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Introduction

This report, The Bluff Erosion PotentigBEP) IndexA Processseometric Model to Map BluErosion
Hazards on the PA Coast of Lake Eidescribesthe methodology and assumptionsdeveloped to
define relative coastal erosion hazard zones on the Pennsylvarbluff coad of Lake Erie. Detailed
background information on the coastal geology, hazards, and management of the bluff coast of
Pennsylvania is available online at pawalter.psu.edbie Lake Erie Bluff Coast of Pennsylvania:
State of Knowledge Report dboastal Change Patterns, Processes, and Manage(Reyle,2018)).

Pennsylvania has approximately 123 km (~76.6 mi) of Lake Erie shoreline, the majority of which is
dominated by unconsolidated Quaternaryage bluffsthat range in height from 1.555 m (~5 - 180

ft) above lake level. Excluding the beach and wetland shoreline of Presque Isle peninsula, the 73
km of mainland coast is over 90% dominated by bluffs, with the remainder consisting of stream
mouths and associated floodplain lowlands. Both coastgeomorphology and longterm records of
coastal change show that erosion is a pervasive problem along the Pennsylvania tdufBased on an
intermediate- to long-term (almost four decadg bluff monitoring program by the Pennsylvania
Department of Environmental Protection (PA DEP)the average rate of bluttrestretreat for the
entire Pennsylvania coast is ~Q6 m/yr (0.54 ft/lyr) . Average rates show sigficant variability

with location and with the duration of the data sets However, ratesare on average higher in
western Erie County (e.g., 0.29 m/yr; 0.96 ft/yr in Springfield Township) tharin eastern Erie
County.

Coastal zone areas where the rate of bluff retreat creates a substantial threat to the safety or
stability of nearby existing or future structures are classified by PA DEP as lying within the Bluff
Recession Hazard Area (BRHA) under the Bluff Recession and Setback Act (1988 DEP, 2013).
Within BRHAs, first established in 1980, any planned new construction and significant
modifications to existing structures are subject to meeting a minimum bluff setback distance
(MBSD) requirement under BRSA (1980). In the state regulations, the minimum height (relief)
criterion for a coastal landform in order that it qualify as a bluff is set at.5 m (5 ft). Other coastal
states with bluff erosion issues use a similar heighbased definition. The BRHA excludes bluff
AOAAO xEAOA OEA Al O0&& OI A EO COAAOAO OEAT xo
Mark (OHWM is 174.7 m or 573.4tf IGLD 1985) or from a more lakeward bluff crest (in a tiered
bluff case).

The Geometry of Bluff Retreat

The Bluff Erosion Potential (BEP) Indein this report graphically illustrates the potential for future
land losses due to erosion in th&icinity of bluffs along the Pennsylvania coast of Lake Erie. It
provides a geometric estimate othe probable future locations of thebluff crest as the bluff face,
toe, and crest retreat landward over extended time periods that approximate the lifetimesf
residential and commercial structures. The estimated future position of the bluff crest is a useful
proxy for estimating the relative erosion risk oftableland areas located adjacent to the bluff crest
during future decades. Certain areas, specifidplthose nearer the present bluff crest, will have a
higher erosion potential (and therefore a higher risk of property losses) than those located farther
landward. Similarly, the erosion potential of areas adjacent to high bluffs (e.g., palsivandplain
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sectors of the Erie County coast near North East and Lake Ckgyle, 2018, or at bluffs that do not
have a weltdeveloped bedrock toe (much of western Erie County), will be greater than for low
bluffs or for bluffs that have a high bedrock toe. The baspremise that a spatial link exists between
erosion potential (or risk of property loss) and bluff proximity is fundamental to erosion hazard
management on bluff coasts globally (Figure 1).

-

Figure 1: A bluff-erosion mitigation project, at the Comedia University campus on Lake Michigan,
Wisconsin. The bluff face has been regraded to an enginestaldle slope angle (SSA) 25~30°, low
mass vegetation plantings added, and surface and groundwater management incorporatedraRip
protection has ben placed at the bluff toe. In the background, naturally steeper bl(#5°) erode
due to subaeri subsurfaceand hydrodynamic processes (ImagJSOnline.com

Bluff retreat in the landward direction is driven by a combination of wave (hydrodynamic),
subsurface(groundwater), and surface weathering/erosion (subaerial) processes that vary in
relative importance along the coast (spatially) and over years and decaslétemporally). The BEP
Index provides anestimate ofwhere the bluff crest may conservatively be located 50, ~1 20, and
~200 yearsfrom now, that is, over one to two residentialbuilding lifetimes. Thesetimeframes are
conservativeestimates for severalreasons. Firstly, average annual retreat rates (AARRS) for bluffs
and the slowprocess of grade adjustmentoward an equilibrium or stable slope) vary over time
and with location due to variations in bluffproperties in three dimensions and tovariations in the
severity of erosion processes Secondly, théong-term AARRs derived ff I OE E O liduGahdE AA O3 O
aerial photo dataover a 77-year time interval between 1938 and 2015are being used to

extrapolate change well into the future.The assodated extrapolation uncertainty is mitigated to a
large degree by theduration of the observation window used to obtain thosdong-term AARRs
(AARR7; 1938-2015) that uses historical crest-position data provided by the US Army Corps of
Engineers (Cross et al., 201&nd recent 2015 lidar data While uncertainty in the crest position on
the older data set is on the order of 15 m (or, 8.19 m/y annualized),it is comparatively small and
similar to the annualized uncertainties in the newer data. Thirdly, because inceasing volumes of
material have to be removed for each incremental decrease in bluff slopghangerates associated
with the regrading processmay decreaseover time, other factors being equal Lastly, suitabledata
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on slope-evolution rates in the Great Lakes Basin are not availablehich increasesuncertainty in
the timeframe estimatein the BEP Index

