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2.5 Geology, Seismology, and Geotechnical Engineering

EF3 COL 2.0-26-A 2.5.1 Basic Geology and Seismic Information
Subsect ion  2 .5 .1  presents  a  geo log ica l  and se ismolog ica l
characterization of the Fermi 3 site divided into two parts. Subsection
2.5.1.1 describes the geology including the physiographic, geologic, and
tectonic setting of the (320-km [200-mi] radius) site region and
Subsection 2.5.1.2 describes the geology including stratigraphy,
structural geology, and engineering geology of the (40-km [25-mi] radius)
site vicinity to (1-km [0.6-mi] radius) site location. The geological and
seismological characterization was developed in accordance with the
guidance provided in RG 1.206, Section C.I.2.5.1 “Basic Geologic and
Seismic Information,” and is intended to fulfill the requirements of 10 CFR
52 “Licenses, Certifications, and Approvals for Nuclear Power Plants”
Section 52.79. The geological and seismological characterization
presented in this section provides the basis for evaluating the geologic,
seismic, and man-made hazards at the site.

The geological and seismological characterization presented in this
section is developed from previously published reports for the Fermi 2
power plant, recent and historic geologic literature, field and aerial
reconnaissance, and subsurface hydrogeologic and geotechnical
investigations conducted in 2007 for the preparation of this FSAR. The
review of recent literature was facilitated by using GeoRef electronic
database (American Geological Institute). Additionally, the Michigan and
Ohio Geological Survey offices were contacted for relevant unpublished
geologic literature, studies, and projects.

2.5.1.1 Regional Geology
This subsection discusses the regional physiography, geologic history,
stratigraphy, and tectonic setting within a 320-km (200-mi) radius of the
Fermi 3 site which is shown on Figure 2.5.1-201 (Reference 2.5.1-201;
Reference 2.5.1-202). Physiographic, regional structure, bedrock
geologic, Quaternary geologic, basement crustal provinces and
seismicity maps for the Fermi 3 site region (320-km [200-mi] radius) are
shown on Figure 2.5.1-202 (Reference 2.5.1-203; Reference 2.5.1-204),
F igure  2 .5 .1-203,  F igure  2 .5.1-204 (Reference 2.5 .1-205;
Reference 2.5.1-206), Figure 2.5.1-205 (Reference 2.5.1-207;
Reference 2.5.1-208; Reference 2.5.1-209), Figure 2.5.1-206
(Reference 2.5.1-210; Reference 2.5.1-211), and Figure 2.5.1-207,
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respectively. The site is located within the Central Stable Region tectonic
province of the North American continent (Reference 2.5.1-212). Some
regional faulting and seismic activity is known, but the region is
characteristically one of relative stability. The site is located on the
southeast side of the Michigan basin on the northwest flank of the Findlay
arch (Figure 2.5.1-208, Reference 2.5.1-213). There are no known
surface faults within 40 km (25 mi) of the site and there are no capable
tectonic sources as defined by Regulatory Guide 1.206 within 320 km
(200 mi) of the site. Pleistocene deposits of glacial and glaciolacustrine
origin underlay the site area and are underlain by Paleozoic sedimentary
rocks. Approximately 945 m (3100 ft) of Paleozoic sedimentary rocks are
present in the site area and overlie the Precambrian basement. The
underlying basement rocks within the region reflect a history of
continental collisions, accretion, and periods of rifting. The Fermi 3 site is
located near the boundaries between several different basement crustal
p rov inces  (Re ference 2.5 .1 -210 ;  Re fe rence 2.5 .1 -214 ;
Reference 2.5.1-211; Reference 2.5.1-215; Reference 2.5.1-216;
Reference 2.5.1-217). The key aspects of the regional geology of the site
are presented to provide the framework for an evaluation of the geologic
and seismologic hazards as outlined in subsequent subsections.

2.5.1.1.1 Regional Physiography and Geomorphology
The Fermi 3 site is located in the northern portion of the Midwestern
United States in the Eastern Lake section of the Central Lowlands
physiographic province (Figure 2.5.1-202) (Reference 2.5.1-203;
Reference 2.5.1-204). The (320-km [200-mi] radius) site region of Fermi
3 encompasses portions of two other physiographic provinces:
Appalachian Plateaus and St. Lawrence Lowlands. The St. Lawrence
physiographic province is located in adjacent southern Ontario, Canada.
The physiographic provinces within the site region are described as
follows.

2.5.1.1.1.1 Central Lowlands Physiographic Province
The Central Lowland physiographic province is generally located in the
northern Midwest but also extends through Oklahoma into north-central
Texas (Figure 2.5.1-202) (Reference 2.5.1-203). The Central Lowlands
physiographic province is subdivided into eight sections. The Eastern
Lake and Till Plains sections are located in the (320-km [200-mi] radius)
site region and Fermi 3 is located within the Eastern Lake section.
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The Eastern Lake section is characterized by glacial landforms, including
end moraines, ground moraines, outwash plains, kames, eskers, and
drumlins, and by beach and lacustrine deposits formed during the lake
level fluctuations of the Great Lakes (Reference 2.5.1-218; Subsection
2.5.1.1.2.3.4.4). The ground surface is relatively flat with relief up to 7.6
m (25 ft) (Reference 2.5.1-219). The glacial sediments were deposited on
a  d issec ted  bedrock  topography  w i th  cues tas  and  va l leys
(Reference 2.5.1-218; Reference 2.5.1-220). The bedrock is exposed
locally and consists of relatively flat-lying bedrock of Silurian to Jurassic
rocks (Figure 2.5.1-204).

Fermi 3 is located on a lake plain formed during the high-water stages of
Lake Erie (see Subsection 2.5.1.1.2.3.4.4). There is little topographic
relief on the lake plain, which results in poor surface drainage. The lake
plain has been dissected by eastward-flowing creeks and rivers. The
relief on the lake plain within the vicinity of the project area is
approximately 7.6 m (25 ft) (Reference 2.5.1-221).

The Till Plains section is characterized by flat to gently rolling glacial
landforms including end moraines, ground moraines, recessional
moraines, and outwash plains, along with some isolated lacustrine
deposits adjacent to the boundary with the Eastern Lake section
(Reference 2.5.1-219). The local relief is up to 76 m (250 ft). Bedrock is
exposed locally and is relatively flat-lying. (Reference 2.5.1-219) The
glacial deposits were deposited on a dissected bedrock surface with
buried stream valleys. The bedrock surface tends to be gently rolling with
well-developed valley systems. (Reference 2.5.1-220) The Till Plains
section is differentiated by having greater relief and fewer lacustrine
deposits than the Eastern Lake section (Reference 2.5.1-219).

2.5.1.1.1.2 Appalachian Plateaus Physiographic Province
The Appalachian Plateaus physiographic province is located to the
southeast of Fermi 3 and the Central Lowlands physiographic province
(Figure 2.5.1-202). The Appalachian Plateau physiographic province is
subdivided into seven sections, two sections, Kanawha and Southern
New York sections, are within the (320-km [200-mi] radius) site region.

The Kanawha section is characterized as a dissected plateau with broad
valleys containing outwash and lacustrine deposits of Pleistocene Age.
The local relief ranges up to 244 m (800 ft) (Reference 2.5.1-219). The
section is underlain by flat-lying to broadly folded Paleozoic sediments of
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Mississippian age and younger. Layers of limestone and sandstone that
are more resistant to erosion create the topographic highs. The Central
Lowlands physiographic province has less local relief, thicker glacial
depos i ts ,  and  fewer  exposures  than  the  Kanawha sec t ion
(Reference 2.5.1-219).

The Southern New York section is the glaciated portion of the
Appalachian Plateaus physiographic province. The section is
characterized by gently rolling to hilly topography with local relief up to
320 m (200 ft) and glacial landforms including end moraines, ground
moraines, kames, eskers, kettles, outwash plains, and lacustrine
deposits. Local ridges and hills expose bedrock and residual soils. The
local relief is the greatest and elevation is the highest in the southeast
bordering the Kanawha section and decreases to the north and west
(Reference 2.5.1-219). The section is underlain by flat-lying to broadly
folded Paleozoic sediments of Mississippian to Pennsylvanian age
(Reference 2.5.1-220). Layers of limestone and sandstone that are more
resistant to erosion create the topographic highs. Compared to the
Kanawha section, the Southern New York section has a lower local relief
and more glacial landforms and thicker glacial deposits. The Central
Lowland physiographic province has a lower local relief and fewer
bedrock  exposures  than  the  Sou thern  New York  sec t ion .
(Reference 2.5.1-219)

2.5.1.1.1.3 St. Lawrence Lowlands Physiographic Province
The St. Lawrence Lowlands physiographic province in Canada extends
to the east and northeast from Fermi 3 (Figure 2.5.1-202). This
physiographic province is characterized by a low plain with distributed
glacial landforms including moraines, outwash deposits, eskers, and
druml ins  a long  w i th  beach  and  lacus t r ine  land fo rms
(Reference 2.5.1-222; Reference 2.5.1-223). The glacial deposits overlie
relatively flat-lying Paleozoic sedimentary rocks of Silurian and Devonian
age. Bedrock is locally exposed at the surface (Figure 2.5.1-204). The
Niagara Escarpment, which extends from Niagara Falls to the southern
part of Georgian Bay in the eastern portion of the site region, is a bedrock
escarpment about 77-m (250-ft) high that was formed by differential
erosion of Paleozoic sedimentary rocks (Reference 2.5.1-224).
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2.5.1.1.2 Regional Geologic History
This subsection summarizes the geologic and tectonic history of the
Fermi 3 site region. Figure 2.5.1-209 (Reference 2.5.1-225) presents the
subdivisions of geologic time referred to in this subsection and in
Subsection 2.5.1.1.3. The last major tectonic events in the site region
were rifting associated with the Midcontinent Rift and Grenville Orogeny,
1.2 to 1.0 Ga (Subsection 2.5.1.1.2.2). Ga is defined to be billion years.
Subsequent to these events, the history of the site region includes
several transgressions and regressions of epeiric seas (shallow
continental seas), episodes of widespread subsidence in the continental
basins and widespread uplift in the arches, and minor activity on
preexisting basement faults (Subsection 2.5.1.1.3.2). Prior to a billion
years ago, the region was more tectonically active with continental and
island arch collisions and rift events that were responsible for the
formation of the North American craton.

2.5.1.1.2.1 Archean Geologic History
The earliest geologic history of the Fermi 3 site region consists of the
assembly of the Superior province of the Canadian Shield during the
Archean Eon to form the relatively stable continental lithosphere nuclei of
proto–North America (Laurentia) (Reference 2.5.1-217). The Superior
province consists of greenstone belts with granitic plutonic rocks, granitic
gneisses, and gneissic and migmatitic rocks dating from 2.6 to 3.6 Ga
(Reference 2.5.1-210) (Figure 2.5.1-206, Reference 2.5.1-210;
Reference 2.5.1-211).

2.5.1.1.2.2 Proterozoic Geologic History
The Proterozoic Eon follows the Archean and is subdivided into the
Paleoproterozoic (2.5 – 1.6 Ga), Mesoproterozoic (1.6 – 0.9 Ga), and
Neoproterozoic (ca. 600 Ma) eras. Ma is defined to be million years.

In the early part of the Paleoproterozoic, at the end of the Archean (2.45
– 2.5 Ga), crustal extension and rifting led to the formation of a
south-facing, passive continental margin along the southern margin of
the Superior province (Reference 2.5.1-216). Major orogenies in the
Paleoproterozoic that subsequently resulted in the continued growth of
the Laurentian continent through the accretion of various basement
terranes along the southern margin of the Superior province included the
Trans-Hudson orogeny 1.91 – 1.81 Ga, the Penokean orogeny (1.88 –
1.83 Ga) ,  and the Cent ra l  P la ins orogeny (1.80 – 1 .62 Ga)
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(Reference 2.5.1-210). The latter two of these, which resulted in the
accretion of basement terranes present in the study region, are described
below in Subsection 2.5.1.1.2.2.1 and Subsection 2.5.1.1.2.2.2.

During the Mesoproterozoic the eastern and southern Granite-Rhyolite
provinces matured along the southern and eastern margins of Laurentia,
and several rifts developed within the crust, including the Mid-continent
Rift System and the Fort Wayne rift (part of the east continent rift). This
era culminated with the major Grenville orogeny along the eastern and
southern margins of Laurentia. The structures are well defined by
regional gravity and magnetic data, discussed in Subsection 2.5.1.1.4.2.

During the Neoproterozoic, rifting along the southeast margin of
Laurentia to form the proto-Atlantic formed a number of failed rifts
extending into the craton, including the Reelfoot rift, Rough Creek
graben, and Rome trough (Reference 2.5.1-226).

The major tectonic events that led to the development of the various
basement crustal provinces within the study region are summarized
below.

2.5.1.1.2.2.1 Penokean Orogeny (1.88 – 1.83 Ga)
The Penokean orogeny occurred along the southern margin of the
Superior province and is interpreted as the collision of an island arc
located between the Archean Superior province and a north-moving
Archean Marshfield terrane not associated with the Superior province
(Reference 2.5.1-214) (Figure 2.5.1-206 and Figure 2.5.1-210).

As i l lustrated in the schematic diagram on Figure 2.5.1-210
(Reference 2.5.1-214), the initial southward subduction of oceanic crust
off the southern margin of the Superior province (northern domain)
resulted in the creation of an island arc (the Pembine-Wausau terrane)
and in the movement of Huronian Supergroup rocks (Early Proterozoic
passive margin and foreland sedimentary rocks) toward the trench. The
collision of the arc with the northern domain deformed the arc and
northern domain, folding Huronian Supergroup and younger Marquette
Range Supergroup rocks about east-west axes and thrusting them
nor thward  over  a  c rus ta l  ramp a long the  nor the rn  doma in
(Reference 2.5.1-216; Reference 2.5.1-217). Subduction shifted to the
south of the original arc and reversed polarity, forming a younger arc
complex and trench. The Marshfield terrane collided with the arc, further
deforming the arc complex and margin of the northern domain, and
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subducted the margin of the Marshfield terrane beneath the arc complex.
The end of the Penokean orogeny marks the end of the assembly of
Archean and earliest Proterozoic rocks to form the Hudsonian craton
(Reference 2.5.1-215).

