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Shoreline and cliff erosion rates between 1938 and 1977 were determined by photogrammetric analysis
(1938,1952,1963,1977 series) for Thompson Island in Boston Harbor, Massachusetts, in order to evaluate
the influence of textural and shear strength properties on the erosion rates of the contiguous glacial cliffs
with respect to the directions of most frequent storm approaches. Analysis of variance indicates that
sediment textural characteristics and shear strengths are different by geographic exposure. A multiple
regression analysis showed that percent gravel and sand: mud ratios accounted for about 70% of the
variation in shear strength. The most resistant cliffs should, therefore, have the lowest average sand: mud
ratios, low gravel content and high shear strengths.

The highest rates of cliff erosion were generally associated with cliffs with the highest sand: mud ratios
and lowest shear strengths combined with an orientation subjected to frequent storms. The highest average
rates of cliff erosion (0.4 to 0.6 m/yr) occurred in the northwest and southeast quadrants, but not in the
northeast, storm-dominant quadrant. The northeast-facing cliffs have the lowest average sand: mud ratio
combined with relatively high shear strengths. Average cliff erosion rates were highest for the southeast
facing cliffs where the average sand: mud ratio is high and the average shear strength measurements are
the lowest.

Over this 39-year period, the mean cliff recession for the island's perimeter was about 0.3 m/yr which
supplied over a quarter of a million cubic meters of sediment, while shoreline erosion was about 0.4 m/yr
and supplied over 200,000 cubic meters of sediment. These sediment-budget estimates amount to nearly
half a million cubic meters of materials removed from the island. They suggest that the Boston Harbor
Islands can be 8 significant natural source of sediments for offshore areas.

Predictions of average cliff erosion rates may he more complex than predictions of average beach erosion
rates. In addition to considering dominant storm directions, it is important to consider geotechnical
properties, such as size, composition and shear strengths of cliff sediments in an attempt to predict their
potential long-term erosion rates.

ADDITIONAL INDEX WORDS: Boston Harbor, beach erosion, cliff erosion, cliff shear strength, grain
size composition.

INTRODUCTION

The study of mass movement and slope failure
processes crosses a variety of disciplines. From an
engineering viewpoint, slope stability investiga
tions tend to be site specific and of limited tem
poral duration. From a geological perspective,
slope studies are generally long-term and include
an analysis of the spatial variability of sediments,
stratigraphy, structures and erosional processes.
HANSEN (1984) summarized the factors influenc
ing slope stability and suggested that they can be
divided into three distinct categories: (1) the type
of slope movement, (2) the morphology along the
surface of movement, and (3) the geotechnical
properties of the slope-forming materials. The first
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two areas broadly define or describe the resultant
geomorphological form that slope failure achieves.
Slope stability, however, is ultimately dependent
upon the combined geotechnical properties of the
slope-forming materials, such as sediment size
distribution, porosity, permeability, shear
strength, and slope angle, as well as structural
weaknesses.

RICHARDS and LORRIMAN (1987) observed that
erosion at or near a slope base can induce mass
movement at rates significantly greater than would
be associated with in situ weathering and/or in
creased pore-water pressures. Their study pro
vides a general reference to the stability condi
tions found in unconsolidated marine cliff
sediments.

The relative erosion rates of coastal cliffs con-
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Thompson Island, Massachusetts, was studied
in order to evaluate the influence of some geo
technical properties of receding cliffs on slope sta
bility. JONES et al. (1985, 1991) used photogram
metric analyses to determine shoreline changes at
Thompson Island and other Boston Harbor is
lands. These studies suggest that sediment com
position of the contiguous glacial cliffs rather than
orientation to wave approach may control the rates
of recession on many Boston Harbor islands.

METHODS

Figure 2. Thompson Island. Location of the control stations
used for photogrammetric analysis (A). Location of the corre
sponding sediment and shear strength sampling stations (B).

Study Area

Thompson Island lies within a drowned section
of the structurally complex Boston Basin (LA

FORGE, 1932; CAMERON, 1979). The island is 2.6
km 2 in area and is one of the many drumlinoid
islands in Boston Harbor (Figure 1). The island
is sheltered from open-ocean wave approach ex
cept under extreme storm conditions. Sediments
forming the island are mapped as drumlin and
moraine deposits (LAFORGE, 1932; NEWMAN et al.,
1990). Bedrock is not exposed on the island and
the beaches are composed of a mixture of sandy
gravels, shingle, boulder and fragmented mussel
shells.
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sisting of unconsolidated sediments are affected
also by variations in composition. It has been
clearly demonstrated from studies in both marine
and terrestrial environments that sediment com
position controls the rates of erosion and subse
quent recession, with silt-clay dominant slopes
generally being more resistant than sand-gravel
dominant slopes (SKEMPTON, 1964; THORNE and
TOVEY, 1981; VAN EERDT, 1985).