The timeframes over which bluffs evolve and influence the erosion potential tiie adjacent

tableland reflect the time required for the bluff face to translate landward due tbydrodynamic,

subsurface and subaerial erosion processesSubsurface and subaerial processese particularly

important where the bluff toe is hindered from moving landwad due to coastal structures that

protect it from hydrodynamic forces. Concurrently, steep slopes attempt to regrade naturally to

more stable (gentler) slopes. The consequence of these processes is a bluff profile that retreats
(relatively rapidly; Figure 2A) and concurrently regrades (relatively slowly; Figure 2B) over time to

result in a progressively lowersloped bluffface and a bluff crest locatedt aprogressively more

landward location (Figure 2C). The parallel blufface retreatand planar bluffslopesshown

schematically in Figure 2are mathematical simplifications: parallel bluff-face retreat is a rare
phenomenon, being most likely to occur on homogeneous blufser longer timeframes(e.g.,Amin,

2001; Zuzek et al. 2003; Ejure 3). Bluffs with multi -layered stratigraphy, such as on the )
PennsylvaniacoastA OA 1 1T OA T EEAT U O OAOOAAO OEOI OCE A OOAT
where periods of relative bluff-crest stability and instability alternate (Figure 4).

In areaswhere the AARRIs lower (e.g., due to toe stabilization, the presence of a wide beach,
limited groundwater flux, or a long time having passed since @ior slump), the timeframes
involved in bluff evolution to amore stable slopemayincrease. This is beause slope regrading will
be the primary cause of crest retreat over timeRegradingis a comparatively slow process,
potentially orders of magnitude slower than retreat die to wavedriven erosion. This means that
erosion-potential zones in the BEP Inde will be narrower for low-AARR areagompared to
locations where the AARR is large. In the latter locations, the role of slope regrading may be
relatively small, bluffs may be steeper, and erosiepotential (BEP) zonesnay consequentlybe
wider.

(A) Schematic Bluff Retreat by Parallel-Retreat - Large AARR Scenario

Bluff crest  Bluff crest
at time-3 at time-2

Bluff crest
at time-1

................. AARR
~0.5 m/y
PLP Sands ©
I S
o present
S T bluff slope
_ (time-zero)

Glacial till

Shale bedrock
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(B) Gradual Bluff Regrading - Stabilized Bluff Toe Scenario (Toe Erosion Rate ~Zero)

Bluff crest Bluff crest
Bluff crest at time-2 at time-1
at time-3 """ PsPGravels i AARR
= — —— ~0.5 m/y
PLP Sands N P PBS
— J'g_ 5o 6\31. 5
N T D W WSA
= AN watershed

Glacial till A slope average

L OHWM
Shale bedrock — "(_g_;

AARR = average annual retreat rate; OHWM = ordinary high water mark; PR&sent bluff slope;

PSP = palestrandplain; PLP = paledacustrine plain; WSA= watershed slope average; VHEP = very
high erosion potential, HEP = high erosion potential, MERederate erosion potential, LEP = low

erosion potential brick patternat the bluff toedenotes a coastal structure (seawall, revetment, etc.)

(C) BEP Index Zones - Concurrent Toe Retreat and Slope Regrading

Bluff crest at time-2 MEP Zone Bluff crest at time-1

HEP Zone _
4 *  VHEP Zone

LEF Zone = _/ PSP Gravels

PLP Sands

Figure 2: Schematic crossection showingetreat (A) and regrading(B) components of bluff

evolution. These are used in the BEP Index to conservatively demarcate efusiential zones (C)

along the bluff coastline. Erosion potential decreases progressively in the landward direction, moving
from the activehazard VHERzone at the bluff face towards the LEP zone inland. Lake Erie is to the
right. Asimplified schematic stratigraphyis shown(from Foyle, 201§.
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Stable slopes are difficult to defineand have a timeontext, but can be(i) estimated using general
geotednical and slopestability metrics (e.g.,USACE, 2003)r (ii) defined a-priori through a

planning approach where stable slopes are specified to facilitate locating construction setback lines.
Such a stable slope criterion, thetable slope angld SSAFoyle, 2018), is beingused or considered

for usein construction setback delineation in thestatesof California, Michigan, MinnesotalNew

York, Oregon,and Wisconsin (Johnsson, 20030hm, 2008; Kastrosky et al. 2011; Lulo#ind Keillor,
2016). Defining construction setback lines is fundamentally a means of reducing erosion or

flooding hazards that is practiced in many coastal states, from Florida to Oregon. It has the effect on
bluff coasts ofincentivizing new developmentto move farther from the bluff crest toward distal
tableland areas where the erosion potential (erosion hazard) is greatly reduced. The BEP Index
used in this report goes a step further in that ithcorporates a temporal component where several,
coastparallel, erosion-potential zones (swaths) are defined rather thara singleconstruction

setback line. Areas lying withirthe low erosion potential zone (LEPzone), for example, will not be
subject to erosion until farther in the future than areas withinthe high erosion potential zone (HEP

zone).
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Figure 3: Patterns of bluffprofile evolution over a decade documented by Amin (2001) in western
Erie County. Note that the bluff rarely retreats in a purely planar mode because erosion and
deposition at diferent elevations continually change local slopélsnage: Amin, 2001).

The average annual retreat rate (AARR) for a bluff, the present bluff slope (PBS), and a stshipe
angle for the bluff materials (SSA), are three of several important parameters efting bluff-crest
migration (seerelated information at a Wisconsincoastal atlasat https:// wicoastalatlas.nej. The
AARR, when multiplied by a time term (T) related to either the expected lifetime of a structure or a
planning timeframe, is acommonmeansof estimating how far a bluff crest may retreatover a
pertinent future time period based solely on its historical behaviofa deterministic approach;

Foyle, 2018). However,Moore et al. 000) note that even the most precise data on histora
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coastal erosion rates only yield average erosion rates for the specific time period studied.

