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Introduction
Recent digitization of Suffolk
County topographic data in the
central Brookhaven village of
Selden has allowed for the
development of a Digital Elevation Model (DEM) that shows
an even greater level of detail
than previous models (http://
pbisotopes.ess.sunysb.edu/
reports/tvelia/Producing%
20DEM%20in%20Global%
20Mapper.pdf). The vast majority of these glacial features have
been classified based solely on
outward morphology; although
this may be helpful in identifying
key glacial environments, many
of these structures can be produced through drastically different
glaciotectonic processes.

Figure 1. Glacial features of central Brookhaven

This new DEM along with GPR imaging
and previously described borings from the
study area will allow for more accurate
classification of the glacial structures
within the study area as well as the
glaciotectonic processes required to produce them.

Glacial Setting
The study area is located in central
Brookhaven along one of the more peculiar areas of the Ronkonkoma Moraine.
Previously this area was considered part of
the contiguous Ronkonkoma Moraine but
upon closer inspection may have been
produced in multiple phases of deposition.
Area 3 in Figure 1 contains abundant kettle
holes situated in a hummocky terrain which
suggests deposition by a retreating glacier.
Areas 1 and 2, however, are ridge-like
structures indicating deposition either by
an advancing glacier, or by local surges in
glacial ice.

Figure 2. The Selden Hill. Dark lines represent ridge numbers.

Morphology of the Selden Hill
The Selden Hill, Area 1 in Figure 1, is bounded on the west by County Route 97 (Nicolls Road) and on the
east by College Road and then Mooney Pond Road, and is also home to the Ammerman Campus of Suffolk
County Community College. The feature itself is an area of high relief situated just north of the contiguous
Ronkonkoma Moraine. It reaches a maximum elevation of 245 ft above sea level at its southern boundary and
descends to almost 90 ft above sea level to the north. The steepest slopes can be found along the southern wall
of the hill giving this feature an almost tear-drop profile along a north-south cross section.
Upon closer observation, this feature is composed of a series of concentric arcuate ridges which appear
concave in the up-glacier direction, as can be seen in Figure 2. In general these ridges reach their highest
elevation in the south composing the southern wall of the feature and decrease in elevation, with the exception
of ridge number 2 to the north.
Ridge numbers 1 and 2 are unique in this structure as they are the only two ridges that seem to be topped by a
plateau-like structure where the majority of the college buildings are located. Whether this plateau was
produced during glaciation or is a result of grading during earlier construction is difficult to determine. County
maps used to produce the above DEM were produced in the early 1960s prior to the construction of the college
but at that time the land was occupied by the Suffolk Sanitarium.
Borings done on the Selden Hill during construction of the campus (Fig. 3) show sediment composed almost
entirely of sands and gravel. In all borings this sand and gravel sequence is between 30 and 40 feet thick.
Although this should
be no surprise for a
glacially constructed
feature, it is vastly
different from
surrounding
sediments.
Suffolk County Water
Authority well logs
from areas north of
the Selden Hill show
sediment consisting of
sands and gravel, but
also containing clay
lenses which are nonexistent in the hill
structure.
All well logs,
however, contain
sections of pure sand
and gravel with
similar thickness to
that of the Selden Hill.

Figure 3. Left: 1965 Boring from Selden Campus
Right: Suffolk County Water Authority Well located northwest of Selden Hill

