278 4497 3703 3l7l 3624 

4/27/72 4041 4493 4333 4030 4232 4433 31;61 3437 3045 3784 

5/4/72 4076 4736 4500 4216 3259 4510 3715 3449 34 4 

5/10/72 4067 4560 4535 4123 4117 4526 3638 3359 l 90 371 

5/30/72 3903 4584 4028 4001 4399 3725 3261 3072 

6/12/72 3964 4616 4075 4104 4126 4108 371.3 2991 3SC2 

6/20/72 4063 4717 4623 4335 4167 454 3851 3 29 3285 5710 

6/23/72 3968 4421 4223 4220 4191 4496 3852 3576 3161 3522 

6/29/72 4016 4649 4360 4214 4296 4368 37 3315 .3' 94 GOS 

7/7/72 3893 4607 188 3990 4192 4075 3518 

7/14/72 3983 4995 4626 4473 4411 4428 3907 33S6 l 66 3875 

7/19/72 3956 4394 4255 4157 4 07 3886 423 3136 3774 

7/26/72 3973 4649 4301 4267 412S 42·16 3805 3278 9 3816 

8/10/72 4849 4294 4525 4875 4238 3871 3660 317 
4123 

8/30/72 4179 4885 4 ,88 4438 4!'>77 4771 428 3391 3217 'S13 

9/8/ 72 4287 4338 4284 4591 4019 !230 3073 3482 
41157 4700 

9/13/72 4190 4089 ,<135 4~ 4 3789 3361 3389 1 
4119 4891 
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all ranges and cases the position of maximum depth feel within 
+ 15 m of their means 83% of the time. 

The results indicate that adjustments in inlet cro~s-section 
can take place very rapidly. A case of rapid response is illus-
trated by the surveys of 28 September,; October an~ 6 October, 
1971. Between the first two dates Tropical Storm ~inger stagnated 
off the Virginia Coast during the waning of neap tides. The 
heavy no~theast seas presumably resulted in large longshore sand 
transport and a consequent reduction in area throughout most of 
the channel. The throat (Range 22) was reduced in area by 7.2% 
between 28 Septem~er and 1 October. Then spring tid:s and . 
residual storm surge resulted in very large tidal prisms which 
expanded the cross-sections beyond the ~re-storm condition. 
The throat wa expanded in area )J 10.4% between 1 October and 
6 October. 

The largest average cross-sectional area change occurred at 
the throat and at Ranges 7 and 8 while the least response was 
evid nc d at Range 1. The throat (22, 22A) and Range 7 and 8 
also exhibited the highest percentage of large area changes 
( > 93 m2

). The co'herence between ranges in the sense of the area 
changes (+) was generally high for larg~ storms or large prisms. 
Examination of Figure 55 suggested that the ranges could be 
grouped in sets representing the throat (Ranges 2, 22, 22A), 
the eaward section just before the flair of the ebb tidal delta 
(Ranges 7, 8) and the center section (Rangea 3, 4, 5, 6). The 
veraged response for these sections is shorvn in Figure 56. 

Dur·ng the period August, 1971 to mid-March 1972 there is very 
poor coher nee b tween the throat and Ranges 7 8· when the 
throat expanded the outer section generally cl~sed. This was 
prior to the complete removal of the shoals flanking the chan~el 
on the north. After the reduction of the shoals there was 
g nerally high coh rence between all three sections. 

It is particularly interesting to note the behavior of Range 
7 which exhibit d a dramatic (17'/o) reduction in the area by 
F bruary ;972 whic~ persisted with modulations through September, 
1972. Th s reduction occurred as a result of the formation of 
a lateral inflow induced 1elta deposit on the north which wa; 
time coin.:ident with the diminuation of the large lateral sho,3.1 
(Fig. 57). It is interesting to note that the other ranges did 
not reflect this dramatic reduction in area. 

E4. Eguilibrum cross-sectional area of Wachapreague Inlet channtl· 

The historical surveys of the inlet area (see Section III, A) 
indicate that the cross-sectional area of the inlet throat has 
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Figure 57. 

A 

B 

C 

Diminution of shoals flanking the north side of the inlet 
channel. A, September, 1971; B, February, 1972 (photo inverted); C, September, 1972. 



:emained relatively stable since 1871 at about 4 200 m2 • Histor-
ical eviden~e fur~her indicates that the interio; marsh lagoon 
system configuration has changed very little since 1852 the data 
of the earliest reliable survey. The potential tidal p;ism of 
~he system thus appears to have remained unchanged. It is of 
~nterest to ask whether the observed cross-sectional area of the 
llllet_thro~t corresp?nds with that expected from the empirical 
relationship of O'Brien or the refinements by Jarrett (1976) . 

. The average "throat" (transect 22A) area of the channel 
d1;1r1ng the survey period wa.3 45,850 ft 2 (4,260m 2 ) . The spring 
ti1al prism, deduced from the storage function is 3.245 X 10~ 
ft (91 . 039 X l0 6 m2

). The results of the computations and the 
equations used are shown in Table 17. The comparisons indicate 
that the observed cross-sectional area is smaller than that 
expected from the empirical relationships. Although the observed 
ranges between 25% to 43% smaller than that expected the observed 
cross-sectional area falls within the 95% confidence limits of 
the relationships derived by Jarrett. Thus Wachapreague Inlet 
appears to follow the empirical relationship between tidal prism 
and throat cross-sectional area. 

i5. Long term sediment transfer characteristics of the inlet. 