Extrapolating those past averages for years to decades into the future will introduce uncertainty

because controlling variables may change. Estimated futureest positions can therefore have

potentially significant uncertainties. The AARR ternmay approach a value of zero on longerm

stable, low gradient,or bedrock-toed bluffs that are no longer subject to erosive hydrodynamic,

subaerial, andsubsurfaceprocesses. Suchuasistable bluffsi AAOO T 1 - AOUI AT A80 #EA
coast where formerly active bluffshave been isolatedrom wave energy for up to several centuries

and have achieved a stable angle of repose of ~88hapter 2in Foyle (2018)). Similar quast

stability can beseen along the Erie County coasin the southwest $de of Presque Isle Bay. Here,

wave power isreduced due to wavefetch reduction provided by the nearby Presque Isle

strandplain. While wave attackmay be significantly reduced, however, groundwater continues to

play a role in bluff instability (Urban Engineers, Inc., 2004)as doestormwater runoff over the

urban landscapeand through subsurface drainage systems! 1 1 1 ¢ OEA AAUB380O O1 OOEAAC
development onreclaimed lowland isolates the mainland bluffs from the bay waters Here, the

AARR term no longer has a component driven by hydrodynamic processes and crest retreat rates

over decadesapproach zera

mean bluff top of bank recession
siope k N
20 m -

wave attack and
shallow slides
result in steep
slope

10 m - post failure slope

(gentle)

mean bluff siope
(new cycle begins)

downcutting composite biuff material
-1 0 m ! T v T T T ml
Om 10m 20m 30m 40m 50m 80m 70m

Figure 4: A common bluff failurecycleon Great Lakes bluffs, particularly where stratigraphy is non
uniform. A repeating failure cycle can result in extended periods of btugt stability (low ARRS;
time-1 to time-2) alternating with shorter periods of sigrficant crest retreat (high AARR$ime-2 to
time-3). The posslump gentleslope at time3, due torenewed toe erosioywill ultimately steepento
the meanslope (time4) andsubsequently faias the slope steems further to mimic thdime-2
geometry(Image: modified from Zuzek et al. 2003).

The concept of astable slope anglg SSA recognizes that topographic slops exist in a dynamic
state. Where toe erosion is not a factor, slopes malpwly weather and erode over long time
periods to approacha stable slop€(i.e., achieve grade) that is in dynamic equilibrium with driving
(e.g., gravity) and resistive (e.g., shear strength) forces. Thifll causelandward movement(at
decreasing rates ovetime) of the crest even as the location of the toe remains constar®ne

reason for the rate decline is that each incremental decrease in slope requires that a progressively
larger volume of bluff material be moveddownslope. The timeframes involvedin this slope

grading process aregeographically variable andhot yet well understood for slopes generally, nor
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for the Pennsylvania coast specifically. df coastal Huffs in temperate climates, the relevant
timeframe over which significant change occurs iskely on the order of multiple decadesto
centuries depending on geotechnical properties and climate. This fundamentdpect of slope
evolution is recognized by the International Building Cod€IBC)in its guidelines for siting buildings
near slopes andby state and municipal interpretations of those guidelinesn the United States
(https://law.resource.org/pub/us/code/ibr/icc.ibc.2009.html ).
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Figure 5: Schematic diagram showinigow the stable slope angle (SSA) concept is usatktermine
construction setback lines for coastal bluffgdn conjunction with an average annual retreat rate
(AARR), a construction or planning timeframe (T), and a facility setback, the total setback from the

bluff edge is determine@mage: modified from Managingg | AOOAT ( AUAOA 2EOQEO
Dynamic Great Lakes Shoreline, by Luloff and Keillor, 2GE@ alsdChapter 8in Foyle (2018).

Estimating anS\ valuecan beaccomplishedin severalways,from using site-specific, slope
stability modeling (USACE, 203); to using general geotechnical andegional-scalebluff behavior
data (Allan and Priest, 2001 Priestand Allan,2004); to using planning-based criteria (Luloff and
Keillor, 2016). The most geotechnically rigorous method is to use sitgpecific slge stability
analysis(USACE, 2003)vhich uses sitecollected dataand various assumptiongo model alocation
landward of the bluff crest beyond which the risk of a fture slump failure is minimal. The SR\
term can alternatively be derived by infield slope measurements of nearby O b Askalle bljff
areas such as has been conductedparts of Wisconsin where typical stable slope angles range
from 18.4-21.8°(Ohm, 2008. Depending on climate and bluff pyperties (e.g., groundwater
content, stratigraphic complexity, cohesion, shear strength, grain size, cementation extent,
compaction, etc.) bluff slopes inferred as stableanhave a significantgeographicrange in values:
from 11.250 (till bluffs on Lake Michigan), to as high as 3%(marine bluffs onthe Chesapeake Bay,
Maryland). Stable slopes of 60may be reasonable for bedrock cliffs in Wisconsinyhile 80°is
commonfor bedrock ledges at the bluff toe in Penndvania (Foyle and Naber, 2011 SSAs a thus
strongly linked to gedechnical characteristics. Bd-member values of 1820°and 30-33%are
commonly involved in the management of unconsolidated soils and bluff sediments. Time is also a
factor: low slopeshave a greater probability of beingstable over longer time periods than steep
slopes.
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On theOntario, Canadacgoast of Lakes Erie and Ontarioa planning basedS\ of 18.5°is used for
coastal management purposes@MNR, 200).: a plane is simply projected upward from the base of
the bluff (or Ordinary High Water Mark; OHWM) to intersect the bluff top landward of the existing
bluff crest. This defines a reference linéa stable slope setback lingon the landscapdrom which a
specific construction setback distance ithen measured A similar approah is used in Wisconsin
(Chapter 8in Foyle (2018)). A planning basedSSA term may alternatively be adapted for example,
from IBC guidelines for building near moderateto steep-gradient static slopes (by IBC definition,
those steeper than 18.5). In municipalities in California and Washington, IBC guidelines have been
adaptedsuchthat the minimum criterion for building near slopesthat exceed 18.8is that a
building foundation be located no closer tdhe crest than a distance equal to at least the smaller of
(i) 12 m or (ii) one third of the total slope height(z) above the toe. In cases where the slope is
steeper than450, the suggesteatonstruction setback (12m or z/3) is measured from where an
imaginary 45° plane, projected upward from the toe of the slope, intersects the teain behind the
crest. These slope consideratiors by the IBCrecognizethat natural slopes, even in the absence of
hydrodynamic processesare proneto evolve overhumantimeframes into lesssteep slopes.

