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The Essex River Inlet ebb-tidal delta system is one of several well-formed deltas along a barriel 
island chain in the Merrimack Embayment, Sediments comprising this barrier island chain have bee1 
supplied primarily from reworking and onshore transport of the Early Holocene Merrimack River 
Deha. Southerly longshore currents have resulted in a fining grain-size trend to the south along the 
barrier chain as well as an increase in spacing of the offshore contours, 

The Essex River Inlet is anchored next to bedrock, and its ebb-tidal delta exhibits classic delta 
morphology whose environments respond to storms, tidal currents, wave processes, and sand 
transport. Measurements of tidal currents and channel bottom and intertidal bedforms indicate an 
ebb-dominated inlet throat and main ebb channel and flood-dominated marginal flood channels. 
Distal portions of the delta including swash bars and terminal lobe are dominated by southerly and 
landward directed wave-generated currents. Wave refraction around the delta results in a transport 
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reversal approximately 1.2 krn south of the main ebb channel. Intertidal sand bodies are dominated 
by landward-oriented currents with the exception of the distal channel margin linear bars. 

Sediment transport trends are dominated by gyres that involve sediment input from longshore 
currents into the updrift marginal flood channel, seaward sandwave migration through the main ebb 
channel, and onshore reworking of sediment through wave activity and swash bar migration. A study 
of historical aerial photographs (1943-1985) indicates a 5- to 7-year cycle of swash bar formation, 
migration, and attachment to the landward beach. Another process documented at the inlet is the 
downdrift deflection of the distal portion of the main ebb channel produced by the southerly directed 
longshore transport of sediment and sediment accumulation on the updrift portion of the ebb-tidal 
delta 

A facies model for the Essex River ebb-tidal delta envisions three stratigraphic sequences whose 
deposits are primarily a result of main ebb channel cut and fill, marginal flood channel accretion, 
and swash bar migration. The updrift ebb-tidal delta sequence is dominated by main ebb channel 
accretionary fill that is overlain by channel margin linear bar and thin swash bar migration deposits, 
The downdrift sequence is dominated by thick swash bar migration deposits that overlie abandoned 
marginal flood channel deposits. The distal ebb-tidal delta sequence is dominated by active and 
abandoned main ebb channel deposits overlain by channel margin linear bar and swash bar migration 
deposits. 
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The focus of this study is a well-developed mixed energy tide- 
dominated ebb-tidal delta a t  Essex River Inlet, Massachusetts. This sand 
body, which extends seaward of the inlet for 1.4 km, formed and is 
modified from the interaction of waves and tidal currents (Hayes, 1975). 

The Essex River Inlet was the basis of Hayes' (1975) morphological 
ebb-tidal delta model and has characteristic features including an ebb- 
dominated main ebb channel, two flood-dominated marginal flood 
channels, a wave-dominated swash platform and a terminal lobe. 
Intertidal sand bodies include several swash bars and two channel 
margin linear bars. 

Although ebb-tidal delta processes and morphology have been 
studied previously at  other deltas (Hayes, 1975,1980; Finley, 1975,1978; 
f ine,  1975; Hubbard, 1975,1977; Oertel, 1975; Fitfierald, 1976,1982,1984; 
FitzGerald, Nummedal and Kana, 1976; FitzGerald and Nummedal, 
1983; Humphries, 1979; and Sha, 1990), sediment transport pathways a t  
New England mixed-energy ebb-tidal deltas have not been verified. Most 
sediment transport at  the Essex River ebb-tidal delta occurs within 
sediment gyres which circulate sediment through the system. These 
gyres as well as transport of sediment around the terminal lobe have a 
direct relation to changes in beach volume and intertidal sand body area. 
A comparison between these present day processes and historical aerial 
photographs have indicated that the Essex River ebb-tidal delta 
undergoes a 5-7 year cycle of volume change and attachment of swash 
bars t o  landward beaches (c' FitzGerald, 1984). 

Sediment characte~stics as related to stratigraphy of ebb-tidal deltas 
have been documented by few authors (Nelligan, 1983; Imperato, 1988; 
and Sha, 1989). Several hsothetical stratipap&e models of deltas have 
been proposed, but these are based mainly on s u r f i ~ a l  sedimento%o&cal 
processes and near-surface sedimentary structures (Moslow, 1977; 

B a r ~ s  and Hayes, 1978; and Hubbard, Oerstel and Numeda l ,  1979). 



Kumar and Sanders (1974), and FitzGerald and Nummedal(1977) have 
documented large-scale ebb-tidal delta stratigraphy through subsurface 
seismic profiling. 

The purpose of this study is to descibe the morphological changes 
that occur at  the Essex River ebb-tidal delta, and to demonstrate how 
these changes are preserved in the subsurface. Thus, a large-scale 
stratigraphic framework for the Essex River ebb-tidal delta can be 
determined. Models of ebb-tidal delta stratigraphy are presented which 
rely upon differential sediment transport processes and patterns due to 
sediment input, channel migrations and swash bar migration. 



LOCATION AND PHYSIOGRAPHY 

The Essex River Inlet and ebb-tidal delta system are located in the 
Merrimack Embayment on the northeastern Massachusetts-southeastern 
New Hampshire coast (Figure 1). The Merrimack Embayrnent is backed 
by a 35 km long barrier island chain which stretches from the bedrock 
promontories of Great Boars Head, New Hampshire south to  Cape Ann, 
Massachusetts. The Essex River Inlet is located in the southern portion of 
this chain and is 2.5 km to the west of Cape Ann. The Inlet is 40 km 
n~rtheast of Boston, Massachusetts. 

Essex River Inlet is situated between the Crane Beach (Castle Neck) 
and Coffins Beach barriers. Both of these barriers are backed by extensive 
marsh and tidal creek systems with minimal fresh water input from the 
Castle Neck and Essex Rivers. The backbarrier is approximately 4.1 km2 
in area, of which 56% is salt marsh, 35% tidal channel (subtidal) and 9% 
glacial material in the form of islands (Som, 1990). 

The primary focus of this study is the well-developed ebb-tidal delta 
which extends 1.4 km seaward of the mouth of the Essex River Inlet. This 
inlet was the example that Hayes (1975) used to present his ebb-tidal delta 
model (Figure 2). Characteristic features of an ebb-tidal delta include an 
ebb-dominated main ebb channel, two marginal flood channels dominated 
by landward flow, a wave-dominated swash platform and a terminal lobe. 
Intertidal sand bodies include several swash bars, and two channel 
margin linear bars (Hayes, 1975). 

COASTAL PROCESSES 

Tides 
The tides for this area are semi-diurnal andhave an inequality. The 

mean tidal range is 2.60 m with a spring tidal range of 3.20 m, thus 
classifying the coast as mesotidal (Davies, 1964). 



4 Harnpton River l n l e t  

Mer r imack River ln le t  

0 1 Km 

Figure 1 . Location map of Essex River Inlet with respect to  other inlets 
of the Merrimack Embayment. 



Figure 2 . Typical ebb-tidal delta morphology. Note the deep central 
trough in the main ebb channel which is flanked by channel margin 
linear bars and swash platforms. Marginal flood channels separate the 
channel margin linear bars from the adjacent beaches. The terminal 
lobe is the most distal part of the ebb-tidal delta. Different patterns 
indicate which areas are dominated by ebb currents, flood currents or 
waves (from FitzGerald et al., 1976; after Hayes, 1975). 



Wind Regime 
The winds for this region are known from data collected over a ten 

year period (October, 1949 to September, 1959) a t  Logan Airport (Hayes et 
al., 1973) (Figure 3'A') and a four and one half year period (August, 1984 
to November, 1988) from the NOAA Buoy 440 13 located approximately 15 
km east of the Boston Harbor entrance (Sverdrup, 1990)(Figure 3'B'). 
These two data bases show that prevailing winds are from the southwest 
during spring and summer months and are from the northwest during 
the fall and winter months. The predominant winds are from the 
northeast and are associated with extratropical storms. 

Wave Regime 
The constriction of the study area by land masses creates a limited 

fetch window of 15" to 65" azimuth (Figure 4'A'). Thus, the prevailing and 
predominant wave direction is from the east-northeast (Figure Ph 4'B'). 

The deepwater mean wave height for this region is 1.20 m as 
determined for a region approximately 30 km southeast of 
Kennebunkport, Maine (Station 8 of Corson et al., 1982)(Abele, 1977). This 
deepwater wave height coupled with the mean tidal range of 2.60 m 
classifies this coast as a mixed energy, tide-dominated hydrographic 
regime setting (Figure 5)(Hayes, 1979; Nummedal and Fischer, 1978). 

The mean significant wave height for Plum Island is 0.52 m (Abele, 
1977). The maximum significant wave height determined during a 
twenty year hindcast study is 3.93 m (Jensen, 1983). 

Longshore Sediment Transport 
Longshore currents in the study area are southerly directed and are 

mainly a result of wind and wave energy. This current and sediment 
transport direction are reflected by the growth of recurved spits on the 
southern downdrift ends of Crane Beach and Plum Island (Farrell, 1969) 
and increase of spacing of offshore contours to the south along the 
Merrimack Embayment barrier island chain. This increase in spacing of 
contours denotes a more gradual slope of the sea floor bottom and 
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Figure 3 . Wind rose diagrams. A) Wind roses for Boston Harbor for 
the period 1949 to 1959. These roses show that the prevailing winds are 
from the southwest during summer and spring seasons and northwest 
during winter and fall seasons. The predominant winds are from the 
northeast (Hayes et al., 1973). B) Wind rose for Boston Harbor for the 
period 1985 t o  1990. This rose shows that the prevailing winds on an 
annual basis are from the southwest. Each successive increase in width 
denotes a new 5-ho t  wind category (Sverdrup, 1990). 



Figure 4 . A) Wave window showing limited range of wave propogation 
of 15" to 65" azimuth. This window is confined by the Kennebunk 
Peninsula to the north and Cape Ann Promontory to the east. B) Wave 
rose diagram showing percent occurrence and and direction of wave 
propogation for 20 years hindcast. The width of each bar segment 
indicated the significant wave height (Hs) range and the length of the bar 
segment indicates the percent occurrence of waves from the specified 
direction. For example for the 20 year hindcast, 54% of the waves were 
propogating from 5" to 50" azimuth. Of the 54%, approximately 75% were 
less than 0.5 m., approximately 20% were between 0.5 m. to 1.0 m. and 
approximately 5% were between 1.0 m. and 1.5 m. All directions in 
degrees azimuth (Jensen, 1983). 
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Figure 5 . Hydrographic regime of northeastern Massachusetts. This 
coastline is classified as mixed energy (tide-dominated), Other examples 
of mixed energy (tide-dominated) coastlines are Virginia, Georgia and 
Copper River Delta, Alaska (Hayes, 19'79). 



therefore an increase of sediment at southern portions of the bay. This 
suggests that southern portions of the Merrimack Embayment are a sink 
for sediment transported by longshore currents (Hubbard, 1976). 

A maximum longshore sediment transport rate of 150,000 m31year 
has been calculated for Plum Island by applying data from Abele (1977), 
including a significant wave breaker height of 0.52 m and mean breaker 
angle of 4", to Figure 4-38 of the 1984 Shore Protection Manual. The 
longshore sediment transport rate for Crane Beach would be significantly 
less than than 150,000 m31year due to  a smaller breaker angle which 
results from its more perpendicular orientation to the dominant wave 

approach, and smaller wave heights due to  increased spacing of offshore 
contours. A hypothesized breaker angle for Crane Beach of lo coupled 
with a mean breaker height of 0.52 m would indicate a maximum 
longshore sediment transport rate of 38,000 m31year (U.S. Army Corps of 
Engineers, 1984). 

A change in shoreline orientation and decreasing oblique wave 
approach throughout the Merrimack Embayment results in a decrease in 
longshore sediment transport rate and a fining of grain size to the south 
(Shalk, 1936; Goodbred and Montello, 1989). 

GEOLOGIC HISTORY 

Bedrock 
The structural geology of northeastern Massachusetts is dominated 

by the Precambrian aged Nashoba Thrust Belt which represents a 
westward-dipping subduction zone between the Southeast New England 
Platform to the southeast, a fragment of the former Paleo-African plate, 
and the Sturbridge Geocline to  the northwest, a foreland basin of the 
North American Plate (Barosh, 1979). Southwest-northeast trending 
thrust faults are associated with this late Precambrian event which 
include the Clinton Newbury Fault, Assabet River Fault, Bloody BlufY 

Fault and the Mystic Fault, which trends north of the study area by about 
10 km (Cameron and Naylor, 1976) (Figure 6). 
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Figure 6 . Bedrock geologic map of eastern Massachusetts and vicinity. 
Cape Ann Granite (cag) is found in the vicinity of Castle Neck (Cameron 
and Naylor, 1976) 



The study area is located southeast of the Nashoba thrust belt and is 
therefore considered to be part of the Southeast New England Platfornm, a 
geologic terrain which consists of a late Precambrian batholithic complex 
and associated metasedimenlary and metavolcanic rocks (Barosh, 1 984). 

During the Taconic Orogeny of the late Ordovieian-early Silurian 
Periods northeast Massachusetts was intruded by volcanics such as  the 
Cape Ann Granite and Salem Gabbro-Diorite forming the resistant 
headland of Cape Ann (Barosh, 1 984). 

Local bedrock exposures in the study area are represented by the 
symbols 'c' and 'st in Figure 7 including Twopenny Loaf on the 
northwesternmost point of CofKns Beach. 

Late Pleistocene Glacial History 
Paleozoic bedrock is unconformably overlain by deposits associated 

with numerous Pleistocene glaciations, the most important and recent of 
which is the Wisconsinan glacial stage (Shafer and Wartshoorn, 1965). 
Regionally, northeastern Massachusetts is dominated by glaciomarine 
deposits (Figure 8). Within the study area, glacial deposits are mostly till 
and include ground moraine and drumlins (Figure 7). Orientations of 
drumlins indicate that the direction of ice movement was to the southeast 
(Stone and Peper, 1982)(Figure 9). 

The maximum limit of glaciation into the Gulf of Maine extended 
roughly from the southern shore of Cape Cod to the Nova Scotian Shelf 
and has been dated as approximately 21,500 yrs. BP (Pratt and Schlee, 
1969). 

As the glacier retreated, terminal moraines were deposited on the 
south shore of Long Island, Martha's Vineyard and Nantucket Island. A 
readvance of the ice margin a t  approximately 15,300 yrs. BP formed the 
Buzzards Bay and Cape Cod lobes (Maye, 1964)(Figure 9). The terminus of 
the ice margin was near the present day Merrimack Embayment coast 
approximately 13,200 yrs. BP (Stuiver and Barns, 1975). During this time, 
the glaciers depressed the land beneath sea level, resulting in a marine 
transpession and the deposition of glaciomafine sediments. 
Subsequently, isostatic rebound of the coast occu~~ed  at  a rate of a t  least 
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Fimre  '7 . Suficial g e o l o ~ c  map sf Essex area including Plum Island, 
CastIe Neck, Crane Beach and CoEns Beach. D r u d i n s  (Qd) and 
bedrock outcrops (c) are present at Castle Neck-CoEns Beach area 
(Chute, '11948). 
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Figure 9 . Late Wisconsinan glacial lobes, retreatal positions and 
inferred late glacial ice-flow direction for southeast New England. In the 
vicinity of Castle Neck, the predominant glacial movement is from the 
west-northwest (Stone and Peper, 1982). Note location of Castle Neck on 
top of figure. 



5d1000 yrs. as the ice mar@n retreated northward (Oldale et al-, 1983). 
Maximum emergence of the coastal region took place a t  approximately 
8,500 yrs. BP (Schitker, 1984). During this deglaciation, the M e ~ m a c k  
Ever  Delta formed in the Gulf of Maine well seaward of the present day 
coast (Oldale et al., f983)(Figure 10). 

Late Pleistocene Sea Level Curves 
Relative sea level lowering and the resulting seaward migration of 

the shoreline occurred dufing the Late Wisconsinan glacial stage. A 
relative sea level curve for northeastern Massachusetts and southeastern 
New Hampshire is presented in Figure 11'A'. Sea level changes before 
10,500 yrs. BP are not clearly understood. However, two guidelines of the 
curve before 10,500 yrs. BP include the relative sea level highstand of +32 
rn at 13,500 yrs. BP and a relative sea level lowstand of -47 rn a t  10,500 yrs. 
BP (Oldale et al., 1983). The curve from 10, 500 yrs. BP to the present is 
more detAled and better understood as i t  is based upon several 
radiocarbon dates of Plum Island peats (McIntyre et al., 1963 and 
Newman et al., 1980). The curve indicates a rapid relative sea level rise of 
14 d1000  yrs. from 10,500 t o  8,500 yrs. BP. As can be seen in Figure 11'A' 
and ll 'Bt, the relative sea level rise from 8,500 t o  4,000 yrs. BP occurred a t  
a rate of 3 dl 000 yrs. and was followed by a slower relative sea level rise 
of approximately 0.75 d l 0 0 0  yrs. from 4,000 yrs. BP to the present (Oldale, 
1985). 

Barrier Island Formation 
The formation of barrier islands within the MeaTimack E m b a p e n t  

has been a result of relative sea level rise and associated transsession of 
reworked Merrimack River delta sediments (Figure 12). Rapid relative 
sea level rise from 8,500 to 4,000 p s .  BP resulted in the flooding of coastal. 
features and transportation of sediments onshore in the form of 
trarmspessive b a r ~ e r  islands through shoreface retreat (cE S ~ R ,  19'75). 
(Figure 12'Bq). 

From approximately 4,000 to 3,000 yrs. BP, the rate of sea level r ise  

decreased (Oldde, 1985) and it is hnothesized that the transpessive 
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Figure BO. Location and thickness of submerged Merrimack River delta. 
Conto.ur interval -- 2 m. Maximum thickness of delta is 18 m. Dashed 
line indicates landward limit of foreset beds. (Oldale et al., 1983). 
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Fig~rnre 1%. Sea-level curves for northeastern Massachusetts. A) Curve 
showing the inferred relative sea-level change for northeasrtern 
Massachusetts and southeastern New Hampshire coasts. Control points 
are from 1) Plum Island radiocarbon dates; 2) The altitude and age of the 
post-glacial lowstand inferred from the submerged Merfimack River 
delta and; 3) The late Wisconsinan highstand in the MerPimack Valley 
(Oldale et al., 1983). B) Curve showing an%iddle to late Holocene sea-level 
rise at Plum Island, Massachusetts (Oldale, I985 after McIntpe et al,, 
1963 and Newman et al., 1980). 



.! Fluvial/ Nearshore 

Culf of Mine 

Figure 12. Formation of barrier islands of the southern Merrimack 
Embayment. The submerged Merrimack River delta is the major 
sediment source for present day Plum Island and Crane Beach (Som, 
1990). 



barriers encounkred and subsequently were pinned to bedrock and 
dmmlin topographic highs (Som, 1990)(Pimre 1 2'6'). During this 
sediment maximum inlets, such as the Essex River Inlet, were 
established from breaks in between dunes, drumlins and bedrock 
headlands. 

From 3,000 yrs. BP to the present, the rate of sediment supply from 
the inner shelf and nearshore en~ronments  has been greater than the 
rate of sea level rise (cf- Johnson, 1925). As a result, barriers have built 
seaward (cf. Hine et al., 1979; cf, Boyd et al., 1987) (Figure 12'D'). 