The tidal characte ·ristic of the system result in a duration 
diffe~ence between rising and falling tide pha3es such that the 
mean ebb discharge is expected to be somew~at grea~e~ than the 
flood. To qualitatively asse3s the potential sign1f1cance of 
this the net transport tendency during the study was ~alculated. 
The sediment transport rate was a3sumed to be p~oport1.onal to 
the cube of the mean discharge which was determined using th 
P~i~m calculated from the storage function, Fig~re 44. _Th net 
serl.1.ment transport in the inlet channel fo-:::: a given period is 
then given by: 

Net sediment transport 

where PF and pE a~e flood and ebb prism and OtF and O.E a~ flood 
and ebb durations. The cumulative transport for the year is 
shown in Figure 58 as is the average dai;y net tra~s~ort within_ 
survey periods. Although there were periods of 1?-e ... inward trans-
port the cumulative tendency over the long term is a net outward 
transport. This characteristic of the syst 7m offers~ explana-
tiO!l for the absence of flood delta growth i.n recent times (120 
Years) and the maintenance of the highly developed ebb tidal delta 
system. This e?idence and an examination of the ~orphology of the 
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Table i7. Observed and expected channel cross-sectional area. 

Average area of Transect 2 

Average area of Transect 22 

Average area of Transect 22A, 
"Throat" 

For all U.S. inlets 
without jetties.,'-

-5 1. 03 
A= 1.04 X 10 P 

For Atlantic Coast inlets 
without jetties* 

-S 1.07 
A= 5.37 X lO P 

For all U.S. inlets 
with and without jetties* 

-5 0.95 
A= 5.74 X 10 P 

All inlets without jetties 
(O'Brien, 1931) 

5 
A= 2.0 X 10 P 

*From Jarrett, 1976 

Expected 
area 

64 492 ft 2 , 
(5,992 m2 ) 

79,935 ft 2 

(7,426 m2 ) 

61,774 ft 2 

(5,739 m2 ) 

64.,310 ft 2 

(5,975 m2 ) 

51,152 ft 2 (4,752 m2 ) 

48,536 ft 2 (4,509 m2 ) 

45,851 ft 2 (4,260 m2 ) 

Observed EXP-OBS X lOO 
a-rea EXP 

45,851 ft 2 28.9% 

45,851 ft 2 42.6% 

4.5,851 ft 2 25. a,o 

45,8.51 ft 2 25.7% 

. 
N 
,--l 
,--l 
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other deep inlets to the south along this reach of coast ~ndicate 
that relatively small volumes of sand are trapped on the interior 
of he inlets. Caldwell (1966), in contrast, finds that the flood 
deltas of the inlets of the New Jersey, U.S.A., coast trap about 
25% of the sand in the littoral drift system. 

E6. Cross-sectional area response to variations in wave and tidal 
p~wer. 

In order to examine the short - term channel area response to 
these parameters the ebb tidal power and wave power were cast as 
a ratio following O'Brien (1970) and Nayak (1971). The storage 
function was used to calculate the average daily ebb tidal power 
and the daily visual wave observations hy CERC on Assateague 
Island were used to calculate breaking wave power. Since the 
w ve observation program does not discriminate wave direction 
for small wave angles the ratio was weighted using the U.S. 
Coast Guard wave direction observations at Chesapeake Light, . 
some 35 km off the mouth of Chesapeake Bay. The resulting ratio 
is proportional to the ebb tidal power and the shallow water 
wave powe.r. 

where 

Channel maintenance ratio 

QE = mean ebb discharge (ebb prism + duration 
RE ebb tide range 

H = wave height 

F = wave duration weighting factor 

F = 3 waves approach Oto 70° true 

F 2 waves approach 80° to 110° 

F = 1 wave approaches 110° to 180° 

of ebb) 

T~e.wave direc~ion weig~ting factor, although arbitrary in its 
limit was des1gne~ to in~rease the weight given to waves from the 
northeast? the domina~t direction of storm conditions (Saville, 
1954). Since the se~iment t:ansport relationships for the tidal 
flow and ~ittoral drif~ are imperfectly known the ratio has mean-
ing.only in a qualitat 7ve sense; that is, when the tidal power 
dominates an increase 1n cross-section might be ex ected relative 
to those times when wave power dominates. p 

114. 



The comparison between the channel maintenance ratio averaged 
over the sampling periods, and averaged channel response is shown 
in Figure 56. There is general qualitative agreement between the 
sense of area change in the throat section and the sense of the 
change in the maintenance ratio in 20 of 31 cases compared. The 
hiatus in the calculated values for the maintenance ratio between 
December through March is due to the absence of Assateague wave 
information. In those 19 cases where an area change greater than 
93 m2 occurred 14 agree with the sense of change in the ratio. 
However, i t is of interest to note that the same ratio unweighted 
for wave direction agrees with the sense of area changes in 21 
of the 31 cases and in 13 of the 19 cases where large (> 93 m13

) 
changes occurred. Thus essentially no improvements in the corre-
lati~n resulted using the weighting scheme for wave direction 
Ww will return to this point. 

It may be concluded that the ratio of ebb tidal power to 
wave power is a potentially useful parameter to characterize 
short-term inlet channel response. Since most of the dramatic 
area reduction occurred during wave activity from the northeast 
or east it is appealing to interpret the general correlation 
b~twe7n the channel response and the maintenance ratio as ·n-
d1cat1ng that channel closure is largely due to longshore drift 
from the north. However, there are several factors which indi-
cate that the short-term modulations in cross-sectional area were 
due, to large degree, to a sand exchange between t~e channel and 
the ebb tidal delta complex. These elements of evidence are: 

a.) The apparent insensitivity of the results to the direc-
tion of wave approach may be due to the pro~ounced wav 
refraction around the large ebb delta at th s offset 
inlet (Hayes, et al., 1970; Goldsmith, et a., 1975). 
Examination of aerial photographs shows that during 
times when the nearshore ~ave direction is from the 
southeast the local refraction effects are trong 
enougn to car.c the local wave approach on the north 
side of the inlet to be from the north~a~t. Thus th · 
important aspect of the storm wave act1.v1.ty mays mple 
be the agitation of the sand formi ·1g the 1 teral s1:toal 
and ebb delta such that entrainment ?Y th flo~.t dal 
flows n<lvects the material into.the inlet. Par~icular 

d · the survey period illustrate that south-cases uring . 1 east wave activity also can result in channe are. 
reduction particularly during low or m derate prism 
and eithe~ an inward 0 ~ low outward net sand transport 
conditions (14-19-26 July 1?72). ;n contrast a c!se 
(26 July_ 10 August 1972~ with similar wave conditions 

d ht 1 rge ·r p~1.·sm but with a calculated strong 
a, a s omew a a · • d d · 11 net outw.ard transport the channel widene ramat1.ca y 
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b.) 

c.) 