The BEP Index Concept

The BEP Index is a simplprocessgeometric model of coastal blufferosion potential for the
Pennsylvania coast of Lake Erie. It relies fundamentally on components of tieARRXT)+ method

of setback delineation discussed ifroyle (2018). In the (AARRXT)+ method, the position of the

bluff crest at some future point in time (T) is related to the average annual retreat rate (AARR) and
to aregrading of the bluff face tavard amore stable slope angle (SSA). For setback delineations, an
optional facility setback is often included that leaves space for a building to be relocated (Figure 5).
Figure 6 shows coastatonstruction guidance provided by FEMA that incorporates the tesat and
regrading components. Th6SAEO A AOEOEAAI OAOEAAT A ET OEA 1 AOEI
setback determinations that tended to rely solely on the AARRXT term to determine where a
setback line should be established. THeSAis also a citical component of the BEP Index described
herein. Figures 5 and 6 show that even on coasts where waweluced erosion at the bluff toe is
arrested (e.g., by seawalls, wide beaches, revetments, or nearshore breakwaters), crest retreat can
continue due tothe slow process of slope regrading so that the bluff faceay becomeincrementally
more stableover time.

Figure 6schematically shows how FEMA guidance on coastal construction setbacks is related to
terms in the BEP Index. On naturally retreating blis, FEMA considers that the future bluf€rest
position is largely a function of erosion at the toe and face. On coasts where the toe or shoreline has
been stabilized, FEMA recognizes that a bluff crestay still retreat, but at a slower rate that will

lead to an SSA over some extended time period. The BEP Index considers that bluff retreat due to
hydrodynamic, subsurfaceand subaerial processes occurs simultaneously with the process of slope
regrading. However, the processes occur at significantly diffent rates, with change due to toe and
slope erosion potentially being several orders of magnitude greater than that due to slope

regrading.

The BEP Index is based on easily measured land surface characteristics and on general inferences
about slope stalility for unconsolidated bluffs typical of the Pennsylvania coast. The land surface
characteristics used are those that can be mapped and extracted frdishar-based DEMs and aerial
imagery covering the bluff region for example by usingransect-generating geasampling software
such asDSAS Thieler at al.2009). The BEP Index incorporates the followingformation : present
bluff slope (PBS; reflects potentiastability or instability) and watershed slope average (WSA);
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shale toepresence/absenceand height @ffectsbluff resistance to wave erosion)pluff crest AARR
(reflects theintegrated response of the bluff system to multiple driving and resistive forces);
present bluff-crest location (the reference point for estimating futue bluff-crest locations); two
reference endmember SSAsdn 18.3° slopebased on planning practices on the Great Lakes26.5°
slope basedon generalized bluff geotechnical properties); and an assumed horizontplanar
tableland landward of the bluff (forgeometric simplicity). These observable and derivable bluff
characteristics are inferred to be the product of a large number of interacting, spatially and
temporally variable, environmental conditions and processes (Table 7ih Foyle (2018)) that are
otherwise difficult to measure economically or in a statistically meaningful way. These include
three-dimensional variations in internal stratigraphy and groundwater pore pressures; variations
in wave climate, precipitation, and seasonal air temperaturesie (Table 1).

Construction Setback

Minimum
Facility
Setback Recession Setback

= S Existing Bluff Edge

Construction Setback Distance for Property Without Shore Protection

Construction Setback

N B Fr—
Minimum A
Facility - -
Stable
Setback Slope

Construction Setback Distance for Property With Shore Protection

Exasting Blutf Profile A BExsting Horizontal Bluff Distance
----- Bautt After N-Years of Recession B8 Horizomtal Bhutt Distance for a Stabile Slope

Figure 6: Schematic diagram from FEMA showing bluff evolution over time, showingettosional
retreat and sloperegrading components of bluithange The upper image shows raplduff erosion
where it isconsequenthdifficult for slowregrading to be seen The lower image showa dominance of
sloperegrading on a toestabilized bluff. FEMA considers batbmponentsn providing guidance for
delineating construction setbackom the bluffedge(iImage: modified fromFEMA Residential Coastal
Construction Training Guide atttp://www.fema.gsov/residential-coastatconstruction).

The BEP geometric model is not intended to provide propertgcale resolution of erosion hazards

(even though onscreen magnification in a GIS ay allow such apparent resolution). Rather, the
BEP Index broadly identifies potentially risky blufftop swaths of land at the multiproperty to sub-
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watershed scale. This limitation in spatial resolution is largely dictated by the sampling scale
associaked with the DSAS 20 m transect spacing used in the coastadknge analysis. Therefore, a
site-specific slopestability analysis, or a site geotechnical survey, by a licensed engineer would be
recommended for an individual property being considered for migation of existing problems or
the addition of new construction.