Glacial Development
The arcuate structure of the Selden Hill most closely resembles that of a hill-hole pair. Bluemle and Clayton
(1984) define a hill-hole pair as a “Discrete hill of ice-thrust material, often slightly crumpled, situated a short
distance down glacier from a depression of similar size and shape.”
Although these depressions are often near the associated hills, their existence can often be hidden under more
recent sediment (Aber and Crook, 1989). In the case of the Selden Hill the associated hole may have filled
during recession of the glacier and/or from outwash produced during the Harbor Hill event. Preglacial surface
maps produced by Smolensky (1990) show a prominent east-west valley just north of the study area; however,
this valley has a volume much greater than that required to produce the Selden Hill and was most likely
produced during a previous advance (Smolensky, 1990).
Glacial structures such as the hill-hole pair described above, as well as composite ridges and cupola hills, have
been characterized based on morphology but may be the result of similar glaciotectonic processes. The Selden
Hill, for example, seems to be a hybrid structure retaining much of the morphology of the hill-hole pair but
apparently lacking the associated hole and, based on the presence of till along the glacial surface, would best
be classified as a cupola hill. In either case, deformation caused by glaciotectonic processes should result in
some form of depression in the up glacier position of the resulting structure. For this reason it is more
appropriate to study the development of the Selden Hill as a simple push moraine structure with the final
morphology produced by the over-running glacier.
Bennet characterizes push moraines into four categories based on compressive stress as determined by
morphology, deformation, and the scale of shortening:
1. Small (<5 m high) push moraines with a single crest oriented parallel to the ice margin.
Deformation occurs close to the ice margin in a narrow zone, often a result of seasonal fluctuations.
2. Large (>5 m high) push moraines with a single crest oriented parallel to the ice margin which result
from more sustained advance due to change in glacial mass balance.
3. Narrow, multi-crested, push moraine in which significant deformation has been transmitted
horizontally for the order of 50 – 300 m beyond the glacier margin and through a thickness of 10 –
20 m. The style of deformation may involve multiple folds or fans of listric thrusts.
4. Wide, multicrested, push moraines in which deformation has been transmitted in excess of 300 m
beyond the glacial margin. The style of deformation often includes fans of imbricated thrusts or
superimposed sub-horizontal nappes produced by over thrusting. (Bennet, 2001)
The Selden Hill most closely resembles that of a wide, multi-crested push moraine. Several modern analogues
of these structures have been studied and in all cases formation of these structures is the result of proglacial
deformation caused either by a thrusting of nappes into glacial structure with subsequent deposition, or by
gravity spreading caused by the differential load of the ice sheet and the proglacial surface which causes
thrusting of the subsurface beyond the glacial margin, or a combination of both (Andersen et. al. 2005).
In each of the previous cases the mechanism by which the deformation occurs is dependent on both the
sedimentology and the physical state of the sediment being deformed. Boulton et. al. (1999) suggest that
permafrost would be essential to the deformation process, allowing the ability to transmit glacial strain over
large distances and also creating elevated pore water pressure below the frost line. Elevated water pressure
would then reduce friction and enhance the basal decollement surface (Boulton et. al. 1999). Although Boulton

Figure 4. Conceptual drawing of entrainment and subsequent deposition of thrusted sediment (Bennet, 2001)

assumed that this was most likely the result of glacial surges, such as that which created the Holmstrombreen
push moraine, Hambrey and Huddart describe a large push moraine at Uverbreen which is believed to be
produced by flow compression (Bennet, 2001).
Hamprey and Huddart (1997) propose that distal thrusts are the result of internal glacial thrusts formed as a
result of the transition between the warm based sliding interior glacier and a cold based nonsliding glacier
margin. Along the glacial margin, basal sediment or nappes can become incorporated within the glacial ice.
Upon retreat incorporated sediment and ice would be added to distal moraine complex (Figure 4) resulting in
an apparent hummocky terrain. Thrusting ahead of the glacial margin is therefore related to the entrained
sediment and ice complex by a basal decollement surface (Bennet, 2001).
Although processes such as those described by Hambert and Bennet could result in features similar to the
Selden Hill, the process also requires an active retreating glacier. Till located on the surface of the Selden Hill
indicates overriding and therefore an advancing glacial margin. Bennet also suggests another model of push
moraine formation where the glacier and sediment below and ahead act as a coupled system. In this scenario
coupling may occur as a result of a coldbase on permafrost. The decollement surface could then form along a
boundary formed either at the base of the permafrost or along contacts of variable competence. In the Selden
Hill structure this decollement surface may have occurred along the top of a clay boundary that can be
identified in well logs to the north of the structure at a depth of 72 ft and directly south of the hill at a depth of

Figure 5. Numerical model of the Strain distribution in unconsolidated sediments as a result of gravity spreading
associated with a of static load
a) Strain imposed on horizontally layered base model shows the development of forethrust-backthrust pairs
b) strain distribution on an inclined base the model shows that stain favors the development of forethrusts