(ratio predicted decrease in area). Finally, it is 
noteworthy that Range 1 exhibited a depth decrease 
during mid-January to mid-February 1972, a time of 
sustained low net outward transport. These d4:1ta 
suggest that the net sand transport c~ar~c~eristics 
~uring the given period also play a significant role 
in the mo~ulation of channel area. 

Addition of the incremental sand volumes deposited 
and removed within the segment of the channel surveyed 
over the 13 month period total to a minimum of 2 X 
10 m~. Considerations of what is known of longshore 
drift rates in the region p~eclude the conclusion that 
the sand deposited in the inlet is due solely to onput 
via longshore drift For example, the CorRs of • 
Engineers (1973) estimates that .46 X 106 m /yr drifts 
to south along northern Assateague Island and that 
.3 X 109 m3 /yr is trapped in the gro~th of Fishing 
Point at the southern terminus of Assateague. Con-
sid ration of the recession rates from 1852-1962 of 
the islanj chain between Wachapreague Inlet and 
Assateague Island indicate a sand volume loss of 
.3 X 108 m3 /yr lf the eroding marsh baTrier islands 
are composed of 25% sand (probably an overestimate). 
Thus a reasonable eGtim4te for maximum southerly 
drift to ~he inlet is .5 X l0 8 m~/yr. The results of 
computed w, ve refraction (Goldsmith, et al., 1975) 
and field observdtions indicate that wave refraction 
patterns allow only small volumes of northe~ly drift 
for waves from the southerly quadrants. Recognizing 
the considerable risk in comparing events over a one 
year period with averages based on decades the esti-
mate of drift ver us the observed volumes deposited 
strongly ·uggests that a large fraction of the sand 
volume modulation in the inlet channel is due to 
a,ljustments between the channel and the ebb delta 
system. 

As previo 11sly mentioned (see III A) approximately 
1.5 X 10 m3 of sand was lost fro~ the shoals flanking 
the north side of the channel in the course of the 
13 month survey~ Exi~ti~g ~no~ledge of the tidal 
fl~ws near.the inlet 1ndicates that virtually all of 
this material must have been driven into the channel 
and subsequently flushed onto the ebb delta complex. 

In surrrnary it app ars that the q,Jalitative agreement between 
the channel r sponse and the "maintenance ratio" reflects the 
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importance of wave activity on the ebb delta complex, regardless 
of wave directions, as well as generalized net southerly advection 
of sand along the coa5t on the littoral drift system. 
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III. SUMMARY DISCUSSION 

The results of the present invest i gation, with the incorpora -
tion of the results of previous studies, permit a rather complet e 
interpretation of the recent history of Wachapreague Inlet an~ a 
reasonable understanding of the contemporary response of the inle t 
resulting from the interaction of the basin tidal characteristics , 
the distribution of currents in and near the inlet, and the wave 
driven sediment transport. In addition , this study presents results 
which have applicability to the understanding of inlets in gener al, 
for example; 

a.) 

b.) 

c.) 

d.) 

Short term modulations in inlet channel area in response 
to fluctuations in tidal and wave power have been clearly 
documented. 

Evidence is presented which indicates that harmonics 
of the basin tide, due to either shallow water effects 
within the basin or to passage through the inlet 
entrance, can lead to asyrmnetries between the durations 
of rising and falling water stages (and to corresponding 
duration asymmetries in inlet currents). These duration 
differences can influence whether the inlet acts to 
bypass sand or to advect sand into the interior. In 
the case of Wachapreague Inlet the duration difference 
acts to inhibit advection into the inlet basin. 

Examination of the short term (days to months) fluctua-
tion of sand input to the channel and flanking inlet 
morphology indicates that major transfers in sand volume 
occur b tw en th morphological units in the inlet com-
plex. Thus, modulations in the inlet channel area are 
not simply due to advection of sand from adjacent 
beaches. 

A method is presented which permits the approximation of 
th velum of water stored in the basin as a function of 
tide stage (storage function App. A). The technique 
utiliz s remote sensing by aircraft and it is particularly 
suited to ~asins with complex geometry and area-height 
relationships. Once the storage function is determined 
the t'dal pr'sm for any tide range can be calculated as 
can the mean discharge. In systems with small phase lags 
between water level extremes and slack water the storage 
function may be used to approximate the curves of instan -
taneous discharge in the inlet channel . 
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A. Summary of the History of Wachapreague Inlet 

The work of other investigators suggests that the basin-inlet 
complex of the Wachapreague System formed in relation to a drain-
age formed on Pleistocene sediments (Fig. 4). With the recent 
transgression of the sea an extensive tidal flood delta system was 
formed by sand advected into the basin via an inlet, the ancestral 
Wachapreague Inlet. During and following the formation of the 
flood delta lagoon-tidal flat sedimentation progressed with ulti-
mat~ formation of surficial marshes (starting about 1,500 yrs. B.P.) 
Radiocarbon dating of basal peat overlying the Pleistoc ne indicate 
that the lagoon had been in existence at least as long as 5,000 yrs. B.P. 