FACTO! RELATIVE IMPORTANCE EXPLANATION
CRITICAL HIGH MOD LOW [Premise: Long-term AARRs indirectly reflect these (often ill-defined) geotechnical and process-controlling variabl
AAR RateBIuff crest AARR 2012-2015 (7 yr AARR) X [Notideal, because only small changes may occur over 7yrs in specific areas; mapping uncertainty is larger
Bluff crest AARR 1938-2015 (77 yr AARR) 0 X Ideal. Longer-term data yield better statistics, capture environmental factors, and match policy, economics timefranj
SYSTEM OUPUTS:
Angle  [Bluff slope in excess of watershed average (all-transect ave 0 X Highlights areas of extra-steep slopes (more likely to fail than less-steep slopes)
VISIBLE Bluff slope in excess of mgmt-favored 18.5 degrees and 26.5 degrees X Most straightforward; has a basis in construction codes (IBC) and regulations (Ontario; Wi)
BLUFF Near-crest or near-toe steep-swath location X Suggests future stability or instability: .g., steep slopes at the toe or crest may increase failure likelihood
CONSEQUENCES 2012-2015 bluff-face change: erosional and depositional swaths X [Suggests future stability or instability: e.g., large-difference swaths may cause stability or instability (cause depeng|
Gwater |Relative groundwater flux through the bluff face 0 X Large fluxes cause bluff instability (lubrication, mass, reduced shear strength)
Proximity to incised streams and (groundwater) re-entrants X Sloping water tables near the bluff may deflect groundwater away from the bluff face
Till - Lacustrine contact topography = lateral groundwater directivity X Bumpy topography influences groundwater flow along top of ill and may induce ravine formation and crest retreat
Waves Wave energy delivered/year to bluff 0 X Unavailable for this project; an important factor in non-shale-toe bluffs in west Erie County where beach volume vaj
Presence/absence/height of a shale toe 0 X Importantin western Erie County, where its often absent; can allow hydrodynamic driving forces to be relatively la
SYSTEM INPUT$: Beach width (bluff toe to shoreling) X Larger-volume beaches reduce hydrodynamic forces at the bluff toe and lower face
Bathymetric shielding or focusing of wave energy by shoals X |Large nearshore sand!ll shoals may shield part of the coastin western Erie County
PROCESSES Presque Isle and marina wave shielding X Smaller waves reach the bluff - less toe erosion occurs as a result
DRIVING
& Gravity |Bluff crest elevatio 0 X Taller bluffs are associated with larger slumps & greater headwall |
EFFECTING Material shear, compressive, and tensile strengths 0 X Very scarce information for the PA coast - unavailable this project
CHANGE Buildings/large tree mass X [Add mass to the bluff top and lead to greater instability
Runoff |Bluff plateau landward/lakeward slope X Affects runoff over, and groundwater flux at, the bluff face
Bluff face and plateau remediation efforts X When effectively designed, these pull surface water and groundwater away from bluff face
Climate |Number of freeze days X Non-variant along coast; can change over decades (climate); can seasonally reduce groundwater flux at the bluff fgf
Snowfallfice mass X Somewhat variable along the coast; may randomly overload short sectors of bluff

Table 1: Geeenvironmental factors (system inputs) contributing to bluff retreat along the
Pennsylvania coast of Lake Erie. The relative importance of each factor in bluff retreat is also shown.
Interactions among these factors lead to visible bluff geometiiggstem outputs) that are utilized in

the Bluff Erosion Potential (BEP) Index.

The BEP Indexor the Pennsylvania coasadapts a mapbased coastal hazard index methodology
developed for similar bluff geographies on the Pacific coast of Oregon. The Ore@apartment of
Geology and Mineral Industries (DOGAMI) model of beach and bluff erosion hazards was developed
Al O OA OA OAdoasial@unti€sAsleds bt@&ITDIS; Allanand Priest, 2001; Priesand Allan,
2004) and is currently the most comprehensive GIShased model of bluff erosion hazards
nationally. The Oregon approach is significantly more informative than hazardwareness mapping
conducted by other states. Maine, for example, uses a simple map cedoheme approach to
indicate the presence, bsence, andelative degree of hazard for particular stretches of bluff coast
based on prior bluff behavior and does not include hazard variability in the landward (onshore)
direction. Michigan uses a very similar approach but adds numerical data to theaps to increase
their technical utility (Chapter 2 in Foyle (2018)).

The DOGAMI model incorporates general geometric considerations, geologic information, and
retreat-rate data to map hazard swaths of differing magnitude in the landward and alorgpast
directions (Figure 7). It directly or indirectly incorporates elements such as: bluff slope, estimated
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stable slope angle, incremental coastal retreat due to sdewvel rise, bluff crest AARR from
intermediate-term (55 yr) historical data, a time factor (theuseful life of a structure; 66100 years),
the size of typical slumpheadwall jumps during slide events (empirically related to bluff height),

and a safety factor (multiplier) to compensate for uncertainty. The DOGAMI model is less
geometric in its approach than the BEP Index because the Oregon coast has a larger (but still
general) database of available geological information. The latter includes landslide locations, sizes,
and geometries; landslide hazard maps; a long record of coastal change; detatedstal

stratigraphic data; landslide analyses; wave climate characterization; and seisrgwent histories.
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-/ Oregon Department of Geology and Mineral Industries
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part of the Oregon coast. Erosion hazards decrease in the landward direction, and there is significant
variability in the width of hazard zones in the alongoast direction. The maximum coastdlazard

zone width on this part of the Oregon coast is ~300 m (~100@Ifjage: from Oregon DOGAMI HazVu

Statewide Geohazards Viewewailable athttp://www. gisdogami.oregon.gothazvu/).

The BEP Index developed for the Penbrania coast identifies four erosionpotential swaths that

are oriented approximately parallel toand trackthe presentbluff crest. In order of decreasing
erosion potential and increasing distance inland, these swaths are: the Very High Erosion Potehtia
(VHEP) zone; the High Erosion Potential (HEP) zone; the Moderate Erosion Potential (MEP) zone;
and the Low Erosion Potential (LEP) zone (Figure 2). The variabl@dth swaths cover the region
between thebluff toe and a line located as much as72 m landward of the bluff toe, beyond which
the erosion potential is insignificant at buildinglifetime timescales. The lakeward and landward
edges of each swath are defined by coordinates calculated at eaclalofiost 2850 DSAS transects
(excludesnon-bluff and no-data areas) spaced at ~20 m intervals along the entire bluff coast.
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Map-Derived BEP Components

The widths of the BEFzones in map view vary along the coast, being controlled by the geotechnical
properties of the bluff (e.g., shear strently, cohesion) and the failuredriving forces (e.qg., gravity,
wave attack,pore-water pressure, etc.) thatare collectively reflected inthe bluff retreat rate (Table
1). The width of eaclBEPzonein map view is determined using fiveparameters obtained from
lidar-derived DEMs and aerial imagerysing DSAS transeegienerating software (Thieler at al.
2009). Data are obtainedat DSAS transecusing a 20 m alongcoast spacing.