Many lake and marine shorelines are fronted
by cliffs composed of unconsolidated sediments.
Because of the sediment composition and ero
sional aspects of such cliffs, they tend to be un
stable and therefore are subject to recession. The
eroded material produced during recession pro
vides a source of sediment for subsequent beach
development (MAY, 1977; MCGREAL, 1979).

GEIER and CALKIN (1883) and BRENNAN and
CALKIN (1984) demonstrated that rates of cliff
retreat and beach erosion for Lake Erie and Lake
Ontario are related in part to the sediment com
position of the adjacent cliffs. BUCKLER and
WINTERS (1983) were, however, unable to confirm
a relationship between sediment composition and
the rates of cliff erosion along Lake Michigan
shorelines.

There is a large amount of potential beach and
offshore sediment contained in unconsolidated
coastal cliffs. VALENTIN (1954) identified marine
cliff recession rates averaging 1.2 mlyr for a 50
km long section of coast at East Yorkshire, En
gland, while JONES and FISHER (1990) found cliff
recession rates of about 0.8 m/yr around the 2 km
perimeter of Grape Island within Boston Harbor,
Massachusetts.

Figure 1. Boston Harbor Islands. Thompson Island is shaded
in black.
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Figure 3. Photograph of typical marine cliff exposure of bouldery muddy sand from the northwest quadrant.

Thompson Island was deposited as glacial sed 
iment during the Late Pleistocene when sea level
in the Boston Harbor was at least 20 m lower than
at present (KAYE and BARGHOORN, 1964; JONES
and CAMERON, 1986; NEWMAN et al., 1990). The
lower base was partially em bayed by Holocene
sea-level rise until the island attained its present
configuration. Subsequently, erosion of the glacial
cliffs on the island has provided a potential source
of beach and harbor sediment (JONES, 1979; JONES
et al., 1985; KNEBEL et aI., 1991).

Photogrammetric Analysis

A zoom transfer scope was used to measure
shoreline change and cliff recession from aerial
photographs for the years 1938, 1952, 1963, and
1977. The 1977 series photograph was enlarged
(1:400)and served as the bas e. Aerial photographs
for the other three series were optically enlarged
and superimposed on the 1977 base for change
measurements.

The 1938 high -tide line was used as datum for

subsequent measurements. Bea ch and cliff mor
phologies, and permanent island fixtures (e.g.,
buildings, roads) were mapped in the field for
verification of aerial photographic scales. The
smallest unit of length that was measurable on
the photographs and field verified was 4.5 m. The
smallest measurable change per year was calcu
lated by dividing the smallest measurable field
distance by the number of years of photocoverage
(TANNER, 1977). Accuracy of change for Thomp
son Island was therefore 4.5 mover 39 years of
coverage or about 0.11 m/yr.

Dimensionally stable acetate sheets were used
to trace changes through time in both the high 
tide line and cliffs. For area measurements of beach
change, the 1977 base aerial photograph was di 
vided into thirty-six 150 m arc segments with a
digital linear measuring probe (F igur e 2a). The
areas between segments for each air photograph
were measured with a digital planimeter. Area
change within each 150 m control station repre
sents an average of three to five planimeter traces.
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Figure 4. Photograph of typical marine cliff exposure of slightly gravelly muddy sand from the southwest quadrant.

Cliff Sediment Sampling

Sediment samples were collected from each of
the fifty-five stations along the exposed cliffs
around the perimeter of the island (Figure 2b).
Figures 3 and 4 illustrate some of the composi
tional variation found along the island perimeter
cliffs. More than one sample was collected from
cliff faces at locations where a visual difference in
either sediment size or stratification was ob
served. Shoreline areas with cliffs less than about
1.65 m in height or where erosion control struc
tures were present were not sampled (Figure 2b).

From each sample, a 100 g split was processed
according to methods for sediment size analysis
(FOLK, 1974). This procedure included mechani
cal sieving of the sample splits at V2CP sieve in
tervals from -4</> through 4</>. The remaining pan
fraction (> 4</» was analyzed with a hydrometer.