GENERAL 

Field investigations commenced in May, 1989 and ended October, 1 990 
with an intensive field data gathering period during the s u m e r  months 
of 1989 m d  1990. Laboratow mdyses began July, 1989 and were 
completed in May, 1991. 

FIELD IWESTIGATIONS 

Bathymetric Survey 
Approximakly 7.5 km of fathometer profiles were run a t  the study 

area utilizing a Raytheon Model DE-719B Fathometer Chart Recorder 
(Figure 13). This information helped to determine channel morphology 
and bedform orientations. Channel cross-sections were adjusted to mean 
sea level (MSL). 

Beach Profiles 
Thirteen permanent profile stations positioned with rebar stakes 

behind the dune scarp (seven on Crane Beach and six on Coffins Beach) 
were eshblished on 14 June 1989 (Figure 14). Stations were located 
approximately using several compass bearings to known locations which 
appear on maps and coastal charts. The distance between stations on 
Crane Beach varied between 75 and 200 m and along Cofins Beach the 
distance was 150 m. All profiles were traversed roughly pe~pendicular to 
the beach strike from the stations out to or  near mean low water (MLW). 

The profiles were surveyed five times during the study period: June 
1989, August 1989, November-December 1989, FebmaryMarch 1990 and 
Aumst 1990. Profiles fkh, 1-4 were not surveyed in June, 1989 due to the 
presence of a tern nesting area along profile transect. Appendix A shows 

the profile cross sections. 







Sediment Samples 
The locations of the sediment samples were determined from nautical 

charts and aerial photographs (Figure 15). During the course of study 211 
sediment samples (approximate mass of 200 grams) were collected. One 

hundred and seventy-seven samples were retrieved a t  offshore locations 
using a Van Veen grab sampler (Van Veen, 1936) along transect lines 
that connected to beach profiles. This was achieved by using two brightly 
colored ranges located a t  the profile stations. The distance along the 

offshore profiles was determined using sextant readings to known 
locations. Thirty-four samples were collected onshore during beach 

profile surveys. 

Mapping and Determination of Migration of Intertidal Sand Bodies 
Intertidal bars on the ebb-tidal delta were mapped by pace and 

Brmnton technique. Mapping was performed on 27 June, 1989, 28 April, 
1990 and 21 August, 1990 during low water. Tide levels with respect to 

MLW for these dates were +0.09m9 -0.46 m and -0.21 m, respectively. 
The boundaries of bars included 0.5 m-2.0 m high slipfaces on the 

landward side, abrupt change in slope along the main ebb channel, and 

in areas without abrupt slope change a water depth of 0.50 m was used 
depending on the tide. Permanent stakes were placed on all bars to use as 
reference points (Figure 16). Landward migration of sand bodies were 
dekrmined by monitosing the distance between the permanent stake and 

landward slipface. 
Emors in deterfining the area% extent of bars d u ~ n g  sumeys was 

due to: 1) diEerent tidal heights and lack of defined slipface/s%ope and; 2) 
seasonal changes in sea level related to steric effects (P ip re  17). 
However, these s t e ~ c  erects are minimal as monthly local relative sea 

level averaged over a ten year pefiod shows only a 3.0 cm change in 
relative sea level over the mapping p e ~ o d  (regard nmera ls  1-3 along 
plots of Fimre $7'8' and 17'B' for three mapping dates). 

Bedform Measurements 



Fimse E . Location of sedim.ent samples. 



Figure 16. Location of stakes utilized to measure anisation of sand bodies. 
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Figure 17 . A) Monthly relative sea level averaged for the ten year period 
f 981-1990 for Boston, Massachusetts and PorLland, Maine. B) MontMy 
relative sea level for the p e ~ o d  Januav, 1989 - June, 1990 for Boston, 
MA. and Podand, ME. Sea level heights measured with respect to local 
datum. Note placement of numbers with appmpsalc? boxes to inc%icale 
dates sf mapping of offshore inkAidal sand bodies. 



Beaorm t s e ,  orienbtion, spacing (wavelen@h) and height on the 
ebb-tidd d e l b  were measured on severd occasions, Okenhtions were 
measured using a B r u t o n  compass while spacing anad height 
measurements were k k e n  with a meter tape. Bedfom dassification 
follows that of Boothroyd, I985 (afhr Harms et d., 1975) (Table %'A1). This 
scheme classifies beaorms p ~ m a A l y  according to spacing and 
seconda~ly according to heighedspacing ratio, flow v e l o ~ t y  and velocity 
aspmetl.gr. The SEPM Bedform and Bedding Structures &search 
Syrmposium Classification Scheme (AsHey et a%., 1990) is demonstrated in 
Table l'B1 . A table comparing these two dassifications is shown in Table 

Trenches 
Six trenches were excavated a t  or near low water in the chamel 

mar@n linear bar, swash bar and intertidal foreshore endronments to 
deternine bedding characteristics and sediment transport directions 
(Figure 18). Trenches were photopaphed and the near surface 
stratigraphy measured with respect to bedding plane direction and dip 
angles. 

Hydrographies 
Seven hydropapKc suweys were conducted during the study 

period. In each hydrogapKc survey, a Marsh-McBirney Model 20PD 
Portable Water Current Meter was used to measure current velocity and 
direction over one 13 hour p e ~ o d .  Cument measurements were taken 
through the water co lmn a t  114, PI2 and 314 of the totd depth and 
averaged. VeloGity measurements and tide pole readings were k k e n  a t  
30-45 minute inbmals. Near a change in tidal phase, tide pole readings 
were recorded more ofkn in order to closely d o c u e n t  the exact position of 
high or Bow tide. 

Current velocities were recorded a t  eight stations over six 
hydrographies d u ~ n g  s p ~ n g ,  mean and neap tidal conditions ( F i e r e  
19). Sktions 1-5 were positioned across the i d e t  throat to dete 
flood or ebb current dofinance of the inlet throat. Lon@tudinal profiles 



Lowenergy 
Ripples Megaripples sand waves 

Nigh-energy 
sand waves 

Spacing <60  cm 6 0  cm-10 m > 6 m  > l O m  

Heightlspacing variable 
ratio 

Geometry highly 
variable 

relatively large relatively small very small 

sinuous to highly straight to sinuous, straight to 
three-dimensional, uniform scour in sinuous 
prominent scour troughs 
pits in troughs 

Characteristic low (> 25-30 high (> 70-80 cmlsec, moderate (> 30-40 high (> 70-80 
flow velocity cm/sec < 100-1 5 0  cm/sec) cmlsec, < 70-80 cm/sec, 

< 40-50 cm/sec) cmlsec) may be 150 cmlsec) 

Velocity negligible to negligible to usually substantial small to  
asymmetry substantial substantial substantial 

Subrqweou. 1)une 

First Order Descriptors (necessary) 
Size: Spaclng = small 0.6-5 m; mcdiunl 5-10 m; large 10-100 m; very large 1. 100 m 

Height* = 0.075-0.4 rn; 0.4-0.75 m; 0.75-5 rn; > S  m 

Shape: 2-Dimensional 
3-Dimensional 

Second order Descriptors (important) 
- Superposttion: smplc  or compound (sides and rclalivc oricnlat~on) 
- Sc(lilllent cl~;~raclcr~bt~ra ( s i ~ c ,  sorling) 

Third Order Descriptors (usel'ul) 
-- I3~dlbr111 piolilc (\l,~,s ;~nd lcc sIo1)c I C I I ~ I I I \  L I I ~  ~ I I I ~ I C S )  
- Fullbeddcdness (liacliol~ ol'bcd covcrcd by budlbrms) 
- Flow structure (time-veloci~y characterislics) 
- Kclativc slrcngrhs of opposing flows 
-- Dune khavtor-migralion history (vc~ttcal and I~orironlal accrcuon) 

* Height calculated uslng the equalion H = O.O677L"""'"(Flcrnrntng 1988). 

Table 1 . Bedding dassifica6on schemes u~l ized . A) T%e p ~ m a r y  
dassification u~lized in tKs paper (Boothrsyd, I985 afkr Ha~ms et al,, 
1.975). B) References are dso made to the scheme reco 
SEPM Bedforms and Bedding Stmctures Research S 
et al., 1990). C) Compafison between the two dassiGeations. 



Figure 3.8. Locatisn sf trenches. 



Fi$ure 3.9 . Location of hydropapby stations. The square indicates the 
location of the tide pole, 



of the main ebb charnel (stations 6-7) were studied d u ~ n g  mean tidal 
con&tions. Current velo~ties a t  stations B and 10 were also studied to 
deternine the magnitude and dominance of currents in the m a r ~ n a l  
flood channel. 

The ma&tude and direction of longshore cuments (sbtions 8-9, 11- 
14) were monitored dufing two hydrographies, both of which were 
conducted d u ~ n g  mean tidal conditions. Cuments were recorded on the 
swash platfom d u ~ n g  a single hydrogaphy (stations 15-18) duAng 
mean tidal conditions wit&%. average approximate breaker heights sf 1.8 rn 
from the northeast, 

Aerial Reconnaissance Suweys 
Aerial sumeys of the study area were performed in a Cessna 152 

single ea@ne aircraft on three occasions: 27 May, 1989, 26 A u ~ ~ s t ,  1989, 
and 3 March, 1990. Surveys were scheduled a t  or near low tide so 
bedforms and intertidal! sand bo&es were exposed. Both color and black 
and white oblique photoeaphs were taken from elevations ran@ng from 
500 - 2,600 m. 

Vibra-Cores 
Twenty-si.x  bra-cores were taken in diEerent intertidal and shallow 

subtidal e n ~ r o m e n t s  (F ip re  20) utilizing the nnetbods as desc~bed by 

Lanesky et al., 1979, Location of each core was d e t e r ~ n e d  by taking 
compass b e a ~ n g s  to know11 locations. Before the cores were extracted 
from the ground they were mal-lced and o ~ e n t e d  writ$ respect to  north, 
Depths of cores ranged from 1.43 to 3.82 rn with an average of %,50 m. 
Coring was r e s t ~ c b d  to areas with water depths less than approximately 

one meter due to e g ~ p m e n t  limitations. 

LABORATORY ANALYSES 

Vibra-Core Analysis 





Vibra-cores were cut longitudinally into two equal sections 

(semicircles) using a circular saw. One half was archived while the other 
half was photographed, logged and sediment samples taken. 107 samples 
were collected from the cores. 

Sections of the cores with visible bedding were preserved using 
lacquer peels and photographed. A total of 26 peels from 19 cores was 

produced. For each peel, the depth and orientation were noted with 
respect to north or onshoreloffshore. Analysis of peels included a 
determination of direction and angle of bedding planes. 

Grain Size Analysis 

318 sediment samples were analyzed for grain size statistics. 

Percentages of clay, sand and gravel were determined using the 
Wentworth grain size scale (Table 2). Approximately 50 grams of each 
sample were used for analysis while the remainder was stored for 
possible future analyses. Samples were washed in distilled water in order 

to remove salt, and then oven dried and cooled. Samples were weighed 
and then shaken for 10 minutes o r  more using nested 0.50 increment 
screens ranging from -2.50 to 4.00. After shaking, the sediment in each 
sieve was weighed. These weights were totaled in order to calculate 
percent sample loss (Folk, 1974). Examination of fines using pipette 

analysis revealed that samples contained no clay material (<4.00). 

Cumulative weight and cumulative percent coarser than were 

determined so that a cumulative percent frequency graph could be plotted 
(Folk, 1974). 

Two statistcal parameters were used to  compare the samples: 
Graphic mean (Mz) and Inclusive Graphic Standard Deviation (GI) (Folk, 

1974). Graphic Mean or the average grain size of the sample is 
determined by using the following formula: 



Limiting particle diameter 

rnm 4 units Size class 

512 - - 9 
256 - 8 

1 2 8  - 7 

6 4  - 6  

3 2  - 5  

1 6  - 4  

8 - 3  

4 - 2  

1 0 

+ 1 - 
I/', - + 2 - Sand 

- + 3 - 125 

- + 4 - 62 

/ + 5  - 31 

- + 6 16 

- + 7 8 

+ 8  - 4 

- + 9 - 2 

T h l e  2 . Wentwof-Lh G r ~ n  Size Scale (from Da~ra, 1983 &r 
Wentworth, 1922). 



Inclusive Graphic Standard De~atiose, a measure of soding, is a 
measure of the spread of $3 mits  (Folk, 1974). The fornula for Inclusive 

Graphic Sbndard D e ~ a t i o n  is as follows: 

Polk, 1974 presents a dassification scale for sorting: 

~ 0 ~ 3 5 0  - Very well sorted 
0.350 - 0.580 - Well sor t~d  
0.500 - 0,710 - Moderately well sorted 
0.71@ - 1.00$9 - Moderately sorted 
1.00@ - 2*80@ - Poorly sorted 
2.08@ - 4.00@ - Very poorly sorted 
> 4.00@ - Extremely poorly sorted 

Historical Shoreline and Ebb-Tidal Delta Morpholo@c Change 

Nautical charts, vertical and oblique aerial photogaphs and other 
his to~cal  records were used to create shoreline change maps of Crane 

Beach, CoEns Beach and the ebb-tidal delta. For this analysis charts and 
aerial photogaphs were photo~aphically processed to a common scale. 

The shoreline change map was produced by compaeng four Coast 
and Geodetic Sumey Nautical Charts from 1855,1912,1964 and 1984. The 

ebb-tidal delta morpholo~c change map was produced by compa~ng 

verticd aerial photogaphs from 1.943, 1952, 1960, 1965, 1972, 1977, 1978, 
1979 and 1985. Effort was made to &Eerentiate between subtidal and 

intertidal sand bodies, and between several accretionary phases of beach 

~ d g e  development. Additional short-term ebb-tidal delta morpholo~c 
changes were determined by compa~ng oblique aerial photographs. 



INTRODUCTION 

Numerous studies of ebb-tidal delta processes and mo~pholom exist 
in the liturature (Hayes, 1975,1980; Fidey, 1976,1978; Rine, 1975; 
Rubbard, 1976,1977; Oerbl, 1975; PitzGerdd, 19'76,1982,1984; 
FitzGerald, Nummedal and Kana, 1976; FitzGerald and Nu 
1983; H u n ~ p h ~ e s ,  1979; and Sha, 1990). Although Hayes' (1975) 

morpholo@cal eebb-tidal delta model is based on the Essex Riser Idet,  the 
dominant physical processes, inlet hydraulics and transpod pathways 
have not been verified. Field data and analyses are presented which 
consider both short-term and long-term moqholo@c changes of the 
Essex River ebb-tidal delta. 

An ebb-tidal delta is defined as an accumulation of sediment on the 
seaward side of a tidal inlet which forms through the interaction of tidal 
cur~~ents and wave a c t i ~ t y  (FitzGerdd, 1984). The Essex River ebb-tidal 
delta is located on a tide-dominated nxixed enerm coast (cf Hayes, 1979) 
( F i e r e  5)- This coast is chacterized by short, s&~;bbby barrier islands and 
numerous tidal idets  with well developed flood and ebb-tidal deltas. A 
marsh and tidal creek system separates the barriers from the mainland, 

DISCUSSION 

Ebb-tidal delta morpholom is p ~ m a ~ l y  a fmction of the interplay 
between tidal, wave and longshore-generated currents (Hayes, 1975; 
Oerkl, 1975) (Piaxre 2'11). Using the classification of Oedel(%975), the 
Essex River Inlet is dominated by onshore-oflshore tidal cur~ents thus 
resulting in a large oEshore extent of 1..4 km as is shown in Example B sf 
Fimre 21. W'hile tidal dominance is indicated by its moqholom, wave 

action plays a major role in determining net sediment transpod trends. 
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Figure 21. Variations in ebb-tidal delta morphology. Arrows represent 
relative magnitudes of offshore, onshore and longshore currents. A) 
Longshore and onshore currents are greater than offshore currents; B) 
One component of longshore current is greater than the other three 
currents; C )  The other component of longshore current is greater than 
the other three currents; D) The onshore-offshore currents are greater 
than the longshore currents. The Essex River inlet-ebb-tidal delta system 
is best characterized by example D (from Oertel, 1975). 



Secondary controls of Essex River ebb-tidal delta morphology include 
three factors: 1) The inlet tidal prism of 2.01 x 107 m3/cycle (7.06 x 108 R 
3/cycle) which has a proportional relationship to ebb-tidal delta sediment 
volume of 3.54 x 106 m3 (4.63 x 106 yd3). This relationship is shown in 
Figure 22 where the tidal prism and delta volume plot close to the 
regression curve on the tidal prism-ebb-tidal delta storage relationship 
graph for moderately exposed coasts (Walton and Adams, 1976); 2 )  
Bedrock control a t  Twopenny Loaf on Coffins Beach which anchors the 
main ebb channel a t  the inlet throat. Therefore, the flanking channel 
margin linear bars close to inlet throat are also stable and; 3) The shape 
of inlet throat (Figure 23) (with cross sectional area of 1.35 x 103 m2 a t  
MLW and 1.77 x 103m2 a t  MSL) which is asymmetric and is positioned 
along the southern side of the main ebb channel. This is due to the 
southerly directed longshore sediment transport system and spit 
formation on the southern end of Crane Beach, and the pattern of tidal 
channels in the backbarrier as they approach the inlet throat. Seaward, 
the channel thalweg continues along the southeast side of the channel 
with no meandering tendancies. 

Longitudinally, the main ebb channel shallows and widens from the 
inlet throat (width of 300 m and depth of 13 m a t  MSL) to the terminal lobe 
(approximate main ebb channel width of 400 m and depth of 3.5 m a t  
MSL) (Figure 24). This 1500 m longitudinal cross section distance from 
the inlet throat to the terminal lobe has a net seaward decrease in depth 
of 9.5 m. Note also the scouring of the main ebb channel 450 m seaward 
of the inlet throat. This scouring is due to flood-tidal currents entering 

the main ebb channel through the southern downdrift marginal flood 
channel. 

The channel margin linear bars are sand bodies which flank the 
main ebb channel and form from the interaction of ebb and flood-tidal 
currents with wave-generated currents. Attachment of landward 
migrating swash bars to distal portions of the channel margin linear 
bars is another mode of channel margin linear bar formation (cf. 
FitzGerald, 1976). The channel margin linear bars are dominated by 
flood cuments (Oertel, 1975; FitzGerald, 1976; and Hubbard, 1977). At the 
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Figure 22. Tidal pri.sm.-ebb-tidal delta storage relationship for ~aoderately 
exposed coasts. Note that the Essew Ri-ver inlet-ebb-tidal. delta system does 
folkow this relationship ('Walton and Adams, 1.976). 







Essex River ebb-tidal delta, a spillover lobe was present on the updrift 
el margin linear bar during the period June, 1990-January, 1991 

which is a direct result of the expansion of the ebb jet (cf. Oertel, 1975). 
Flood dominance of tidal currents in the marginal flood channels 

can be explained by: 
1) The momentum of ebb currents continuing to flow through the 

main ebb channel after low tide. Therefore, flood currents enter through 
the path of least resistance, which are the marginal flood channels 
(Hayes, 1975); 

2) Intertidal exposure of swash bars at low tide constricts water into 
swash barAandward beach confined marginal flood channels (Hubbard, 
1977); 

3) Marginal flood channels are shorter than the main ebb channel 
and therefore retain a greater water surface slope until the bars are 
covered (Hubbard, 1977) and; 

4) Waves may cause water to pile up near the distal seaward end of 
the marginal flood channels and therefore increase the hydraulic head 
(FitzGerald, 1976). 