242 ft. This is most likely the previously identified Smithtown Clay, a lacustrine sediment most likely
deposited as result of damming of meltwater by the Ronkonkoma Moraine (Kruliskas and Koszalka, 1983).
Numerical modeling of this process done by Andersen et. al. suggests that gravity spreading caused by the
differential load of the ice sheet and the proglacial surface creates strain localization ahead of the glacial
margin in the form of backthrust-forethrust pairs (Figure 5).
The model presented by Andersen assumes a decollement surface at 200 m depth and although this is much
deeper than that presumed in the
Selden Hill, it is in keeping with
possible permafrost depth. The
model also does not take into
account strain caused by glacial
push as a result of coupling and/or
local weakness in sediment
competence.
In order to determine the internal
structure of the Selden Hill, a GPR
study was conducted along a northsouth track on the east side of the
Selden Hill. Previous studies, such
as that by Kurt Geotz and Dan Davis

Figure 6. Profile of GPR track along east side of the Selden Hill. Inset of
entire feature for perspective

Figure 8. 100 MHz antenna showing fold fault located at 220m
along path. Depth based on average velocity of 0.1 m/ns. Vertica
Figure 7. Complete GPR profile, north on left. Red - stratigraphic reflectors, black - faults. Vertical exaggeration - 2x

(2004) at Hither Hills, has shown that GPR studies can be a useful technique in analyzing glaciotectonic
processes in unconsolidated sediments.
As can be seen in Figure 6 the path chosen for this study transects the eastern edge of three ridges that
compose the feature and follows an abandoned and now dirt roadway. The GPR was conducted using 100
MHz, 200 MHz, and 500 MHz RAMAC antennas. Data from the study was collected using Ground Vision
sample collection software and was processed using commercially available REFLEX software and topocorrected with data provided by Gil Hanson.

Results
GPR data revealed a number of interesting and unexpected results, not the least of which was the degree to
which the subsurface was stratified. Although this was unexpected its presence does suggest a proglacial
depositional environment with subsequent transport and deformation.
The 100, 200, and 500 MHz antenna all reveal
strata with an approximate 20 degree dip to the
north which appears to be the result of
glaciotectonic thrusting. From 190m to 215m
the strata has been folded and imbricated,
resulting in a fault with dip of roughly 35
degrees to the north. This surface is better
resolved in the 100 MHz and 200 MHz
antenna as a fold fault structure and can be
seen in Figure 8. In total a series of three fault
fold structures can be identified in the GPR
images.
From 310 to 350m (Figure 9) the thrusts
appear to be truncated along a fault surfaces
and are topped by a series of folded strata.
Based on the existence of what appears to be
trailing of the truncated strata, the southerly

Figure 9. 200MHz GPR image from 300 m to 390 m along path (north is to the left). Red lines represent thrust and
folded strata, black lines represent interpreted normal faults. Depth scale based on average velocity of 0.1 m/ns

dipping surfaces have been interpreted as normal faults.
Further to the south from 380 - 420m, another fold fault structure can be identified. Based on the degree to
which strata has remained intact between fault structures, this whole structure may be the result of fault
blocking along the southern boundary of
the hill and may explain
the cause of the steep
wall that comprises the
southern boundary of
Selden Hill.
Just south of this structure
another south dipping
fault has been identified
and may be yet another
example of fault blocking
south of the feature;
however, this would
require further studies to Figure 10. GPR image, 500MHZ antenna showing till layer along possible Pleistocene
confirm.
surface. Hyperbolas represent reflections caused by single objects such as cobbles.
Along with the numerous thrust and folded structures the 100 and 200 MHz antennas also revealed a brightly
reflecting shallow surface from 10-60m and again from 130-170m. This is interpreted as being the original
glacial surface which has now been back filled by slightly more than 2 meters of colluvium over the years.
The 500 MHz antenna confirms this by the presence of a till layer that is easily identified
by the number of hyperbolic reflectors (Figure 10) that follow along the surface identified by the 100 and 200

MHz antenna. This is better
resolved with the 500 MHz
radar due to the higher
resolution of the smaller
wavelength.