The size fractions were grouped into three sep
arate classes: gravel « -1</», sand (-I</> to 4</»
and mud (>4</», and plotted on a triangular dia-

gram (Figure 5; FOLK, 1954). These size groups
were selected to test the relationship between shear
strengths and particle size variability along the
cliff faces . Because the particle size distribution
of sediments can have an important influence upon
shear strength (LAMBE and WHITMAN, 1969), it
was believed that a size analysis of the cliff sed
iments would provide insight into understanding
how the rate of cliff erosion might vary as a func 
tion of shear strength and sediment size distri
bution.

Shear Strengths

The shear strengths of the materials forming
the slopes at the fifty-five sediment sampling sta
tions (Figure 2b) were measured with a portable
shear vane meter. This instrument operates on
the same principle as the laboratory vane appa
ratus. Although it provides only an approximation
to the shear strengths of the materials tested
(HEAD, 1982), it does give an acceptable in situ
estimate.

Journal of Coastal Research , Vol. 9, No. I, 1993
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Figure 5. Textural classification of the sediment samples by geographic quadrant. Key to the right provides the classification
boundaries (FOLK, 1954,1974). (G-Gravel; mG-muddy Gravel; smG-muddy sandy Gravel; sG-sand Gravel; gM-gravelly Mud;
gmS-gravelly muddy Sand; gS-gravelly Sand; (g)M-slightly gravelly Mud; (g)sM-slightly gravelly sand Mud; (g)mS-slightly
muddy Sand; (g)S-slightly gravelly Sand; M-Mud; 8M-sandy Mud; mS-muddy Sand; S-Sand. Note that key is not to scale.

The measurements were taken by placing the
portable shear vane meter on the slope adjacent
to and within a few centimetres of the sediment
sampling stations (Figure 2b). The shear vanes
on the bottom of the meter were pushed into the
slope with the instrument rotated until shear fail
ure occurred. An average of three shear strength
measurements were taken at each station.

The shear strength values obtained from the
portable shear vane meter for cliff sediments on
Thompson Island were compared with shear
strength values obtained from a conventional di
rect shear box apparatus for materials with sim
ilar textural properties (JONES and ACKMAN, 1990).
Because the data corresponded well, we accept
the portable shear vane meter values as generally
representative of the strength characteristics for
the Thompson Island cliffs.

ANALYSIS

The summary quadrant rates of beach erosion
and cliff recession are presented in Figure 6. The
northeast quadrant beach segments exhibit the

greatest amount of erosion over the 39 year time
period, averaging about 0.7 m/yr. The other three
quadrants have beach erosion rates of 0.3 to 0.4
m/yr. Rates of cliff recession were greatest for
southeast-oriented slopes (0.6 m/yr) followed by
northwest-exposed cliffs (0.4 m/yr) , northeast cliffs
(0.2 m/yr) and southwest cliffs (0.1 m/yr).

Cliff sediments sampled from northwest cliff
exposures essentially fell into the gravelly muddy
sand group, while sediments from northeast and
southeast cliffs generally represent a slightly grav
elly muddy sand (Figure 5). Sediments from
southwest exposures are more variable in regards
to their compositional classification. Nearly all
the samples had sand: mud ratios greater than
1:1. The sands from these cliffs are dominantly
fine sands with 80l)~ of the sand class ranging
between 2 <p and 3 <p. All sediment samples ana
lyzed were poorly sorted.

Southeast slopes had the lowest average shear
strength (11.6 kN/cm2

) . Northeast- and south
west-facing slopes had approximately equal shear
strengths of 13.3 and 12.8 kN/cm2 , respectively.

Journal of Coastal Research, Vol. 9, No.1, 1993
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1938 SHORELINE

Figure 6. Summary quadrant rates of beach and cliff erosion for Thompson Island from 1938 to 1977. The 1938 shoreline and
cliffline served as the baselines. Mean gravel, sand and mud percent histograms for the exposed cliffs are included within the
respective quadrants. Scale is meters/year.

Northwest cliffs averaged the highest shear
strengths at 15.2 kN/cm2 (Table 1).

A one-way analysis of variance model (SPSS
X, 1988) was used to test if there are significant
differences (p s 0.05) between gravel percent, sand
percent, mud percent, sand: mud ratio and shear
strengths for the four principal geographic ori-

Table 1. Cliff summary values by geographic quadrant.

entations of the cliffs (Figure 6). Significant dif
ferences (p < 0.05) emerged between the four"
orientations and these five variables, indicating
that both sediment composition and shear
strengths of the cliffs around the island perimeter
are different by geographic exposure.