The more recent history of rh(' Tfachapreague System was obtained 
by comparison of bathymetric surveys between 1852 and the pres nt. 
T~e inlet channel has migrated to the south about 460 m (one in et 
width) since 1852. During its slow migration a sand wedge has been 
deposited on the north flank of the inlet channel. The averaged 
annual sand deposition in the advancing wedge is about 73,000 m3 • 
The offset nature of the inlet has progressed since 1852 with the 
retreat of Cedar Island on the north and accretion to the north-
eastern face of Parramore Island situated on the southern s·de of 
the inlet. The accretion represents a storage of material on th 
~outh portion of the ebb delta. In the course of its migration th 
inlet has incised relatively firm cohesive lagoonal d posits which 
compose the southern side of the channel. At the deepest por ions 
of the channel the exposed substrate sediments are very stiff clays 
and gravel horizons (Pleistocene?) which are abraded by th h 1, 
gravels and sand shifting back and forth in the bedload driv n by 
tidal currents. 

Examination of the bathymetric surveys indicates that th r 
~as not been continuing storage of sand on the interior of the 
lnlet, thus progressive growth of the flood deltas s em stopped 
sometime between about 1,500 yrs. B.P. and 1852. Moreover compar·-
son of the 1852 and 1962 planimetric maps indicates that the ar al 
extent and configuration of the marsh lagoon system has chang 
very little during that period. 

B. Sunnnara of the Inlet Response to Tidal Hydraulics 
and Se iment Transport 

The inlet admits the full semi-diurnal oceanic tide range so 
t~e full potential tidal prism of the basin is ~eal·zed. As the 
tide elevation increases the feeder channels, tidal flats and 
ex~ensive marshes are sequentially floo~ed. Ana~ysis of tidal 
height records indicates that the durations of rising and falling 
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tide stages are unequal. The mean duration of rise is 0.45 hrs. 
longer than the duration of fall. The duration asyrrnnetry is due 
to the generation of overtides. For a system with small phase lags 
such as Wachapreague the inlet currents may then also be expected 
to exhibit a duration asymmetry. This duration asyrrnnetry was 
verified at Wachapreague Inlet wherein the ebb current duration is 
about 0.4 hrs. shorter than flood currents. Thus the average and 
peak ebb currents may be expected to be somewhat larger than those 
during flood currents. All other things being equal the ebb sedi-
ment transport might then be expected to be larger than that induced 
by flood currents. The tendency for a net seaward sand trans?ort 
capac·ty is further augmented by a difference in flow channeliza-
tion on th ebb versus flood currents. During the flood current 
phase approximately 10% of the incoming tidal prism passes over a 
shallow shelf on the south flank of the channel (see Fig. 47). 
However, during th ebb current phase only 4% of the outgoing prism 
passes over the shelf. This is due to flow channelization and, as 
a cons quenc, the ebb currents in the deeper part of the channel 
are nhanced. The combined influence of duration asymmetry and 
flow channelization lead to the inference that the inlet-basin 
hydraulics resul in condit"ons which inhabit the advection of sand 
pass he throa into the interior parts of the system. The com-
parison of historical charts, as previously noted, indicates that 
th re ha not be n additions to sand storage since 1852. 

Given the totality of evidence presented in earlier chapters 
it is possibl to formu ate a qualitative model for sediment cir-
culation with n the inlet complex which is consistent with both 
the short-term channel response and the recent history of the inlet 
(Fig. 59). Th system is driven by the combined influence of wave 
refraction, the reg·onal tidal flow, and the flow distribution 
within the chann 1. The main element in the model is the inferred 

xistence of a dim nt flow loop on the north side of the inlet 
compl x. The principal points of vidence to support the model 
are as follows: 

1.) Wav refraction around the well developed ebb tidal 
delta te~ds t? drive san~ toward the inlet regardless 
of the dire 7tion of th incoming waves. Of particular 
importance is the fact that wave refraction effects 
tend o drive sand along the northern flank of the 
delta toward th ·nlet throat and along the exposed 
northe~ flank of th 7 inlet channel through which 
appr ciabl lateral inflow occurs. Of course, during 
~im of north ast rly wav approach the regional trend 
is for longshore transport of sand toward the inlet 
as well. 
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ebb tidal delta and schematic of gross current flow 
characteristics within the channel. 
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2.) 

3.) 

4.) 

The regional tidal flow innnediately offshore of the inlet 
is northerly during ebb flow in the channel which would 
tend to drive material carried over the ebb delta to the 
north. 

During periods when the shoals flanking the north~side 
of the channel are poorly developed as much as.30% of 
the incoming prism crosses over the northern sid 7 of the 
channel and cascades sand into the channel. During 
flood current phases the influence of the inlet extends 
3 to 4 inlet widths along Cedar Island where zonal 
accelerations occur due to the reduced flow area between 
the shoreline of Cedar Island and the ebb delta. When 
the flanking shoals are more developed on the nort~ side 
of the channel the zone of lateral influx of sand into 
the channel is more restricted. 

Repetitive depth profiles across the channel indicate 
that the channel area decreases by accretion of sand.on 
the northern side during periods of high wave inte~sity 
and/or smaller tidal prism in the Wachapreague basin. 
However, during periods of large tidal prism the ebb 
flow currents in the channel scour the northern side of 
the channel with enlargement of the channel area and 
deposition of the scoured material on the ebb delta complex. 

The inferred sediment transfer loop is thus envisioned as an 
xchange of sand between the ebb delta and the channel wherein wave 

refract·on nd spatially accelerating flood currents drive sand 
along th ebb delta and along the face and nearshore of Cedar 
Island in o the north side of the channel. The ebb currents during 
p riods of large tidal prism however rescour the channel and drive 
the material into he flaired area of the ebb delta. Of course, 
the lood current also transfer sand via the main channel toward 
the throat. Also the ebb currents do byPass some sand to the 
southern portion of the ebb delta complex. 