2.5.1.1.2.2.2 Central Plains Orogeny (1.80 – 1.62 Ga)
Rocks of the Central Plains orogeny and the Southern and Eastern
Granite-Rhyolite provinces form the Transcontinental Proterozoic
province (Reference 2.5.1-213). The Central Plains orogeny (CPO)
occurred along the southern margin of the Hudsonian craton and
truncates the Trans-Hudson orogeny and Penokean orogeny terranes
(Figure 2.5.1-206). The southern and eastern extension of the CPO
beneath the younger Granite-Rhyolite provinces, discussed in
Subsection 2.5.1.1.2.2.3 below, is uncertain (Reference 2.5.1-211).

2.5.1.1.2.2.3 Eastern (ca. 1.47 Ga) and Southern (1.37 Ga) 
Granite-Rhyolite Provinces

As discussed above, rocks of the Southern and Eastern Granite-Rhyolite
provinces, together with the rocks of the CPO, form the Transcontinental
Proterozoic province (Reference 2.5.1-215). Approximately 1.47 Ga
granitic and felsic volcanic rocks of the Eastern Granite-Rhyolite province
occur buried in the subsurface of the central and eastern midcontinent
region, and truncate the Penokean orogeny on the south and southeast
and the CPO on the east (Reference 2.5.1-211) (Figure 2.5.1-206).
Approximately 1.37 Ga granitic and felsic volcanic rocks of the Southern
Gran i te -Rhyo l i te  p rov ince  t runca te  the  CPO on  the  sou th
(Reference 2.5.1-211). These rocks are interpreted to represent a veneer
of supercrustal and shallow plutonic rocks that lie on Early Proterozoic
CPO crust ,  f rom which they were der ived by part ia l  mel t ing
(Reference 2.5.1-210).

The southern and eastern extension of the CPO beneath the younger
Grani te-Rhyol i te  prov inces is  uncer ta in .  Van Schmus e t  a l .
(Reference 2.5.1-211) argue that older crust associated with the CPO is
absent beneath the Southern and Eastern Granite-Rhyolite provinces
southeast of a northeast-southwest-trending Nd isotope boundary
extending from southwestern Ontario to southeastern Oklahoma (Figure
2.5.1-206). Van Schmus, et al. (Reference 2.5.1-211) interpret the crust
northwest of this boundary to be Paleoproterozoic, and the crust
southeast of this boundary to be Mesoproterozoic (ca. 1.5 Ga) juvenile
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crust of unknown nature and origin but possibly consisting of one or more
juvenile terranes accreted to the southeastern margin in early
Mesoproterozoic.

2.5.1.1.2.2.4 Mesoproterozoic Rifting (1.32 – 1.1 Ga)
Major continental rifts developed along the eastern margin of Laurentia
after emplacement of the Eastern Granite-Rhyolite province rocks. These
included the development of the northwest-trending Fort Wayne rift in
western Ohio and eastern Indiana, and the arcuate Midcontinent Rift
System (MRS) that extends from mid-Kansas to the Lake Superior region
and then southeast  across Michigan.  (Reference 2.5.1-226;
Reference 2.5.1-227; Reference 2.5.1-228; Reference 2.5.1-229) The
Fort Wayne rift, which is coincident with a portion of the East Continent
Gravity High (ECGH), is similar to, and possibly related to, the rifting
event that developed the MRS (Reference 2.5.1-228). Alternatively, a
whole-rock Rb/Sr date of 1.325 Ga is older than dates reported for the
MRS, suggesting that Fort Wayne rifting formed during an earlier rifting
event (Reference 2.5.1-228). Stark (Reference 2.5.1-229) concludes that
the Fort Wayne Rift and the associated East Continent Rift Basin (ECRB)
contains a northern mafic basalt fill sequence associated with the ECGH,
and a southern depocenter filled with Proterozoic clastic rocks and minor
volcanic flows. However, Stark (Reference 2.5.1-229) acknowledges that
demonstrating an association between the MRS and ECRB requires
additional research to resolve the inconsistent observations of basement
lithology in northwestern Ohio.

The arcuate MRS is coincident with the Midcontinent Gravity High
(MCGH) that extends from mid-Kansas to the Lake Superior region, the
Mid-Michigan Gravity High (MMGH), and possibly portions of the ECGH
from Ohio to Tennessee, a distance of over 2300 km (1429 mi)
(Reference 2.5.1-226) (Figure 2.5.1-206). The rift is interpreted as a
relatively short-lived breakup of Laurentia that was aborted by the
Grenville collision and resulting foreland compression, discussed in
Subsection 2.5.1.1.2.2.5 below (Reference 2.5.1-210). Volcanic, mafic
intrusive rocks and sedimentary rocks associated with the rift were
deposited in fault-bounded basins (grabens) (Reference 2.5.1-230).
U-Pb (Uranium-Lead isotope dating) ages for syn-rift volcanic and mafic
intrusive rocks range between about 1.109 and 1.087 Ga, and
geochronologic and paleomagnetic data suggest that younger port-rift
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sed imentary  rocks were a lso depos i ted about  1 .1  –  1 .0  Ga
(Reference 2.5.1-210).

Gordon and Hempton (Reference 2.5.1-231) postulate that the MRS
developed as a result of the Grenville collision (orogen), which caused
the outward propagation of strike-slip faults into Laurentia and the
development of extensional zones (pull-apart basins) that received
lacustrine and fluvial and subsequently volcanic rocks as the crust was
attenuated.

Gordon and Hempton (Reference 2.5.1-231) cite the Red Sea rift as an
analog. Hauser (Reference 2.5.1-232) demonstrates that Gordon and
Hempton’s model does not recognize the nature of transform faults within
a rift system and is not supported by identified strike-slip faults or the
recognized sequence of rift deposition, which is volcanic and igneous
rock first, followed by sedimentary rocks. Hauser (Reference 2.5.1-232)
proposes that the MRS was initiated in relation to a rising mantle plume
(Michipioten hot spot) located in the Lake Superior region, and that a
block of lithosphere was translated and rotated clockwise away from
Laurentia and probably into the embrace of the Grenville orogen,
analogous to the Arabian plate moving away from the Red Sea rift and
into the Tethyan-Alpine orogen of Turkey and Iran (Figure 2.5.1-211)
(Reference 2.5.1-232). Compression associated with the Ottawan phase
of the Grenville orogen (1.09 – 1.025 Ga) aborted rifting and partially
inverted the rift, particularly in the Lake Superior region. Cannon
(Reference 2.5.1-233) concludes that during compression, the southwest
arm of the rift was closed about 30 km (18 mi), the central graben area in
the Lake Superior region was inverted, and the southeast arm was
dominated by strike-slip faulting.

2.5.1.1.2.2.5 Grenville Orogen [1.25 Ga – 980 Million years ago 
(Ma)]

The Grenville orogen represents regionally extensive allochthonous
terranes that collided with, and were accreted to, the southern margin of
Laurentia (Reference 2.5.1-234). The Grenville orogen truncates the
Granite-Rhyolite provinces and all other northern orogens (Figure
2.5.1-203 and Figure 2.5.1-206). At least three phases of the Grenville
orogen are recognized: the Elzeverian (1.25 Ga), the Ottawan (1.09 –
1 .025  Ga) ,  and  the  Grenv i l l e  F ron t  tec ton ic  zone  (GFTZ)
(Reference 2.5.1-232).
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The history of the Grenville orogeny as interpreted by Culotta and Pratt
(Reference 2.5.1-234) from the Consortium for Continental Reflection
Profiling COCORP lines OH-1 and OH-2 that cross the central part of
Ohio (see discussion in Subsection 2.5.1.1.4.2.2) is illustrated on Figure
2.5.1-212 (Reference 2.5.1-234). The location of COCORP lines OH-1
and OH-2 are shown on Figure 2.5.1-213 (Reference 2.5.1-235;
Reference 2.5.1-214; Reference 2.5.1-236; Reference 2.5.1-216;
Reference 2.5.1-237; Reference 2.5.1-238). As shown on these figures,
the Central Gneiss Belt (CGB) island arc initially collides with Laurentia
along an east-dipping subduction zone (proto-GFTZ), forming a foreland
thrust belt. Subduction reversed polarity toward the west and an
Andean-type arc and back-arc-basin developed within the Central
Metasedimentary Belt (CMB). The Central Granulite Terrane (CGT)
collides with the CMB along the west-dipping Coshocton Zone –
Carthage-Colton mylonite zone, closing the back-arc-basin (Figure
2.5.1-212). During this latter collision, the GFTZ was reactivated.
(Reference 2.5.1-234)

2.5.1.1.2.2.6 Neoproterozoic Rifting (ca. 600 Ma)
Neoproterozoic rifting along the southeast margin of Laurentia formed the
proto-Atlantic and a number of failed rifts extending into the craton,
including the Reelfoot rift, Rough Creek graben, and Rome trough
(Reference 2.5.1-226).

2.5.1.1.2.3 Phanerozoic Geologic History
The Phanerozoic eon includes the Paleozoic, Mesozoic, and Cenozoic
eras (Reference 2.5.1-223). During the Paleozoic, which was a period of
extensive epeiric (inland) seas, a number of intracratonic basins and
bounding arches developed in the site region, including the Michigan,
Illinois, and Appalachian basins and the Cincinnati, Kankakee, Findlay,
and Algonquin arches (Figure 2.5.1-208), which controlled the Paleozoic
sedimentary depositional history of the region. The most significant with
respect to the site are the Michigan basin and the Findlay and Algonquin
arches.

2.5.1.1.2.3.1 Paleozoic Geologic History
Several orogenies occurred along the eastern margin of Laurentia during
the Paleozoic and had little effect in the study region. These included the
Late Cambrian6 to Ordovician Penobscot event (ca. 510 – 490 Ma), the
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Middle to Late Ordovician Taconic event (ca. 470 – 440 Ma), the Late
Silurian Acadian or Caledonian event, the Devonian1 Arcadian event,
and the Carboniferous – Permian Alleghenian collision between
Laurentia and Gondwana (Reference 2.5.1-239, Reference 2.5.1-240).

2.5.1.1.2.3.2 Mesozoic Geologic History
Other than minor sedimentary deposition in the center of the Michigan
basin (Middle Jurassic Ionia Formation) no geologic history during the
Mesozoic exists in the region of the site (Reference 2.5.1-241). Along the
southwest margin of Laurentia, Early Mesozoic extension resulted in the
breakup of Pangaea into Laurasia, including Laurentia and Gondwana,
and the formation of a rifted margin (Reference 2.5.1-226). Major
Mesozoic rifts include the Mississippi embayment and the St. Lawrence
Valley system. In addition, pre-Mesozoic rifts were reactivated during the
Mesozoic, including the Reelfoot rift.

2.5.1.1.2.3.3 Cenozoic Geologic History
The Cenozoic Era consists of the Tertiary and Quaternary Periods. No
early (Tertiary Period) Cenozoic history is preserved in the site region.
The missing rock record spans Pennsylvanian to Pliocene time with the
exception of some Jurassic sedimentary rocks. If rocks of these
intervening ages did once exist, they were most likely eroded. The site
region is considered to have been tectonically stable throughout the
Cenozoic, and except for vertical crustal movement related to glacial
isostatic adjustments there is no evidence for significant tectonic
deformation during the Cenozoic (see discussion in Subsection
2.5.1.1.4).

2.5.1.1.2.3.4 Quaternary Geologic History
Quaternary geologic history is dominated by the growth and expansion of
the continental Laurentide ice sheet that periodically extended into the
Great Lakes region, with the ultimate limit of glaciation near the Ohio and
Missouri rivers. Traditionally, the major glaciations in central North
America were related to a simple fourfold stratigraphic framework
(Wiscons inan ,  I l l i non ian ,  Kansan ,  and  Nebraskan)
(Reference 2.5.1-242). More recently, this nomenclature has been
supplemented and replaced by correlations to stages of the marine
oxygen isotope record (referred to as marine isotope stages, or MIS)

6.  Uncertain age
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(Reference 2.5.1-243). Oxygen isotope excursions in marine sediment
are directly correlated with the volume of ice on land and thus are used
as a proxy record for the timing and magnitude of glaciations (e.g.,
Re ference 2.5 .1 -244 ;  Re fe rence 2 .5 .1 -245 ,  as  c i ted  in
Reference 2.5.1-243). The current interglacial period, the Holocene, is
referred to as MIS 1; the most recent glaciation, the Late Wisconsinan, is
MIS 2; the Middle and Early Wisconsinan were the low-ice-volume
periods that span MIS 3 – 5; and the Illinoian is MIS 6. Beyond the
Illinoinan, only the MIS number is used with even numbers referring to
time of higher ice volume.

The surficial sediments across the (320-km [200-mi] radius) site region
are composed mainly of Illinoian- (MIS 6) and Wisconsinan-age (MIS 2)
glacial sediments (Figure 2.5.1-205). As summarized in this subsection,
the Great Lakes basins were deepened during glacial periods as they
served as the primary pathways for the major ice lobes that projected
south from the main body of the Laurentide ice sheet. The earlier
Illinoian-age (MIS 6) glacial sediments were subject to a long period of
soil formation and periglacial (adjacent to the glacial front) erosion during
the time leading up to the most recent glaciation, the Late Wisconsin,
when the ice lobes were dynamic with frequent fluctuations in extent. The
north-f lowing drainage was somet imes blocked,  resul t ing in
impoundment of streams and rivers forming proglacial lakes and
temporary reversal of stream flow direction. Lake levels varied depending
on the position of ice within the lake and on the outlet elevation (partly
controlled by isostatic rebound of the crust as glacial ice melted and
retreated).