In order to further test and predict possible

Shear
Avg. Retreat

Percent Percent Percent Sand: Mud Strength Cliff Beach
Gravel Sand Mud Ratio (kN/cm2) (m/yr) (rn/yr)

Northwest 40 51 10 5 15.2 0.4 0.4
Northeast 25 50 25 2 13.3 0.2 0.7
Southeast 20 70 10 7 11.6 0.6 0.4
Southwest 29 62 10 6 12.8 0.1 0.3

Average 28 60 13 6 13.2 0.3 0.4

Journal of Coastal Research, Vol. 9, No.1, 1993
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Figure 7. Idealized cross section perpendicular to the shoreline of an eroding sea cliff to illustrate how successive erosive events
from time 1 to time 4 can create an area of erosional loss that resembles a parallelogram. The cross-sectional areas of beach erosion
loss can also be approximated by the geometric shape of a parallelogram (MCCORMICK, 1973).

relationships between the shear strengths and the
textural characteristics of the cliff sediments, a
multiple regression analysis was computed. For
this analysis, the shear strength represented the
dependent variable with percent gravel, percent
sand, percent mud, and sand: mud ratio serving
as the independent variables. The backward
method of multiple regression analysis was se
lected to evaluate the relationship between shear
strength and these four independent variables
(DAVIS, 1986; SPSS-X, 1988). The backward re
gression procedure computes an initial equation
which includes all variables in the analysis (DAVIS,

1986). The procedure then progresses backwards
removing one variable at a time which does not
contribute significantly (p .:S 0.05) to explaining
the variance. The final product is an equation
which includes only those independent variables
that are statistically significant in predicting the
relationship of the dependent variable. In this
way each variable's contribution to the final re
gression solution can be evaluated and eliminated
if not significant at each progressive step of the
regression procedure.

The initial regression analysis including the four
independent variables produced an equation which
explained 71 percent of the variation. Percent mud
was the first variable eliminated from the sub
sequent analysis which yielded R = 0.838 and R2
= 0.702. Percent sand was the next variable elim
inated. These two eliminated variables contribute

about one percent to the total variation in shear
strength.

The final regression solution included percent
gravel and the sand: mud ratio as significant (p
~ 0.05) independent variables (R = 0.836; R2 =

0.699). The total explained variation accounted
for by these two variables is 69.9 percent.

SEDIMENT BUDGET

A sediment budget can be estimated by using
the rates of shoreline and cliff recession deter
mined from photogrammetric analysis (JONES et
al., 1985). This includes consideration that the
cross-section, taken perpendicular to the shore
line, of the eroded volume of sediments from both
the cliffs and the beaches on Thompson Island
approximates the geometric shape of a parallel
ogram (Figure 7). MCCORMICK (1973) also arrived
at this conclusion in his study of the beaches of
southeastern Long Island, New York.

The mean cliff recession for Thompson Island
was calculated to be 15 m (38 cm/yr) for the 39
years of photogrammetric coverage studied (1938
1977). Considering that the average vertical cliff
height for the island is about 3 m and that the
island perimeter is about 6,000 m, a volume of
sediment equal to about 270,000 m" was supplied
to the contiguous beaches from these cliffs.

The 39 year total beach erosion or recession was
about 18 m (46 cm/yr) along this 6,000 m island
perimeter, suggesting a faster beach-erosion rate

Journal of Coastal Research, Vol. 9, No.1, 1993
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than cliff-erosion rate. Given a Boston Harbor
tidal range of about 2 m, a volume of sediment
equal to about 216,000 m" was eroded from the
beaches of Thompson Island.

All of the eroded cliff volume of 270,000 m" plus
the beach loss of 216,000 m", totalling nearly half
a million cubic meters of sediments, have passed
through the dynamic beach system to the off
shore. This represents about 81 m" of materials
per meter of coastline eroded from these cliffs and
beaches over a 39-year time span. It, therefore, is
not unreasonable to assume that much of the
486,000 m' of sediment removed from Thompson
Island serves as a source for offshore subtidal de
posits. This sediment budget analysis appears to
confirm the suggestion of the U.S. ARMY CORPS

OF ENGINEERS (1977) and KNEBEL et at. (1991)
that the Boston Harbor Islands serve as "point"
sources of sediment for Boston Harbor.

DISCUSSION

Shear strengths of the materials forming the
marine cliffs are well predicted (R2 = 0.70) by the
sand: mud ratio and percent gravel from the mul
tiple regression analysis. Although the water con
tent, porosity, permeability, or vegetative cover
at the cliff stations were not sampled, it is not
unreasonable to assume that these factors may
account for a large portion of the 30/~1 unex
plained variation in shear strength (MAY, 1977).