The results of this study have ramifications on engineering 
desi practices since the collective evidence indicates pro-
nounced sand_circulation between the ebb delta system and the 
channel. While these results should have general applicability 
to offset inl. ts t~ey als~ probably apply to inlets in general. 
Thus, any engineering design should consider the local effects 
with n the inlet complex as well as the littoral drift rates. 
For examp e, jettr-weir sand by-pass desi 9n considerations should 
include.the quest:on whether local sand circulation from the ebb 
delta will necessitate a larger impoundment basin or increased 
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dredging frequency. If such circulation does occur there may be 
a reduction in sand volumes on the ebb delta due to irnpoundrnent 
and mechanical by-passing. 

This study and others investigating the Holocene evolution of 
the system indicate that during the Holocene transgression the 
open lagoon received a large volume of sand in the form of a well 
developed flood tidal delta. Subsequent deposition formed tidal 
flats and marshes. However, recent historical evidence and the 
7xamination of contemporary flow conditions indicates that the 
interior no longer receives significant sand input from the sea-
side. Thus, in the course of its evolution the inlet-lagoon 
system has changed from a condition where sand is advected into 
the basin to one where the tendency is to by-pass sand. This 
observation leads quite naturally to the question as to wheth r 
such an evolution is the normal sequence of events for inlet-
lagoon systems. Clearly, if the system continued to adv ct sand 
to the interior the potential tidal prism would be reduced and 
the impedance of the inlet would be increased by the continuing 
deposition at the flood delta. These factors would reduce the 
stability of the inlet and perhaps lead to closure. It appears 
that a fruitful area for research would be the study of h 
evolution of inlet hydraulics for progressive stages of basin 
deposition. 
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APPENDIX A 

DETERMINATION OF BASIN STORAGE VOLUMES VIA REMOTE SENSING 

Approach. The central idea in the approach was to use the water 
surface itself as a contouring machine as the water surface rises 
over the variable topography during rising tide. This was achieved 
via sequential aerial photography using black and white infrared 
film to enhance the contrast between flooded and exposed surfaces. 
The following steps are involved: 

1) Acquisition of sequential photography with overlap 
and sidelap suitable for mosaicing. 

2) Observation of the changes in tidal elevation during 
the overflights. 

3) Determination, from the sequential photography, of 
changes in flooded area as a function of t·dal 
elevation. 

4) Calculation of incremental water volumes stored in 
the basin as a function of tidal elevation. This is 
simply the product of incremental flooded areA and 
the corresponding incremental change in tidal 
elevation. 

Methods. 

A. Mission Plan. The mission plan was to imag th flooded 
surface of the study area at 30 minute int rvals as the t"d level 
rose from low to high water. During the overflights tidal 1 -
vations were monitored at eleven sites within the system and 
tidal discharge was measured at the two interior channel, Th, 
Swash and Teagles Ditch which connect the Wachapreague marsh 
lagoon system with the adjacent systems servic d by the adjac n 
ocean inlets shown in Figure Al. 

Mission W226, Flight 1, was accomplished on 28 June, 1973 
utilizing the NASA-Wallops Station C54 aircraft equi ped w'th 
two T-11 aerial mapping cameras using 152 mm lens s. Th f'lm 
was type 2425 Black and White infrared with a clear anti-
vignetting and 89B filter combination. The flight wa made 
in hazy weather with broken clouds. Visibility was from 5-7 
miles. Nominal flight altitude was 9,500 ft . wi ha wind of 
19 knots from 220°. 

Twelve groups of three lines each were flown at approximately 
thirty minute intervals from 1300 to 1900 EDST. The or·entat·on 
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of the lines made the photography generally suitable for mosaic-
ing· however four of the twelve grouos could not be used due.to 
one'or more ~fa combination of excessive tip and tilt, crabb:ng 
or lack of sufficient overlap. The complete mission sunnna:y is 
available from NASA-Wallops Station, Chesapeake Bay Ecological 
Program Office. 

The flight data was chosen so that the existing conditi~n~ 
represented a rising soring tide during daylight hours. A rising 
condition was specifically chosen so that the drained tidal flat 
faces would be as "dry" as possible. 

B. Analysis of Data. 

1.) Ground measurements. The positions of the tide ele~a-
tion stations are shown in Figure Al keyed to Table Al. Stations 
5 and 6 are long-term recording tide gages for which tidal ele-
vation data planes had been determined. The remainder were 
temporary tide staffs installed on the mission data. Inspection 
of Table Al indicates a r-,hase lag of up to O. 7 hr. and a range 
differenc up to 0.4 ft. across the system. The most extreme 
comparison, that between Wachapreague Inlet and Wachapreague 
Dock, is shown in Figure A2 referred to long-term mean tide level 
which was assumed to be a level surface. Inspection indicates that 
a water slope of 0.5 to 0.6 ft. exists between the two positions 
during the central portion of the rising phase, This fact that 
th wat r surfaces slopes during the tide cycle necessitates the 
introduction of a correction factor since the tide gage at 
Wachapreague Dock will underestimate the volume of water in the 
sy tern on the rising tide. Long-term comparisons between these 
two gages show an average range difference of 0.2 ft. and a phase 
lag of approximately 0.6 hr. for high and low water. 