Fullerton (Reference 2.5.1-246) provides a comprehensive summary of
the glacial history of the site region. The timing and advance of the major
ice lobes in the study region during the Wisconsin glaciation is illustrated
on Figure 2.5.1-214 (Reference 2.5.1-246). The commonly used names
for the major lobes within the (320-km [200-mi] radius) study region are
from west to east: Michigan, Huron (sometimes Huron-Erie), Saginaw
(sometimes referred to as a sublobe of the Huron lobe), Erie (sometimes
Erie-Ontario), Ontario, Little East White, Miami, Scioto, Killbuck, and
Grand River. Historically, the advance and retreat histories of ice lobes
have been correlated based on the assumption that they responded to
the same c l imat ic  forc ing and therefore operated in concert
(Reference 2.5.1-247; Reference 2.5.1-248). Absolute synchrony is not
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poss ib le  to  document ,  no r  does  i t  appear  to  be  the  ru le
(Reference 2.5.1-249),  despi te at tempts to prove otherwise
(Reference 2.5.1-250). Even for a single advance, a range of radiocarbon
ages is possible (Reference 2.5.1-251) because a certain amount of
imprec is ion is  inherent  in  the radiocarbon7 dat ing methods
(Reference 2.5.1-249).

Ice lobes advance in response to ice sheet and ice stream dynamics and
these dynamics overprint the response of an ice lobe to climate change.
The boundaries of the ice sheet that influence a particular ice lobe (its ice
shed) can also shift or evolve over time (Reference 2.5.1-254). Shifts in
the ice shed areas that contributed to a given ice lobe are reflected in
changes in flow lines, till provenance, and texture. Historically, some ice
lobes have been given combined names (e.g., Huron-Erie and
Erie-Ontario), partly in recognition of complexities in their flow direction or
composition that were not completely understood at the time (e.g.,
Reference 2.5.1-246; Reference 2.5.1-248). For example, the boundary
between the Ontario-Erie lobe and the more westerly Huron-Erie lobe
was considered to be in the central part of the Lake Erie basin during the
early part of the Late Wisconsinan glaciation (Reference 2.5.1-246) but
was relocated to the west of the Bass Islands, just east of the Michigan
shore for the later advances (Reference 2.5.1-246; Reference 2.5.1-248)
(Figure 2.5.1-214).

2.5.1.1.2.3.4.1 Early and Middle Pleistocene Events
Ice sheets covered the proposed Fermi 3 (320-km [200-mi] radius) study
region during the early and middle Pleistocene (pre-780 thousand years
[ka] to 130 ka). The southern limit of early and middle Pleistocene
glaciation extends from northeastern Kansas through Missouri, southern
Illinois, the southern tip of Indiana, and the northern part of Kentucky,
including all of Ohio, crossing the middle of West Virginia, and including
a l l  o f  New York  and the  nor the rn  par t  o f  New Jersey
(Reference 2.5.1-255, as cited in Reference 2.5.1-243).

7. Radiocarbon years do not equate to calendar years (Reference 2.5.1-251). Based on
U-Th dated corals, marine and terrestrial sediments linked to calendar chronologies
through high-resolution paleoclimate records, and U-Th dated speleothems, a
radiocarbon calibration curve has been compiled (IntCal04) (Reference 2.5.1-252) and
updated (Hughen and the IntCal Working Group (Reference 2.5.1-253). In this
document, calendar years (cited as years before present [BP]) are used unless
otherwise indicated. If the ages are based on radiocarbon dates that are not corrected
to calendar years, the ages are given as radiocarbon years BP.
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Early Pleistocene glaciations in the site region are suggested not only by
the presence of buried glacial sediment and erosion surfaces but also by
the indirect evidence of blocked drainages in older buried valley
sediments (Reference 2.5.1-256). The deeply buried, northward-draining
Teays-Mahomet bedrock valley, whose location does not coincide with
that of modern streams, is filled in places with thick deposits of sand and
gravel (Reference 2.5.1-209) (Figure 2.5.1-205). Two magnetically
reversed clay layers separated by a soil horizon within the valley fill
sequence suggest that at least two periods existed when its flow was
blocked, most l ikely by ice, prior to the last magnetic reversal
(Reference 2.5.1-256), now reported as 780 ka (Reference 2.5.1-257;
Re ference 2.5 .1 -258 ;  Re ference 2 .5 .1 -259 ,  as  c i ted  in
Reference 2.5.1-243).

The middle Pleistocene (780 to 130 ka), which spans MIS 16 to 6 and lies
completely within the Brunhes normal chron. The middle Pleistocene
culminated in the Illinoian glaciation (MIS 6, approximately 160 ka), which
is exposed beyond the late Wisconsinan glacial border in southern
Indiana and Ohio and western Illinois, at the limits of the Fermi 3 site
region (320-km [200-mi] radius). (Reference 2.5.1-243) It is recognized in
the subsurface in Ontario and Ohio and discussed in the section on
regional stratigraphy (see Subsection 2.5.1.1.3).

2.5.1.1.2.3.4.2 Late Pleistocene Events (MIS 5-3)
The interpretations of the extent of glaciation during early and middle
Wisconsinan time were revised based on new dating methods, and this is
now considered to have been an ice-free time in the site region. The ice
sheet, which was thin and highly dynamic during this period, was present
to the north in eastern Ontario but did not extend into the site region.
Thermoluminescence dates for an ice-proximal glaciolacustrine unit near
Toronto suggest an ice margin was present there between 60,000 and
75,000 years ago (MIS 4) (Reference 2.5.1-260).

So i l  and  s t ra t ig raph ic  in fo rmat ion  f rom s tud ies  in  I l l i no is
(Reference 2.5.1-261), Indiana (Reference 2.5.1-262), Michigan
(Refe rence 2.5 .1 -263) ,  Oh io  (Re fe rence 2.5 .1 -264 ;
Reference 2.5.1-248), and southern Ontario (Reference 2.5.1-260;
Reference 2.5.1-265; Reference 2.5.1-266) confirm that ice free
conditions existed in the Great Lakes region for the period after the
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Illinoian and prior to the late Wisconsinan (MIS 5-3), a period of
approximately 130,000 years.

In Illinois the Farmdale and Sangamon geosols developed during this
time and are dated by the accumulation of cosmogenic 10Be in the soil
horizon (Reference 2.5.1-261).

2.5.1.1.2.3.4.3 Late Pleistocene Events (MIS 2)
The ice sheet had a major expansion between 25,000 and 15,000 years
ago (BP), as indicated by the low sea-level stand and magnitude of the
oxygen isotopic excursion of MIS 2 (Reference 2.5.1-267). The many
glacial advances of the late Wisconsinan, also known as the Woodfordian
Substage, are referred to as stades or stadials (assumed to be cold
periods). Periods of ice retreat are referred to as interstadials and are
assumed to be warmer (Reference 2.5.1-256) (Figure 2.5.1-215,
Reference 2.5.1-256). However, ice lobes advance in response to
dynamics of the ice sheet, which have large time lags, and do not
respond concurrently to local climate (Reference 2.5.1-254).

The first late Wisconsinan advance of the Michigan lobe is dated at
approximately 24,000 radiocarbon years BP (Reference 2.5.1-256). In
Ontario (Reference 2.5.1-268) and in Ohio, the Ontario and Huron-Erie
lobes reached their maximum extent between 23,000 and 21,000 years
BP, respectively, during the Late Wisconsinan. The first advance into
Oh io  occur red  shor t l y  a f te r  24 ,600  rad iocarbon  years  BP
(Reference 2.5.1-269, as cited in Reference 2.5.1-270). The outer
moraines of the Scioto lobe are overlapping and suggest some oscillation
in the ice front when it was in Ohio, approximately 21,400 years BP
(Reference 2.5.1-270). This was followed in Ohio by a withdrawal of ice
referred to as the Erie Interstade, which occurred approximately 16,000
radiocarbon years BP. This period is documented by a lake that formed in
the Erie basin as the ice retreated into Ontario. No forests developed on
the deglaciated landscape during this time and there is no good
radiocarbon control to document this interval. (Reference 2.5.1-268)

Post-Erie Interstade tills are silty and clayey (Reference 2.5.1-271). The
fine-grained till matrix (Reference 2.5.1-268) as well as areas of
preserved lake sediment in the subsurface are used to infer the former
presence of a lake that was completely overridden by the subsequent ice
advances. In Michigan all but the Saginaw lobe readvanced to near their
former positions. This allowed the Huron/Erie and Michigan lobes to
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expand into the area vacated by the Saginaw lobe during Post-Erie
Interstade events.

Lewis et al. (Reference 2.5.1-272) provide a summary time-distance
diagram of lake levels for the Late Wisconsinan through the Holocene
(Figure 2.5.1-216, Reference 2.5.1-272).

2.5.1.1.2.3.4.4 Latest Pleistocene to Holocene Lake History and 
the Final Glacial Advances

During the next withdrawal of ice, referred to as the Mackinaw Interstade,
mos t  o f  the  lower  pen insu la  o f  M ich igan  was  i ce  f ree
(Reference 2.5.1-263). This was followed by another advance during the
Port Huron Stade at about 13,000 years BP. Lakes that had formed
during the Mackinaw Interstade in the regional basins were forced to
higher levels. Collectively referred to as Lake Whittlesey, these lakes
occupied part of the Huron, Erie, and Saginaw basins. The tills of the Port
Huron Stade are fine grained, and the lobes appeared to have fluctuated
to create two closely spaced moraines. (Reference 2.5.1-263)

As ice retreated, a series of lower lakes formed in the Great Lakes basins
with continuous and discernable shorelines and outlets. Retreat was far
enough north to allow waters of Lake Superior, containing red clays, to
spill into the waters of the more southerly Great Lakes. All subsequent
advances through the Huron and Michigan basins were therefore tinted
red with the clays of Lake Superior. (Reference 2.5.1-263)

The next to last advance occurred approximately 11,700 years BP and is
called the Greatlakean Substage (Reference 2.5.1-273). This advance is
well dated in eastern Wisconsin where the Two Creeks Forest Bed was
sheared off by the advancing ice. The ice lobe responsible for this
shearing occupied the northern half of the Lake Michigan basin, raised
lake levels once more, deposited red clayey till in western Michigan, and
shaped  the  d ruml in  f i e lds  o f  no r thwes te rn  M ich igan .
(Reference 2.5.1-256)

An unnamed interstade followed and the lakes within the site region
reached the Algonquin high stand (lake water level). Water was confluent
across the Lower Peninsula of Michigan and through the Straits of
Mackinac (Reference 2.5.1-274). This was followed by declining lake
levels as waters found new, lower outlets to the north with continued ice
retreat. Most drainage eventually found its way to the Ottawa River
Valley, a marine estuary. When the area now occupied by North Bay,



2-619 Revision 0
September 2008

Fermi 3
Combined License Application

Part 2: Final Safety Analysis Report

Ontario, became free of ice, the Great Lakes were lowered to levels
below those of the present time because this outlet was isostatically
depressed .  I t  had  an  e leva t ion  o f  35  m above  sea  leve l .
(Reference 2.5.1-256)

The final advance of the ice from the Laurentide ice sheet occurred
between 10,230 and 9,545 years BP and is known from its position on
the Upper Peninsula of Michigan as the Marquette advance. However,
this ice advance barely reached the northwest perimeter of the site region
and was not the cause of a return to the high lake levels that followed.
(Reference 2.5.1-263) Subsequent changes in level can be attributed to
the effects of rebound, climate change, and elevation change of the
outlets (Reference 2.5.1-274). This level, when Lakes Superior,
Michigan, and Huron were confluent, is referred to as the Nipissing Great
Lakes (4,000 to 3,800 years BP). This was when the dramatic barrier
dune complex was formed that rises to great elevation immediately east
of the modern shore in western Michigan (Reference 2.5.1-256). Lake
levels continued to stay high or rise in the Nipissing Great Lakes, partly
because the Port Huron outlet (southern end of Lake Huron) continued to
be uplifted during the Holocene relative to the southern shore of Lake
Michigan. See Subsection 2.5.1.2.2.2 for additional description of the
extent of lake levels in the site region and site vicinity.

2.5.1.1.3 Regional Stratigraphy
This subsection covers the succession of geologic units in the 320-km
(200-mi) radius site region. No rocks older than Ordovician age are
exposed in the site region (Figure 2.5.1-204). All the physiographic
provinces in the 320-km (200-mi) site region contain similar sequences of
Paleozoic sedimentary rocks with only local variations in rock types. In
general, thicker rock sequences exist in the center of the cratonic basins
and thin onto the intervening arches and domes (Reference 2.5.1-275).
As all the physiographic provinces in the site region have roughly similar
sedimentary rock sequences, and the site location is on the Michigan
basin side of the Findlay arch, the Michigan basin stratigraphy will be
highlighted in this section. A stratigraphic column of the Michigan basin is
shown in Figure 2.5.1-217 (Reference 2.5.1-241).
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2.5.1.1.3.1 Precambrian Stratigraphy
Precambrian units are not exposed at the surface in the site region. The
ages and description of major basement terranes are discussed in
Subsection 2.5.1.1.2.2.

Limited drilling data exists for the Precambrian. Drill holes around the
periphery of the Michigan basin indicate that the Grenville metamorphic
front forms a separation in the stratigraphy of the basement rocks. The
basement east of the front along Lake Erie consists of granite, gneiss,
and schists. West of the front, the basement rocks are comprised of
granites, with areas of metamorphosed sediments in southwestern
Michigan. Areas of quartzite are found in northeast Michigan. Granite
along with granite detritus was encountered in wells in northwestern
Michigan at the Beaver Islands. In the center of the Lower Peninsula, the
Sparks well encountered late Precambrian Keweenawan sedimentary
red beds. (Reference 2.5.1-276)

2.5.1.1.3.2 Paleozoic and Mesozoic Stratigraphy of the 
Michigan Basin

Fermi 3 is located on the west side of the Findlay arch and the
southeastern margin of the Michigan basin (Figure 2.5.1-208 and Figure
2.5.1-218). The discussion of the regional stratigraphy presented in this
section will focus on the Michigan basin; however, the stratigraphy of the
neighboring Appalachian and Illinois basins are similar. Some of the units
thin over the arches and thicken in the basin (Reference 2.5.1-277). To
the east and outside of the site region in the Appalachian Basin, the
stratigraphy is more complex resulting from being near the continental
margin and the effects of the orogenic events mentioned in Subsection
2.5.1.1.2.3.1 (Reference 2.5.1-278). This subsection is subdivided based
on the cratonic sequences established by Sloss (Reference 2.5.1-275).