1 The present bluff slope (PBSh value determined for each transecin degrees ©). Wherethe
PBS isabsent at a transectthe watershed average slop@NSA)is used as an approximation.

2 The elevation of the(2015) present bluff crestin meters abovelake level (m).

3 The average annuatetreat rate between1938 and 2015(AARRy7), in meters per year (m/yr).

4 The watershed slope averagbased onall transects with data ineach watershed(WSA e.g.
~32¢°for the Walnut Creek watershed ~43°for the Sevenmile Creek watershelj a geotechnical
26.50 stable-slope angle §SA, anda planning-based 18.% SSA, in degrees?].

5 Theelevation or absence of shale bedrockr developed lowlands at the bluff toe, in meters (m).

The four BEP Indexzones, in order of decreasing erosion potential and increasing distance in the
landward direction, are shownsimply in Figure 8 andin greater detail on an interactive web map
at: https://e8arcport.ad.psu.edu/portal/apps/webappviewer/index.html|?id=66f65224ed874d71b63ccOaafd5ab64f

The Very High Erosion Potential (VHEP) Zone

The VHEP zonés the active hazard zone and ishe leastuncertain of the BEP zones. It is defined on
the basis ofidentifiable morphologic features that may be seein the field, on aerial photos and on
lidar-derived DEM profiles and maps. Overlit is the present zone of active bluff instability,
although parts of the bluffface may be intermittently stable for years to decades. General
instability leads to identifiable patches of erosion, transport, and deposition that vary in dimension
and location on the bluff over time. There is generally a high degree of micrand mesae
topography that results from infrequent (e.g., rotational slumps) through neacontinuous (e.g., soil
creep) bluff-failure processes that affect small areas (square metérthrough large areas
(thousands of square meters). Morphologic features include stresglease fractures at slump
headwalls;small till bursts in over-compacted till; slump chutes and colluvial debris fans associated
with rotational slumps; benches and ¢rraces associated with translational slides; ridge, runnel and
gully topography due to surface runoff; sapping zones and springs due to groundwater flow;
seasonal popcorn texture and desiccation features on exposed till faces; crenulated soil surfaces
dueto soil creep;scarcity of mature vegetationetc. The VHEP swath extends from thee of the
bluff to the present bluff crest and encompasses recent and active slumpse present bluff face,
and accumulated colluvial debrighat may temporarily reside at the toe of the bluff(Figure 8). The
2015 toe elevationranged fromO - 6 m aboveSpring 2015 mean lake level Weathering and

erosion on the bluff face generally maintain steepegetated through baresoil slopes Theseare
easily distinguishable on DEMs and aerial photos from generally flatter tableland terrain that is
located landward of the bluff crest, and fiom beach deposits that are located lakeward of the bluff
toe. The VHERoneexperiences a variety of mass movements (soil creep through block falls) or
has done so historially, and it can consequently bexpected tocontinue changing due to mass
wasting processes Instability is evident in the form of topographic, soil, hydrologic, and vegetation
characteristics. Any constructionwithin the VHEP zonas inherently risky and this landscape
region is already subject to oversight by the Bluff Recession ais@tback Act PA DEP, 2013)The
VHEP swath will be widest where bluffs are tall, the AARR value is large, and the present blaffe
slope is relatively low.

Pageld4|31


https://e8arcport.ad.psu.edu/portal/apps/webappviewer/index.html?id=66f65224ed874d71b63cc0aafd5ab64f

4648200

4647950

4647700

4647450

4647200
539500 539750 540000 540250 540500 540750 541000 541250 541500

Figure 8: Basicline-map view of the bluff vicinityextending eastward fronthe Ohio state line
showing the BEP Index concept for the Pennsylvania bluff c@28d m x 250 nUTMgrid). Note
similarities with the Oregon DOGAMI model shown in FigidreLake Erie is on thsp half of the
image. Erosion potential decreases progsévely in the landward direction, moving from the VHEP
Zoneon the bluff face(between the2015 bluff toe, in brown, and the 2015 bluff crest, in fetdwwards
the LEP Zonghose landward limit is defined by the green lin€he landward limits of the HERNnd
MEP Zones are indicated by the amber and yellow liaesve respectively The twogaps denotedD 1 1
AAOAG UIT T A O cuxderdsd®the bidfAfeeEdorAbihed the BEP zones are ~100 mtatal
width along this highly erosionastretch ofErie Countycoast On the BEP Index interactiwveebmap,
the BEPzones andzone boundariesire smoothed as simulated herejsinga PAEK(Polynomial
Approximation with Exponential Kernglmethodlogy.

The High Erosion Potential (HEP) Zone

The HEP zone abuts the landward edge of the VHEP zone and extends from the present bluff crest
inland a distance that is dictated by the five geometric criteria listed above. There may or may not
be morphologic eviderce of instability in this zone: features such as overhangs, soil fractures, and
subsidence may occur close to the bluff edge. The landward edge of the HEP susdletermined

by a combination ofwhere the watershed slope average (WSAjlane intersects thetableland and
where the AARRintegrated over 50 yearswill move the crest it marks the probable location of the
bluff crest in~50 - 100 years. The bluff crest will migrate to this location due to bluff retreat
associated with ongoing togeface and cresterosion; incremental natural regrading of the bluff face
towards a more stable slope\(VSA identified for eachwatershed (see Assumptions & Limitations
#19); and the possible occurrence of large but statistically infrequent slump events. On the
Pennsylvania coast, both the average size and recurrence interval of headwall jumps during slumps
are unknown due to spatial and temporal scarcity of monitoring data. What is known is that the
largest slumps can cause a headwall jump (a landward jump tbfe bluff crest during a failure

event) of as much as ~20 m per event and that a slump event can last from seconds to weeks.
There is thus a ligh probability that the HEP zonewill exhibit active erosion in the next-50-100
years, whether that is driven by slow, relatively continuous, retreat of the cret and toe (e.g., @

m/yr), by sudden and catastrophic slumping on the bluff face (e.g., 20 m/month), or by

Pagel5|31



combination of the two mechanisms. The probability of active erosion within the HEP zone will
decrease in the landward direction, towards the boundary with the MEP swath. Construction
within the HEPzone is risky and the HEP swath genergllies lakeward ofresidential setback lines
already establishedby Erie Countymunicipalities (Foyle (2018). In general, the HEP swath is
widest where some combination of the following occurs: tall bluffs, large AARR value, and steep
present bluff-face slope PBS relative to the WSA In general, it will be narrowest along sections of
coast where bluffsare low and the AARR value is smalNumerically, thelandward limit of the HEP
zoneat any given transect is equato (AARR x50 yrs), plusa horizontal distance related to the
angular difference between the PBS and WSA slop@sgures 2 and 8). For the entire coast, the
landward limit of the HEP zoneextends an averagef ~12 m inland of the 2015 bluff crestand can
locally extendas much as 72 ntandward.