Cross sections of the marginal flood channels are presented in 
Figure 25 (Figure 13 shows the locations of the cross sections). The 
southern downdrift marginal flood channel (profile G-6') has a width of 
70 m and a maximum depth of 4.2 m at MSL. The cross sectional area at 
MSL is 230 m2. The northern updrift marginal flood channel (profile H- 
H') has a width of 100 m and a maximum depth of 3.7 m at MSL. The 
cross sectional area at MSL is 270 m2. 

The channel located between the downdrift channel margin linear 
bar and the downdrift swash bar, henceforth referred to  as the swash 
platform channel, is dominated by tidal currents. However, the 
formation of this channel is more a result of constriction between the two 
surrounding intertidal sand bodies rather than scouring by tidal 
currents. 

The swash platform is the shallow portion of the ebb-tidal delta over 
which waves break and is therefore dominabd by wave swash processes 
(King, 1972). This wave swash enhances flood-tidal currents but retards 



Fimre 25. Fathometer cross sec~onal proEle of downd~fi mar&nal flood 
charnel (6-G') and updriR mar@nal flood channel (H-H') at mean sea 
level. Cross sectional areas of charnels a t  mean sea level are 
approximately 230 m2 and 270 rn2 repedively. Regard Figure 13 for 
location of profiles. 



ebb-tidd cuments thereby produdng a net landward flow over the 
platform (FitzGerdd, 1982), Atop the swash platform are i n d i ~ d u d  
swash bars whch  sate landward and whose size is dependent upon 
se&ment hput  i n b  the delta. 

nd lobe is the relatively steep, seaward-sloping lobe of 
smd wkch &onts the ebb-tidd delta (Hayes, 1975), m d  represents a zone 
of e q ~ l i b ~ m  between wave and tidd processes where se&ment settles 
and is deposikd. The depth and pssiGon sf the te n d  lobe is controlled 
by the tidal p ~ s m  and the resulthg ebb-tidd delta sediment volume, and 
tidal versus wave enera.  Additional changes to  the overall terfinal lobe 
position is esntrolled by storm a c t i ~ t y  Wan den Berg, 1989). 



ROD IC m G P  

RESULTS 

The current data for the five stations at the inlet throat (stations 1-5) 
(Figure 26,27) are shown in Figures 28-32 and summarized in Tables 3-5. 
A t  the channel thalweg (station 3), maximum flood velocities ranged 
from 79 to  109 cdsec while the maximum ebb velocities ranged from 61 
to 104 cm/sec, and mean flood velocities (43 t o  59 cdsec) were similar to  
mean ebb velocities (35 to 62 cdsec). These data would seem to indicate a 
flood-dominated inlet. However, when plotting maximum and mean 
current velocity versus tidal range (Figure 3 3 ,  regression lines f i t t g  to  
these points show that maximum ebb current velocities exceed 
maximum flood current velocities for tidal ranges greater than mean 
tide. This indicates that the inlet throat is ebb-dominated. 

In addition, statistical analysis of both the flood and ebb maximum 
velocity regression curves (Figure 33) has shown that the ebb maximum 
velocity curve is not significant for the 95% confidence level, Thus, the 
regression lines do not produce a high degree of predictability. 
Therefore, the maximum ebb current velocity curve cannot be related to 
the maximum flood current velocity curve. The maximum ebb currents 
may in fact be greater than the maximum flbod currents for tidal ranges 
below mean tide. 

Three separate lines of evidence indicate an ebb-dominance of the 
inlet. First, bathmetric profiles demonstrate that the inlet throat is 
floored by ebb-oriented sandwaves with wavelengths up to  40 m and 
heights up to 1 m which are present throughout the tidal cycle,(Profile A- 
A' of Figure 34). Secondly, aerial photographs have shown that the flood- 
tidal delta has not grown significantly in size over the past years which 
wodd be expected if the inlet were flood-dominated. Thirdly, as noted by 
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F i e r e  % . hcation of hydropaphy shtions 1-5 utilized t o  determine 
inlet hydradic parameters. Cross section A-A' is shown in Figure 27 
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Figure B . Velocity-time series and tide curve for stations 1-4 on %O 
August, 1989. 
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Figure 3. Velocity-time series and tide c u m  for stations 1-4 on 17 
Aug~ast, 1989. 
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Pimre 31 . Velocity-time series and tide eume for inlet tlliroat channel 
thalweg station (station 56 and channel tkalweg shation at more seaward 
pcssition (station 2%). Hydrography performed on 05 August, 1990, 
Although duration of tides are similar f c ~  each station, maximum 
current veiocities decrease in a seaward direction, 
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P i m e  32 . Velocity-time series and tide curve far stations 1, 3 and 5 of 
el o f  12 September, 1998, 



r v- 
o r - o m  I I l i i l r ~ - r ~ ~  

r b )  
@ N b ) b O r  
. m a a r r  i  i  i  i  



Date 

Tidal Maximum Mean 
Tidal Range Duration Velocity Velocity 
Cycle (an) (hr:min) (cmlsec) (cmlsec) 

26 July 1989 Flood 
Ebb 

10 Aug. 1989 Flood 
Ebb 

17 Aug. 1989 Flood 
Ebb 

05 Aug. 1990 Flood 
Ebb 

12 Sept. 1990 Flood 
Ebb 

Table 5 . Summary of hydrographic data for channel thalweg 
(Stration 3). 

Bate 
Tidal Station 3 Station 5 Station 6 Station 7 
Cycle (cmlsec) (cmlsec) (crnlsec) (cmlsec) 

26 July 1989 Flood 
Ebb 

10 Aug. 1989 Flood 
Ebb 

17 Aug. 1989 Flood 
Ebb 

12 June 1990 Flood 
Ebb 

05 Aug. 1990 Flood 
Ebb 

12 Sept. 1990 Flood 
Ebb 

Table 6 . Summary of maxim- currents fir  longitudinal inlet throat 
stations. 

Tidal Station 3 Station 5 Station 6 Station 7 
Bate Cycle (cmlsec) (cmlssc) (cmlsec) (cmlsec) 

26 July 1989 Flood 4 8 - - - 
Ebb 4 2 - - 

10 Aug. 1990 Flood 43 - - - 
Ebb 3 5 - - - 

17 Aug. 1989 Flood 59 - - - 
Ebb 62 - - - 

12 June 1990 Flood - - 19 13 
Ebb - - 2 1 18 

05 Aug. 1990 Flood 47 5 3 - - 
Ebb 4 3 46 - - 

12 Sept. 1990 Flood 5 4 4 8 - - 
Ebb 5 1 46 - - 

Table 7 . Summary of mean cmrents for lon@tudinal inlet charnel 
throat stations. 
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Figxrs 223 . Regression eulvss fbr rx~axia?aun~ and mean currez~"a;velocily 
versus ti.dal raal.gs at the inlet throat channel thallweg (station 3)- Note 
that the inlet throat is ebb-dox~nan'~ f b4 :  tida.1 ranges greater than mean 
titi a_ 4 -.. a n,nge - (2,7 1~1)~ 



A MID FLOOD A' 

MAIN EBB CHANNEL CROSS SECTIONAL PROFILE 

Figure 34 . Fathometer profile of the main ebb channel performed longitudinally in a southwest- 
northeast direction. Profile A-A' shows well-developed ebb-oriented sandwaves at  the vicinity of the inlet 
throat. Profile A-A" shows the ebb-tidal delta cross section with terminal lobe and inlet throat as 
indicated. Figure I3 shows the location of the profiles. 



Mota Oliveira, (1972) inlets backed by well-developed marshes with 
sloping channel banks are predicted to be ebb-dominated. Such is the 
case at the Essex River M e t  where marshes euld intertidal areas 
represent approximately 89% of the backbarrier area (Som, 1990). 

S t a ~ o n s  3,5,6 and 7 were positioned seaward of the i d e t  throat 
along the axis of the i d e t  channel. Although current velocity 
measurements a t  different stations were recorded on different dates, the 
data clearly demonstrate that there exists a marked decrease in both 
maximum and mean flood and ebb currents in a seaward direction 
(Figure 35, Table 6-7). Ebb-oriented sandwaves with wavelen&hs up to 
7.5 an and heights up to 1-25 m as recorded in &thometer profiles B-B' 
and B-6' indicate the ebb-dominance of the main ebb channel throughout 
the tidal cycle (Figure 36). Figure 37'A' shows these ebb-ol-iented 
bedfoms on the flank of the main ebb channel. Profile C'-B" of Figure 36 
demonstrates that ebb-oriented sandwaves change orientation just 
landward of the t e r ~ n a l  lobe due to wave-enhanced flood currents. The 
flood-ol-iented megaripples a t  this side have maximum wavelengths of 
5.5 m and maximum heights up to 0.7% m. 

Cument velocity measurements taken in the updrifi (stations I, 9) 
(Figures 28-30,3%,38) and downdrifi maf.$inal flood stations (stations 10, 
11, 12) (Figures 38,39) and a t  the downd~f i  swash platform channel 
(station 19) (Fimre 39) are su aloized in Tables 8 and 9. In the u p d ~ f t  
m a r ~ n a l  flood channel, maximum flood velocities for both stations 
ranged from 34 to 82 c d e c  while the maximum ebb velocities ranged 
from 9 to 24 cdsec.  Mean flood velocities ranged from 19 to 35 cdsec  
while the mean ebb velohties ranged from 5 to 1% cdsec.  At the 
downd~f t  m a r ~ n a l  flood channel, maximum flood velocities for the 
three stations ranged from 29 to 70 cdsec  which compares to 1% to 32 
cdsec  for the maximum ebb velocities. Mean flood velocities varied 
from 16 to 38 cdsec  while the mean ebb velocities rmged from 9 to 17 
cdsec.  The dodnance of flood currents a t  both the u p d ~ f t  and 
downd~f t  marginal flood channels is more clearly demonstrated by the 
repesaion curves of F ip res  40 and 41. Although the data do not produce 
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Figure 35 . Velocity-time series and tide curve for stations 6 and 7 located 
longitudinally in the main ebb channel. Hydrography performed on 12 
June, 1990 t o  determine differential current velocities in the main ebb 
channel in a seaward direction from the inlet throat. 





Figure 37. Oblique aerial photograph taken at low tide showing well- 
developed ebb-oriented sandwaves on outer flanks of main ebb channel. 
Regard (A) in photograph. Note also the well-developed flood-oriented 
sandwaves in the updrift marginal flood channel. Regard (B) in 
photograph. 
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Figure 38. Velocity-time series and tide curve for stations 9 in the 
updrift marginal flood channel and stations 11, 12 in downdrift marginal 
flood channel. The hydrography was performed on 17 July, 1990. 
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Fimre 39. Velo~ty-time series and tide cume for stations 10, 11, 12 
located in the downd~fi mar&nal flood channel and station 19 in the 
downd15ft swash platfom channel. The hydropaphy performed on 5 
Aumst, 1990, 
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Figure 40. Plotted points for maximum and mean current velocity 
versus tidal range for updrift marginal flood channel stations (stations 1 
and 9) for flood and ebb tidal cycles. Note the clear distinction in both 
graphs between the stronger flood current velocity points and the ebb 
current velocity points. This indicates flood dominance of the updrift 
marginal flood chamel. 



TIDAL RANGE (crn) 

Figure 41. Plotted points for maxim- and mean caament ve lo~ty  
versus tidal range for downd~ft mar@nal flood channel stations 
(stations 10, 11, 1%) for flood and ebb tidd cydes. A Gthd regession line 
would indicate an inverse relationship between maximum current 
velo~ty  m d  tidal range. This trend is explained by plotkd points from 
three stations at  diEerent disknces from the main ebb channel, each 
which have dif6efing maximum current velocities at  similar tidal 
ranges. Note the overall trend where maximum flood cument velocities 
are stonger than maximum ebb current velocities, This indicates flood 
cument dominance of the downddft mar@nal flood channel. 



a high degree of predictability for both maximum and mean velocities, 
flood currents are stronger than ebb currents for similar tidal ranges. 
The downdrift swash platform channel is also considered to be flood- 
dominant as indicated from data from one hydrography. Flood currents 
had maximum and mean velocities of 35 cdsec and 18 cdsec, 
respectively, which compared t o  ebb current maximum and mean 
velocities of 17 cdsec and 10 cdsec. 

The dominance of flood tidal currents in both marginal flood 
channels is also demonstrated by channel bottom flood-oriented 
bedforms. Profiles F-F' and F'-F" of the updrift marginal flood channel 
illustrate well-developed flood-oriented sandwaves with wavelengths up 
to 20 m and heights up to 1.5 m which remain flood-oriented throughout 
the tidal cycle (Figure 42). Figure 37'B' shows these flood-oriented 
sandwaves of the updrift marginal flood channel. The downdrift 
marginal flood channel is floored by well-developed flood-oriented 
sandwaves with wavelengths up to  10 m and heights up to 1 m (Figure 
43, Profile D-D'). The downdrift marginal flood channel bedforms are 
smaller than those of the updrift marginal flood channel due to weaker 
maximum flood current velocities. These bedforms change orientation 
only during late ebb stages of the tidal cycle due to  ebb currents with 
maximum velocities of 32 cdsec (Figure 43, Profile E-E') 

Less symmetrical flood-oriented bedforms are found in the distal 
downdrift marginal flood channel (Figure 44, Profile Dl-D") and 
downdrift swash platform channel (Figure 44, Profile El-EM) However, 
sandwaves in the distal downdrift marginal flood channel are better 
defined than in the swash platform channel, thus indicating stronger 
flood currents. 

DISCUSSION 

The vector analysis of maximum current velocities at  the inlet are 
depicted in Figure 45. This correlates well with typical ebb-tidal delta 
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Figure 42. Fathometer profiles of the updrift marginal flood channel. Note the dominance of flood- 
oriented bedforms during flood tide in the distal portions (F'-F") as well as throughout the tidal 
cycle as is shown during the late ebb stage (F-F'). Each block represents 50 m of distance. Figure 13 
shows the location of the profiles. 
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Figure 43. Fathometer profiles of the downdrift marginal flood channel. Profiles D-D' and E-E' 
performed longitudinally at mid flood and late ebb tides, respectively. Note the flood-oriented 
sandwaves during the mid flood stage of the downdrift marginal flood channel (D-Dl). These 
bedforms become transitional only at late ebb stage (E-El). Each block represents 25 m of distance. 
Figure 13 shows the location of profiles. 
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W E N T  OF BEACH AND 
OFFWORE BARS WITH 

Fiwre 4-5. Net direction and mafitude sf maximum currents as 
d e t e r ~ n e d  from hydrographic data. Een&h sf stern of amsw measured 
from base of bead to hi1 indicates net mapitude. One cm of arrow 
represents a current of 20 edsec. Amow len&h represents average sf 
maximum currents determined d u ~ n g  several hydrographies. 



segregation of flow as reported by Hayes (1977) (Figure 46). The 
segregation of flow is primarily a factor of the hydraulic gradient in a 
seaward direction associated with the ebb jet. The ebb jet is controlled by 
changes in inlet cross section and efficiency over the tidal cycle 
(FitzGerald and Nummedal, 1983), and changes in the backbarrier bay 
area over the tidal cycle (Keulegan, 1967; Mota Oliveira, 1970). As the tide 
falls, the rapidly decreasing bay area results in the constriction of water 
into channels. This results in less friction, greater ebb current velocities 
which continue to  flow past the low water stage of the open ocean, and 
longer flood tidal durations (Mota Oliveira, 1970). As ebb current velocity 
decreases, the flood currents follow the path of least resistance which is 
first through the marginal flood channels and then through the main 
ebb channel and over intertidal sand bodies (Figure 47). 

The ebb jet also produces time-velocity assymetry of currents (Figure 
48'A') (Postma 1961; Hayes, 1977) or maximum tidal currents which 
occur late in the tidal cycle and maximum flow velocities of one tidal 
stage which are stonger than the other. At the study area, tidal current 
curves exhibit only velocity assymetry. The inlet throat channel thalweg 
(station 3) has stronger flood currents than ebb currents (Figure 48'B'). 
However, maximum ebb currents occur on average only slightly after 
mid-tide. This is explained by the percentage of marsh surface in the 
backbarrier and the shallow depth of the channel margin linear bars 
which are exposed soon after mid tide. This results in the constriction 
and funneling of the currents earlier in the tidal cycle so maximum 
currents occur earlier (Hubbard, 1977). Both marginal flood channels 
demonstrate flood current velocity assymetry (Figure 48'C' and 'D') as is 
demonstrated by stronger flood currents than ebb currents. 

By relating spring tidal prism (3.04 x 107 m31tidal cycle) with inlet 
throat cross sectional area (1.77 x 103 m2), the Essex River Inlet data 
plots within the 95% confidence limits for inlets on the Atlantic Coast 
with one or no jetties (Jarrett, 1976) (Figure 49). This indicates that the 
inlet is in a state of long term stability or dynamic equilibrium. 



Fimre 6. Sepegation of flow of ebb-tidal de1b m d  eRect on ebb-a;idal 
delta. movholom. Note the ebb-do~nance of the main ebb channel and 
the flood-dominance of the m a r ~ n a l  flood channels as is shown in the 
tidal culrti-ent cumes. The initial flooding of the estuaw is shown at right, 
Note the continuation of ebb flow in the main ebb chamel past the low 
water sbge in the ocean (Hayes, f 977). 



Ocean '\, I ,, Ocaon . _ _' 
Figure  l a  . 
J e t  Effect on Ebb Flow F igure  l b  . 

Convergence on Flood Flow 

Figure 47. Idealized i d e t  flow patkrns for flood and ebb tidal stages 
(Dean and Walton, 1975). 
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(Hayes, 1977). Velocity-time series for the study area including B) Main 
ebb charnel and @) U p d ~ f i  and downdrift marginal nood charnels. 



(A)  Minimum Inlet Throat Gross Sectional Area (m*) 

Fimre 49. Tidal p ~ s m  versus ~ n i m u m  ide t  cross-sectional area. The 
Essex River Inlet relationsEp fits well ~ t h i m  the 95% csddence limits 
(aRer Jarnett, f 976). 



Generdly, the delk is composed of v e v  well! to well-soded (0.21D - 
8.580) fine to me&- sand (1.750 - 2.58@). The well-sohd nature of the 
delh smds is in&cative of the fine-gained nature of the l i ~ t e d  
sediment sources. 

The seament source, and wave and tidal enerm are the major 
facbrs controlling the Essex River ebb-tidal delta grain size 
characb~stics. The sediment source at  the Essex River Inlet is defived 
pfimafily from longshore cuments and is fine to  medim sand with very 
small mounts of eoarse-sained mabfial d e ~ v e d  from the erosion of 
dmmlins. 