Deposition during Paleozoic and Mesozoic was controlled by repeated
transgressions and regressions of epeiric seas (seas on the continental
shelf or interior) over the North American Craton (Reference 2.5.1-275).
A craton is the more or less tectonically stable interior region of a
continent (Reference 2.5.1-279). A transgression is when the seas
expand over the continents and is related to either sea level rise or a
lowering of the land surface elevation. A regression is the opposite of a
transgression. During a regression, sea level drops, more of the craton is
exposed, and a period of non-deposition and/or erosion occurs, forming a
stratigraphic boundary known as an unconformity. Major regressions
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expose all but the margins of the craton and produce interregional
unconformities that can be mapped throughout the craton. A cratonic
sequence is def ined as a package of sediments between two
interregional unconformities. Six cratonic sequences are identified for the
North American Craton beginning in the Proterozoic after the Grenville
Orogeny (approximately 1 Ga) to the present. While each cratonic
sequence represents a major transgression and regression, many
smaller transgression-regression cycles can occur within a cratonic
sequence.  These smal ler  cyc les produced smal ler  areas of
non-deposition and/or erosion resulting in local unconformities. Each of
the cratonic sequences has been subdivided into two or three
subsequences defined by larger regional unconformities. The
subsequences are identified with Roman numerals after the cratonic
sequence name, with Roman numeral I representing the oldest
subsequence. (Reference 2.5.1-275)

The boundaries of the cratonic sequences and the classical geologic time
scale (Cambrian, etc) are not well correlated; for example, the end of the
first cratonic sequence (Sauk) is in the Early Ordovician and not at the
Cambrian-Ordovician boundary. The classical geologic time scale is a
biostratigraphic correlation based on the occurrence of fossils and relates
only marginally to tectonic changes. The exact time the sequence starts
depends upon the location of the point of interest. (Reference 2.5.1-275)

Cratonic sequences first develop along the cratonic margins and
progressively extend (transgress) toward the center of the craton,
because it takes longer for the sea level to reach higher elevations
(Reference 2.5.1-275). Initial sequence deposits usually begin with
beach and shoreline deposits including conglomerates, sandstones,
paleosols (buried soils), and coal. These deposits grade into shallow
marine shales and marine carbonates (limestone and dolomite) and
finally into deep marine black shales at the peak of the transgression.
The regression reverses the order of the sediments from deep marine to
shoreline facies. Erosion episode during the regression can remove
some or most of the sediments deposited during the transgression.
(Reference 2.5.1-280)

Five of the six cratonic sequences are recognized in the (320-km [200-mi]
radius) site region: Sauk (Cambrian to Early Ordovician), Tippecanoe
(Middle Ordovician to Late Silurian), Kaskaskia (Early Devonian to
Mississippian), Absaroka (Mississippian to Permian), and Zuni (Jurassic)
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(Reference 2.5.1-262). The youngest rocks (Middle Jurassic Ionia
Formation of the Zuni sequence) in these cratonic sequences are found
in  the  cen ter  o f  the  M ich igan  bas in  (F igu re  2 .5 .1 -217)
(Reference 2.5.1-241).

2.5.1.1.3.2.1 Sauk Cratonic Sequences
The Sauk cratonic sequence includes the Lower Cambrian to Lower
Ordovician rocks and is subdivided into three subsequences
(Reference 2.5.1-275). No rocks associated with the oldest Sauk I
cratonic sequence have been recognized in the Michigan basin
(Reference 2.5.1-276).

The Sauk II cratonic sequence includes Middle to Upper Cambrian rocks
(Reference 2.5.1-275). The base of this sequence is the Mount Simon
Sandstone composed of pink arkosic sandstone at the base and white
subrounded sandstone near the top. This formation is over 458-m
(1500-ft) thick (Reference 2.5.1-277). Above the Mount Simon is the Eau
Claire Formation, which consists of sandstone, shale, and dolomite up to
61-m (200-ft) thick (Reference 2.5.1-281). The upper unit in the Sauk II
sequence is the Galesville Sandstone, which is white sandstone that
grades eastward into dolomitic sandstone and is up to 61-m (200-ft) thick
(Reference 2.5.1-276). The Michigan basin during the Sauk II sequence
differs from the fol lowing sequences by having two separate
depocenters. A depocenter is the locus of deposition marked by the
thickest sedimentary deposits during a sequence. The northern
depocenter was in about the center of the lower peninsula of Michigan
and the southern depocenter was shared with the Illinois basin.
(Reference 2.5.1-276)

The Sauk III cratonic sequence includes the Upper Cambrian and Lower
Ordovician (Reference 2.5.1-275). The basal unit is the Franconia
Formation, which is shaly sandstones and dolomites that are up to 61-m
(200-ft) thick (Reference 2.5.1-281). This is overlain by the Trempealeau
Formation which is a dolomite with minor amounts of sandy or shaly
dolomite (Reference 2.5.1-277). The Trempealeau Formation is over
92-m (300-ft) thick. Above the Trempealeau is the Prairie du Chien Group
consisting of tan to white dolomite and zones of oolitic chert and
sandstone (Reference 2.5.1-281). The upper unit in the Prairie du Chien
Group is the Foster Formation, a dark shaly dolomitic siltstone
(Reference 2.5.1-281). The Prairie du Chien Group including the Foster
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Formation is up to 762-m (2,500-ft) thick in the center of the Michigan
basin (Reference 2.5.1-281). The top of the Sauk III sequence is unclear.
In the western portion of the Michigan basin, an unconformity exists
above the Prairie du Chien Group; while in the center of the basin the
units appear continuous across the boundary. (Reference 2.5.1-276) The
top of the Foster Formation is used as the upper boundary for the Sauk III
sequence in this report. The center of the Michigan basin may have
continued as a locus of deposition between the Sauk III and Tippecanoe I
sequences. (Reference 2.5.1-276)

2.5.1.1.3.2.2 Tippecanoe Cratonic Sequences
The Tippecanoe cratonic sequence begins in the Lower Ordovician and
extends into the Lower Devonian and is subdiv ided into two
subsequences (Reference 2.5.1-275). The Tippecanoe I sequence
extends from the Lower Ordovician to the top of the Upper Ordovician
(Reference 2.5.1-275). The basal unit of the Tippecanoe I sequence is
the Ordovician St. Peter Sandstone, a sandstone with clear to white
rounded quartz grains (Reference 2.5.1-277). The St. Peter Sandstone is
overlain by the Glenwood Formation which is comprised of sandy shale
with interbeds of sandstone and limestone that is up to 30-m (100-ft) thick
(Reference 2.5.1-262; Reference 2.5.1-281). Above the Glenwood is a
sequence of limestone units which includes the Black River and Trenton
limestones (Reference 2.5.1-281). The Black River Limestone is older
than the Trenton Limestone, is composed of brown to gray micritic
limestone with brown chert nodules, and is up to 153-m (500-ft) thick
(Reference 2.5.1-277). The Trenton Limestone is a light brown to brown
and gray fossiliferous limestone that is up to 168-m (550-ft) thick
(Reference 2.5.1-277). The Trenton-Black River Interval is a petroleum
producer in southern Michigan (Reference 2.5.1-282). Overlying the
Trenton Limestone is a shale sequence including the Collingwood, Utica,
and Queenstown shales (Reference 2.5.1-276). The Collingwood Shale
is up to 18-m (60-ft) of limestone and shale (Reference 2.5.1-281). The
Utica Shale is composed of gray to black shale that is up to 122-m
(400-ft) thick (Reference 2.5.1-277). The upper shale unit, the Queenston
Sha le  i s  up  to  284 m (930 f t )  o f  sha le  w i th  some do lomi te
(Reference 2.5.1-281). The Utica and Queenston shales make up the
Richmond Group (Figure 2.5.1-217) mark the top of the Tippecanoe I
sequence (Reference 2.5.1-276).
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The Tippecanoe II sequence begins at the base of the Silurian and
extends into the Lower Devonian (Reference 2.5.1-275). The rocks
encountered during Fermi 3 subsurface investigation are part of the
Tippecanoe II sequence. The basal unit of this sequence is the
Manitoulin Dolomite which is comprised of gray to buff-weathering
dolomite at the surface and limestone in the subsurface and is up to 15-m
(50-ft) thick (Reference 2.5.1-281). The Manitoulin Dolomite is overlain
by about 24 m (80 ft) of red, greenish-gray, and gray shales of the Cabot
Head Shale (Reference 2.5.1-277). Above the Cabot Head Shale is a
series of dolomites and argillaceous dolomites of the Niagara Group
(Reference 2.5.1-281). At this time barrier reefs surrounded the Michigan
Basin and pinnacle reefs developed toward the center of the basin from
the barrier reefs (Reference 2.5.1-276). The development of the pinnacle
reefs may have extended into the lower part of the Salina Group
(Reference 2.5.1-283). The Salina Group overlays the Niagara Group
and has been subdivided into a series of units given letter designations A
through G. From the base, Units A-1 and A-2 are carbonates overlying
evaporate units. Units B, D and F are predominantly salts with shale and
anhydrite interbeds in the center of the Michigan basin. At the margin of
the basin the salt layers are thin or absent. Units C and G are gray to
greenish gray to gray shales, and Unit E is a sequence of green, gray,
and red shale and carbonate with anhydrite beds. (Reference 2.5.1-277)
The upper unit in the Tippecanoe II sequence is the Bass Islands Group
which is dominantly light gray dolomite with minor shale bands and
anhydrite (Reference 2.5.1-267). This Bass Islands Group is up to 183-m
(600-ft) thick in the center of the Michigan basin (Reference 2.5.1-284).

The Tippecanoe cratonic sequence represents a time of well established
epeiric seas over the craton and the development of reefs that restricted
water flow between cratonic basins. The formation of salt beds in the
upper Tippecanoe II sequence is controversial with some researchers
favoring deep basins with restricted water movement and others favoring
tidal flats and possibly sabkhas (Reference 2.5.1-276). During minor
regressions, the topographically higher areas on the Findlay arch would
have been exposed and the evaporate deposits would be dissolved by
fresh water (Reference 2.5.1-284).

2.5.1.1.3.2.3 Kaskaskia Cratonic Sequence
The Kaskaskia cratonic sequence includes the Devonian and most of the
Miss iss ipp ian  and  i s  subd iv ided  in to  two subsequences
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(Reference 2.5.1-275). The Kaskaskia I sequence includes all but the
uppermost Devonian units exposed in Michigan (Reference 2.5.1-276).
The basal unit of this sequence is the Bois Blanc Formation which is
comprised of cherty dolomite that is about 110-m (360-ft) thick
(Reference 2.5.1-281). The Bois Blanc Formation is overlain by the
Detroit River Group, which contains from oldest to youngest the Sylvania
Sandstone, the Amherstburg Formation, and the Lucas Formation. The
thickness of the Detroit River Group varies from 6 to 305 m (20 to 1,000
ft). The Sylvania Sandstone is comprised of well rounded and sorted fine-
to medium-grained sandstone with silt, chert, and carbonate and is up to
6-m (20-ft) thick (Reference 2.5.1-277). The Amherstburg Formation is
comprised of black to dark brown fossiliferous dolomite and is up to 99-m
(325-ft) thick (Reference 2.5.1-277). The Lucas Formation is comprised
of salt, dolomite, anhydrite, and sandstone and the thickness varies from
6 to 305 m (20 to 1,000 ft) (Reference 2.5.1-277). The Detroit River
Group is overlain by the Dundee Limestone which is a buff to brown
limestone to bioclastic limestone that is from 30- to 122-m (100- to 400-ft)
thick (Reference 2.5.1-276; Reference 2.5.1-281). Above the Dundee
Limestone is the Traverse Group, which is subdivided into the older Bell
Shale, the Traverse Limestone, and the Traverse Formation. The Bell
Sha le  i s  up  to  24  m (80  f t )  o f  g ray  foss i l i fe rous  sha le
(Reference 2.5.1-281), and the Traverse Limestone is gray limestone
and dolomite that grades eastward into shale (Reference 2.5.1-277). The
Traverse Formation is interbedded gray to black shales and limestone
(Reference 2.5.1-277). The Traverse Group is overlain by the Antrim
Shale, which is composed of black to brown, hard, fissile, pyritic,
organic-rich shale that is up to 305-m (1,000-ft) thick in northern Michigan
(Reference 2.5.1-277; Reference 2.5.1-276). The Antrim Shale grades
upwards into the Ellsworth Shale, which is composed of gray-green shale
that is up to 244-m (800-ft) thick (Reference 2.5.1-281). The Ellsworth
Shale is found on the west side of the Michigan basin and grades into the
Bedford Shale to the east. The Bedford Shale is composed of gray shale
that is up to 61-m (200-ft) thick. (Reference 2.5.1-277) The top of the
Kaskaskia I sequence is placed at the top of the Bedford and Ellsworth
shales (Reference 2.5.1-276).