The relationships of cliff retreat and beach ero
sion over the 39-year period studied relative to
cliff sediment composition and shear strength is
presented in Figure 6 and Table 1. Southeast
facing cliffs, with the lowest average shear strength
(11.6 kNz'cm'') and the highest average sand: mud
ratio (7.22), had the highest average yearly rate
of retreat at 0.6 m/yr. The average rate of erosion
for the proximal beaches was 0.4 mlyr which is
about average for the island.

Northeast-facing cliffs had a low average cliff
recession rate of 0.2 m/yr with a low average sand:
mud ratio of 2.27 and an average shear strength
of 13.3 kNz'cm". The rates of contiguous beach
erosion, however, were the highest, averaging 0.7
m/yr.

Northwest cliffs had an average retreat rate of
0.4 mlyr, an average shear strength of 15.2 kNI
ern", an average sand: mud ratio of 5 and an aver
age beach erosion rate of about 0.4 m/yr.

Southwest-facing cliffs experienced the lowest
average retreat rate of about 0.1 m/yr, even with
a high average sand: mud ratio of 6 and an average

shear strength of 12.8 kN/cm2
• The average rate

of beach erosion was also the lowest of the four
quadrants (0.3 m/yr).

Direct relationships among these variables for
the four quadrants are not, initially, apparent, but
a pattern emerges when the direction of dominant
storm-wave approach and relative sediment com
position of the cliffs are considered. Nearly 70
percent of the storms that approach the Massa
chusetts coast originate from the northerly and
easterly quadrants, with the most severe storms
coming from the northeast (JONES and CAMERON,

1979). The highest measured rates of beach ero
sion (1.1 m/yr) correspond to the northeast and
northwest storm-origin quadrants (Figure 6). The
northeast quadrant exhibits the largest average
beach erosion rate (0.7 m/yr) which corresponds
well with the quadrant from which the most se
vere storms originate. Southeast-facing cliffs,
however, exhibit the greatest amount of average
cliff erosion (0.6 m/yr) because they have the low
est shear strengths and the highest sand: mud ra
tios (Table 1). This is in spite of the fact that they
are fronted by the widest island tidal flat and a
broad shallow offshore zone which should atten
uate wave energy. In contrast, the southwest-fac
ing cliffs have the lowest average cliff-erosion rates
in spite of their high average sand: mud and rel
atively low average shear strengths (Table 1).

CONCLUSIONS

(1) During the 39-year period from 1938 to 1977,
over a quarter of a million cubic meters of cliff
sediments were eroded from the 6,000 m perim
eter of Thompson Island in Boston Harbor. This
material would have first been integrated into new
beach sediments. Beach erosion on this island,
however, adds an additional 216,000 rn' of eroded
sediment volume from Thompson Island. This
nearly half million cubic meters of sediment must
have been removed offshore, indicating that the
island is a significant source of sediment for the
offshore.

(2) The highest average rates of beach erosion
occurred along beaches facing north and east which
are the dominant directions from which storms
originate. The highest beach erosion rates oc
curred in the northeast quadrant which is asso
ciated with the most severe storms.

(~)) With multiple regression analysis, it was
demonstrated that shear strengths of cliff-form
ing materials are well-predicted by the sand: mud
ratio and the percent gravel. The more resistant

Journal of Coastal Research, Vol. 9, No.1, 1993
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cliffs should have a higher mud (or clay-silt) con
tent and lower sand and gravel contents (see
northeast quadrant, Figure 6).

(4) The highest rates of cliff erosion were gen
erally associated with cliffs having the highest
sand: mud ratios and lower shear strengths com
bined with an orientation facing frequent storm
directions. High average rates of cliff erosion oc
curred in the northwest and southeast quadrants
which have high sand: mud ratios. But, high rates
of cliff erosion did not occur in the northeast
quadrant, as expected from storm data. These
northeast-facing cliffs have the lowest average
sand: mud ratio combined with relatively high
shear strengths. Average cliff erosion rates were
highest for the southeast-facing cliffs where the
average sand: mud ratio was high and the average
shear stress measurements were lowest. On the
other hand, the southwest cliffs with similar sand:
mud ratios and low average shear strengths had
the lowest average rate of cliff recession. This,
however, is predictable from storm data.

(5) Predictions of average cliff erosion rates may
be more complex than direct predictions from av
erage erosion rates of the contiguous beaches. In
addition to considering dominant storm direc
tions, it is important to consider also geotechnical
properties, such as sediment-size distribution and
shear strengths of cliffs, in attempts to predict
erosion rates of sea cliffs.

(6) This study has shown that gravel content,
sand: mud ratios, shear strength and dominant
storm directions must be considered together in
order to explain and/or predict erosion rates of
cliffs composed of unconsolidated sediments.
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