Mthough the delta is composed p9-imafily of well-sorbd fine to 
medium sand, some recopizable pa in  size trends are present. A 
seaward grain size fining sequence occurs from the inlet throat thalweg 
(medium sand-mean s a i n  size 1,780) to the terminal lobe (fine sand- 
mean pa in  size 2.00@) and is due to the decrease of tidal cument enerm 
in a seaward direction (cf* Nelligan, 1982; Sha, 1989), This filtl-ing 
seqluence continues seaward from the terminal lobe to  the seaward extent 
of the ebb-tidd delb where the 5 rn depth contour parallels the shoreline 
(vengr fine sand- mean pa in  size 2.62121 with an average sox%ing eoefi@ient 
of 0.34121). 

There is also a diEerence in pa in  size characteAsties between the 
tide and wave-do~nakd en~ronunents of the delb. mde-generakd 
euments are stronger than wave-generated currents and therefore are 
more competent in winnowing out fine-grained sediment, thus l e a ~ n g  
the coarse-pained sediment to  settle. Therefore, tide-dominated 
en~ronments are coarser than wave-dominated enGronments, 
Generally, sediments of tide-dominated en~ronments are composed of 
well-soded medium sand (mean grain size of 1.940; sorting coefidemt of 
0,340). S p e ~ f i c  tide-dominabd en~ronments can be further 



differentiated. The mean grain size of main ebb channel sediments is 

1.850 (medium sand) as compared to 1.940 (medium sand) and 2.030 
(fine sand) for sediments of the downdrift and updrift marginal Rood 
channels, respectively. 

Sediments of the wave-dominated environments (swash bars and 
distal channel margin linear bars) have a mean grain size of 2.110 (fine 
sand) and a sorting coefficient of 0.300 (well-sorted). The proximal 
channel margin linear bar environment has grain size characteristics 
similar to wave-dominated environments (mean grain size of 2.150 (fine 
sand) and an sorting coefficient of 0.270 (very well sorted). 

Updrift and downdrift portions of the delta possess different grain 
size characteristics. The updrift portion of the delta is composed 
primarily of fine sand as is shown by mean grain size of the delta 
seaward of the low tide terrace (2.220) and of Crane Beach (2.160). The 
downdrift portion of the delta is composed of medium sand indicating a 
mean grain size of the delta seaward of the low tide terrace (1.830) and of 
Coffins Beach (1.860). This grain size trend may be explained by the inlet 
channel acting as a coarse-grained sediment trap. Coarser-grained 

sediment bypasses Crane Beach during storms and enters the inlet 
system. As sediment is reworked through downdrift portions of the delta 
and reintroduced into the main ebb channel by residual flood currents 
through the downdrift marginal flood channel, some coarser-grained 
material is deposited on the downdrift Coffins beach. 

There are also variations in wave energy on Crane Beach which 
results in a sediment coarsening trend to the southeast towards the inlet. 
This coarsening sequence of grain size is anomalous to  the 
southeastward fining trend of sediments within the Merrimack 
Embayment (Schalk, 1936; Goodbred and Montello, 1989). Coffins Beach 
shows no such sediment trends. 



SED SPORT S 

INTRODUCTION 

Southerly longshore currents are responsible for bringing sediment 
to the updriR side of the Essex River ebb-tidal delta. The sediment is 
subsequently distributed throughout the delta by tidal and wave- 
generated currents through ide t  sediment bypassing. While some of the 
sediment is reintroduced into the longshore sediment transport system 
primarily by wave processes along the terminal lobe, much of the sand is 
reworked and redeposited in the delta itself by a combination of tidal and 
wave-generated currents acting on the ebb-tidal delta platform. 

Sediment transport patterns at the Essex River ebb-tidal delta are 
dominated by landward transport across the swash platform through the 
landward migration of swash bars, seaward transport in the main ebb 
channel, and a transport reversal at downdrift portions of the delta just 
seaward of Cofins Beach. Morphologic changes to beaches and 
intertidal offshore sand bodies, and the migration of the distal main ebb 
channel can be related to  these sediment transport patterns. 

TIDAL APJD WAVE-GENERATED CURRENTS 

Inlet Sediment Bnassing 
Inlet sediment bnassing at the Essex River ebb-tidal delta follows 

the model as proposed by Bmun and Gerritsen (1959) and Hine (19;95), 
and refined by FitzGerald (1984). In this model, inlet sediment bnassing 
a t  stable inlets occurs through tidal and wave processes wkch transpod 
sediment from the u p d ~ f t  to the downd~S"1 side of the delta. The input of 
sediment into the u p d ~ f %  mar@nal flood channel comes from longshore 
sediment transpod* Tidal and wave-generated currents carry sand 
through the mar@nal flood channel and across the channel mar@n 

linear bar into the m ~ n  ebb channel. Net seaward cuments of the ebb- 



d o ~ n a t e d  ide t  trmsport sediment seaward to  the b m i n a %  lobe through 
sandwave   pat ion. Wave activity then moves the sediment back 
onshore. At Egll tide, wave a c t i ~ t y  is eoncentrabd on the swash bars 
resdting in their landward   pat ion across the swash pltatfom. At 
low tide, wave a c t i ~ t y  is concentrated along the teminal lobe and 
therefore sediment is transported aromd the p e ~ p h e v  of the delta along 
the t emind  lobe to adjacent beaches, Thus, sediment is both 
reintroduced into the delta at downdifi portions and is returned into the 
longshore sediment transport sysbm. 

Swash Processes 
Landward mipation of intedidal swash bars at  Essex has been 

docuented for both downdsR and updift portions of the delh over a 14 

month peP-iiod (May, 1989-A-u~st9 1990) by measu~ng  the landward 
movement sf the swash bar slipfaces (Figure 50). D u ~ n g  this period, the 
updifi swash bar (stake 4) e gated onshore 77 m while the downd~R 
swash bar (st&e 7) ~ p a t e d  117 m (Table 10, Fiwre 51). The r a b  of 
onshore swash bar misation is dependent upon tidal range, wave 
enerm and height ofthe bar with respect to MLW (FitzGerald, 1984). A n  
a e ~ a l  view of this downd~fi swash bar slipface as well as the two phases 
of landward migating swash bars are shown in Fimre 52. 

Smaller swash bars tend to be ephemeral features which constantly 
mipate landward and coalesce with larger swash bar complexes. This 
is demonstrated by the rapid migation (6.6 &week) and coales~ng of an 
u p d ~ f i  swash bar (shke 12) to a larger u p d ~ R  swash bar (stake $), 

Current vellodty measurements of swash processes at  four stations 
showed the combined eEects of wave a c t i ~ t y  and tidd cuments over the 
swash Bars. Velocity-time sekes (Fimre 53) and the summary of 
hydropaphie data (TaNe 11) in&cate that three ofthe four stations were 
flood-dodnant both in kms of velocity and duration, TKs net onshore 
component of currents is explained as a result of waves breaking on or 
near the swash bars which create bores of water thus rebrding ebb 
currents but enhancing flood currents (cE FitzGeralld, 1982), Thus, the 



swash bar exposed at 10w tid% of 
below me= low wakr. f slipface is appro 
on left gide o f  photovaph for scde, 



CUMULATIVE CHANGE IN 
DISTANCE STAKE TO 

LOCATION DATE OF FROM STAKE SLIPFACE DISTANCE 
MEASUREMENT TO SLIPFACE FROM PREVIOUS 

--- 
22 June 1989 6.5 6.5 
19 July 1989 12.3 5.8 
28 April1 990 72.0 59.7 
04 May 1990 79.0 7.0 
28 May 1990 103.6 24.6 
24 June 1990 107.0 3.4 

--- 
27 April 1990 8.4 8.4 
04 May 1990 15.4 7.0 
28 May 1990 40.0 24 .Ci 
24 June 1990 43.4 3.4 

--- 

STAKE 7 19 June1989 0.0 --- 
29 June 1989 0.0 0.0 
07 July 1989 1.1 1.1 
19 July 1989 1.1 0. 0 
09 March 1990 55.1 54.0 
24 April 1990 59.5 4.4 
04 May 1990 63.5 4.0 
24 June 1990 65.7 2.2 

24 April 1990 4.4 4.4 
04 May 1990 8.4 4.0 
24 June 1990 10.6 2.2 

STAKE 14 27 April 1990 0.0 -*- 

04 May 1990 0.0 0.0 
25 May 1990 4.1 4.1 
24 June 1990 14.1 10.0 
22 July 1990 14.1 0.0 

Table 10. M i s a ~ s n  of u p ~ f i  (shkes 4,1%, 12) and down&& (stakes 7, 
8, 14, 13) swash bars as d e t e r ~ n e d  by measufing changes in disbnce 
between permanent stake m d  slipface. Positive values sf stake 
misation represent landward miaation of swash bar. As t e~sk  
indicaks landward migation and csdescing of bar to  landward bar. 



-..-,.- 27 JUNE 1989 

28 APRlL 1990 

21 AUGUST 1990 

Figure 51. Landward migration of downdrift and updrift swash 
complexes (stakes 7 and 4, respectively) as determined from mapping on 
three different dates. 



Figure . ObEque aerial pkotog~aph taken at low tide showing 
landward mieation of the downdfift swash bas. Note padieularly the 
landward slipface as is also shown in F i s ~ r e  ,We Regard 'A' on 
photograph, 
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Maximum 
Tidal Tidal Duration Velocity 

15 12 June 1990 Flood 277 7:20 64 
Ebb 246 5:05 22 

16 12 June 1996 Flood 277 7:15 60 
Ebb 246 5148 2 3 

17 12 June 1990 Flood 277 6:07 3 8 
Ebb 246 5:28 38 

18 12 June 1990 Flood 277 6:10 53 
Ebb 246 4 2 4  13 

Table 11. Su ary of hydrographic data for stations associated with the 
swash process study (stations 15-18). 



swash platform eneronments experience a net landward transport of 
sediment resulting in bar migration onshore (cf. Hine, 1975). 

Station 17 (Figure 5 3 ,  which is located on a swash bar that had 
previously coalesced to the distal downdrift channel margin linear bar, is 
neither flood nor ebb-dominant due to its proximity to the main ebb 

el. In this case the landward-oriented swash processes are offset 
by ebb currents associated with the slight downdrift offset configuration 
of the main ebb channel. 

Maximum flood current velocities for all stations occur a t  or just 
before mid-tide shortly after the bar is covered when waves break directly 
on the bar. Maximum ebb current velocities occur a t  mid tide for all 
stations, except station 18, and therefore have a maximum ebb current 
velocity earlier in the tidal cycle than that of the typical main ebb channel 
tidal current time-velocity curve (Figure 48'A')(Hayes, 19'97). The 
maximum ebb current velocity for station 18 occurs earlier in the tidal 
cycle and is representative of a typical marginal flood channel curve as 
reported in the liturature by Hayes (1977). 

Longshore Sediment Transport Processes 
Numerous studies have documented a longshore sediment 

transport reversal a t  downdrift portions of the ebb-tidal delta (Hubbard, 
1 975; FitzGerald, 1976; Finely, 1978; FitzGerald, 1982 and Sha, 1989). 
Although not conclusive, data collected during three hydrographies 
(Figures 54-56, Table 12) suggest the presence of a transport reversal in 
the downd~fi  portion of the Essex River ebb-tidal delta. 

UpdriR stations 8 and 9 (updrift of the marginal flood charnel 
proper) are both flood-dominated. This confirms the general longshore 
cwrent direction to the southeast. Downdrifi stations 11-14 show a 
decrease of channel flood-dominance from the northwest (station 11) to 
the southeast (station 14). This is demonstrated particularly well by the 
time-velodty series cumes in F ip res  54 and 56. The only sktion which 
can be considered truly ebb-dominant both in terms maximum velocity 
and duration is station 14. Thus, the current measurements indicak a 
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longshore se&ment transpod reversal at some point between stations 13 

and 14. 
Wave &rections and orthogonds as d e t e r ~ n e d  from analysis of 

oblique aerial phstopaphs also give e~dence  for the presence of a 
longshore sediment erasport reversal (Pimre 57). Noh the divergence 
sf sdhogonds at  the d o w n d ~ a  extent of the delta due to wave re&action 
aromd the large downd~R swash bar (cE Hine, 1975; eE FitzGerdd, 
1984). Brthogonals u p d ~ R  of this location bend hwards the main ebb 
charnel while downd~R orthogonals are &rected to  the soa~theast, away 
horn the delta, m e n  the downd~fi swash bar is dose to  shore or has 
attached to CoEns Beach, orthogonals do not separate and sediment is 
trmsported away &om the delta to  the more southern portions of CoEns 
Beach, 

A generalized sediment transport map utilizing residual current 
velo~ties from hydrographies, slipface o~entations and wave swash 
process study velocities is shown in F i s r e  58. 

MORPHOLOGIC CHMGES TO BEACHES AND PNTERTPDM, 
S BODIES 

Beaches 
Mowholo@cal characteristics and sediment erosionlaccretion 

trends for Crane and CoEns Beaches have been d e k r ~ n e d  over the 
p e ~ o d  June, 1989-Au~st  1990 through the analysis of beach profiles. A 
flattening of the beaches occurs in a southeast &rection for both Crane 
and Cofins Beaches. This trend at Crane Beach is due to  the eEects sf 
greater sediment input from spit accretion at profiles BA, 1 and 2 of the 
southeast portion of Crane Beach and seater  wave a c t i ~ t y  at  the 
northwest portions due to prokction from wave activity sf the southeast 
portions by the u p d ~ f t  channel m a r ~ n  linear bar, 

The flattening sf CoEns Beach t o  the southeast occurs for two 
reasons, First, there is a @eater supply of sediment to the southeast 
portion due to the landward ~ g r a t i o n  and welding of large swash bars 
and the movement of sediment back towards the inlet by refracted waves. 





Fig~lre 58. Sediment transpod directions as deterfined from residual 
current measurements from hydrographies, swash bar slipface 
o~entation and the wave swash process study. 



Second, the northwest portion of Cofins Beach is eroded by the flood 
currents of the downdrift mar&nal flood channel, thus steepening the 
beachface. 

The net sediment volume loss for Crane and Cofins Beaches during 
the entire field investigation period was 188 mS/m and 37 m3/m, 
respectively (Table 13). This loss of sediment during the winter of 1989- 
1990 exposed bedrock along the low tide terrace of the Cofins Beach near 
to profile 9. In addilion, a total of eight out of thideen profiles incurred a 
net se&ment depletion. 

Beach volume changes can be broken down into three periods of 
erosion and accretion. During the first phase (June, 1989 - December, 
1989), increases in se&ment volume for Crane and Cofins Beaches were 
128 m3/m and 13 m3/m, respectively. During the second phase 
(December, 1989 - Februaw, 1990), Cmne Beach eroded 85 m3/m while 
ColMins Beach accreted slightly (10 m31m). This results in a net seament 
loss during this period of 48 m31m. The third phase (February, 1990 - 
Aupst ,  1990) also represents a period of beach erosion. Dugng this 
pegod, nine out of eleven profiles eroded for an average sediment loss of 
3153 m3/m. Note the substantial sediment loss of 231 m3/m on Crane 
Beach where five out of six profiles eroded. On Cofins Beach four out of 
five profiles eroded for an average sediment loss of 60 m31m. Thus, 
d u ~ n g  the entire fifteen month study period, the merage sediment loss 
for both Crane and Cofins Beaches was 118 m3/m. 

Further anlaysis ofprofile data has indicated that areas closer to the 
inlet have eroded while areas farther from the i d e t  have accreted. 
Southeastern Crane Beach (profiles 1-3), nearer to the inlet, expe~enced 
net erosion d u ~ n g  the study w&le northwestern Crane Beach (profiles 4- 

7) mdewent  net accretion with the exception of profile 7, located h d h e s t  
from the inlet ( F i e r e  59). 

Northwestern Cofins Beach (profiles 8-18), which is nearer to the 
i d e t  expe~enced a net erosion during the study while southeast Csfins 
Beach (profiles 11-12) underwent net accretion (Fimre 60). 

Intefiidal Offshore Sand Bodies 
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Figure S . Changes in volume (m31m) over time for Crme Beach fism 
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compartments have been dete ned. The southeast csmpadment 
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Sipificant changes to the o6fshore sand bodies including 
migrations and changes in sand body area have resulted p~mari ly  from 
se&ment inpuuoaatput and channel d p a t i o n  patterns (Table 14). 
Overdl, three major trends are present induding: 1) a southerly 
~ g r a t i o n  of both the u p d ~ f i  and downd~R charnel margin linear bars; 
2) an onshore migration of swash bars along both the u p d ~ R  and 
d o w n d ~ &  podions of ~e ebb-tidal delta and; 3) an overall edargement of 
the inkrtidd podions of the ebb-tidd delh complex (Fimre 61). 

The updkR channel m a r ~ n  linear bar increased in area and 
misated to the south over the fourteen month p e ~ o d  from June, 1989 to 
Auwst, 1990, These changes are a t t~buted  mostly to an increase in 
sediment to this en~ronment through southerly longshore cuments, and 
inteqlay between wave a c t i ~ t y  and ebb-o~ented tidd cuments through 
the main ebb channel. E~dence  for this increase is the comection that 
fomed between the distal channel mar@n linear bar and updfiR swash 
bar complex between 28 April, 1990 and 21 August, 1990. 

This increase of sediment to the updrift channel mar@n linear bar 
is responsible for the deflection and resulting southerly migration of the 
distsall main ebb channel as is demonstrated by aerial photographs in 
Figure 62. This migration of the main ebb channel and expansion of the 
ebb jet (as is shown by ebb-oriented bedforms on the distal downdrifi 
channel mar@n linear bar-Figure 63) have resulted in the southerly 
migration of the entire downd~ft channel margin linear bar. Distal 
ps&ions of the downdrift charnel margin linear bar nnigrated up to  100 
m to the south during the study period. 

The large downdrift swash bar increased in area of nearly 200 m2 
and is likely a function of sediment input associated with the migration 
of the downdrift channel margin linear bar. Sediment increases to this 
swash bar also increases sediment input to  the slipfaee, thus resulting in 
the present onshore migration. 







B 
Figure M. Oblique aerial photographs on (A) 27 May, 1989 and (B) 3 
March, 1990. Note the migration of the outer main ebb channel to a 
downdrift offset position during this ten month period. 



Fimre a. Ebb-s~ented scour mega~pples on &std podion of d o m d ~ n  
el mar@n linear bar. Photosaph t&en f o l l o ~ n g  s p ~ n g  tidd 

range of 3.57 m. Average wavelen&h and height of the loeaoms is 2.75 
rn m d  0.16 m, respectively. Pen for scde. 



INTRODUCTION 

dthough nmerous studies have addressed ebb-tidd delta 
processes and morpholoa, few held studies have addressed ebb-tidal 
de lh  sbatipaphy with the exception of NeUigm (19831, Imgerats (19889 
and Sha (1990). Most stu&es of ebb-tidd delta sbatipaphy are based 
mainly on surficial sedimentolo@cal processes and near surface 
sedimentary s"a;ructures from which only h~o the t i ea l  subsudace 
stratipaphic models are proposed (Kumar and Sanders, 1974; Moslow, 
1977; B a r ~ s  and Hayes, 1978; and Hubbard, Oertel and Mummedal, 
1979), Seisfic reflection profiles of deltas indicate that large scale ebb- 
tidal delta inkmal  stratification is dofinate<% by large-scale gently- 
dipping seaward and landward-oiented cut and fill accretionary beds 
associated with main ebb channel mipation, m a r ~ n a l  flood channel 
accretion and swash bar mipation (FitzGerald and Nenmmedal, 197'7). 