The Moderate Erosion Potential (MEP) Zone

The MEPzoneextends from the landward edge of thedEPzoneinland a distance that isalso
dictated by the fivegeometric criteria listed above. The landward edge of the MEP swath
conservatively defines the likely location of the bluff crest ir-100 - 150 years. The bluff crest will
migrate to this location due to bluff retreat associated with ongoing togfaceand crest erosion,
continued natural regrading of the bluff face toward £6.5° SSA(see Assumptions & Limitations
#18), and the statistically more likely occurrence of large anihfrequent slump events that can
cause a landward jump of the bluff crest of as much as ~20 m per event. There is@arate
probability of erosion over the next~ 100 - 150 years, with that probability declining in the
landward direction acrossthe MEP zme. The MERonemay be the narrowest of the BEP swaths
because its width is influenced by the angular difference between tH#6.50 SSA and th&VSAat
each transect. In general, the MEP zone is widest where some combination of the following occurs:
tall bluffs, large AARR value, and steafySArelative to the 26.5° SSA.Numerically, theinland limit
of the MEP zone at any given transect is equal to (AARR20 yrs) plus a horizontal distance
related to the angular difference between thé®BSand 26.5° SSA slopeg¢Figures 2 and 8) For the
entire coast,the landward limit of the MEP zoneextendsan average of~28 m inland of the 2015
bluff crest and can locallyextendas much as 144 m landward

The Low Erosion Potential (LEP) Zone

The LEP zone exterslfrom the landward edge of the MEP zone inland to a point that is again
dictated by the five geometric criteria listed above. The landward edge of the LEP swath
conservatively defines a likely location of the bluff crest 200 years from now. Potentially it may
take longer for the bluff crest to reach the landward edge of the LEP because i) landscape
weathering/erosion rates that are difficult to quantify may decline as the blufface slope declines,
i) erosion by groundwater flux through the bluff facemay decline as the bluffface slope declines
and the areal outcrop of aquifer horizons on the bluff face increases, and (iii) each incremental
decrease in slope angle yields a progressively larger volume of bluff material that will require more
time to beremoved. The bluff crest will migrate to this location due to continued bluff retreat,
continued natural regrading of the bluff face toward an 18 3SSA(see Assumptions & Limitations
#17), and the larger statistical likelihood of occurrence of slump evds over this longer timeframe.
Overall, there is a lowprobability of erosion over the next~150 - 200 yearswithin this swath. This
is particularly true in the more landward parts. In general, the LEP zone is widest where bluffs are
tall and the AARR value is largeNumerically, the inland limit of the LEP zone at any given transect
is equal to (AARR x 200ng) plus a horizontal distance related to the angular difference between
the PBS andL8.5° SSA slopes (Figures 2 and 8). For the entire coabke landward limit of the LEP
zone extendsan average~ 60 minland of the 2015 bluff crest and can locally extahas much a72
m landward.
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Assumptions and Limitations of the BEP Index

The following section reviews the assumptions, geometric aspects, and possible limitations of the
BEP Index model:

1. Because of uncertainty in climate predictions, the BEP Indessumes that 2@ Century climate
trends in the Great Lakes Basin willemain relatively unchangedthrough 2200. Consequently,
the index does not attempt toincorporate the effects of changing precipitation (timing, form,
and volume),storminess, and temperatureson bluff resilience. For example, the model does
not include the bluff-stabilizing effects of drier climate periods nor the bluff destabilizing effects
of wetter climate periods.

2. Because of uncertainty in predicting lake levels over multiple decades, the BEP Index assumes
that 20t Century lakelevel trends will continue relatively unchanged through2200. Lake
levels will continue to rise and fall over multiyear to multi-decade cycles, fluctuating about the
long-term mean. Theindex consequently does not attempt to factor in the blufstabilizing
effects of a lakelevel fall nor the destabilizing effects of a lakdevel rise.

3. The BEP Index assumes that thébandance and functionality of erosioamitigating coastal
engineering structures (ecently comprising ~24% of the Pennsylvania coastStewart, 200J)
will remain relatively unchanged over the next century. This may be accomplished through
repairs to existing structures, longterm resilience of existing structures, ongoing replacements
of failing structures by new construction and, overall, by no significant net addition or loss of
structures (or structure functionality) to the coast.

4. Thesevenyear 2008-2015 bluff retreat dataused in the bluffchange analysigart of this
project are less than ideal for definingBEP Indexhazard zones over the long term Because of
this, the BEPIndex uses longterm 1838-2015 (AARRy>) rates of bluff retreat that use historical
crest-position data (provided by the US Army Corps of Engineer€ross et al., 201pand 2015
lidar dataacquired for this project Whilepositional uncertainty in the crest positionfor the
1938 data setmapped from T-sheetsis on the order of+/-15 m,when annualizedit is
comparatively small and similar to the annualized uncertainties in the newer datg0.19 m/y
annualized). The longterm 77-yr retreat rates are used at each of the almost 2850 DSAS
transectswhere possible Where datatransects occur onshort bluff stretches that lack a
mapped 1838 crest, theBEP Index relieson a retreatrate estimate for those transects basedn
the average longterm retreat rate for the specificcoastalwatershed within those transectsare
located. Thelong-term AARRy rate alsoaveragesout changesinOEA OA1 CEA ABOE 1 iICE OOE
modern shoreline acrossits longer timeframe. While maximum sizes of bluff slumps are
estimated to be ~20 m for the Pennglvania coast from the few active and recenhistorical
slumps that are visible, the observational (empirical) timeseriesremainstoo short to derive
statistically meaningful event frequencies and size characteristics.