Discharge measurements at The Swash (#11 in Figure Al) and 
Teagles Ditch (#1 in Figure Al) indicated that tidal water enters 
the Wachapreague Inle · Basin system during the first part of 
rising tide and exits during the latter part. Measurements on 
28 June 1973 give: 

Swash 

Into system 69,000 m3 

Out of system 99,700 m3 

Teagles Ditch 

Into system 400,000 m3 

Out of system 548,000 m3 

This will be shown to be a negligible fraction of the total 
volume held in the system. Thus the effects of this "leakage" 
are ignored hereafter. 
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TABLE Al 

Tide Elevation Data for 28 June, 1973 

Time 
Station Tide_ Rang~_{~~!_)_ Low Water High Water 

1 18.5 

2 5.4 11.8 hr 18.4 

3 5.5 11.8 18.5 

4 5.4 11.3 18.2 

5 5.7 12.0 18. 7 
6 5.3 11.3 18.3 
7 11.4 18.2 
8 5.6 11.6 18.5 
9 5.7 11. 7 

10 5.6 11.0 18.3 
11 5.6 12.0 18.5 
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2.) Imagery Analysis. Reproductions of the original trans-
parencies were used in the analysis. Eight of the twelve flight 
groups were assembled into mosaics of the 28.9 square nautical 
mile (86.65 x 108 m2 ). The total area of each mosaic was deter-
mined using a polar planimeter. 

. The major absolute errors in the mosaicing procedure occur 
in aligning some sixteen frames having various edge distortions 
and in determining and cutting conjugate boundaries properly. 
These errors are indeterminate and are presumed random. 

Determinations of the non-water covered areas in each mosaic 
were determined using the I 2 S Digicol located at NASA-Langley 
Research Center, Hampton, Virginia. Water areas were determined 
by subtraction from total area. Thi instrument was adjust d so 
that exposed surface area could be coded as one color while th 
water covered surfaces and the masked areas registered an off-
scale black. Absolute area calibrations were accomplished using 
masks of known area and plotting this with indicated percentage 
area. All mosaics were analyzed on the same day, a considerabl 
savings in time over hand planimetry. 

In order to snecify film density boundaries associated w'th 
water boundaries, the water boundaries were visually id ntif. d 
with a sharn tipped pointer and the instrum nt settings w re th n 
adjusted to shift the boundaries to the proper position. This 
procedure was clear cut for tide levels below the mar h urfac 
At higher levels marsh plants significantly decreased boun ary 
contrast but sun'glint assisted in boundary interor ta ion. For 
several runs analyzed more than once on differ n days total 
water areas varied as much as 5 percent which r ve 1 d day o 
day bias in interpretation. These problems would lik lr b 
reduced if initial film exposure could be adjust d to g1v high 
contrast for very shallow deoths. The exposur s dur·ng h 
mission were, by error, adjusted to give maximum d fini ·on of 
water color differences and not maximum contrast b tw n food d 
and non-flooded surface. Contrast was heightened in r produc ·on 
of the transnarencies. An example of the imag ry · h wn in 
Figure A2 for a conjugate area for low and high t'd l vation . 

The times of the flight groups used i~ the ~na~ysi r.lative 
to tidal stage are shown in Figure A3. Using ~his nf~rmat on 
and the water area determined from the sequ nt1al mo a1cs the 
relationship between flooded area and stage at the achapr ague 
Town gage was constructed as shown in Figure A4. Ob erved rea 
changes extended over the range in stage from 1 .8 ft. to 7 .2 ft. 
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Figure A2. Example of Black and White IR imagery for conjugate areas 
at high and low tide. 
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at the Town gage. Since the water surface slopes up to as much 
as 0.6 ft. between the Wachapreague Dock and Inlet gages the 
flooded area measured is not the same as would be indicated if 
the surface was level across the area. 

In order to make a first order correction it was assumed 
that at any particular tide stage the surface area flooded is 
equal to that at the stage ~62 (Fig. A3) lower. This sh'fts 
the curve to lower flooded area for a particular stage (dotted 
line, Figure A4). The segment of the curve between stags 2.5 
and 4.3 indicates constant flooded area. This represents th 
near vertical banks of much of the major embayment and that 
area, 59.5 x l0 6 m2 , reoresents the cut-off between ar as of 
channels, flats, and bays and areas of marshes. This and other 
ancillary information are useful in extending the curve of 
flooded area versus stage to stages lower than the 1.8 ft. 
observed. Visual observations and measurements on the ground 
indicated about 0.5 ft. water depth in the bays at 1130 hrs. 
on the 28th of June. Thus, the cut-off for initiation of 
flooding in the bays was taken at 1.3 ft. on the Town gag. 
The first attempt utilized an estimated storage function bas d 
upon the areas of channels, marshes and bays and the artif"cial 
assumption that the bottom elevations of the bays and th marsh s 
were uniform. The measured areas were: 

Channel (major only) 

Bays 

Marsh (including drainage channels) 

8.08] X 10 ffl:a 

34.8 X 10 m 

49.304 X 10 m 

The cut-off elevations were taken as 2.5 ft. and 5.5 ft. r 
tively for bays and marshes . The curve in Figure A4 indica -
that the total channel area including the drainag chann l ' 106 2 I . the marshes and the bays totals to 59.5 x m • t s r 2 a 
to assume that the area of bays is correct at 34.8 x 10 m • 
the total channel area must be about 24 x 10 m2

• Th' allow 
statement of the component areas within the imaged area 

Channels 

Bays 

Marsh 

24.0 x 10 m2 

34.8 X 10 m2 

37.6 X 10 m2 

Given the above, the curve in Figure A4 may b xt nd d t th 
channel cut-off; 24 x 106 m2 at 1.3 ft. on the Town gage. 

f t red in the marsh-bay-The cumulative volume o waters O 4 channel system was comouted from the dotted curve ·n Fi r A 
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using incremental volume for every 0.5 ft. stage increase at the 
Town gage. The volumes are referred to O elevation of that.gage 
which insures inclusion of all observed tides. The assumption 
was made in the calculations that the flooding for each incre-
mental increase in stage occurred over a unifo~ly slopi~g. 
bottom. The results are shown in Figure AS as is the originally 
estimated storage using channel, bays and marshes as components 
with discreet cut-off elevations as previously discuss 7d . T~e 
curve has been extended from 7.2 ft. to 10 ft. stage since visual 
observation indicated the entire system was flooded at stages d 
beyond 7 . 2 ft. The shift to the left of the storage curve base 
on the imagery relative to that originally estimated is due to 
adoption of the 1.3 ft. stage as the cut-off between channel 
flooding and the initiation of bay flooding. 