The det&led stratiaaphy of the Essex River ebb-tidal delta has been 
d e t e r ~ n e d  for the upper 3.5 m. A stratisapKc framework for the 
Essex River ebb-tidal delta below 3.5 m is diEcult to deternine due to 
shallow core penetration, Only 4 cores (Core I, 5, 14, and 19) penetrakd 
deeper than 3.0 m and possibly through the ebb-tidal de lh  se&ments 
into the u n d e r l ~ n g  shoreface deposits; i t  is hard to distinpish between 
the two w i t s  due to simila~ties in g a i n  size and bedding structures. 
This shallow depth of the cores (average depth of 2.50 m) usually only 
penetrated one unit of a particular hcies. Therefore, it was diEcult to 
distin&sh between and correlate different units of the delta. In 
addition, due to a n m b e r  of processes occur~ng a t  a given locality, 
bedding stmctures as preserved in cores and peels may not necessarily 
indicak d o ~ n a n c e  of the process a t  that locality. For instance, both 
main ebb channel and mar@nal flood channel tidal currents occur a t  
the proximal ends of the channel m a r ~ n  linear bars. Core 11, located 
adjacent to the main ebb channel, is dominated by flood-oriented 



besoms while core 12, located adjacent to the mar@nd flood channel, 
is d o ~ n a b d  by ebb-oriented besoms.  

STRATIGRAPHY 

The thickness of the Essex River ebb-tidal delta ranges from 3-5 m a t  
distd podions to s e a t e r  than 10 m at proximal portions adjacent to the 
main ebb channel. The ebb-tidal de lb  sediments are mderlain by 
shoreface deposits which in turn are underlain by diamict (non-compact 
smdy glacial till) (Rhodes, 1973). Gladoma~ne deposits are absent 
mder  Crane Beach but do underlie the 15 m thick barrier island 
deposits of Plum Island (Rhodes, 1973). 

The dominant processes which affect the overall stratipaphic 
framework of the Essex River ebb-tidal delta include: 

1) main ebb channel mipation and associabd cut and fill 
accretionay beds. A study of his to~cal  aerial photogaphs (1943- 
1985) indicates mipations of the distal portion of the main ebb 
channel of up t~ 7QO m as measured just landward of the t e r d n a l  
lobe; 

2) abandoned mar@nal flood channel deposits wEch are a result of 
infilling of the mar@nal flood channel by Ene-pained organic 
m a t e ~ a l  and ~ c a e o u s  sediment from the b a c k b a ~ e r ,  and 
landward migrating swash bars and; 

3) misation of swash bars which coalesce with distal channel 
mar@a linear bars and mipate into abandoned margnal flood 
channel environments. 

This has also been sugested in studies of other ebb-tidal delhs by 
FitzGeraBd and Nu edal(1977) and Nelligan (1983). 



PJEAR SURFACE STRATIG 

Near surface depositional environments were defined p~mafi ly  by 
surlicial bedforms and assodated subsupface bedding structures (cf. 
H a m s  et al*, 1979). Bedform measurements and trench excavations on 
i n k r ~ d a l  sand bodies at Essex River Inlet show that the near swface 
stratigraphy of the Essex River ebb-tidal delk is dominated by landward- 
o~ented  cross beds (Table 15)(cf. Hayes, 1980). This d o ~ n a n c e  of 
landward-oriented bedforms is explained by wave swash enhancing 
flood-tidal currents but retarding ebb-tidal currents. In addition, ebb 
currents through the main ebb channel are confined duermg lower tidal 
stages due to  the exposure of flanking channel margin linear bars (cf, 
EtaGerald, 1976,1982). However, ebb-oriented bedfoms are present on 
the channel m a r ~ n  linear bars adjacent to the main ebb channel. 

Bedfom measurements were taken throughout the delta fo l lo~ng  
both extreme tidal conditions (tidal range of 4.0 m on 28 April, 1990) and 
extreme wave conditions (folloeng four days of 10-20 knot east to 
nodheast winds associated with a s tom on 25 May, 1990)(Figures 64 
and 6%). During extreme tidal conditions, the majodty of bedforms are 
o ~ e n b d  in a seaward direction associated with main ebb channel ebb 
currents. D u ~ n g  extreme wave conditions, the majo~ty  of bedfoms are 
landward-odented. Thus, bedform o~entation and resulting sediment 
transport is EgHy dependent upon tidal versus wave influences. 
Fimre 66 shows final sediment transport directions as determined from 
bedform measurements, and direction and dip of bedding in trenches, 

Additional information defining near surface environments indude 
unit thickness, pa in  size, structures such as graded bedding, and 
sedimentary deposits such as shell or coarse sediment lags and s tom 
deposits as preseasred in trenches, cores and peels. Fining-upward 
sequences and basal channel lags of medium-coarse sand to very fine 
save% are found throughout the ebb-tidal delta. Channel lags were 
noted both in cores and at the inlet throat as determined from sediment 
sampling. These lags were found in both the a~a in  ebb and mar~nall  



L8eATION D A E W  BEDFORM TYPE AVEMGE M W  M W  
M W m R M N  ORIENTATION WAVELENGW WEIGM 

SPIT 09 Mar. 1990 Linear ripples N 126W 0.1 1 0.02 
PLATFORM Ladderback ripples S 16 E 0.04 0.01 

28 Mr i l  "I90 
-LM. A Cuspate megaripples Flood 5.50 0.36 
-bm. B Cuspate megaripples Ebb 3.00 0.1 9 

UPDRIR 02 Aug. 1989 Linear sandwaves Flood 7.00 0.37 
CHAN. MARG. Linear megaripples Flood 5.00 0.27 
LINEAR BAR 28 April 1990 Linear sandwaves Flood 8.00 0.40 
(PROXIMAL) 24 June 1990 Cuspale megaripples Flood 4.2A 0.27 
(MARG FLD. 2% July 1990 Linear sandwave Flood 7.70 0.1 2 

UPDRIFT 02 Aug 1989 Cuspate megaripples Ebb 4.31 0.20 
CMLB 28 April 1990 Linear sandwaves Ebb 8.00 0.40 
(PROXIMAL) 24 June 1990 Cuspate megaripples Ebb 4.56 0.32 
(MAIN EBB Ladderback ripples N 14 E 0.05 0.02 
CHAM. SIDE) 22 July 1990 Linear megaripples Ebb 1.60 0.12 

Cuspate/ linear ripples N 56 W 0.18 0.02 

UPDRIFT 29 May 1989 Plane beds - -- - 
CMLB Linear sandwaves S 9 6 E  - - 
(STAKE 5) 2% June 1989 Plane beds -- - 

Linear sandwaves S34 E - - 
19 July 1989 Plane beds - 

UPDRIFT 29 May 1989 Plane beds - -- - 
CMLB Linear sandwaves S96 E -A - 
(STAKE 6) 22 June 1989 Plane beds - - 

Linear sandwaves S22 E - 
19 July 1989 Plane beds - -- - 
02 Aug 1989 Plane beds --- - - 

UPDRIFT 29 May 1989 Plane beds - -- - 
CMLB Linear sandwaves S 46 E -- - 
(STAKE 3) 22 June 1989 Plane beds --- -- - 

Linear sandwaves S 34 E - - 

Table 15. Bedform measurements at specific environments. See Figure 
I6 for noted stake locations and Figure 64 for specific locations (A,B,@) 
on spit platform. Wavelen& and height of sandwaves in some areas 
could not be measured as bedform trains were not present. 
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BEDWRM TYPE AVEI"\AGE M W  M W  
ORIENTATION WAVELENGW HEIGHT 

DQWNDRIR 22 June 1989 
CMLB 
(STAKE 1) 07 July 1989 

Plane beds 
Linear sandwaves 
Plane beels 
Linear sandwaves 
Plane beds 
Linear sandwaves 
Plane beds 
Linear sandwaves 
Plane beds 
Linmr sandwaves 
Plane beds 

1 9 July 1989 

02 Aug. 1989 

04 May 1990 

22 July 1990 

WWMDRIm 29 May 1989 
CMLB 
(STAKE 2) 22 June 1989 

Plane beds 
Linear sandwaves 
Plane beds 
Linear sandwaves 
Plane beds 
Linear sandwaves 
Plane beds 
Linear sandwaves 
Plane beds 
Linear sandwaves 
Plane beds 

07 July 1989 

19 July 1989 

04 May 1990 

DOWNDRIFT 26 May 1990 Cuspate megaripples Ebb 2.75 0.16 
CMLB Linear ripples S14W 0.06 0.01 
(DISTAL) 10 Aug 1990 Cuspate megaripples Ebb 1.85 0.1 1 

DOWNDRIFT 09 Mar 1990 
CMLB 27 April 1990 
DISTAL 25 May 1990 
SWASH 
BAR 
(STAKE 9) 

Cuspate ripples 
Cuspae megaripples 
Plane beds 
Current lineations 
Cuspate megaripples 
Ripples 
(wave generated) 
Cuspate megaripples 
Cuspate megaripples 
(washed out) 

N 49 E 
Ebb - 
S45 W 
Ebb 

24 Junel990 
22 July 1990 

Ebb 
Ebb 

UPDRIFT 09 Mar. 1990 Plane beds - - - 
SWASH Ripples M 136W 0.4 0 0.01 
(STAKE "1) (wave generated) 

24 b r i l  1990 Plane bed - - -- 
Ripples N 136W 0.08 0.09 
(wave generated) 



UPDRIU 04 May 1990 Plane beds 
SWASH Ripples 
(STAKE 1 1) (wave generated) 
(mnt.) 25 May 1990 Plane bed 

Ripples 
(wave generated) 

24 June 1990 Plane beds 
Ripples 
(wave generated) 

22 duly 1990 Plane beds 
Ripples 

BOWNBRIR 09 Mar. 1990 Plane bed 
SWASH Ripples 
(STAKE 8 )  (wave generated) 

24 Apdl 1990 Plane bed 
Current lineations 
Ripples 
(wave generated) 

03 May 1990 Plane beds 
Ripples 
(wave generated) 

25 May 1990 Plane beds 
Current lineations 
Cuspate megaripples 
(washed out) 

24 dune 1990 Plane beds 
Ripples 
(wave generated) 
Ladderback ripples 



-- Current Lineations 
MA Bar slipface 

F i w e  a. Besom measurements hken  at  low tide on 28 A p d ,  1990 
follo%srjing extreme tidd conditions (ebb tidd range of 4.0 m). Letbss on 
spit platfom note the location of bedfom measuemenk, staGons as 
men~oned in Table I5 . 



F i p e  6. Bedform measurements taken at low tide on 25 May, 1990 
f o l l o ~ n g  four days of strong northeast ~ n d s  associated e t h  a Isw 
pressure syskm 4x1 the south, 



Fimre a. Direction of sediment transport as d e t e r ~ n e d  from bedhrm 
measurements m d  dip m g l e  and direction of bedding in trenches, 



flood channels at varying depths and are coarser and more frequent in 
the marginal flood channel environment. Storm deposits, which are 
signified by steeply dipping beds with fining-upward sequences, are 
found occasionally in cores but are similar t o  fining-upward sequences 
in channels which result from decreasing tidal current velo~ties (cf. 
Sha, 1989). 

These parameters have enabled wave versus tide-dominated 
en~ronments to be differentiated. Although exceptions do occur, wave- 
d o ~ n a t e d  environments are characterized by planar horizontal and 
high-angle landward-oriented unidirectional cross-bedding. Sediments 
tend to be fine-grained and well to very well-sorted. Tide-dominated 
environments are characterized by both trough and planar high-angle 
bidirectional cross-bedding, Sediments of the tide-dominated 
environments tend to be slightly eoarser-pained then those of wave- 
dominated environments but have similar sorting charaetedstics. 

Six environments of the Essex River ebb-tidal delta have been 
defined: 1) spit platfom; 2) main ebb channel; 3) marginal flood 
channel; 4) swash platform channel; 5) swash bar and; 6) channel 
mar@n linear bar (Figure 67). Each environment has charactedstic 
features which diflerentiate it from other environments. 

1. SPIT PLATFORM 

The spit platform at the southeast end of Crane Beach is dornsinated 
by ebb-odented cuspate megadpples near the throat (locations B and 
C)(Table 15, F i e r e  64). Flood-oriented cuspate mega~pples do~rrrate 
the re@on nearer to  the marginal flood channel (location A). Away 
from the influence of tidal currents of the inlet, a trench of a misating 



Figure 67. Sedimentary environments of the Essex River ebb-tidal delta. 
Numbers correspond to specific environments: 1) Spit Platform; 2) Main 
Ebb Channel; 3) Marginal Flood Channel; 4) Swash Platform Channel; 5) 
Swash Bar and; 6) Chamel Margin Linear Bar. 



ridge of a ridge and nel system indicates landward transpod of sand 
on Crane Beach (Trench 2 of figure 68). 

2. N EBB C NEL 

The large-scale framework of main ebb charnel facies is d o ~ n a k d  
by cut and 611 accretionary beds associakd with main ebb charnel 
migration (Figure 69). The smaller scale internal stratification of the 
active main ebb channel facies is dominated by bedding structures 
assodated with bedform migation and includes deep and shallow main 
ebb channel. deposits. The deep main ebb channel deposits are 
characteAzed by medium to coarse sand with large-scale seaward- 
oriented trough cross-bedding produced by ebb-o~ented megaripples 
migrating over sandwaves. Overlying this unit are the shallow main 
ebb channel deposits which include fine to medium sands with smaller 
scale bidirectional trough and planar cross-bedding. Numerous 
reactivation surfaces are present in both deposits (Barwis and Hayes, 
1978; Hubbard et al., 1999; and Sha, 1990). 

Characteristics of the main ebb channel facies are inferred from 
subtidal bedforms and sedimentary structures in Cores 12, 16,25 and 26. 
Figure 20 illustrates the location of cores and Appendix C shows 
stratigraphic columns of the cores. 

Core 12 is most representative of sedimentary stmctures associated 
with the active main ebb channel facies. The majority of this 2.0 m deep 
core is dominated by low-angle ebb-oriented trough cross-bedding and 
bidirectional low-angle trough cross-bedding. Reactivation surfaces 
separate these units from smaller scale flood-oriented high-angle 
trough cross-bedding associated with tidal reversals. Note also the 0.25 
m thick fining-upward sequence from coarse sand with fine pebbles a t  
base to medium sand. 

Further classification of the active main ebb channel environment is 
based on sedimentary structures in peels. Peel 1 of Core 12 (1,04 m-1.56 



30 crn 

135 crn 

V. E. 1 :1 

Fimre a. Trench #2 cut though a migrating ridge of a ridge and 
m m e l  system on Crane beach. Lmd is to the right. Nok the high-angle 
(180 - 330) landward-ofienkd cross-beds b e c o ~ n g  tmgentid a t  tog and 
tmncated a t  bottom by nearly hosizontal bedding surfaces. The bar is 
composed of fine sand with layer of medium sand as indicated. Fimre 
shows location of trench. 





m) (Figure 70) exfibits high-angle trough and planar (32") ebb-oriented 
bedding (1.37 m-1.52 m) and a coarse sand unit with flood-dominated 
bidirectional planar cross-bedding (1.10 m-1.27 m). This unit probably 
represents  grating flood-orienbd megaripples associated with a high- 
energy s tom event overlying migrating ebb-oriented sandwaves in the 
main ebb channel. Nmerous reactivation surfaces occ.ur throughout 
the peel. 

A facies model of the Essex River ebb-tidal delta active main ebb 
channel includes the following units in ascending order: 

1) Basal channel lag of medium t o  coarse-grained sand (1 cm-3 em 
thick); 

2) Active main ebb channel deposits of medium-grained sand with 
high-angle bidirectional trough cross-bedding with dominant 
o6fshore oriellLation due to  ebb-tidal currents. Fining-upward 
sequences and numerous reactivation surfaces are present. Some 
units of medium t o  coarse sand associated with high enerm 
events are also present. Little to no shell matter is present. 
(2 m thick); 

3) Main ebb channel fill unit of reworked channel margin linear bar 
and swash bar sands which have migrated into the sides of the 
main ebb channel (3 m thick). 

3. URGI[N& FLOOD CHANNEL 

Characteristics sf the mar@nal Rood channel facies have been 
delemined from subtidal bedforms and sedimentary structures in 
Cores 7,8, 11, 14 and 23. Sedimentary structures for both marginal Rood 
channels are similar, although the downdrifi marginal flood channel 
Baas a stronger ebb-tidal component. 

The mar@nal flood charnel fades can be d i ~ d e d  into the active 
m a r ~ n a l  flood channel fill and abandoned mar@nal flood channel fill, 
both of wKch are present in Core 8. The active m a r ~ n a l  flood channel 





't frorant 1.07-2.40 m is dofinated by flood-o~ented, kgh-angle plmar 
cross-bed&ng and flood-donaainated bidirectional low-angle planar cross- 
bed&ng. Layers of coarse sand, occasional fine gavel  and shell matter, 
m d  two firring-upward sequences from fine-medium to coarse sand 
demonstrate the strong tidal currents which occur in this enaviroment. 
Overlfing this unit fkom 1.06 m to the surface is a thick structureless 

It of fine sand with occasional organic wood and mica whbich is 
characte~stic of the abandoned marginal flood channel unit. A coarse 
sand layer separates the active and abandoned marginal flood channel 
w i t s  simifying a high energy event. 

Structures of the active marginal flood channel facies are also seen 
in Core 14 (1.22 m-3.65 m) which is dominated by low-angle flood- 
oPiented planar and bidirectional cross-bedding and has a 0.50 m thick 
fining-upward sequence of fine to  coarse sand with a layer of coarse 
pebbles a t  the base. Both cores 8 and 14 have numerous reactivation 
surfaces. 

Peel 2 of Core 8 (1.90 m-2.25 m) (Figure 71) demonstrates the 
dominance of flood currents in the marginal flood channel as is 
indicated by high-angle flood-oriented planar cross-bedding intersperced 
d t h  some trough cross-bedding. The peel is composed of fine sand with 
occasional layers of coarse sand from 2.11 m-2.14 m. The angles of dip of 
cross-beds are 4" from 1.90 m-1.94 m and 20" from 1.94 m-2.20 m. 
Bedding is planar except for trough from 2.10 m-2.17 m which coincides 
~ t h  a coarse sand layer. 

Peel 3 of Core 11 (1.82 m-2.24 m)(Figure 72) also demonstrates the 
flood dofinance of currents of the marginal flood channel, Note the 
dominance of high-angle flood-oriented planar and trough cross- 
bedding and associated numerous reactivation surfaces, and the coarse 
sand layer from 1.82 m-1.85 m. Some of the dip angles of the beds in this 
peel exceed 50' which may be partially explained by the disturbance of 
sediments du%-jing core penetration. 