Discussion
Virtually all proposed models
for the formation of push
moraines require a ductile
horizon to act as a decollement
surface. In many instances this
horizon is the boundary
between fine grained and
coarse grained sediment, such
as sands and clays,
yet in general may be any
boundary that results in
increased pore pressure at the
Figure 11. Locations of campus boring vs SCWA well south of the Selden Hill
glacial margin. This not
only allows for separation along
the decollement surface but also may reduce friction along the sliding surface. Numerous studies of push
moraines in the Netherlands and in Germany have shown direct correlation of push moraine development and
the presence of ductile sub-horizons,
such as clay (Bennet, 2001).
Suffolk County Water Authority well
logs show that a similar situation occurs
in the Selden area where what may be
the Smithtown clay is topped by glaciofluvial sands and fine gravels. To the
north of the hill this clay layer is
identified at a depth of 75 ft below sea
level; directly to south of campus
(Figure 11) it is located at 242 ft below
sea level given the surface a dip of
nearly 0.6 degrees to the south. This is
nearly identical to the numerical model
designed by Andersen et. al. (2005).
This model (Figure 13) clearly shows
that strain, caused purely by gravity
spreading on an inclined surface, favors
the development of forethrusts over
backthrusts and forethrust-backthrust
pairs. This correlates well with GPR
from the Selden hill where much of the
strata indicates thrusting at angles
between 17 and 30 degrees (Figure 13).
Figure 12. Top: Expanded view of 500MHz GPR at 145m showing glacial Furthermore, in her studies of the dry
surface. Bottom: 200MHz GPR in same region

Figure 13. Top: Numeric model of strain development in sediment on inclined decollement surface (Adapted from Andersen et.al., 2005).
Bottom: Profile of Selden hill south dipping clay layer and possible thrust zones.

river valleys of Long Island, Soma Das (2007)
reports that the annual temperatures of between
-5 to -10 degrees centigrade would result in
permafrost depth of 300 to 400 ft. Other
evidence such as thermokarst involutions
identified in trenches within the Stony Brook
University campus and ice wedge casts in
scuttlehole ponds on the south fork of Long
Island corroborate the existence of permafrost on
Long Island during glaciation and possibly as
recent as 13,000 years before present (Das,
2007).
Due to its higher water content, in a permafrost
situation the clay boundary would have a much
higher competence then the above coarser
grained sands and gravel. Elevated pore pressure
as a result of the advacing glacial margin could
therefore result in a decollement surface
developing between the coarse grained sediment
and the clay horizon. Conversely if deformation
occurred before the frost line reached the clay
layer, shearing would mostly likely occur within
the clay. This would most likely cause the
inclusion of some clays within the thrust zones
of the resulting structure. The fact that borings
done on the Selden Hill do not record any clay is
therefore evidence that this structure was most
likely produced as a result of glaciotectonic
processes acting in permafrost.
Well logs north of the Selden Hill also indicate a
fining upward sequence above the clay surface.
This is most likely the result of glaciofluvial
deposition from an increasingly distal glacial
margin and therefore most likely represents
deposition during regression of the glacier.
South of the Hill well logs show a coarsening
upward sequence and therefore record the glacial
advance. Therefore, if the sediment comprising
the Selden Hill was deposited in a proglacial
setting and then thrusted forward during glacial
advance as the GPR indicates, it is more
appropriately correlated with sediment south of
the structure.
After thrusting occurred within the hill it is
apparent from the GPR that the entire structure
was overridden by the glacier. Evidence for this
can best be seen in the numerous truncated thrust
topped by a layer of till which is indicated by

numerous hyperbolic reflectors (Figure 12). At some point during the development of the hill fault blocking
occurred along the southern boundary. The existence of this deserves mention as it is evidence for permafrost
which would also be required to allow coupling of the thrusted surface to the glacial margin and detachment at
the decollement surface.

Conclusion
In this study, data from GPR surveys and well logs as well as the development of digital elevation models has
shown that the structure of the Selden Hill is a result of thrusting of proglacial sediments. This was possible
due to the occurrence of a slightly inclined clay layer which acted as a basal decollement surface.
The morphology of the Selden Hill clearly suggests that this structure is the result of glaciotectonic processes.
Structures such as the Selden Hill have often been characterized in the past based on morphology as hill-hole
pairs. Although this characterization may accurately reflect the postglacial topography, it does not add to our
understanding of the glaciotectonic processes involved in its development. Furthermore, GPR analysis shows
that this structure was overridden by the glacier, which most certainly created the plateau structure of ridges 1
and 2, and therefore the Selden Hill should be more accurately classified as a cupola hill.
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