The storage relationships shown in Figure AS are compared 
with tidal volumes measured at Wachapreague Inlet in Table A2. 
The observed values were determined by integration of instanta-
neous tidal discharge measured by current meter arrays at th 7 inlet throat. Although accuracy of the directly measured prisms 
is no known, the measurements represent the best available 
estimates. Comparison of cycles 3 and 7 in Table A2 indicates 
an inconsistency in the values measured by integration of dis-
charge; both cycles had the same maximum stage but the minimum 
stage of cycle 3 was 0.15 m less than cycle 7. In actuality 
cycle 3 must have had a larger prism than cycle 7 but the 
measurements indicate the converse. A similar inconsistency 
exists between cycles 5 and 6 although to a lesser degree. The 
data for measured prisms indicated the accuracy is no better 
than ± 10%. 

Insoection of the percent differences between measured 
prisms and tho e d duced from the infrared imagery and the 
original estimated storage indicates that those calculated from 
the storage curve via imagery are in appreciably better agree-
ment with the measured prisms. The average absolute differences 
are 9. 7% (infrared imagery) and 14.3% (original estimate). It 
is also of interest to investigate how closely the time history 
of instantaneous discharge at the inlet may be approximated by 
application of the storage curves as referenced to the tide gage 
at the To·..m of Wachapreague. To test this question the field 
monitor of discharge on 13 and 14 Seotember 1972 (cycles 4 
through 7 in Table A2) were used. Using tidal elevations at the 
Town gage at a t of 30 mins, the incremental water volumes 
w re then calculated from the storage curves and then converted 
to average discharge for that time increment. The results are 
shown in Figures_A6 and A7. The originally estimated storage 
failed to aporoximate the measured instantaneous discharge when 
the marshes started to flood. This was due to the assumption 
of constant marsh elevation. Clearly the storage based upon 
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the second method, that using the infrared photography is far 
superior. The data are recast in Figure A7 to show ~he corre-
lation between the storage deduced versus measured discharge. 
Almost all calculated points fall within the envelope of± 20% 
of the measured values. Recall, however, that the accuracy of 
the "measured" discharge is indeterminate; thus the spread of 
points about the perfect correlation is due to errors in both 
procedures. 

As previously mentioned the "leakage" from the Wachapreague 
storage system via the interior channels, The Swash and Teag~es 
Ditch, does not appear to significantly influence the error in 
estimating the storage from the imagery. The prism for the 

3 tide cycle used to construct the storage curve was 106.5 x 106 m 
and the data listed in earlier pa~a~raphs for the volume passage 
in The Swash and Teagles Ditch combined amount to less than 1%. 
Thus, it appears justifled to disregard this contribution of the 
storage. 

Discussi..QQ 

The present study demonstrates the feasibility of utilizing 
sequential black and white infrared photography to determine the 
storage characteristics of complex basins wherein the flooded 
ar a changes ·rr gularly with varying stages of rising and fall-
ing tides. Th's procedure resolves the problems encountered 
with d t rmination of tidal prism based on estimates of basin 
area at high and low water due to the ambiguity of these deter-
minations in shallow irregular basins, (O'Brien, 1969, O'Br~en 
and Clark, 1973). The method offers great potential value in 
tidal inlet studie~ as it offers the opportunity to specify the 
expected average discharge for any oarticular tidal condition. 

Th methodology also offers very interesting possibilities 
as an alternate pproach to constructing depth contour maps. 
The ~rimary.mission.of the Na~iona~ Ocean Survey's hydrograph~c 
mapping activiti sis to provide highly reliable maps for navi-
gation purposes. Tynically, in areas such as that studied 
channels are carefully delineated but less emphasis is given to 
the shallow bays and no attention is given to the variable marsh 
elevation. State of the art numerical models for flushing such 
as the Jamaica Bay Stu~y (Leendertse, et al., 1973) require 
moving boundary conditions which necessitates fairly high reso-
lution depth maps. Such maps could be constructed using the 
described technique wherein the instantaneous waterline acts 
as a contour. This appr?ach would be quite successful in 
those areas where there is not appreciable tide range variation 
within the basin system; such as the Wachapreague System. 
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Finally, it should be noted that the technique offers a 
possible method to study tidal range variations in those basins 
with large range and phase differences within the system. Exist-
ing methods involve the installation of a large number of tide 
gages and a data base over a period of one month or longer. The 
tidal datum plane is then established and mean range and phase 
differences determined. In those areas where such detailed 
surveys cannot be conducted the method discussed herein would 
supply very useful data. It is also likely that application 
of the method would be useful in planning tide gage locations 
for a detailed survey. In such applications the stage variations 
as a function of time would be measured using stereo photogram-
metric techniques. 
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APPENDIX B 

METHOD FOR DROGUE TRAJECTORY CORRECTION AND DATA ANALYSIS 

Drogue Trajectory Calculation. 