Peel 4 of Core 11 (2.50 m-2.95 m)(Figure 73) is only 25 cm deeper than 
Peel 3. However, this peel shows a d o ~ n a n t  seaward-okentation of 



Pipre  71. Peel 2 of Core 8 (1,90 m-2.25 m) ehokng d o ~ n m t  flood- 
o~ented  bedding ho~zons of mar@nal flood channel environment. 





dip = 24" 

- dip = 22" 

Figure 93. Peel 4 of Gore 11 (2.50 m-2.95 m) with characteristic bedang 
horizons of the m a r ~ n a l  flood channel enviromunent. 



cross bed&ng and is her-grained than Peel 3 except for a layer of 
comse sand Gsom 2.77 m-2.79 m. Layers of mica from 2.89 m-2.92 m and 
overlgng fine-a&ned low-angle ebb-o~enkd cross-beds from 2.82 m- 
2.86 m are in&cative of an abandoned mar@nal flood channel deposit. 
Uncodomably overlgng this deposit is a unit of flood-orienbd low- 
mgle trough cross-bed&ng indicating active mar&nal flood channel 
deposits. Dip angles of these deposits range from 22'-24' a t  the top and 
bottom of the sequence to 3'-5" in the middle of the sequence. Nthough 
the m a r ~ n a l  flood channel en~ronment  is dominated by flood currents, 
this peel indicates that this en~ronment  does have seaward-mipating 
bedforms d u ~ n g  some shges of the tidal cycle. 

At Essex River ebb-tidal delta, a complete mar@nal flood charnel 
fades model is composed of the following units from bottom to top: 

I) Shoreface deposits; 
2) Basal chamel lag consisting of shell matter and coarse sand to 

fine pave1 (1 cm-3 em); 
3) Active m a r ~ n a l  flood channel fill unit (thickness of 

approximately 2 m) of fine to me&um sand with low-angle flood- 
dominated bidirectional planar and trough cross-bedding. This 
bidirectionality is due to migration of mega~pples during 
dominant flood-tidal phases and subsequent modification d u ~ n g  
subordinate ebb cycles. Reactivation surfaces are co 
Occasional layers of coarse sandfine gravel in fining-upward 
sequences occur and are associated with high energy events. 
These coarse layers are coarser and more frequent than those 
assodated with the main ebb channel. Shell matter is limited. 
Mica is also present and is believed to be a result of ebb currents 
carrying fine-grained material seaward from the backbarrier 
and; 

4) Abandoned marginal flood channel unit of fine-grained 
structureless sand sheets with abundant mica and organic 
matter (wood pieces) (2.5 m). 



4. SWASH PLATFORM CHANNEL 

Characteristic features of the swash platform channel facies are 
inferred from subtidal bedforms and revealed in the sedimentary 
structures of Cores 9 and 15, both of which are located on the edges of the 
swash platform channel on channel margin linear bar and swash bar 
margins. 

The 3.0 m deep Core 15 and 1.6 m deep Core 9 include fine sand with 
horizontal planar and high-angle planar cross-bedding oriented 
onshore with numerous reactivation surfaces. Core 15 also shows a 
predominance of seaward-oriented cross-bedding, which is likely 
associated with strong ebb currents during spring tidal events. The 
bidirectional nature of currents in this environment is demonstrated by 
three units of Core 15: 1) the bottommost unit from 2.50 m-2.78 m of fine 
sand with horizontal to  low-angle landward-oriented planar and trough 
cross-bedding with organic and micaceous sand; 2) the 1.77 m-1.87 m 
unit of fine-grained landward-oriented high-angle cross-bedding and; 3) 
the 1.42 m-1.60 m unit of seaward-oriented high-angle planar cross- 
bedding. 

Peel 5 of core 15 (2.50 m-2.75 m)(Figure 74), is believed to be 
representative of deposits from either the active or abandoned swash 
platform channel facies and shows the 'bidirectional transport of sand 
occurring in this environment, The flood-oriented bedding associated 
with wave-enhanced flood-tidal currents is demonstrated by the fine- 
grained onshore-oriented planar to trough cross-bedding from 2.75 m- 
2.78 m. The fine-grained horizontal planar beds from 2.50 m-2.55 m are 
associated with wave swash. The presence of ebb currents are shown by 
the overall seaward-oriented nature of the peel as well as units of 
micaceous sand at 2.56 m-2.62 m. The unit from 2.65 m- 2.69 m has 
mica but is composed primarily of steeply-dipping coarse sand beds (22") 
deposited by ebb currents during spring tidal conditions. 



Fimre  74, Pee% 5 of Core 15 (2-50 m-2.78 m) demonstra~ng i n b m a l  
stratification associakd with the swash platform channel. 



Nthough this peel indicates that seaward forces are dominant in 
this emiromelat, bedding stmctures of other peels and cores indicate 
that Wood-dominant forces mostly control bedding h o ~ z o n s  a t  this 
environment. 

a ~ z i n g ,  since this environment is influenced by wave- 
generated flood-tidd and ebb-tidal currents, a variety of sedimenbv 
structures are produced wKch include: 1) bidirectional trough cross- 
bed&ng with d o ~ n s a n t  high-angle flood-o~ented planar cross-bedding 
m d  planar horizontal bedding; 2) numerous reactivation surfaces as 
dominant flood-tidal currents are interrupted by either ebb-tidal 
cuments and associated erosion o r  slack currents; 3) fine-grained 
nature of sediments (very fine to fine sand) and; 4) deposition wood 
math r  and mica. There is no indication of any fining-upward 
sequences in this environment. 

A complete swash platform channel facies model consists of these 
units in ascending order: 

I) Shoreface deposits; 
2) Active swash platform channel deposits of fine sand with 

dominantly flood-oriented planar and trough cross-bedding with 
numerous reactivation surfaces. Some micaceous sand is 
also present (1 m); 

3) Channel fill deposits of fine to medium sand associated vvith the 
s o w t h  and input of sediment from the adjoining channel mar@n 
linear bar and (2 m); 

4) Abandoned swash platform channel deposits of fine sand with 
horizontal planar to low-angle landward-oriented cross-bedding, 
and homogeneous, massive sheets of sand all of which are 
assodakd with wave a c t i ~ t y .  Significant interbedded layers 
of wood matt;er and ~ c a  deposited dufing the ebb-tidal stage 
are present (1 m). 

5,  SWASH B& 



Characteristics of the swash bar facies have been determined 
from analysis of intertidal bedforms and sedimentary structures of 

Cores 3,4,10,13,18, 19,21 and 22 which were taken on both updrift and 

downdPifi swash bar complexes as well as on wave-dominated distal 
channel m a r ~ n  linear bar environments. Bedforms on both the updrift 
(stake 11 from Table 15) and downdrift (stake 8) swash bars are 
dominahd by plane beds and wave-generated ripples. The landward 
transpod of sediment a t  the downdrift swash bar produces the low-angle 
dominant landward-oriented cross bedding as seen in Trench 6 (Figure 

75). Deposition of sediment during storm events is demonstrated in this 

trench by high-angle (22"-34") landward-oriented cross-beds (cf, $ha, 

1989). 
Two tmes of sedimentary structures associated with the swash 

bar f a ~ e s  as presemed in cores 3,4,13,18 and 22 are noted. Core 3 

shows high-angle Bandward-o~ented planar cross-beds with numerous 
reactivation surfaces associated with migration of the landward 
slipface, and ho~aontal  planar beds associated with vertical accretion 

plane bed deposition. Only one 0.50 rn unit (2.15 m-2.65 m) of 
bidirectional planar cross-bedding deviates from this dominant 

landward-oriented bedding. Core 4 also shows this dominant landward 
o ~ e n h t i o n  of bedding. Core 22 shows a conformable sequence of high- 

angle landward-oriented planar beds of the slipface directly overlain by 
low-angle landward oriented cross-beds associated with vertical 

accretion deposits (1.38 m-1.98 rn). Core 13 shows low-angle seaward- 

o ~ e n t e d  planar beds associated with vertical accretion interbedded by 
units of high-angle landward-oriented planar beds associated with 

slipface migration. 

Two storm deposit layers (0.93 m-1.20 m and 1.30 m-1.55 m) of core 

18 are indicated by: 1) a fining-upward sequence of coarse to fine sand 
with low-angle bidirectional trough cross-bedding and; 2) an overlying 

unit of medium t o  coarse sand with occasional fine pebble clast and shell 





matler with landward-oriented low-angle planar cross bedding. Core 19 
also contains two consecutive fining-upward sequences. 

Two peels show the two major processes associated with swash bar 
migration. Peel 6 of Core 3 (2.60 m-2.88 m) (Figure 76) show high-angle 
landward-oriented cross-beds associated with the slipface of the swash 
bar. Note the numerous high-angle planes of dip (lo-25') and the 
numerous reactivation surfaces. 

Peel 7 of Core 19 (2.44 m-2.87 m) (Figure 77) shows fine sand with 
horizontal planar beds and homogeneous, massive sand sheets 
associated with vertical accretion. Two medium sand units occur, one 
of which has landward-oriented planar cross-beds which dip at an angle 
of 15" (2.54 m-2.58 m). This unit is most likely associated with onshore 
migration of a smaller swash bar atop the swash complex. Note that the 
structureless sand unit lies directly above this unit. Bedding horizons of 

this peel appear to  be convex (regard fine grained sediment layer at 2.65 
m) which is due to  disturbance of sediments during core penetration. 

In summary, the near surface stratigraphy of the swash bar facies 
include high-angle planar landward-dipping cross-beds associated with 
slipface migration, and horizontal t o  low-angle planar seaward-dipping 
cross-beds and homogeneous, massive, structureless deposits associated 
with vertical accretion on the swash bar surface (cf. FitzGerald, 1976 
and Nelligan, 1983). Planar and trough seaward-oriented bidirectional 
cross-bedding is also present and is most likely a function of ebb 
currents of the main ebb and marginal flood channels. Other 
characteristic features of the swash bar facies include: 1) numerous 
reactivation surfaces; 2) the lack of subsurface records of ripples as they 
are washed out by plane beds; 3) well-sorted fine sand and; 4) layers of 
medium-coarse sand and shell matter associated with fining-upward 
sequences of storm deposits. 

A complete swash bar facies includes the following units in 
ascending order: 

1) Shoreface deposits; 



Figure 76. Peel 6 of Core 3 (2.60 m-2.81 m) showing landward-oriented 
high-angle cross-bedding of migrating slipface of swash bar. 





2) Landward-oriented high-angle planar cross-bedding composed of 
fine sand associated with the landward migrating swash bar 
slipface. Numerous reactivation surfaces are present (1.0 m-1.5 

m); 
3) Vertical accretion unit of fine sand with planar horizontal to low- 

angle seaward-oriented cross-bedding and massive homogeneous 
sand sheets (0.5 m-1.0 m). 

6. CHANNEL MARGIN LINEAR BAR 

The channel margin linear bar facies have been determined from 
analysis of intertidal bedforms and sedimentary structures preserved in 
Cores 1,2,5, 6, 17,20, 24. 

The sedimentary structures of this environment are dominated by 
landward-oriented bedding but vary depending upon the interaction of 
main ebb channel ebb-tidal currents and wave-enhanced flood-tidal 
currents. The majority of bedforms on the interior portions of the 
channel margin linear bar environment are plane beds with current 
lineations associated with wave activity, and ripples. This dominance of 
landward-oriented currents is demonstrated by the high-angle (14"-24") 
landward-dipping cross-bedding of the landward-oriented slipface of the 
updrift channel margin linear bar (Trench 1 of Figure 78). 

On the extreme ends of the updrift channel margin linear bar, 
megaripple and sand wave trains are the dominant type of bedform (cf. 
FitzGerald, 1976 and Hubbard, 1977) but differ with respect to orientation 
and dimensions a t  proximal versus distal channel margin linear bar 
locations. Therefore, this environment is divided into two 
subenvironments. 

Suficial bedforms of the proximal channel margin linear bar 
environment include both ebb and flood-oriented megaripples and 
sandwaves (Figure 79, 80). These bedforms are dominantly flood- 
oriented due to wave-generated flood-tidal currents through the 
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Fimre 78. Trench #1 locakd on northwest side of u p d ~ R  charnel 
m a r ~ n  linear bar. Land is the ~ g h t .  Nob the landward-o~ented 
cross-bedding which is a result of landward-o~ented wave activity. 
Fimre 23 shows the location of all. trenches. 



Fimre m. Ebb-oAented smdwaves on the p r o i m d  u p d ~ R  ch 
mar@n linear bar formed by ebb-tidd cul-renlru. The average wave%en@h 
m d  height of these besoms are 8.0 m and 0.40 m, respec~vely. The 
s d e  ia 10 em. 



Fimre 80, Flsod-ofiented sandwaves a t  the proximal upddrifi channel 
margn linear bar fomed by Rood-tidal currents. The average wavelenth 
and height of these bedfoms are 8.0 m and 0.40 m, respectively. The 
swle is 10 cm. 



m a r ~ n a l  Rood chamel. Although ebb-tidal currents do affect this 
environment, the majority of ebb-tidal currents and the maximum ebb- 
tidal currents occur when this environment is exposed. Therefore, this 
en~ronment is Rood-dominabd. 

Trenches reveal the near surface stratigraphy of both flood and ebb- 
oriented sand waves. A flood-oriented sandwave located adjacent to the 
mar@nal flood charnel shows low-angle (7°-1%0) landward-o~ented 
cross-bed&ng truncated by high-angle (10"-31') landward-oaienbd 
cross-bedding (Trench 3 of Figure $1). The internal stratification of a 
ebb-oriented sand wave located adjacent to the main ebb charnel is 
dornzinantly landward-o~ented (dip of 10"-30") although the surficial 
outline of the bedform is ebb-oriented (Trench 4 of Figure 82). This 
indicates an overall landward transport of sediment. 

Landward-o~ented bidirectional bedforms also dominate the 
proximal downd~ft  channel m a r ~ n  linear bar. The near surface 
stratigraphy of cores and trenches also indicate that the proximal 
channel m a r ~ n  linear bar environment is dominated by landward- 
o ~ e d e d  bidirectional high-angle trough and planar cross-bedding. For 
instance, low-angle (7°-%30) landward-oriented cross-bedding dominates 
Trench 5 (Fipre  83). Other characte~stic features of this environment 
include numerous reactivation surfaces and fining-upward sequences 
but no subsurface simature of ripples as they tend to  be washed out by 
plane beds. Due to stability of the main ebb channel at proximal channel 
mar@n linear bar en~ronments, there is an absence of main ebb 
charnel cut and fill deposits. 

The proximal channel mar@n linear bar facies includes the 
following units in ascending order: 

1) Main ebb channel active chamell deposits (2 m); 
2) Interfinge~ng deposit between: a) active main ebb channel and 

active marginal flood channel deposits which wash over the 
channel mar@n linear bar en.6.lroment a t  higher tidal stages 
and; b) wave swash deposits of homogeneous, massive sand 
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Figure 81. Trench #3 dissecting a flood-oriented bedform on the proximal 
updrift channel margin linear bar near the marginal flood channel. Note 
low angle (7"-12") landward-oriented cross-bedding truncated by high- 
angle (24"-31") landward-oriented cross-bedding. 
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Figure 83. Trench tt5 located at the main ebb channel scour slipface on 
the northwest side of the proximal downdrift channel margin linear bar, 
Note the dominant dip of low-angle crossbeds to  the right towards the 

el. These beds formed from the transport of sediment by 
flood-tidal currents over the channel mar@n linear bar and into the 
main ebb channel. 



sheets and horizontal planar to low-angle landward-oriented 
cross-beds associated with vertical accretion (2 m). 

The distal channel margin linear bar facies has been determined by 
analysis of intertidal bedforms and cores. Distally, the channel margin 
linear bar is dominated by plane beds and current lineations associated 
with wave-generated flood-tidal currents, and ebb-oriented cuspate 
megaripples associated with spillover lobe deposits and the expansion of 
the ebb jet during late ebb stage periods (Figure 63). 

Horizontal planar and landward-oriented bidirectional low-angle 
planar cross-beds of Cores 6, 17 and 20 support the bidirectional nature 
of bedforms. Cores 6 and 17 are dominated by landward-oriented 
bidirectional planar cross-bedding, while Core 20 is dominated by 
seaward-oriented planar and trough cross-bedding. 

Two peels of these cores are presented in Figure 84 and 85. Peel 8 of 
Core 6 (1.80 m-2.24 m) indicates vertical accretion associated with wave- 
generated flood-tidal currents and planar cross-beds associated with 
migrating ebb-oriented megaripples. Landward-oriented currents are 
demonstrated by two units of landward-oriented high-angle (15"-20") 
planar cross-beds from 1.94 m-2.00 m and 2.18 m-2.24 m. Seaward- 
oriented low-angle (7"-10") planar and trough cross-beds are 
demonstrated in units from 1.80 m-1.85 m and 2.10 m-2.18 m. Note also 
the bidirectional cross-bedding from 1.85 m-1.94 m and from 2.00 m-2.10 
m and associated numerous reactivation surfaces. Dips of these 
bidirectional cross-beds range from 7"-10". The sediment is fine-grained 
throughout the sequence. 

Peel 9 of Core 17 (1.07 m-1.50 m) shows high-angle seaward-oriented 
trough cross-bedding from ebb-tidal currents (dip of 15"-20°)(1.40 m-1.50 
m) and two interbedded sets of landward-oriented wave-enhanced flood- 
tidal planar cross-bedding with dips of 10"-12" and 25"-30" (1.07 m-1.28 
m). The high-angle seaward-dominated bidirectional cross-bedding 
(1.28 m-1.40 m) is noteworthy as it is composed of coarse sand and 
therefore represents a high energy tidal event. 







A &shl  chmnel margin linear bar fades is composed of the 
following deposits in ascending order: 

1) M&n ebb ch el active channel deposits (2 m); 
2) M ~ n  ebb channel cut and fill deposits associated with 

el nnigrations (3 m); 
3) Seaward-o~ented low-angle trough to planar cross-beds 

associated with spiflover lobe deposits and expansion of the ebb jet 
during E&er phases of tides (1 m); 

4) Active swash bar deposits (0.5 m-1.0 m). 



SPORT 

PROCESSES hBND PATHWAYS 

Ide t  sediment bnassing is the process whereby sedliment from the 
u p d ~ R  side of the Essex River Inlet shoreline is transpoded to the 
d o w n d ~ f  side. Three methods of inlet sediment bmassing are described 
by Bmm and G e ~ t s e n  (1959): 1) through the transpod of sand in 
channels by tidal currents; 2) by the t gat ion of tidal channels and sand 
bars and; 3) through wave-induced sand transport along the terminal 
lobe. PitzGerald (1982) has indicated that se&ment bsassing at non- 
migrating tide-dominated mixed energy tidal inlets occurs through 
sbble inlet processes. Essex River Idet,  which has a sbble inlet throat 
and proximal main ebb channel, is dominabd by stable ide t  processes. 
Although all three methods of inlet se&ment bnassing are operative, the 
primav means at the Essex River Inlet is sand transport in channels by 
tidal cuments, and the mipation of tidal channels and sand bars. The 
volme of sediment transpod is dependent upon: 1) the velocity and 
duration of ebb and flood-tidal currents through the main ebb and 
m a r ~ n a l  flood channels and associated inlet throat tidal prism and; 2) 

the sediment-water interface surface area of the inlet throat (cf Bruun, 
1966). 