The Kaskaskia II cratonic sequence includes the Upper Devonian and
most of the Mississippian in the Michigan basin (Reference 2.5.1-275).
The basal unit is the Berea Sandstone, which is up to 30.5 m (100 ft) of
light gray sandstone interbedded with gray shales (Reference 2.5.1-281).
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Accord ing to  the s t rat igraphic  lex icon of  Catacosinos et  a l .
(Reference 2.5.1-281) the Berea Sandstone is Late Devonian placing the
beginning of the Kaskaskia II sequence in the Devonian. The Berea
Sandstone is overlain by up to 30.5 m (100 ft) of organic-rich black shale.
This shale is called the Sunbury Shale, which is overlain by gray, bluish
gray, and reddish fossiliferous shale with interbeds of red limestone and
dolomite of the Coldwater Shale. (Reference 2.5.1-281) The Coldwater
Shale is up to 335-m (1,100-ft) thick in the center of the basin and thins
toward the margins to 152.5-m (500-ft) thick at the eastern margin of the
basin (Reference 2.5.1-277). The Coldwater Shale is overlain by the
Marshall Sandstone, which is comprised of red, tan, and green
sandstone, siltstone, and micaceous sandstone and is up to 76 m (250 ft)
thick (Reference 2.5.1-281). Above the Marshall Sandstone is the
Michigan Formation which is comprised of gray and greenish gray shale,
limestone, dolomite, anhydrite, gypsum, and sandstone that is up to
106-m (350-ft) thick (Reference 2.5.1-277; Reference 2.5.1-281). The
upper unit of the Kaskaskia II sequence is the Bayport Limestone, which
is comprised of light to dark gray fossiliferous limestone and gray to tan
cherty limestone (Reference 2.5.1-277). The Bayport Limestone is up to
30-m (100-ft) thick (Reference 2.5.1-277). Due to erosion, this unit is
absent in parts of the Michigan basin (Reference 2.5.1-276).

2.5.1.1.3.2.4 Absaroka Cratonic Sequence
The Absaroka cratonic sequence begins in the Upper Mississippian,
extends into the Lower Jurassic and is subdivided into three
subsequences (Reference 2.5.1-275). In the Michigan basin, only the
Absaroka I sequence is exposed and contains Upper Mississippian and
Pennsylvanian rocks (Reference 2.5.1-276). The Pennsylvanian System
in the Michigan basin is comprised of two units, the Saginaw and Grand
River Formations, and has a maximum thickness of 233 m (765 ft)
(Reference 2.5.1-277). The basal unit is the Parma Sandstone, which is
coarse-grained quartzose sandstone of Late Mississippian age
(Reference 2.5.1-281). Overlying the Parma Sandstone is the Saginaw
Formation, which is comprised of interbedded sandstone, shale,
limestone, and coal (Reference 2.5.1-277). The Saginaw Formation
consists of both marine and non-marine units. The Saginaw Formation is
overlain by the Grand River Formation, which is predominantly
sandstone and difficult to distinguish from the Saginaw Formation
(Reference 2.5.1-277; Reference 2.5.1-276).
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2.5.1.1.3.2.5 Zuni Cratonic Sequence
The Zuni cratonic sequence begins in the Lower Jurassic and extends
into the Paleocene and is subdivided into three subsequences
(Reference 2.5.1-275). In the Michigan basin, only the Zuni I sequence is
observed; the sequence is Jurassic in age (Reference 2.5.1-276), and is
solely the Ionia Formation (Reference 2.5.1-281). The Ionia Formation is
comprised of up to 120 m (400 ft) of poorly consolidated, red sandstones
and  sha les  a long  w i th  some gypsum o f  te r res t r i a l  o r ig in
(Reference 2.5.1-277). These units were deposited in valleys cut into the
Pennsylvanian age rocks (Reference 2.5.1-276).

2.5.1.1.3.3 Quaternary Stratigraphy
The oldest Quaternary features preserved in the 320-km (200-mi) site
region are deeply incised bedrock valleys and their associated valley fills.
Originally assigned to the Tertiary, these bedrock valleys are now
considered to be early to middle Pleistocene in age. They occur at two
main elevations and are referred to as the Teays (Subsection
2.5.1.1.2.3.4.1) and the Deep Stage valleys (Reference 2.5.1-270). In
Ohio these valleys are buried by Illinoinan and younger glacigenic
sediment, and the trend of the valleys affected glacial advances
(Reference 2.5.1-270).

Regionally, the oldest glacial sediment is interpreted to be Illinoian in age
and generally lies directly on bedrock, although scattered occurrences of
older glacial sediment are mentioned (e.g., Reference 2.5.1-270).
Illinoian tills in Ohio are the Gahanna, Millbrook, and Chesterville tills.
The tills are patchy and are associated with a bedrock surface having
significant relief (Reference 2.5.1-270). In Ontario the Illinoian-age tills
include the Bradtville, the browntill at Gowanda, the lowermost till at
Guelph (Reference 2.5.1-265), the Sunny Point member of the
Sunnybrook Formation (Reference 2.5.1-266), and the Don York Till
(Reference 2.5.1-285). These tills lie on bedrock and were deposited by
ice  tha t  had  advanced  in to  the  eas te rn  Lake  Er ie  bas in
(Reference 2.5.1-270).

The subsequent ear ly to middle Wisconsinan sediments are
glaciolacustrine silts and clays of the Tyrconnell Formation deposited in a
proglacial lake in the Erie basin (Reference 2.5.1-266). These
glaciolacustrine deposits are overlain by the late Wisconsinan Catfish
Creek  t i l l  a t  the  type  sec t ion  fo r  the  Tyrconne l l  Format ion
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(Reference 2.5.1-265). In other places in Ontario the uppermost till
overlying glaciolacustrine deposits is the Halton (Reference 2.5.1-268).

Significant soil development is a good criterion for identifying the ice-free
period following Illinoian glaciation. As discussed in Subsection
2.5.1.1.2.3.4.2, evidence of a long ice-free period during the early to
middle Wisconsinan is well documented. Generally, older tills with soil
development that previously were interpreted as being early to middle
Wisconsinan are increasingly relegated to the Illinoian. Tills above the
Sangamon soil are designated as late Wisconsinan in age. Problem
sections in Ohio involve glacigenic deposits that show soil development
observed above what has been called the Sangamon soil (MIS 5). It is
not certain if these represent early or middle Wisconsinan til ls.
(Reference 2.5.1-262; Reference 2.5.1-264)

In Illinois, northwestern Indiana, and Ohio, the texture of the surface tills
varies systematically, with older tills having a coarser matrix texture
(loamy to sandy) and younger tills having a more clayey matrix. The
clayey texture evolved with the second regional advance of the late
Wisconsinan as ice incorporated lacustrine clay as it readvanced through
proglacial lake basins (Reference 2.5.1-247; Reference 2.5.1-248).

2.5.1.1.4 Regional Tectonic Setting
The seismotectonic framework of a region, which includes the basic
understanding of existing tectonic features and their relationship to the
contemporary stress regime and seismicity, forms the foundation for
assessments of seismic sources. In the probabilistic seismic hazard
study performed by the Electric Power Research Institute and Seismic
Owners Group (EPRI-SOG) in 1988 (Reference 2.5.1-286), seismic
source models were developed for the central and eastern United States
(CEUS) based on tectonic setting, the identification and characterization
of “feature-specific” source zones, and the occurrence, rates, and
distribution of historical seismicity. The EPRI models reflected the
general state of knowledge of the geosciences community in the mid- to
late 1980s.

Additional geologic, seismologic, and geophysical research has been
per fo rmed in  the  s i te  reg ion  s ince  the  EPRI -SOG s tudy
(Reference 2.5.1-286). This section presents a summary of the current
state of knowledge of the regional tectonic setting and provides more
recent information that is relevant to the identification of seismic sources
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for Fermi 3. The following sections describe the region in terms of (1) the
contemporary tectonic stress environment (Subsection 2.5.1.1.4.1); (2)
regional geophysical data sets that have been used to evaluate
basement geology and structures (Subsection 2.5.1.1.4.2); (3) primary
structural provinces and tectonic features within the 320-km (200-mi)
radius of the site (Subsection 2.5.1.1.4.3); and (4) significant seismic
sources at distances greater than 320 km (200 mi) (Subsection
2.5.1.1.4.4). Historical seismicity is shown on Figure 2.5.1-207 described
in Subsection 2.5.1.1.4 and discussed in more detail in Subsection
2.5.2.1.

2.5.1.1.4.1 Contemporary Tectonic Stress Environment
Fermi 3 lies within a compressive midplate stress province, characterized
by a relatively uniform east-northeast compressive stress field that
extends from the midcontinent east toward the Atlantic continental
marg in  and  poss ib ly  in to  the  wes te rn  A t lan t i c  bas in
(Reference 2.5.1-287). Zoback and Zoback (Reference 2.5.1-287) note
that although localized stresses may be important in places, the overall
uniformity in the midplate stress pattern suggests a far-field source, and
the range in orientations coincides with both absolute plate motion and
ridge push directions for North America. Modeling of various tectonic
processes using an elastic finite-element analysis has indicated that
distributed ridge forces are capable of accounting for the dominant
east-northeast trend of maximum compression throughout much of the
Nor th  Amer ican  p la te  eas t  o f  the  Rocky  Mounta ins
(Reference 2.5.1-288).

Based on analysis of well-constrained focal mechanisms of North
American midplate earthquakes, Zoback (Reference 2.5.1-289)
concludes that earthquakes in the CEUS occur primarily on strike-slip
faults that dip between 43 and 80 degrees, primarily in the range of 60 to
75 degrees and primarily in response to a strike-slip stress regime. This
is indicated by a more recent compilation of worldwide stress information
that shows east-northeast-oriented maximum horizontal compression
and strike-slip events within the study region (Reference 2.5.1-290)
(Figure 2.5.1-219).

2.5.1.1.4.1.1 Glacial Isostatic Adjustments
Post-glacial rebound or glacial isostatic adjustment (GIA) is the response
of the solid earth to changing surface loads brought on by the waxing and
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waning of large-scale ice sheets and glaciers. Tilting of relic lake
shorelines, changes to modern lake levels, and secular (persisting for a
long time) changes to surface gravity observations are manifestations of
land uplift and subsidence brought about by GIA (Reference 2.5.1-291).
GIA is also suspected to be a cause of deformation within continental
plates and may be a trigger of seismicity in eastern North America and
o ther  fo rmer ly  g lac ia ted  reg ions  (Refe rence 2 .5 .1 -292 ;
Reference 2.5.1-293).

The Port Huron shoreline (approximately 13,000 years BP) was uplifted
approximately 60 m (197 ft) between 11,000 and 7,000 years BP
(Reference 2.5.1-272), and shorelines dated between 10,500 and 4,700
years BP were upwarped, with more uplift occurring in the north
(Reference 2.5.1-294). Early rebound concepts of immediate rebound
north of a “hinge-line” were eventually replaced, and it is now recognized
that there was continued uplift and rebound over the entire region
through the Holocene (Reference 2.5.1-295). Rebound information is
most easily conveyed in plots of the elevation of a given shoreline across
a distance (Reference 2.5.1-296).

Larsen (Reference 2.5.1-274) reviewed various historical measurements
and concluded that uplift continues to the present. In Lake Erie the
directional trend in uplift does not strictly correlate with those of proposed
isostatic rebound, but is very small (less than 64 mm/century)
(Reference 2.5.1-297). Minor climate fluctuations during the Holocene
may have affected lake levels on the order of 1 to 2 m (3.3 to 6.6 ft),
although this is difficult to prove (Reference 2.5.1-274). The main control
on the level of Lake Erie now is the elevation of the Onondaga Limestone
at Buffalo, New York (Reference 2.5.1-297), which is 25 km (8200 ft)
upr iver f rom Niagara Fal ls and has exper ienced some upl i f t
(Reference 2.5.1-296). The outflow through the Niagara appears to have
been variable; retreat of the falls is estimated to have been 1.6 m (5.25 ft)
per year since its inception 12,400 years ago and 1.1 m/yr (3.6 ft/yr)
between 1670 and 1969 (Reference 2.5.1-297). The complexity of lake
level history is not adequately accounted for in previous models,
suggesting that neotectonics may inf luence lake level history
(Reference 2.5.1-296).

Recent observations of Glacial Isostatic Adjustment (GIA) from Global
Positioning System (GPS) velocity field data indicate that the hinge line
marking the approximate boundary between regions of vertical rebound
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to the north and subsidence to the south lies close to the northern margin
of the site region. The site lies at the southern margin of the region
affected by GIA. The residual velocity field indicates subsidence (1 – 2
mm/yr) throughout most of the site region with possible minor uplift near
the western end of Lake Erie (Reference 2.5.1-291). Data from water
level gauges along the Great Lakes show subsidence along the southern
shores of the Great Lakes (Reference 2.5.1-298).

2.5.1.1.4.2 Regional Geophysical Data
Regional gravity and magnetic survey maps are important data sets that
in conjunction with borehole data and regional seismic profile surveys
have been used to decipher major structural and rheological boundaries
within the basement underlying the site region.

2.5.1.1.4.2.1 Gravity and Magnetic Survey Data and Maps
Regional gravity and magnetic survey data and derivative maps are used
to study the basement geology of the midcontinent region, including the
lithology and depth of basement rocks and the location and origin of
basement structures. Patterns and lineaments on gravity maps are used
to infer faults, structure boundaries, and the boundaries between
basement provinces. Strong magnetic anomalies are used to infer basalt
and related mafic igneous rock which are often associated with basement
rifts.

Por t ions  o f  the  Grav i t y  Anomaly  Map o f  Nor th  Amer ica
(Reference 2.5.1-299) and the Magnetic Anomaly Map of North America
(Reference 2.5.1-300) covering the site region are reproduced as Figure
2.5.1-220 and Figure 2.5.1-221, respectively. Several prominent gravity
anomalies are shown on Figure 2.5.1-220, including the Mid-Michigan
Gravity Anomaly (MGA), the East Continent Gravity High (ECGH), the
Anorthosite Complex Anomaly (ACA), the Seneca anomaly, and the
But ler  anomaly (Reference 2.5.1-301; Reference 2.5.1-302;
Reference 2.5.1-227; Reference 2.5.1-303).

The MGA, located in the southern peninsula of Michigan, is associated
with the midcontinent gravity anomaly, which extends southwestward
from Lake Superior. Both anomalies are associated with the midcontinent
rift system (MRS) and are characterized by a strong, curvilinear gravity
high flanked by gravity lows, and both are associated with magnetic highs
(Reference 2.5.1-301).
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The ECGH is a chain of positive gravity anomalies from southwestern
Michigan to north-central Tennessee (Reference 2.5.1-227). It is
associated with the East Continent Rift System (ECRS), which may be
related to the MRS, as discussed in Subsection 2.5.1.1.2.2.4.