Drogue design and technology date back to the voyage of the 
Challenger (1885) where drogues were used, then as now, in the 
study of currents at the selected drogue depth. More recently 
thought has been given to errors inherent in the commonly used' 
drogue_flo~t system. Terhune (1968) pointed out the importance 
?f maximizing the area of the drogue with respect to the float 
in order to minimize the drag effect the float has on the drogue. 
The surface effect of the float becomes a greater problem as the 
sh~ar stress between the surface float and the drogue increases. 
This can happen when high winds cause the depth of the effected 
surface layer to increase. Terhune applied the equation of fluid 
d:ag F = \CdApVa (where Fis the drag force, c0 the drag coeffi-
cient, A the cross sectional area, p mass density of fluid, and 
V the velocity) to compute the worst possible effect of the float 
on the drogue. This technique could be utilized to estimate the 
magnitude of the probable error if the shear stress in the system 
were known. 

Monahan, et al. (1973) proceeded one step further by actually 
subtracting the error caused by the shear of the float from the 
drogue. Assuming steady state conditions, this treatment corr cs 
for the effect of the float and gives a more accurate picture of 
the current velocities along the original drogue track. 

Like Terhune Monahan's treatment begins with the equa ion 
of fluid drag; th~ actual drag forces on Monahan's drogu fl?a 
system were measured during tow tank experiments so computation 
of the drag force was not necessary. The drag coeffici nt becam 
apparent once the drag force was measured experimentally and the 
velocity noted. A log-log plot of the drag force and veloc·ty 
measurements for the drogue float system is shown in Figure Bl. 
Using this relationship the error in the current m asurement could 
be calculated provided one knew the magnitude of the surfac 
current and ultimately a value determined for the current veloc·ty 
at the depth of the drogue. Monahan's orig~nal treatm nt of hi 
correction method was restricted to the coli.near cas of both 
drogue and surface float moving in the same direction but at diff-
erent velocities. Vector addition and subtraction w r utiliz d 
to adapt this technique to the two dimensional case encountered in 
the field. 

The fundamental argument for this system lies in the fact 
that the forces on the surface float and on the drogue are the 
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sa~e. Thus each point on the float curve (Ff) corresponds to a 
po7nt on the drogue curve (Fd) along the same horizontal line. 
This procedure consists of vector subtration of the velocity of 
the drogue float system (obtained by monitoring such a system) 
from the velocity of the surface current (Vf) (obtained by moni-
toring a surface float with no drogue attached). This gives a 
relative velocity for the surface current with respect to the 
drogue float system. The value of the drag force on the float 
can then be obtained by going to the graph at this particular 
:elative velocity and finding the force on the float correspond-
ing to that velocity Ff(Vf-Vfd). Moving horizontally along the 
graph (the force on the float and the force on the drogue ar 
equal) to the curve for the drogue Fd(Vfd-Vd) and then down 
vertically to the velocity scale one can obtain the velocity of 
the drogue through the water at its depth of deployment. Th 
final step consists of vectorially subtracting this velocity 
(speed of drogue through the water) from the velocity of th 
drogue float system and arriving at the corrected current velocity 
at the respective drogue depth. A sample of the above calculation 
is shown graphically in Figure B2. 

This method of correction, with some modificat'ons, was 
utilized during the study. As tow tank facilities were not ava·1-
able, graphs were plotted assuming a constant drag ratio (a valid 
assumption for flat plates at high Reynolds numb rs, such as thos 
encountered during the study). Arbitrary velocitie~ which might 
occur during a drogue run were selected and the proJ ct d ar a 
of the drogue and float calculated. This led to th c mpu ation 
of the drag forces on the float and the drogue as plott din 
Figure Bl. 

The computer program for the calculation of corrected drogu 
velocities is given in Table Bl. 

Analysis of observed dro~ue trajectories. The ambi nt 
conditions on the days o the drogue deployment are giv 
B2. The raw and corrected drogue velociti~s ar _pr s nt 
B3 and the graphic presentation of the traJectorie ar 
Figures B3 through B25. 
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Vf = Velocity of S~rfoce Float 

Vrd= Velocity of Float Drogue System 

Ve= Corrected Current Velocity 

Sample vector calculation of drogue 
correction method. 
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I 
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Date 
fi973) 

May 10 

May 11 

May 22 

June 5 

June 7 

June 21 

May 4 

May 21 

June 4 

June 13 

June 14 

Time of 
Low Water 

EST 

8:00 am 

9:00 am 

5:30 am 

5:00 am 

6: 50 am 

5:30 am 

9:00 am 

11:00 am 

10:40 am 

6:20 am 

7:20 am 

TABLE B2 

AMBIENT ENVIRONMENTAL CONDITIONS 

DROGUE EXPERIMENTS 

Flood Currents at the Inlet 

Time of High and Low Wind Velocity 
(m/sec.) High Water Tide Elevations 

EST (meters) direction 

14:40 pm 0.9; 2.0 1.7N 

16:00 pm 0.84; 2.0 4.5-6.SW 

11:30 am 0 .96; 1.74 2.SSW 

11:30 am 0.63; 1.86 2.1-4.SWSW 

13:00 pm 0. 63; 1. 90 6.5-8.8 SSW 

11:30 pm 0. 96; 1. 00 0.0-2.SSW 

Ebb Currents at the Inlet 

14:40 pm 1.01; 0.66 2.lN 

16:30 pm 1. 86; 1. 0 6.5-8.8NW 

16:20 pm 1.96; 0.54 4.5-6.SSW 

12:20 pm 1.62; 0. 72 4.5-6.SSW 

12:30 pm 1. 80; 0. 93 2.1-4.SN 

Wave Height 
(meters) 

direction 

1. 2E 

0.6E 

0.4E 

O.l-0.2SW 

0.3-0.6SW 

O.lSW 

0.6E 

0.3NE 

O.lSSW 

O.lSSW 

O.lSNE 



Figures B3 through B25. Drogue trajectories. 
Solid line is observed drogue track. Dotted 
line is trajectory corrected for influence of 
wind on drogue-float system. 
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