Transport pathways by inlet sediment bnassing at the Essex River 
Inlet are dominated by two sediment trmspo& m e s  for both u p d ~ f t  and 
downd~ft  portions (Pimre 86). These m e s ,  whose sediment is first 
introduced to u p d ~ R  portions of the delta by southerly longshore 
transport currents, transport sediment through the mar@nal flood 
channel and over the channel mar@n linear bar into the main ebb 
channel, seaward through sandwave mipation in the main ebb channel 
and subsequently back onshore through swash processes along the 



F i e r e  86. Sediment transport gy.es assodated with both u p d ~ f i  and 
d o w n d ~ f i  podions of the delta. Note diEerent amow types to denote wave 
or  tide-generated sediment transpot°a;atiolra. 
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Fiwre 87. Potential net sestiment transport directions as debrmined 
from Maddock's equation (1969) using current measurements from 
hydrographies and the swash process study. Longshore transport rate is 
150,000 m3/ year. All figures in m31year. 



s p ~ n g  tidal conditions and se&ment transport is a factor of the 
maim- velocity, there exists a net seaward transpod of sediment 
through the inlet throat on a yearly basis. 

Potentid sediment transport rates were also calculated for locations 
in the main ebb channel seaward of the inlet thoa t  and for both 
mar@nd flood charnels. Distdly, sediment transpod rates through the 
main ebb channel decrease to 4.43 x 105 mt/*ar and 2.84 x 105 m3/year 
(Fiwre 87). T k s  decrease resdts from an expansion of the ebb jet and 
an increase in the cross section of the channel. Seament rates for the 
updrift and downdrift marginal flood channels are 1.76 x 106 m3/year 
and 9.42 x105 m3/ year, respectivelly. Thus, the updrift marginal flood 
channel introduces 8-23 x 105 m3 more sediment per year into the main 
ebb channel than does the downdrift m a r ~ n a l  flood channel, This is due 
to the geater input of sediment as well as the more flood-dominant 
nakre  of the updriR marginal flood channel, 

Net bedoad transport rates dbr each swash bar were delemined by 
multiplfing the distance the slipface has migated over a yearly p e ~ o d  of 
each bar by the bar len&h and thickness. Mipation rates of the updrifi 
and domdrifi swash bars were 2.80 x 104 m3/year and 8.30 x 104 
m3lYear, respe@tively (Figure 87). 

However, several emors may be associated with deterrnaination of 
potentid sediment transpod raks. First, the equation utilized by 
Maddock (1969) was o~finally derived for f l u ~ a l  enGronments and 
therefore is s d y  a qualitative indication of seamend transpod in a 
m a ~ n e  en~ronment such as the Essex River Idet. These sediment 
trmspoh rates through channels represent potentid maximum rates. 
Comersely, raks  sf bar mination are minimal estimates of sediment 
transport raks  as some of the sediment may have been transpoded by 
longshore transpod cuwents and therefore would not be calculated as 
part of the migating swash bar, This is demonstrated in Fimre 87 
where sediment transport rates associated with swash bar migation are 
much lower than the rates asso~ated ~ t h  sediment transport through 
channels. Note in particular the downdrift swash bar where 8.30 x 104 



m3lYear of sediment is added into the downd~ft m a r ~ n a l  flood channel 
through swash bar   pat ion. This f ip re  is substantially less than the 
2.36 x 106 m31year which is transpoded through the marginal Rood 
chamel into the main ebb charnel. A second indication of these unequal 
rates is that net pobntial sediment transpod through both m a r ~ n a l  
flood chamds of 2.70 x 106 rn3lSar is substanlially less than the 7-61 w 
106 rn3lgreas transpodd though the inlet throat. This diflereme of 4.80 
x 106 m31year is not h t d y  exgained by the flood-tidal transport of 
sediment over the channel m a r ~ n  linear bar into the main ebb channel, 

VOLUMETRIC CHWGES 

A comparison between field data and histo~cal aerial photogaphs 
inacate that the Essex River ebb-tidal delta undergoes volmetAc 
changes, These changes are a direct result of the processes pre~ously 
discussed induding inlet sediment bmassing, the longshore transport of 
sediment into the inlet and the sediment transport m e s .  

These volumet~c changes are explained by a bar   pat ion model 
for a South Carolina Inlet (FitzGerald, 1984) (Fiare  88). In applfing this 
model to  the Essex River Inlet, the ebb-tidal delta undergoes a 5-7 year 
cyde of volme changes of 15%-20%. The model is d i ~ d e d  into four 
stages. 

The first stage in this ebb-tidal delta cycle occurs after the bars have 
welded to both Crane and CoEns Beaches. At this time, the sediment 
volume of the delta is small and no oEshore bars exist to prokct beaches 
from wave activity. Thus, wave actidty and swash processes on Crane 
Beach transport sediment to  the delta through longshore transport 
processes. 

Sbge 2 is charack~zed by increases in delta sediment volme, and 
formation, growth and onshore misation of swash bars, some of which 
coalesce ~ t h  channel mar&n linear bars. In this stage, little sediment 
is being added to landward beaches, resdting in their overall decrease in 



STAGE 1. 
Small Ebb-Tidal Delta Volume 

L ongshore I 
EASTERLY 
WAVE 

STAGE 2 .  
Bar Complex Forrnat~on and 

Ebb-Tidal Delta Sand Trapping 

STAGE 3 STAGE 4 .  

Bar Complex Weld ing and Inlet Shoreline Retreat - 
Inlet Sediment Bypass~ng  Small Ebb-Tidal Delta Volume 

E p r e  @. Model of onshore ~ a a G o n  of bar complexee a d  a t h c h e n t  
Lo Crane and Cofins Beaches. Stage 1 m d  2 are s o d  sltages where 
swash Bars G m  m d  coalesce i n b  large bar complexes resdting in 
increases in volurmae of the ch el margin linear bars m d  entire ebb- 
Gdd dellta. At this t h e ,  w fractiw aromd the bars wuse a 
triansport revers& along the downdi-jiff shoreline, wKch 
most of the se&ment e n b ~ w  in tihe ~ d ~ t y  of the idet. 
weld to the ladward beaches (sbge 31, shading m d  refosrmed waves 
b r e d  dong tlae d o m d ~ g t  idet  shoreline m d  trablfsport se&ment away 
&om the idet. m s  process fesdt8 in erosion of the d o m d ~ f i  shoreline 
m d  a release of se&men& b ~e ghoreline domd* of the de%b (sbge 4) 
(&s FitzGerdd, 1984). 



volaune. A transport reversal a t  downdrift portions of the de lb  occurs 
due to wave refraction around the downdrift offshore swash bar. The 
increased ebb-Gdd delta sediment volume will be maintained as long as 
the se&ment trawsport reversd and related re@ircdation of sediment 
through the ebb-Gdd delta system exist. The Essex River ebb-tidd delta 
is presently in this stage. 

The third stage occurs as landward migrating swash bars attach to 
both Crme and CoMins Beach. The longshore sediment transport 
reversd is disrupted, thus leaving inlet sediment bypassing as the only 
contributor of sediment to the delta. The delta now has a small volume 
and is mostly subtidal, thus resdting in greater wave energy expended to 
the beaches. 

The fourth stage is a period of shoreline retreat as sediment from 
Crane and CoEns Beach is eroded do to wave activity. The volume of the 
delta is still small. This cycle then repeats itself. 

Three lines of evidence suppod this bar migration model, First, the 
areal changes of intertidal oflshore sand bodies have a direct comelation 
to volumetric changes of beaches. Table 16 demonstrates that during the 
14 month period (June, 1 989-August, 1990), as offshore sand bodies 
increased in area, the beach sediment volume decreased. Secondly, 
overall intertidal sand body area has increased substantially over the 14 
month study period (Figure 61). This increase in area is interpreted as 
resulting from processes similar to stage 2 of the bar migration model. 

The third and most supportive piece of evidence are the morpholo~c 
changes to the ebb-tidal delta over a 42 year period associated with a 
historical study of nine series of aerial photographs (1943-1985) (Figure 
89)(Table 17). Shoreline changes were also determined from four 
nauticd charts (1855-1985)(Figure 90). 

The major morpholo@c features of the ebb-tidal delta considered 
dul-ing this histofical study include: 1) changes in sediment volume of 
the entire ebb-tidal delta as well as area of intertidal sand bodies (channel 
m a r ~ n  linear bar and swash bar); 2) stability of the inlet throat and 
proximal main ebb channel with slight misations a t  distal portions; 3) 



August (June), 1989- 

Updrifl Channel Increase 789 m2 
Margin Linear Bar 

Cranes Beach Decrease 188 m3/m 

Downdrift Channel Decrease 2 rn2 
Margin Linear Bar 

Downdrift 
Swash Bar 

lncrease 198 m2 

Coffins Beach Decrease 1 18 m3/m 

Table 16. Changes in sediment vo%me for Crane and CoEns Beach 
and in area for intertidal offshore sand bodies. Figures are indicative of 
trends in sediment accretioderosion. 



Figure 89. Morphologic changes to Essex River ebb-tidal delta as 
d e t e r ~ n e d  from vertical aerial photographs. Note the stability of the 
i de t  throat, mipation of outer main ebb channel and overall accretion sf 
both Crane Beach and Coffins Beach during the study period. 
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SWASH PLATlPOW C 

0% April 1977 Great amounts of sediment in Similar seward extent of MEC (1.23 km). Well-defined downdrift MFC. 
proximal portions but little sediment MEC has widened since 1972 but still Poorly developed updrift MFC 
distally. has slight downdrift-offset configuration. and swash platform channel. 

28 April 1978 Relatively small amounts of sediment Similar seaward extent of MEC. Distal Well-defined downdrift MFC. 
throughout system. Greatest sediment at MEC has downdrift-offset configuration. Updrift MFC interrupted by distinct 
proximal portions of CMLBs noted by phases of swash bar migration. 
accretionary phase of beach development. Poorly developed SPC. 
Distal MEC has down~~t-offse t  
configuration. 

20 June 1979 Sediment decrease at proximal portions Similar seaward extent of MEC (1.17 km). Well-defied downdrift MFC. Re- 
ETD, especially at Coffins Beach. Realignment of distal MEC to shore establishment of updrift MFC. 

normal position. Poorly-defined swash platform 
shore via bar migration. Complete re- channel. 
d i m e n t  of distal MEC to shore 
normal orientation. 

29 S e p ~  1985 Majority of ETD sediment is in distal Similar seaward extent of MEC. Distal Well-defined updrift and downdrift 
locations. Beaches have small sediment MEC has slight downdrift-offset MFCs. Swash platform channel just 
volume. No distinct phase of swash configuration. present. 
b a  mieration. 
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development (scour characteristics and width) of the marrginal flood 
charnel and swash platform channel; 4) migration and attachment of 
swash bars to both updrifi and downdrift beaches and; 5) increases in 
beach and spit platform volume. 

D u ~ n g  the 42 year histodeal aerial photograph study, the inlet 
throat and proimal main ebb channel have been stable and have 
maintgned an approimate shore normal odentation due to bedrock 
control at  Twopenny Loaf on Cofins Beach, and tidal d o ~ n a n c e  of the 
chamel. However, between I943 and 1977, a c lock~se  downdrifi 
misation of the main ebb channel of 25" has reoriented the channel fiom 
a northeasterly to a more easterly comafiaration (Figure 89). The 
seaward extent of the main ebb channel (1.22 km 91- 0.05 km) has not 
fluctuated geatly during the 42 year historical aerial photopaph study 
except in 1943 when the seaward extent of the channel was 1.47 km. 

Both of the channel margin linear bars have undergone 
considerable changes over the historical aerial photogaph study which 
is due in part to  changes in the ofientation of the distal main ebb 
channel, but primarily to  changes in sediment input and resdting 
volume of the ebb-tidal delta. For instance, in 1978 the small channel 
margin linear bar size reflects the small ebb-tidal delta volume. In 
addition, a more downdrjift configuration of the main ebb channel 
resulted in the depletion and downdrift   pat ion of sediment from the 
distal downdrift channel margin linear bar (refer to  the 1978 diagram of 
Figure 89, Table 17 and Figure 62). Conversely, in 1965 and 1972, the 
channel mar@n linear bars were larger in size which correlates to  the 
greater ebb-tidal delta volume. In addition, location and size of channel 
m a r ~ n  linear bar inbrtidal area changed with respect to the stage of the 
bar misation model. For instance, in 1965 the greatest channel margin 
linear bar intertidal area was located at proximal portions. This 
correlates well with sediment maximums at  proximal locations 
associated with the bar migration model (midway between Stages 2 and 3 
of Fiwre 88). 



Extent of downdrift channel margin linear bar size and marginal 
flood channel development (scouring characteristics and width) are 
primarily responsible for morphological changes to  the swash platform 
channel. For example, a well-developed distal downdrift marginal flood 
channel indicates that the majority of the tidal currents to  the downdrift 
portions of the delta flow through the distal marginal flood channel. 
Therefore, less tidal currents and less scouring will occur in the swash 
platform channel. Examples of this correlation are shown in the 
diagrams of 1943,1952,1977,1978,1979 and 1985 (Figure 89). 

Landward migration and attachment of swash bars to beaches have 
occurred periodically over the 42 year historical aerial photograph study. 
The ultimate attachment of these landward migrating swash bars to  
Coffins Beach occurs in discrete events while attachment of migrating 
swash bars to Crane Beach is less obvious. Two other characteristics of 
swash bar morphology are: 1) swash bar size and; 2) downdrift extent of 
the entire downdrift swash bar complex. The usual downdrift extent of 
this swash bar complex is 0.77 km +I- 0.16 k m  as measured from a line 
drawn in a shore-normal orientation from Twopenny Loaf. However, in 
1978 the bar complex had a downdrift extent of 1.40 km. Both of these 
morphological characteristics are dependent upon the size of the ebb- 
tidal delta. 

Both Crane and Coffins Beach have increased in width during the 
130 year historical shoreline change study (1855-1985) by 120 m and 60 m, 
respectively (Figure 90). This increase in width is due to accretionary 
phases of beach ridge development which is primarily a result of the 
attachment of landward migrating swash bar complexes to the beach 
(Figure 89)(Table 17), 

Significant increases in the volume of the southern end of Crane 
Beach have also occurred through spit accretion. From 1855 to  1984, this 
spit has increased fiom 3.70 x 104 m3 to 2.43 x 105 m3 (volume at MLW), 
an increase of 6.5 times its original volume (Figure 90). This spit 
accretion has narrowed and deepened the inlet throat. However, it is 
assumed that the cross sectional area of the inlet throat has not changed 



due to similar tidal range and associated tidal prism throughout the time 
period. 

Successive stages of the bar migration model are demonstrated in 
&agrms  of the first three photographs (1943,1952 a d  1960). It  is 
important to note that these three photographs do not depict consecutive 
stages of the bar migration model as this 17 year period is much longer 
than the estimated average 5-7 year bar migration cycle that occurs a t  
Essex River Idet .  

The 1943 photograph, indicative of Stage 1, depicts a small ebb-tidal 
delta volume where channel margin linear bar volume is small, the 
m a j o ~ t y  of intertidal swash bars are offshore and no distinct 
accretionary phases of beach ridge development occur. 

Stage 2 of the bar migration model is depicted in the 1952 photograph 
which shows an increase in ebb-tidal delta sediment volume and channel 
margin linear bar size and the proximal location of the majority of 
intertidal offshore sand bodies. 

The 1960 photograph is indicative of Stage 3 as offshore sand bodies 
continue to decrease in size due to landward migration of sediment 
through swash bar migration and subsequent attachment to the beach. 
This attachment is demonstrated by the accretionary phase of beach 
ridge development a t  Coffins Beach. 

$ira overall ebb-tidal delta stratigaphic sequence model for the 
Essex River ebb-tidal delta is based upon comparison of general 
sedimentary structures recorded a t  the inlet with additional information 
from other studies including Moslow (1977) and Barwis and Hayes (1978) 
(Figure 91). 

The thickness of the sequence is based upon the thickness of ebb- 
tidal delta sediments (3-5 m a t  MSL) and scouring depth of the main ebb 
and m a r ~ n a l  flood channels. Despite the well-sorted nature of the entire 





ebb-tidd delta, there exists a fining-upward sequence with increased 
sor~mg through the column which is a function of the less tidal and 
greater wave dominance of facies up the sequence. 

At the base of the sequence, the channel lag at the Essex River ebb- 
tidal delta is not well-developed due to the lack of a coarse-aained source 
mateGd. The main ebb channel facies is characterized by large-scale 
channel migration cut and fill accretionary beds and smaller scale high- 
angle ebb-dominated bidirectional cross-bedding. Numerous reactivation 
surfaces are present. This fades is the thickest and the most preservable 
part of the overall ebb-tidal delta sequence as it is stratigraphically 
deepest and therefore the least likely to be reworked (Barwis and Hayes, 
19'78). The marginal flood channel facies is characterised by flood- 
dominated bidirectional planar and trough cross-bedding associated with 
flood-dominant tidal currents. Numerous reactivation surfaces occur 
throughout this facies. 

Wave-dominated facies of the ebb-tidal delta sequence model include 
the shallow channel margin linear bar facies which is ephemeral 
compared to  the tide-dominated facies due to reworking of sediments by 
swash processes. This facies is characterized by: 1) landward-do~nated 
bidirectional trough and planar cross-bedding associated with wave- 
enhanced flood-tidal currents; 2) horizontal planar beds and massive 
sand sheets assodated with swash processes and; 3) seaward-osiented 
low-angle planar and trough cross-bedding associated with 
interfinge~ng spillover lobe deposits and expansion of the ebb jet. The 
sequence is capped by the swash bar facies, which also tends to be 
reworked by wave activity. This facies is characterized by landward- 
o ~ e n t e d  high-angle planar cross-bedding associated with slipface 
migation, and horizontal t o  low-angle offshore-osierseed planar cross- 
bedding associated with vertical accretion. 

The stratipaphy of the Essex River ebb-tidal delta can further be 
diGded into u p d ~ f i ,  downd~ft and distal stratigaphie sequences whose 
characte~stics are dependent upon different sedimentary processes 
o c c u ~ n g  at each locality. 'I'hree major processes include: 1) main ebb 



c h a ~ e l  migration and associated cut and fill accretionary beds 
associated with migrations of the distal main ebb channel; 2) abandoned 
marginal flood channel accretion and; 3) swash bar migration. 

The updrift ebb-tidal delta stratigraphic sequence model is 
dominated by main ebb channel cut and fill large-scale gently dipping 
accretionary cross beds (Figure 92). The 6 m depth of this column, which 
scours below the 5 m depth of the ebb-tidal delta deposits, is a result of the 
maximum depth of main ebb channel scouring at updrift portions of the 
delta. These cut and fill deposits are overlain by thin channel margin 
linear bar (1 m) and swash bar (lm) facies, both of which are dominated 
by landward-oriented cross-beds associated with wave-augmented flood- 
tidal currents. The thickness of the swash bar facies is dependent upon 
the scouring depth as indicated by the height of the updrift swash bar 
slipface (0.5-1.0 m). Note the absence of marginal flood channel facies in 
this sequence as the updrift marginal flood channel is stable. 

The downdrift ebb-tidal delta stratigraphic sequence model (Figure 
93) is dominated by abandoned marginal flood channel and swash bar 
facies due to the landward migration of the large downdrift swash bar 
into the marginal flood channel. Note the absence of main ebb channel 
cut and fill accretionary beds as the main ebb channel does not migrate 
into this environment. 