5. Other medium- to long-term bluff-crest position dataexist for the Pennsylvania coasbut were
not used in this project Specifically, buff crest locations for the entire southern Lake Erie coast
were compiled by Cross et al. (2016Jor 1878/ 1879 (from historical charts) and 1978 (from
aerial photography)in a geospatial databaseRetreat ratesfor that study were calculated sing
aDSAS transect spacingf 50 m,compared tothis studyd ZD m transect spacing.

6. Results from erosion hazard mapping in Oregon show that uncertainty estimating bluff
retreat is highest for bluffs with the potential for large, but infrequent,block failures. In some of
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10.

these areas, the DOGAMI methodology generateahall bluff retreat predictions for their high
hazard zonebecause large slumps were nowell captured in their 55 yr dataset. Limitations
due tothis phenomenonwere reduced by (1) adding a safety factato bluff retreat (by doubling
the AARRS$, and (2) providing an additionalcomponentof retreat independent of the erosion
rate by factoring in the difference between the present bluffslope and the stable angle of repose
for bluff talus (~339). By similarly utilizing stable slope angles, the Pennsylvania BEP Index
includes the latter factor, and excludes the former (more subjective) safety factor that seems
arbitrary.

The erosional unconformity at the top of the shale bedrock toe in Erie County is assumed to be
geomdrically almost horizontal beneath the bluff and adjacent inland areas. While the
subjacentshale and sandstone strata do dip gently southward at less tha®,3his is unlikely to

be the case for the capping unconformity at all locations. Significant tography can be seen on
the unconformity at creek channels in both the alongoast and inland directions. This
topography is due to Holocene downcutting (at an average rate of ~0.25 cm/yr) by streams
responding to a drop in Lake Erie base level over the pa~10,000 years. Some bedrock
topography may also exist due to bedrock scour by former Pleistocene ice sheets and basal tills
that once covered NW Pennsylvania. Evidence of this can be seen just east of Twelvemile Creek
where over-compactedglacialtill in the bluff just above lake level contains large angular clasts
of shale ripped from bedrock immediately beneath (Figur®). However, thescarcity of detailed
bedrock mapping in Erie County (c.f., Richds et al.1987) precludes alternative realistic
assumptions on the geometry of the bedrock surface beneath coastal watersheds in the vicinity
of the bluffs. The geometry is important because an increase in bedrock elevation in the inland
direction will lead to lowered rates of bluff toe retreatdue to wave impact, and thus to lowered
rates of bluff crest retreat(if groundwater complications are ignored). The opposite is also

true. This geometric consideration can lead to rates of bluff retreat varying temporally as the
bluff retreats landward over an rregular bedrock surfaceat a given location. Retreat rates will
vary spatially becausedifferent sectors of bluff along the coast intersect different bedrock
geometries as they retreat landward.Hence, the BEP Index timeframesre approximations

rather than certainties.

Because of thenore frequent presence of a thicker bedrock toe along more miles of bluffs, the
eastern Erie County (EECAARRSs aranore strongly controlled by subaerial and groundwater
processes, and less by hyddynamic (wave) processes, than are thavestern Erie County
(WEC)AARRS

While bedrock retreat rates due to wave attack are not known for Erie County, bedrock areas
are inferred to have adong-term AARR of 0.03 to 0.06 m/yi(values used by Wisconsin and
Oregon, respectively, for similar materials).These low bedock retreat rates at the toe of the
bluff along specific stretches of the Lake Erie coaste interpreted to be integrated intolikely
slower long-term retreat rates observedat the bluff crest.

WECnon-bedrock and lowbedrock bluff sectors are inferred to have an AARR controlled more
strongly by wave attack than by surface runoff and groundwater flugompared to sectors with

a bedrock toe Amin and DavidsonrArnott (1995) found that seasonal bluff erosion (Apri
December) on the lowermost 1.75 m of the bluff at a study site WECeroded at a maximum
average rate of ~1.2 m/yr during a high lakelevel (174.95 m) period. Of the 1.75 m of lower
bluff monitored, wave-induced erosion and failure was greatest on the lowermost 1 m, with
maximum rates occurring at ~0.5 m above the toe.
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11. The BEP Index assumes that th®@ARR~7 (1938-2015) erosion rates utilizing historical data
from Cross et al. (2016)and recentlidar data cdlected for this project will persist wit hout
significant change forthe nextoneto two centuries. This is a significanassumption,
considering that future lakelevel and climate trends are unknown However, thefact that
AARR dataare coconsidered with stableslopecriteria in the BEP Index reduces the relative
importance of errors associated withuncertainty in future AARRS.

Figure 9: A 7 m tall section of lgwcial till and overlying lacustrine beds resting on bedrock (partly
hidden by &.2 mthick prism of beach cobbles) east of Twelvemile Creek in eastern Erie County. The
basal (darker) till horizon contains numerous large angular clasts of shale, ripped fromderlying
bedrock. The latter can cause significant topograptoydevelop at the tilbedrock contact

throughout the county

12. Bluff faces on the Pennsylvania coast and on most coasts exhibit complex variability in slope
(micro- and mesctopography), with the slope angle varying with position on the bluff face.
This complexity is governed by the interplay between bluff geotechni properties, failure-
event characteristics, and erosion/weathering processes. Because this variability in slope angle
at different elevations cannot be realistically predicted, the BEP Index assumes slope planarity
for present and future bluff faces. ®erage planar reference slopes (18%26.5°, WSA and PB$
are used by the BEP Index for simplicity and repeatability This means thabluff geotechnical
properties are averaged over the entire bluff profile The slopederived from lidar ground
strikes on the bluff faceis similar to simply dividing the bluff relief (Dz) by the horizontal
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