The Anorthosite Complex anomaly of southern Ohio was described by
Lucius and von Frese (Reference 2.5.1-302) as an oblong gravity and
magnetic maximum that, based on modeling, was interpreted as an
anorthosite body at intermediate crustal depths. Subsequent modeling by
Harbi supports this hypothesis and suggests that the anorthosite body
dips 8 degrees to the east at midcrustal depths (Reference 2.5.1-303).

The Seneca anomaly, located in northeastern Ohio, is visible on Figure
2.5.1-220 and Figure 2.5.1-221 as a circular magnetic and gravity high.
Based on gravity and magnetic modeling, Lucius and von Frese
(Reference 2.5.1-302) interpreted the Seneca anomaly as a shallow
gabbroic intrusion surrounded by a large, homogeneous granitic body.
This model was later confirmed by the presence of gabbro in a core
dr i l l ed  by  the  Oh io  Depar tmen t  o f  Natu ra l  Resources
(Reference 2.5.1-303).

The Butler anomaly of southwestern Ohio is visible on Figure 2.5.1-220
as a large, positive circular gravity and magnetic maximum. It was first
modeled by Lucius and von Frese (Reference 2.5.1-302) as a crystallized
magma chamber that extends to intermediate crustal depths. Harbi
(Reference 2.5.1-303) interpreted it as a cylindrical mafic batholith.

Regional gravity and magnetic data sets are used to identify crustal
boundaries and lineaments (Reference 2.5.1-301; Reference 2.5.1-228;
Re ference 2.5 .1 -304 ;  Re fe rence 2.5 .1 -305) .  H inze  e t  a l .
(Reference 2.5.1-301) interpreted the boundary between the Penokean
and Granite-Rhyolite provinces to lie between 43 and 44 degrees latitude
based on the east-southeast-trending anomalies in the Penokean
province and the broad positive gravity anomaly with local positive
magnetic anomalies in the Granite-Rhyolite province. Atekwana
(Reference 2.5.1-228) noted that the Penokean province is characterized
by high-frequency, high-amplitude gravity and magnetic anomalies,
whereas the Eastern Granite-Rhyolite province is characterized by
northwest-southeast-trending lower-frequency and lower-amplitude
anomalies. Atekwana (Reference 2.5.1-228) identified a lineament
separating these two provinces based on regional data sets and their
der ivat ive maps.  The boundary between the Penokean and
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Granite-Rhyolite provinces is a transition zone and is not well constrained
(Reference 2.5.1-301). Figure 2.5.1-219 illustrates the boundary
interpreted by Van Schmus (Reference 2.5.1-210).

The location of the Grenville Front Tectonic Zone (GFTZ) has been
p laced  in  severa l  l oca t ions .  In  M ich igan ,  H inze  e t  a l .
(Re fe rence 2.5 .1 -301)  in te rp re ted  a reas  o f  pos i t i ve ,
northeast-southwest-trending gravity and magnetic anomalies as
characteristic of the Grenville province consistent with the trend of
anomalies of exposed Grenville province rocks in Ontario. Lucius and
von Frese (Reference 2.5.1-302) placed the GFTZ west of the
anorthosite anomaly based on their model that the Anorthosite Complex
anomaly was uplifted during the Grenville orogeny after forming in the
deep crust. Atekwana (Reference 2.5.1-228) characterized the Grenville
province as having higher-amplitude and higher-frequency magnetic
anomalies that trend northwest to north in Kentucky, Ohio, and
southeastern Michigan, and north-northeast in southwestern Ontario.
Easton and Carter (Reference 2.5.1-306) interpreted the location of the
GFTZ by incorporating these results with deep seismic profiles and
borehole data, as described in the following section (Subsection
2.5.1.1.4.2.2).

In the western third of Ohio, the gravity and magnetic models of Lucius
and von Frese (Reference 2.5.1-302) indicate h igh-densi ty,
low-magnetization intrusions into lower and middle crustal depths
associated with the MRS. Drahovzal et al. (Reference 2.5.1-227) later
postulated that these anomalies are associated with the East Continent
Rift Basin (ECRB) and were overprinted by the GFTZ.

Within the Grenville province, Carter et al. (Reference 2.5.1-304)
correlated regional west-northwest- to northeast-trending magnetic
anomalies with deformed, magnetite-bearing plutons in southwestern
Ontario, Canada, and concluded that the trends are associated with the
str ikes of  gneissic layering and fold axes. Boyce and Morr is
(Reference 2.5.1-305) identified northeast-trending lineaments that
parallel the Central Metasedimentary Belt Boundary Zone (CMBBZ),
northwest-trending lineaments that parallel Georgian Bay and Lake
Huron, and east-west geophysical anomalies that parallel Lakes Erie and
Ontario.
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2.5.1.1.4.2.2 Seismic Profiles
The Consortium for Continental Reflection Profiling (COCORP) and the
Great Lakes International Multidisciplinary Program on Crustal Evolution
(GLIMPCE) collected a series of seismic lines in the midcontinent region
(Figure 2.5.1-213).

Several deep seismic lines transect the MRS COCORP lines MI-1, MI-2,
and MI-3 were located in the center of the Michigan basin, near the deep
McClure-Sparks oil well to aid in the correlation of stratigraphy. Brown et
al. (Reference 2.5.1-235) interpreted this data with limited success as
poor data quality obscured structural relationships. Zhu and Brown later
reprocessed and reinterpreted these lines, concluding that the MRS is
poorly imaged as a south-dipping rotated block (Reference 2.5.1-307).
The MRS is exposed at the surface surrounding Lake Superior and is
therefore well imaged by GLIMPCE lines (Reference 2.5.1-308;
Reference 2.5.1-236). Interpretation of the GLIMPCE lines A, C, and F in
Lake Superior show a segmented rift structure composed of inverted,
normal faulted asymmetric half grabens separated by zones of
accommodation (faults transverse to rift axis) (Reference 2.5.1-236).

The Granite-Rhyolite province was imaged in COCORP line IL-1 in
Illinois, IN-1 in Indiana and in the western portion of COCORP line OH-1,
in Ohio (Reference 2.5.1-238). The seismic data in lines IL-1, IN-1, and
OH-1 reveal discontinuous, subhorizontal reflectors that can be traced
laterally for up to 80 km (49 mi) and that are as thick as 11 km (6.7 mi).
Pratt et al. (Reference 2.5.1-238) interpreted these reflectors as felsic
igneous rocks underlain or intermixed with mafic igneous or sedimentary
rocks. This discontinuous layering is absent in COCORP lines MO-1 and
IL-2, which transect the Proterozoic caldera complexes of the St.
Francois Mountains.

The GFTZ and the Grenville province are imaged by COCORP lines
OH-1  and  OH-2  in  cen t ra l  Oh io  (Refe rence 2 .5 .1 -238 ;
Reference 2.5.1-234; Reference 2.5.1-309) and GLIMPCE lines I and J
in Lake Huron (Reference 2.5.1-216; Reference 2.5.1-310). Green et al.
(Reference 2.5.1-216) interpreted the GFTZ as a 32-km (19.5-mi) wide,
steeply dipping zone of east-dipping reflections. After reprocessing these
data, Mereu et al. (Reference 2.5.1-310) interpreted these reflectors as
myloni te  zones associated wi th  duct i le  faul t ing.  Prat t  et  a l .
(Reference 2.5.1-238) interpreted east-dipping parallel reflectors as the
GFTZ in Ohio. Farther east in line OH-2, the Grenville province is
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characterized by west-dipping, mid- to deep-crustal reflectors
(Reference 2.5.1-238) (Figure 2.5.1-221).  Culot ta and Pratt
(Reference 2.5.1-234) later synthesized these results (Figure 2.5.1-222)
and interpreted the GFTZ as a 50-km (30-mi) wide, 25- to 30-degree
east-dipping zone penetrating to 25 km (15 mi) deep, attributing the
wes t -d ipp ing  re f lec to rs  to  the  CMB.  Eas ton  and  Car te r
(Reference 2.5.1-306) combined this data with results of drill data in
southwestern Ontario and interpreted the location of the GFTZ (Figure
2.5.1-203, Figure 2.5.1-220, and Figure 2.5.1-221).

GLIMPCE line H, which transects Lake Michigan, images structures and
basement terrane boundaries associated with the Penokean orogeny as
i l l us t ra ted  on  F igure  2 .5 .1 -210  and F igu re  2 .5 .1 -213
(Reference 2.5.1-213; Reference 2.5.1-300) (see Subsection
2.5.1.1.2.2.1).

2.5.1.1.4.3 Regional Tectonic Structures (within 320-km 
[200-Mi] Radius)

The Fermi 3 site is located in the stable continental region of the North
American Craton, which is characterized by low earthquake activity and
low s t ress  (Refe rence 2 .5 .1 -311 ;  Re fe rence 2.5 .1 -312 ;
Reference 2.5.1-313; Reference 2.5.1-314) (Figure 2.5.1-207). The site
lies within the Central Stable Region tectonic province of the North
American continent (Reference 2.5.1-212). This tectonic province is
characterized by a thick sequence of sedimentary strata overlying the
Precambrian basement. The Precambrian basement is exposed in
Wisconsin, Minnesota, the upper peninsula of Michigan, and Ontario,
Canada. As described in Subsection 2.5.1.1.4.1, regional geophysical
data have been used to infer the major structural and rheological
boundaries within subsurface basement in the site region.

The (320-km [200-mi] radius) site region lies within a transition zone
between the central Appalachian foreland and the Illinois and Michigan
interior cratonic basins; this transition zone contains a variety of structural
features that were intermittently active throughout the entire Paleozoic.
Basement faults in this zone were initiated, in part, by Precambrian plate
convergent episodes at the margin of Laurentia and were reactivated
throughout the Paleozoic, principally as growth faults of modest
displacement. Deformational loads that accumulated at the Laurentian
plate margin during the Taconic and Alleghenian orogenies in the central
Appalachians created arches in the site region. (Reference 2.5.1-213)
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There is no evidence to indicate that reactivation of structures in the
Mesozoic, such as occurred in the New Madrid seismic zone to the
southwest, occurred within the site region.

The Fermi 2 UFSAR (Reference 2.5.1-221) concluded that there were no
capable tectonic faults within the Fermi 2 site region. Recent reviews of
suspected Quaternary tectonic features in the CEUS by Crone and
Wheeler (Reference 2.5.1-316) and Wheeler (Reference 2.5.1-317) did
not identify any Class A Quaternary tectonic faults or Class B tectonic
features in the site region. Crone and Wheeler (Reference 2.5.1-316)
define Class A features as those where geologic evidence demonstrates
the existence of a Quaternary fault of tectonic origin. Class B features are
those where the fault may not extend deeply enough to be a potential
source of significant earthquakes, or where the currently available
geologic evidence is not definitive enough to assign the feature to Class
C or to Class A. Class C features are those for which geologic evidence
is insufficient to demonstrate the existence of a tectonic fault, Quaternary
slip, or deformation associated with the feature. Crone and Wheeler
(Reference 2.5.1-316) identify two Class C seismic zones in the site
region that are described below in Subsection 2.5.1.1.4.4.

A description of major basins and arches in the site region is provided in
Subsection 2.5.1.1.4.3.1; specific tectonic features and structures are
described in Subsection 2.5.1.1.4.3.2; and seismic zones in the site
region are described in Subsection 2.5.1.1.4.4.

2.5.1.1.4.3.1 Basins and Arches
Intracratonic basins and bounding arches developed in the (200
mi-radius) site region during the Paleozoic (570 – 250 Ma) and include
the Michigan, Illinois, and Appalachian basins, and the Cincinnati,
Kankakee, Findlay, and Algonquin arches (Figure 2.5.1-208 and Figure
2.5.1-218). The most significant with respect to the site are the Michigan
basin and the Findlay and Algonquin arches. In addition to these
structures, the now outdated name “Washtenaw Anticlinorium” was
proposed by Ells (Reference 2.5.1-318) to describe a broad northwest
plunging structure in southeast Michigan and was discussed in the Fermi
2 UFSAR (Reference 2.5.1-221). As defined, local structures included
wi th in  th is  broad s t ruc tu ra l  fea ture  a re  the  Bowl ing  Green
(Lucas-Monroe) fault/anticline (northern segment) and the Howell
(Howell-Northville) anticline/fault described in Subsection 2.5.1.1.4.3.2.
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2.5.1.1.4.3.1.1 Michigan Basin
The intracratonic Michigan basin is nearly circular, about 400 km (240 mi)
in diameter, and 5 km (3 mi) deep. The basin exhibits only minor
syndepositional (contemporaneous with sedimentation) faulting that has
an insignificant effect on basin-scale geometry of stratigraphic units
(Reference 2.5.1-240). The proto-Michigan basin developed in the Late
Cambrian with the deposition of the Mount Simon Sandstone in an
elongate trough, possibly representing a northern continuation of the
Reelfoot rift – Illinois basin (Reference 2.5.1-240). Basin-centered
subsidence began in the Early to Middle Ordovician, separating the basin
from the Illinois basin along the Kankakee arch and from the Appalachian
basin a long the F ind lay arch as shown in  F igure 2.5.1-218
(Reference 2.5.1-240). The subsequent depositional history through the
early Carboniferous records episodic basin subsidence with basin
geometry alternating between broad-basin centered, narrow-basin
centered, and eastward tilting. These changes in basin geometry may
corre la te wi th per iods of  the Appalachian orogen occurr ing
contemporaneously along the southwest margins of the craton.
(Reference 2.5.1-239) These orogenic events included the Late
Cambrian1 to Ordovician Penobscot event (ca. 510 – 490 Ma), the Middle
to Late Ordovician Taconic event (ca. 470 – 440 Ma), the Late Silurian
Acadian or Caledonian event, the Devonian1 Arcadian event, and the
Carboniferous – Permian Alleghenian collision between Laurentia and
Gondwana (Reference 2.5.1-240).