The thin overall thickness of this sequence (3.5 m) is dependent upon 
migrations and associated scouring depth of the downdrift marginal 
flood channel which is a function of position and size of the landward 
migrating swash bar. The 1.25 m thick abandoned marginal flood 
channel deposits are composed of gently-dipping large-scale accretionary 
sand wedges associated with deposition of sediment from the swash bar 
and downdrift channel margin linear bar and settling of fine-grained 
sediment (including mica and organic (wood) matter) believed to be 
deposited by ebb-currents from the backbarrier. The 2 m thick swash bar 
deposits are much thicker than the swash bar deposits of the updl-ift 
swash bar due to the greater scou~ng depth. 
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Fip re  92. Stratisaphic sequence model for the updrifi portion of the 
Essex River ebb-tidal delta. Mote the dominmce of main ebb channel cut 
and fill1 accredionaa.g. beds in d&s sequence. 
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Fimre 93. StratisapKc sequence model for &he downd~ft portion of the 
Essex Rives ebb-tidal delta. Note the dominance of swash bar depos;its in 
this sequence. 



The &std ebb-tidal delta stratipaphie sequence is similar &o the 
overdl e b b - ~ d d  delta sequence but is dominated by 1.5 m tEck main ebb 

el cut a d  fill accretionary bed deposits (Figmre 94). This facies 
ovedies Lidally-derived active main ebb ch el deposits. The sequence 
is floored by a ch el lag. Overlying the main ebb channel cut m d  fill 
fades are wave-dominated channel margin linear bar and swash bar 
deposits. Sorting characteristics improve slightly in wave-dominated 

ts as does the greater amount of shell matter. Note the slight fining- 
upward sequence which occurs over the entire column. 
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Figure 94. Stratigraphic sequence model for the distal portion of the 
Essex River ebb-tidal delta. Note the overall fining-upward sequence over 
the entire 5 m column. 



CONCLUSIONS 

1) The Essex Ever Inlet, with a mean tidal range of 2.7 m and a 

deepwater wave height of 1.2 m is classified as a mixed energy, tide- 
dominated inlet (cf. Hayes, 1979). The stability of the inlet throat and 
proximal main ebb channel is due to the presence of bedrock at  Twopenny 
Loaf on Cofins Beach. Migrations of the distal main ebb channel of up to 
700 m over a 42 year period (1943-1985) are the result of the southerly 
longshore transport system and sediment input into the system. 

2) Inlet sediment bypassing through stable inlet processes (cf. FitzGerald, 
1984) is the major process which transports sand from the updrift side of 
the Essex River Inlet shoreline t o  the downdrift side. Patterns of sediment 
transport within the ebb-tidal delta are dominated by gyres for both updrift 
and downdrift portions of the delta. These gyres, whose sediment is first 
introduced to updrift portions of the delta by southerly longshore currents, 
transport sediment through the marginal flood channel and over the 
channel margin linear bar into the main ebb channel, seaward through 
sandwave migration in the main ebb channel and subsequently back 
onshore through swash processes along the terminal lobe and swash bar 
mipation. The updrift counterclockwise gyre is completed as small, 
ephemeral swash bars migrate landward eventually attaching to Crane 
Beach in indiscrete packages. These swash bars have slipfaces on the 
order of 0.25-0.50 m in height and have migrated over 5 &week associated 
with one storm event. 

In the downdrift clockwise gyre, sediment moving out the main ebb 
chamel is added to sand delivered by southerly longshore sediment 
transport along the terminal lobe. Southerly migrations of the main ebb 
channel also contribute sediment thus resulting in the growth of a large 
downdrin swash bar. This swash bar, which has slipfaces of up to  1,0 m 
in height, rnigrates landward 70 &year and ultimately welds to Cofins 
Beach in discrete welding events. wave 'refraction around this bar 



produces a transport reversal which introduces sand back into the main 
ebb channel and downdrift of the delta to more southerly podions of 
Cofins Beach. 

Ebb-tidd delta volumetric changes occur in a 5-7 year cycle where 
swash bars form, migrate and attach to the landward beach. These 
changes, as shown in a bar migration model (cf. FitzGerald, 1984) 
demonstrate that the ebb-tidal delta volume is directly related to the size 
and position of the swash bars and holds an inversely proportional 
relationship to beach sediment volume. 

3) Current patterns and subtidal bedforms a t  the Essex River Inlet 
suggest that the inlet throat and the main ebb channel are dominated by 
ebb-tidal currents. The inlet throat has maximum velocities of 1.0 mls for 
mean tidal ranges and ebb-oriented sandwaves with wavelengths up to 40 
m and waveheights up to 2 m. The marginal flood channels are 
dominated by flood-tidal currents as maximum flood currents of up to 0.80 
mls are twice as strong as maximum ebb currents. The swash platform 
channel is slightly flood-dominant. 

Intertidal sand bodies are dominated by landward-oriented 
currents. The proximal channel margin linear bars are dominated by 
flood-oriented sandwaves and megaripples associated with flood-tidal 
currents. Distal and internal channel margin linear bars, and swash 
bars are dominated by plane beds and landward-oriented current 
lineations associated with wave-generated flood currents. The distal 
channel margin linear bars also have ebb-oriented megaripples 
associated with the expansion of the ebb jet. 

4) The delta is composed of very well to well-sorted (0.210 - 0.500) fine to 
medium-grained sand (1.750 - 2.500). Three overall grain size trends of 
the delta are present. First, tidal channel environments tend to be the 
coarsest-grained followed by environments with both wave and tidal 
components (i.e. proximal channel margin linear bar). The wave- 
dominated environments (i.e. swash bar, distal channel margin linear 



bar) are the finest-grained environment. Second, a fining trend in grain 
size occurs from the inlet throat to offshore areas seaward of the terminal 
lobe. Lastly, the updrift portion of the delta is composed primarily of fine 
sand (2.190) while the downdrift portion of the delta is composed of 
medium sand (1.840). This latter grain size trend may be explained by 
the Essex River Inlet acting as a coarse-grained sediment trap. 

5) The sedimentary sequences of tide versus wave-dominated settings can 
be differentiaded. Tide-dominated settings are dominated by bidirectional 
trough cross-bedding with some planar cross-bedding. Wave-dominated 
settings are dominated by a) homogeneous, structureless sand sheets and 
horizontal to low-angle seaward-dipping planar cross beds and b) high- 
angle planar cross-beds associated with slipface migration. 

6) The stratigraphic framework of the Essex River ebb-tidal delta is based 
upon three dominant processes: 1) main ebb channel migration and 
assoGiated cut and fill accretionary beds; 2) abandoned marginal flood 
channel accretion and; 3) swash bar migration. Environments can be 
further diflerentiated by smaller scale subsurface sedimentaq structures 
which are formed from the migration of surficial bedforms. An overall 
ebb-tidal delta stratigrapEc sequence divides the Essex River ebb-tidal 
delh into five units. 0verlg.ing the shoreface deposits in ascending order 
are the f o l l o ~ n g  units: 1) Basal channel lag; 2) Main ebb charnel; 3) 
M a r ~ n a l  flood channel; 4) Channel m a r ~ n  linear bar with 
inkrfingedng spillover lobe and; 5) Swash bar. A fining-upward trend 
occurs throughout the sequence. 

The stratigraphy of the Essex River ebb-tidd delta can be avided 
fudher into three stratisaphie sequence models whose characte%-istics 
are a result of diflerent sedimentary processes occurl.ing a t  each locality. 
The u p d ~ f t  ebb-tidal delta sequence is dominated by main ebb channel cut 
and fill accretionary beds. Channel margin linear bar and swash bar 
deposits overlie this unit. The downdl.ift ebb-tidal delta sequence is 
dominated by abandoned m a r ~ n d  flood channel and swash bar 



migration deposits. Distally, the ebb-tidal delta is dominated by an active 
main ebb channel and overlying main ebb channel cut and fill 
accretionary bed unit. The sequence is capped by channel margin linear 
bar and swash bar deposits. 
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APPENDK B: 

GRAIN SIZE ANALYSIS O F  

SEDIMENT GlEeAB S M P L E S  AND CORES 
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APPENDIX C: 

CORE DESCRIPTIONS 



FINE SAND (20 10 3121) 

MEDIUM SAND (112) to 212)) 

COARSE AND VERY COARSE SAND (-4 &)to 10) 
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SHELL (FRAGMENT) 



Proximal updriR channel margin linear bar 

Gray fine sand with intermittant organic matter (wood 
fragments) 

-laminae of black fine sand with organic matter 
(wood fragments) 

-black fine sand with abundant organic matter 
(wood fragments) 

-shell fragment 

-black fine sand with organic matter (wood fragments) 

greenish-brown organic matter (wood fragments) 

Dark gray medium sand 

Gray fine to medium sand with horizontal planar bedding 

Gray fine sand 
-black fine sand with organic matter (wood fragments) 

-organic matter (wood fragments) 

Gravel 
Coarse Sand 
Medium Sand 
Fine Sand 50 em. 



Proximal updrift channel margin linear bar 

Light gray fine sand 

Gray fine sand with high angle trough cross-bedding underlain 
by horizontal planar bedding 

Fining upward sequence of fine to medium sand with 
horizontal planar bedding to low angle planar cross-bedding 

Dark gray medium sand with alternating beds of horizontal 
planar bedding to low angle cross-bedding 

Gravel 
Coarse Sand 
Medium Sand 
Fine Sand 50 cm. 



Updrift Swash bar 

Light gray fine to medium sand 

-horizontal planar bedding of dark gray fine sand 

Fining upward sequence of fine to medium sand 
with low angle planar cross-bedding 
Dark gray fine sand with high angle planar cross-bedding 

Dark gray fine sand with horizontal planar bedding 

Gray medium sand with low angle bidirectional planar cross- 

Gray medium sand with low angle planar cross-bedding 

onshore ---3 

50 cm. 



Updrift swash bar 

Light to dark gray fine sand 

-shell fragment enclosed within black sand 

Fining upward sequence of dark gray fine to medium sand with 
low angle planar cross-bedding 

Gray fine sand with low angle planar cross-bedding 
Gray fine to medium sand with low angle bidirectional trough 

50 cm. 



Updrift channel margin linear bar 

Gray fine sand with occasional horizontal planar laminae and 
bedding 

Dark gray fine to medium sand with horizontal planar bedding 

-low angle planar bidirectional cross-bedding 

Gravel 
Coarse Sand 
Medium Sand 
Fine Sand 



Updrift channel margin linear bar near main ebb channel 

-low angle planar cross-bedding 

Dark gray fine to medium sand with low angle planar bedding 
Gray medium sand with low angle cross-bedding 

Dark gray fine sand 

gray medium sand with bidirectional trough cross 

-light gray fine sand with bidirectional cross-bedding 

-medium pebble 
Gray fine to medium sand with low angle trough cross-bedding 

Dark gray fine sand 
-kw angle cross-bedding 

50 cm. 



Updrift marginal flood channel 

Dark gray fine sand 

Light gray medium sand and organic matter (wood fragments) 
Gray medium sand with interbedded units of fine sand 

Gray fine sand with low angle bidirectional cross-bedding 
with dominant flood oriented component 

-shell 

Gray fine sand 

-shell matter 



UpdriR marginal flood channel 

Light gray fine sand 
bight gray fine sand with otxasional organic matter (wood 

Fining upward sequence of fine to medium sand with 
occasional fine pebble and organic matter (wood fragments) 

Fining upward sequence of fine to medium-coarse sand with 
bidirectional low angle cross-bedding with dominant onshore 

Fining upward sequence of fine to medium sand 
with bidirectional cross-bedding 

Light gray medium sand with horizontal planar bedding 
bight gray medium sand with occasional shell matter and 
fine pebble with high angle planar cross-bedding 

-layer of coarse sand 

Dark gray medium sand with organic matter (wood fragments) 

I 
Fine Sand 



Downdflft swash bar adjacent to swash platform channel 

Bark gray medium sand 

Dark gray medium to m a r s  sand 
Gray fine sand with low angle trough cross-bedding 

Gray fine sand with low angle planar cross-bedding 

Light gray fine sand with high angle trough cross-bedding 
Gray fine sand with shell matter with low angle planar cross- 

Light gray medium sand 

s cm. 



Downdrift swash bar 

Gray fine to medium sand 

-shell matter 

Light gray sand with horizontal planar and low angle 
planar cross-bedding 

Dark gray fine to medium sand with occasional layer of 
medium to coarse sand 

Gray fins sand and occasional coarse sand layer with 
horizontal planar bedding 

Gravel 
Coarse Sand 
Medium Sand 
Fine Sand 

50 cm. 



Downdrift channel margin linear bar near main ebb channel 

Gray fine sand 

Bark gray fine to medium sand with low angle trough cross- 

Light gray medium to coarse sand with occasional fine pebble 
Fining upward sequence of fine to medium sand with 
occasional coarse sand layer and fine pebble with low angle 
bidirectional trough cross-bedding 
Gray fine to medium sand with high angle bidirectional 
trough cross-bedding 
Light gray medium to coarse sand with horizontal planar 

y fine sand with atternating units of horizontal, low 
angle, and high angle planar bidirectional cross-bedding, 
becoming more ebb-oriented at depth 

-layers of coarse sand 
-layer of micaceous matter 

Light gray medium to coarse sand with frequent shell matter 
and occasional fine pebble clast 

50 ern. 



Dawndrift channel magin linear bar war main ebb channel 

Light gray medium sand 

Bark gray medium sand with high angle planar cross-bedding 

Fining upward squeneg of medium to coarse sand with 
occasional fine pebble with bidirectional trough cross-bedding 
Light gray medium sand with high angle trough cross-bedding 

Gray fine sand with low angle trough cross-bedding 

Gray fine sand with low angle bidirectional trough cross- 

5Q em. 



Downdrift swash bar 

Gray fine to medium sand 

-occasional very fine pebble 

Gray fine to medium sand with horizontal planar bedding 

-shell fragments 
-fine pebble clast 

Gray medium sand with horizontal planar and low angle planar 
cross-bedding 

Gravel 
Coarse Sand 
Medium Sand 
Fine Sand 



Downdrift marginal flood channel 

Gray medium sand 

coarse sand clasts 
Gray medium sand with high angle planar cross-bedding 

-fine pebble clasts 
gray fine to medium sand with low angle planar cross- 

Light gray fine sand with low angle bidirectional 
cross startification 

lnlng upward sequence of fine to coarse sand 
with low angle cross-bedding 

-layer of coarse pebbles 
Gray fine sand with abundant horizontal to low angle 
cross-bedding 



Downdrift swash platform channel 

Gray medium sand 

Gray fine to medium sand with occasional coarse sand 
and fine pebble clast with shell matter 
Gray fine sand with horizontal planar cross-bedding 

Gray fine sand with bidirectional trough cross-bedding 
with some shell fragments 
Gray fine sand with high angle planar cross-bedding 

Gray fine sand with horizontal planar bedding 

Light gray fine to medium sand with high angle cross-bedding 
Light gray fine sand 

Light gray fine to medium sand with low angle cross-bedding 
with shell matter and occasional fine pebble 

Gray fine sand with horizontal planar bedding and low angle 
planar and trough cross-bedding with organic and micaceous 
matter and occasional coarse sand layer 

50 crn. 



Downdrift channel margin linear bar near main ebb channel 

bight gray to dark gray fine to medium sand 

-high angle planar cross-bedding 

-high angle planar cross-bedding 
gray fine sand with high to low angle planar cross- 

Horizontal planar bedding of micaceous and organic matter 
and occasional coarse sand clasl 
Gray medium s a d  with oecas 



Swash bar on distal end of dawndrift channel margin linear bar 

Gray fine to medium sand 

-shell matter 
Gray fine to medium sand with low angle planar cross- 
bedding and occasional shell matter 
Gray fine to medium sand with high angle planar to trough 

Light gray medium to coarse sand with high angle 
planar cross-bedding 
Gray fine sand with low angle planar cross-bedding 

-shell matter 

% em. 



Downdrift swash bar 

Gray medium sand 

Gray medium to coarse sand with low angle planar cross- 
bedding with occasional fine pebble clast and 
shell matter 

Dark gray fine sand with low angle planar cross-bedding 
Fining upward sequence of fine to coarse 
sand with low angle bidirectional trough cross-bedding 

Light gray fine to medium sand 

50 em. 
Fine Sand 1 



Downdrift swash bar 

Dark gray medium sand with low angle planar cross- 
bedding 

Light gray medium sand 

Fining upward sequence of lght gray fine to medium-coarse 
sand with bidirectional cross-bedding with dominant onshore 
component overlain by horizontal planar bedding 
Fining upward sequence of gray fine sand to medium-coarse 
sand with horizontal planar bedding 
Gray fine sand with horizontal planar bedding 

Gray fine sand with low angle bidirectional planar cross- 

Fine Sand 



Swash bar on distal end of updrift channel margin linear bar 

Gray very fine sand 

Gray medium sand 

-shell fragment 

Fining upward sequence of fine-medium to coarse sand with 
occasional fine pebble, shell matter and layer of coarse 
sand with high angle trough cross-bedding overlain by 
low angle planar cross-bedding 

Gray medium sand with frequent shell matter and fine pebble 

50 cm. 



Swash bar on distal end of updrift channel rnargin linear bar 

Gray medium sand 

coarse sand clast 

Gray medium sand with interbedded 
with low angle planar cross-bedding 

-fine gravel clast 

Gray fine sand 

onshore* 1 1 1 ' -  Gravel 

I .--- Coarse Sand 
Medium Sand 
Fine Sand 

layers of 

50 em. 

fine sand 



Swash bar on distal end of updrift channel margin linear bar 

Gray fine to medium sand 

Dark gray fine sand with intermittant organic matter 
(wood fragment) 

Gray fine sand with low angle planar cross-bedding 

Light gray medium sand with occasional shell fragment with 
high angle planar cross-bedding 

Gravel 
Coarse Sand 
Medium Sand 
Fine Sand 

50 ern. 



Updrift marginal flood channel 

Dark gray fine to medium sand 

Light gray medium sand with horizontal planar and low 
cross-bedding with occasional shell matter 

Gray fine to medium sand with low angle planar cross 

Light gray fine to medium sand with low angle cross 

-coarse sand clast 

50 cm. 

angle 



Updrift channel margin linear bar 

Gray fine sand 

Light gray fine sand with horizontal planar bedding 

Gray fine sand with low angle bidirectional 
trough cross-bedding 

Gray medium sand with horizontal planar bedding 

Gravel 
Coarse Sand 
Medium Sand 



CORE 25 
Updrift channel margin linear bar near main ebb channel 

Light gray fine to medium sand 

Gray fine sand 

Dark gray fine to medium sand with horizontal planar bedding 

Fining upward sequence fine to medium sand with low 
angle bidirectional trough cross-bedding 

fine to medium sand with low angle bidirectional cross 

r (wood fragments) 

Dark gray medium sand with b w  angle trough cross-bedding 

50 cm. 



Downdrift channel margin linear bar near main ebb channel 

Gray fine to medium sand 

-shell matter 

Dark gray fine sand with shell matter and horizontal planar 
bedding 

Fining upward sequence of fine to medium sand with high angle 
trough cross-bedding 

Gray fine sand with low angle cross-bedding 

Gravel 
Coarse Sand 
Medium Sand 
Fins Sand 

50 cm. 
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