As a result of this long history, a variety of structural styles are present in
the Michigan basin including deep-seated (i.e., basement-involved) and
shallow structures. Structural interpretations of these features range from
broad, gently dipping, closed anticlines to a complex of horsts and
grabens (and associated listric faults) trending northwest-southeast.
Many of the large Devonian structures in the central basin are thought to
have formed over faul ted basement horsts or rotated blocks
(Reference 2.5.1-319). The dominant structures in the basin are
considered by Fisher (Reference 2.5.1-320) to be the result of vertical
tectonics. Structures in the southeast and south-central parts of the basin
appear to have been modified by zones of locally developed left-lateral
shear that was related to compression directed from the southeast (i.e.,
the  Appa lach ian  mob i le  be l t )  (Refe rence 2 .5 .1 -321 ,
Reference 2.5.1-322). These conclusions contrast with other work
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indicat ing a nor theast-southwest  compressional  component
(Reference 2.5.1-323). North-south flexures are also known in the
southern parts of the basin, indicating a due east-west compressional
stage.

Based on seismic evidence, Fisher and Barratt (Reference 2.5.1-324)
report that only a few of the largest faults that offset Precambrian
basement rocks extend stratigraphically up into Middle Devonian rocks.
No evidence of faulting of the Carboniferous unconformity is reported in
the literature. Other structures within the basin include solution-collapse
features and differential compaction anticlines located over buried
topographic highs and reefs (Reference 2.5.1-318).

2.5.1.1.4.3.1.2 Findlay and Algonquin Arches
The northeast-trending, northeast-plunging Findlay arch in western Ohio
and southeast Michigan, and the northeast-trending, southwest-plunging
Algonquin arch in Canada separate the Michigan and Appalachian
basins. The Findlay and Algonquin arches are part of the same feature
that was present in the Precambrian, and remained a passive, positive
feature as flanking basins settled. The Findlay and Algonquin arches
influenced Paleozoic sedimentary deposition into the Middle Devonian
(Reference 2.5.1-325) (Figure 2.5.1-208 and Figure 2.5.1-218). The
east-west-trending Chatham sag, one of several major inlets into the
Michigan basin, formed by the mutual plunges of the arches (Figure
2.5.1-208) but did not have a significant influence on sedimentation until
the Late Silurian.

2.5.1.1.4.3.1.3 Kankakee Arch
The northwest-southeast-trending Kankakee arch, located mainly in
northern Indiana, separates the Michigan and Illinois basins. The
orientation of the Kankakee arch is different than the generally
northeast-southwest orientation of the Findlay, Algonquin, and Cincinnati
arches (Figure 2.5.1-208). Unlike the Cincinnati arch, which developed in
direct response to plate convergent processes associated with the
Alleghenian orogeny in the Appalachians, the Kankakee arch developed
from subsidence in the adjacent Michigan and I l l inois basins
(Reference 2.5.1-213). The Kankakee arch was a generally positive
feature that developed in the Early to Middle Ordovican1 due to
basin-centered subsidence in the Michigan and Illinois basins. The
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Kankakee arch influenced Paleozoic sedimentary deposition into the
Early Devonian. (Reference 2.5.1-239)

2.5.1.1.4.3.1.4 Appalachian Basin
The intercratonic Appalachian basin (Figure 2.5.1-208) is located
southeast of the Findlay and Algonquin arches and the Cincinnati arch,
which separate it from the Michigan and Illinois basins. The basin
probably developed in the Late Cambrian at the same time the Illinois
and Michigan basins developed. The Appalachian basin was filled with
carbonate sediments (as were the Illinoian and Michigan basins), and
received clastic sediments eroded from the proto-Appalachian Mountains
resulting from several orogenies along the eastern margin of Laurentia
during the Paleozoic (Reference 2.5.1-240). These included the Late
Cambrian1 to Ordovician Penobscot event (ca. 510 – 490 Ma), the Middle
to Late Ordovician Taconic event (ca. 470 – 440 Ma), the Late Silurian
Acadian or Caledonian event, the Devonian1 Arcadian event, and the
Carboniferous – Permian Alleghenian collision between Laurentia and
Gondwana, which terminated basin deposition (Reference 2.5.1-239).

2.5.1.1.4.3.1.5 Cincinnati Arch
The northeast-trending Cincinnati arch in Tennessee, Kentucky, and
southern Ohio separate the Illinois and Appalachian basins (Figure
2.5.1-208). Root and Onasch (Reference 2.5.1-213) interpret the
Cincinnati arch as a forebulge (anticline or dome that forms on the craton
away from the orogenic belt) structure associated with the Alleghenian
orogeny. The Cincinnati arch, as expressed in the Precambrian
basement surface, is coincident with the underlying GFTZ on a regional
scale, and the GFTZ is interpreted to have been a major crustal suture
that served to localize and control the history of the Cincinnati arch. Local
deviations in the location of the arch and front are explained by the
presence of Proterozoic rift basins filled with low-density sedimentary
rocks, as well  as by the interact ions between the developing
Appalachian, Michigan, and Illinois basins and by the northward
decrease in Alleghenian orogeny tectonic loading. The Cincinnati arch
began its history with a period of regional uplift as early as the Middle to
Late Ordovician followed by maximum arch development in the
Pennsy lvan ian  in  response  to  the  A l leghen ian  o rogeny.
(Reference 2.5.1-213) The intersection of the Findlay, Kankakee, and
Cincinnati arches is termed the Indiana-Ohio platform.
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2.5.1.1.4.3.1.6 Illinois Basin
The interior cratonic Illinois basin underlies Illinois, southwest Indiana,
and western Kentucky (Figure 2.5.1-208). As discussed above in
Subsection 2.5.1.1.4.3.1.3, the proto-Illinois basin developed in the Late
Cambrian (Reference 2.5.1-240). Basin-centered subsidence in the Early
to Middle Ordovician separated the Illinois basin from the Michigan basin
along the Kankakee arch (Reference 2.5.1-240) and from the
Appalachian basin along the Cincinnati arch (Figure 2.5.1-208).

2.5.1.1.4.3.2 Principal Faults in the Site Region
Principal faults and tectonic features in the (320-km [200-mi] radius) site
region and surrounding portions of the CEUS (Figure 2.5.1-203) reflect
the cumulative deformation associated with tectonic events throughout
the Precambrian, Paleozoic, Mesozoic, and Cenozoic eras. Table
2.5.1-201 provides a summary of information on faults within the (320-km
[200-mi] radius) site region. Descriptions of the major faults and tectonic
structures in the study region are provided in the following sections and
are organized alphabetically; summaries for these structures and
additional minor structures in the site region that are shown on Figure
2.5.1-203 are provided in Table 2.5.1-201, also organized alphabetically.

2.5.1.1.4.3.2.1 Akron Magnetic Boundary
The Akron magnetic boundary is a northeast-southwest-trending
magnetic anomaly (low) in the subsurface of Wayne, Portage, Geauga,
Lake, and Ashtabula Counties, Ohio (Reference 2.5.1-237), which may
extend northeast into Canada (Reference 2.5.1-326). Muskett
(Reference 2.5.1-327) speculates that historical earthquakes along the
south shore of Lake Erie may be the result of adjustment or movement of
pre-existing basement fault zones, such as the Akron magnetic
boundary, due to a lake-loading piezomagnetic effect. Wallach et al.
(Reference 2.5.1-326) associate the Akron magnetic boundary with the
Niagara-Pickering linear zone, which trends along the New York –
Canadian border (see also Reference 2.5.1-328). The Akron Magnetic
Boundary is associated with the Northeastern Ohio Seismic Zone,
discussed in Subsection 2.5.1.1.4.4.1.

2.5.1.1.4.3.2.2 Albion-Scipio Anticline/Fault
The Albion-Scipio structure is a northwest-southeast-trending faulted
anticline in the subsurface of Hillsdale and Calhoun Counties, Michigan
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(Figure 2.5.1-203). Fisher (Reference 2.5.1-329) postulates that the
Albion-Scipio anticline and associated en-echelon wrench faults control
the Albion-Pulaski-Scipio-trend oil and gas field. The mapped length of
the fault is approximately 48 km (30 mi) and the structure is subparallel to
the Howell anticline and portions of the northern segment of the Bowling
Green fault (Reference 2.5.1-329). The sense of displacement is
uncertain; Fisher (Reference 2.5.1-329) shows a southwest-side-down
fault, whereas Fisher (Reference 2.5.1-330) postulates mainly strike-slip
displacement due to the lack of vertical displacement. The youngest unit
affected by the structure is the Middle Ordovician Trenton Formation
(Reference 2.5.1-331).

2.5.1.1.4.3.2.3 Bowling Green (Lucas-Monroe) Fault/Monocline
The Bowling Green fault, known locally as the Lucas-Monroe monocline
or fault, in the subsurface of Ohio and Michigan, consists of three
segments: (1) a central north-south-trending, generally linear segment;
(2) a southern, southeast-trending splay of faults; and (3) a northern,
northwest-trending segment of stepped faults (Table 2.5.1-201 and
Figure 2.5.1-203, Figure 2.5.1-223, and Figure 2.5.1-224). The total
length of the three segments is approximately 190 km (118 mi) (Figure
2.5.1-203). At i ts closest distance, the Bowling Green fault is
approximately 40 km (24 mi) west of the site.

The central segment, known as the Bowling Green fault, extends from
approximately the southeastern corner of Hancock County, Ohio, north to
the middle of the boundary between Lenawee and Monroe Counties,
Michigan, and is well studied because of quarry exposures. The fault
displaces the Precambrian unconformity surface west-side-down
(Reference 2.5.1-237), and has had at least six episodes of displacement
through the Middle Silurian (Reference 2.5.1-332; Figure 2.5.1-223).

As exposed in the Waterville quarry in southern Lucas County, the fault is
a 10-m (33-ft) wide near-vertical zone of highly sheared rock striking
N10° to 20°W, with secondary faulting extending out 10 to 90 m (33 to
300 ft) on either side (Reference 2.5.1-332). The fault juxtaposes the
uppermost Silurian Bass Islands Group on the west against the
Tymochtee Dolomite, which stratigraphically underlies the Bass Islands
Group on the east. The contact between the two units is offset
approximately 70 m (230 ft), west-side-down (Reference 2.5.1-332)
(Figure 2.5.1-224). Maximum displacement appears to be approximately
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122 m (400 ft), west-side-down, on the top of the Middle Silurian Lockport
Dolomite (Reference 2.5.1-332). The latest Silurian Bass Islands Group
is the youngest unit displaced by the Bowling Green fault; no younger
units except for unfaulted Pleistocene glacial deposits occur along the
fault (Reference 2.5.1-332). Onasch and Kahle (Reference 2.5.1-332)
speculate fault-parallel, east-dipping thrust faults with maximum
displacements of less than 5 m (16 ft), (Episode VI on Figure 2.5.1-223)
generally on the east side of the fault, are consistent with the
contemporary stress field, and if related to contemporary stresses, the
Bowling Green fault is Late Cretaceous or younger. The central segment
of the fault is essentially coincident with the GFTZ and the Findlay arch
(Figure 2.5.1-203). Onasch and Kahle (Reference 2.5.1-332) suggest
that the location of the fault and recurrent displacement through latest
Silurian on the fault are controlled by the Grenville Front and Paleozoic
orogenic activity to the east, including the Middle to Late Ordovician
Taconic event (ca. 470 – 440 Ma), the Late Silurian Acadian or
Caledonian event, the Devonian1 Arcadian event, and possibly the
Carboniferous – Permian Alleghenian event. Onash and Kahle
(Reference 2.5.1-332) speculate that the recurrent displacement may
have been due to stresses related to migration of the Findlay arch (as a
forebulge) during the Acadian and/or Allegenian events.

The southern segment consists of several steeply dipping to vertical,
southeast-trending fault splays in Ohio that extend from approximately
the southern boundary of Wood County to the southern portion of Marion
County. These faults roughly define a northwest-southeast-trending high
and low on the map of the Precambrian unconformity surface in Ohio,
and include the Outlet (northeast-side-down) and Marion (also
nor theas t -s ide -down)  fau l ts  and  severa l  unnamed fau l ts
(Reference 2.5.1-237).

The northern segment, also known as the Lucas-Monroe monocline/fault,
consists of short, steeply dipping to vertical, southwest-side-down,
northwest-southeast- to north-trending, right- and left-stepping faults that
extend from the middle of the boundary between Lenawee and Monroe
Counties to the northwestern corner of Livingston County, where the
segment appears to merge with the Howell anticline (Figure 2.5.1-203).
The youngest unit affected by the structure is the early Carboniferous
Sunbury Shale (Reference 2.5.1-333). A magnitude 3.4 earthquake
occurred September 2, 1994, on a N70°W, left-lateral, strike-slip fault at a
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depth of 10 – 15 km (6 – 9 mi) in Precambrian basement rocks near
Potterville, approximately 21 km (12.6 m) southwest of Lansing, Michigan
and  approx imate ly  130  km (90  m i )  no r thwes t  o f  Fe rmi  3
(Reference 2.5.1-334). Faust et al. (Reference 2.5.1-334) suggest that
this earthquake was on a hypothetical fault associated with a northwest
extension of the Lucas-Monroe fault, or possibly on a shallow dipping
feature associated with the MRS /MMGH. Structure contour maps of
Paleozoic units (e.g., see Figure 2.5.1-225) do not support the
Lucas-Monroe fault extension hypothesis. Because the epicenter and
zone of intense shaking of this earthquake are approximately 25 km (15.5
mi) southwest of and not coincident with the southwest margin of the
MRS /MMGH (Reference 2.5.1-334), it is unlikely that the earthquake is
associated with this structure.

2.5.1.1.4.3.2.4 Burning Springs Anticline/Fault – Cambridge 
Arch/Fault

The Burning Springs anticline/fault and Cambridge arch/fault comprise a
narrow zone of recurrent Paleozoic faults in the cores of anticlinal
structures embedded in the Precambrian Grenville province about 100
km (60 mi) east of the Grenville Front (Reference 2.5.1-336) (Figure
2.5.1-203). The zone trends north to south in northern West Virginia and
extends N20°W across Ohio to Lake Erie, a total  distance of
approximately 350 km (213 mi).

The southern segment of the zone in northern West Virginia is termed the
Burning Springs anticline and has a length of approximately 50 km (30
mi) up to about 150 km (91 mi) if the Mann Mountain anticline south of
the Burning Springs anticline is included. Near the Ohio River the
structure loses definition and appears to step en-echelon to the left
toward sp lays  o f  the  southeast  end o f  the  Cambr idge arch
(Reference 2.5.1-336). Between the structures at the Ohio River is an
approximately 16-km (10-mi) break. The structure is present in the
Precambrian unconformity surface as an east-side-down normal fault.
(Reference 2.5.1-237) Paleozoic displacement on the structure included:
(1) reactivation of older basement faults during the Silurian which created
an evaporite basin east of the structure, (2) displacement during
depos i t i on  o f  Devon ian  th rough  Permian  un i ts ,  and  (3 )
northwest-directed Alleghanian orogeny thrusting on decollements in the
Salina salt units, which created ramp faults and a system of imbricate
thrusts in the cores of anticlines (Reference 2.5.1-336). Seismic data
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across the Burning Springs anticline shows a steep, east-dipping normal,
east-side-down fault extending from the basement into the lower Middle
Devonian Onondaga Limestone (Reference 2.5.1-336). At least 300 m
(1,000 ft) of displacement is present on the base of the Cambrian,
decreasing to approximately 250 m (820 ft) at the base of the Onondaga
Limestone (Reference 2.5.1-336). Anticline folding is dominant in Upper
Silurian Salina Group and younger units.

The northern segment of the zone in Ohio is termed the Cambridge arch
and has a length of approximately 100 km (60 mi). The N20° W trending
structure is a fault-bounded arch (horst) about 1.5 km (0.9 mi) wide with a
half graben (Parkersburg-Lorain syncline) on the west that splays into
three arches at the Ohio River. The bounding normal faults dip 80°
southwest and northeast, respectively. Some right-lateral slip may have
occurred at the north end of the arch. Maximum structural relief is
approximately 80 m (262 ft) on the Devonian Onondaga Limestone. The
latest Early Carboniferous Berea Sandstone has 52 m (170 ft) of offset at
the south end of the segment and 45 m (148 ft) of offset at the north end
in an outcrop near Lake Erie. Offsets at the intersection of the COCORP
OH-2 line are 37 m (121 ft) on the Precambrian unconformity surface, 18
m (59 ft) on the Silurian Packer Shell horizon, and 27 m (88 ft) on the
latest Early Mississippian Berea Sandstone (Reference 2.5.1-336;
Reference 2.5.1-237).

Although the Burning Springs anticline/fault and Cambridge arch/fault are
aligned and have similarities, they probably should not be considered the
same structure. There is a 16-km (10-mi) break between the structures at
the Ohio River, and the structure contour map on the Precambrian
unconformity surface (Reference 2.5.1-237) shows cross faults in this
area between the structures. In addition, the characteristics of the
structures are different and the magnitude of displacement on the
Burnings Springs anticline/fault is significantly greater than on the
Cambridge arch/fault. At their closest, Burning Springs anticline/fault is
approximately 327 km (203 mi) east and the Cambridge arch/fault is
approximately 118 km (73 mi) southeast of Fermi 3 (Figure 2.5.1-203)

2.5.1.1.4.3.2.5 Chatham Sag and Electric Fault
The Chatham sag and associated Electric fault are subsurface structures
in southwestern Ontario, Canada. The east-west-trending Chatham sag,
one of several major inlets into the Michigan basin, formed by the mutual
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plunges of the Findlay and Algonquin arches (Figure 2.5.1-203).
Although present in the Precambrian, the sag did not have a significant
influence on sedimentation until the Late Silurian (Reference 2.5.1-325).

The nor thern  marg in  o f  the Chatham sag is  def ined by  the
east-west-trending Electric fault, which deflects the nose of the Algonquin
arch to the west, and extends from the mouth of the Saint Clair River to
the northwest corner of Kent County, Ontario, a distance of approximately
115 km (72 mi) (Figure 2.5.1-203). At its closest, the Electric fault is
approximately 81 km (50 mi) northeast of the site (Figure 2.5.1-203). The
Electric fault is a south-side-down normal fault with a maximum observed
vertical displacement on the Precambrian surface of approximately 93 m
(305 ft) (Reference 2.5.1-325). The Electric fault had recurrent
displacement in the Paleozoic; it displaces structure contours on the top
of the uppermost Late Silurian Bass Islands Group and the base of the
lower Middle Devonian Detroit River Group, but does not offset the base
of the overlying Dundee Limestone (Reference 2.5.1-325) (Figure
2.5.1-203). Boyce and Morris (Reference 2.5.1-305) speculate that the
Electric and other east-west-trending faults in southwestern Ontario are
related to the Mesozoic St. Lawrence Valley system rifting, but this is not
supported by the absence of displacements of units younger than the
lower Middle Devonian Detroit River Group.

2.5.1.1.4.3.2.6 Fortville Fault
The Fortville fault is a north-northeast-/south-southwest-trending fault in
the subsurface of Marion, Hancock, and Madison Counties in Indiana,
and is about 66 km (41 mi) long (Reference 2.5.1-338). At its closest, the
Fortville fault is approximately 271 km (168 mi) southwest of Fermi 3
(Figure 2.5.1-203).  The fault  is a steeply southeast-dipping,
down-to-the-southeast normal fault on the west flank of the Cincinnati
arch. Rupp (Reference 2.5.1-338) indicates that the fault offsets the top
of the Precambrian surface and the top of the Middle Silurian Salamonie
Dolomite, but not the top of the Middle Devonian Muscatatuck Group.
Hasenmueller (Reference 2.5.1-339), however, indicates that the Middle
Devonian Muscatatuck Group may be offset.

2.5.1.1.4.3.2.7 Fort Wayne Rift
The Fort Wayne rift is a northwest-southeast-trending crustal structure in
the subsurface of western Ohio and eastern Indiana (Figure 2.5.1-203
and Figure 2.5.1-207). At its closest, the Fort Wayne rift is approximately
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173 km (107 mi) southwest of the site (Figure 2.5.1-203). On the
Precambrian unconformity surface in Ohio, the rift is expressed as a
graben bounded by normal faults and a central high bounded on the
southwest by the Anna-Champaign fault, and on the northeast by the
Logan fault (Reference 2.5.1-237) (Figure 2.5.1-203 and Figure
2.5.1-207). It is coincident with a portion of the east continent gravity high
(ECGH) (Reference 2.5.1-227) (Figure 2.5.1-203 and Figure 2.5.1-219).
As discussed in Subsection 2.5.1.1.2.2.4, the rift developed along the
eastern margin of Laurentia after emplacement of the Eastern
Granite-Rhyolite province rocks similar to, and possibly related to, the
Keweenawan rifting event that developed the midcontinent rift system
(MRS) (Reference 2.5.1-228). The Fort Wayne rift and probably the
ECGH are truncated by the Grenville Front tectonic zone. The Fort
Wayne rift is the locus of historic seismicity (Figure 2.5.1-207) and is
associated with the Anna seismic zone (Subsection 2.5.1.1.4.4.2).

2.5.1.1.4.3.2.8 Grenville Front Tectonic Zone
The GFTZ is a major structural feature in the subsurface of the
midcontinent that extends from at least Mississippi northeast and north
through Ohio and Ontario, Canada, and northeast into Canada. As
discussed in Subsection 2.5.1.1.2.2.5, the GFTZ is essentially the suture
zone along which the group of regionally extensive terranes collided with
and were accreted (attached) to the southern margin of Laurentia during
the Grenville orogeny (Reference 2.5.1-232). The GFTZ truncates the
Granite-Rhyolite provinces and all other northern orogens (Figure
2.5.1-203 and Figure 2.5.1-206).

Interpretation of COCORP and GLIMPCE lines help to outline the history
of the Grenville orogen and the location and character of the GFTZ. In
Canada, the GFTZ is 10 to 100 km (6 to 60 mi) wide and separates
moderately to highly metamorphosed rocks with a southeast-dipping
s t ruc tu ra l  fab r i c  f rom c ra ton ic  rocks  wes t  o f  the  GFTZ
(Reference 2.5.1-234). Along GLIMPCE line J in Lake Huron (Figure
2.5.1-213), the GFTZ is delineated by a 32-km (20-mi) wide band of
east-dipping reflections that sharply truncates Manitoulin terrane (a
Penokean orogen terrane) structures to the west (Reference 2.5.1-216).
On COCORP line OH-1 in central Ohio, the GFTZ is delineated by an
approximately 15-mi (50-km) wide, 25- to 30-degree-dipping zone of
reflections (Figure 2.5.1-213 and Figure 2.5.1-221). COCORP lines OH-1
and OH-2 extending to the east image several Grenville terranes or belts
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and suture zones, including (from west to east) the CGB, the CMB (ca.
1.3 Ga), and the CGT (Figure 2.5.1-221). In Canada the CMB is
subdivided into the western Elzevir and Frontenac – New York lowlands
subterranes (Reference 2.5.1-234). The eastern boundary of the CMB is
the  Coshoc ton  Zone  –  Car thage-Co l ton  my lon i te  zone
(Reference 2.5.1-234) (Figure 2.5.1-222).

Hauser (Reference 2.5.1-309) interprets the COCORP line OH-1 to
suggest a two-phase evolution of the GFTZ. In this model, initial collision
resulted in an approximately 14-degree east-dipping foreland thrust ramp
and hanging-wall folds within the rocks of the Granite-Rhyolite provinces.
These foreland structures are truncated to the east by a wide,
approximately 28-degree east-dipping thrust zone. The general lack of a
fold-and-thrust belt or foreland basin common to contractional orogens in
Canada may be the result of a deeper level of erosion of the Grenville
province and its foreland in Canada.

2.5.1.1.4.3.2.9 Howell (or Howell-Northville) Anticline/Fault
The Howell anticline, also known as the Howell-Northville anticline, is a
northwest-southeast- (N40° to 60°W) trending anticline in the subsurface
that extends approximately 112 km (68 mi) from northwest Wayne
County through Livingston County to the western boundary of
Shiawassee County, Michigan, as expressed on the residual contour
map of the top of the lowest Middle Devonian Dundee Formation
(Reference 2.5.1-333) (Figure 2.5.1-203). At its closest, the Howell
anticline is approximately 45 km (28 mi) north of Fermi 3 (Figure
2.5.1-203). The structure is probably Precambrian and was a positive
topographic feature during the Cambrian, with recurrent displacement as
late as the Mississippian (Reference 2.5.1-330). The southwest flank of
the anticline is a steep, asymmetrical, normal fault, down-to-the
southwest, with maximum relief of approximately 300 m (1,000 ft) on the
top of the Middle Ordovician Trenton Formation (Reference 2.5.1-325).
Fisher (Reference 2.5.1-329) suggests that the fault consists of at least
three right-stepping en-echelon fault segments. However, Figure
2.5.1-225 is more consistent with three left-stepping en-echelon fault
segments (Reference 2.5.1-333). The fault offsets the base, but not the
top  o f  the  lower  M idd le  Devon ian  De t ro i t  R iver  Group
(Reference 2.5.1-340) (Figure 2.5.1-226), and as shown in this figure the
anticl ine inf luenced sedimentary deposit ion through the Early
Mississippian Sunbury Shale. There is no evidence of faulting or
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deformat ion associated with the Howel l  ant ic l ine after  Ear ly
Mississippian. The Howell anticline is approximately coincident with the
axis of the MRS (MMGA) in southeast Michigan (Figure 2.5.1-203 and
Figure 2.5.1-220). The Howell structure may extend southwest to the
Detroit River as a series of folds expressed on the structure contour map
on the top of the Trenton Formation (Reference 2.5.1-341), one of which
may be the Stony Island Anticline (Reference 2.5.1-341). These folds are
discussed in more detail in Subsection 2.5.1.2.4.1.

2.5.1.1.4.3.2.10 Maumee Fault
The Maumee fault is a northeast-southwest trending normal fault in the
subsurface of Henry, Lucas, and Wood Counties in Ohio, and is about 56
km (35 mi) long on the structural contour map on the Precambrian
unconformity surface (Figure 2.5.1-203) (Reference 2.5.1-237). At its
closest, the Maumee fault is approximately 34 km (21 mi) south of
Fermi 3 (Figure 2.5.1-203). The fault is offset about 2 km (1.2 mi) in an
apparent left-lateral sense by the Bowling Green fault. The fault trace is
coincident with a moderate lineament formed by the Maumee River
(Reference 2.5.1-237).

2.5.1.1.4.3.2.11 Peck Fault
The Peck Fault, also known as the Sanilac Fault, is a north-south
trending fault present in the subsurface of St. Clair and Sanilac Counties
(Reference 2.5.1-325; Reference 2.5.1-329; Reference 2.5.1-333).
Brigham characterized the Peck fault as a north-south trending,
west-side-down, vertical normal fault based on structure contour maps on
the top of the Trenton Limestone, Clinton group, Guelph formation, Bass
Islands formation, and Dundee formation. Fisher (Reference 2.5.1-329)
described the Peck fault as a N10° to 20°W trending faulted monocline,
the fault being an east-dipping thrust. The total length of the Peck Fault is
approximately 61 km (38 mi) long (Figure 2.5.1-203). At its closest, the
Peck fault is approximately 133 km (82 mi) north of the site (Figure
2.5.1-203). The Peck fault has a maximum displacement on the Middle
Ordovician Trenton group (approximately 91 m [300 ft]) and is present on
the structure contour map on the through lowest Middle Devonian
Dundee Formation (Reference 2.5.1-325). The Peck fault offsets the
contact between early late-Silurian Salina group A-1 Evaporite and
overlying A-1 Carbonate units (Reference 2.5.1-329).
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2.5.1.1.4.3.2.12 Royal Center Fault
The Royal Center fault is a northeast-southwest trending fault in the
subsurface of Cass, Fulton, and Kosciusko Counties in Indiana, and is
about 77 km (48 mi) long. At its closest, the Royal Center fault is
approximately 223 km (138 mi) southwest of Fermi 3 (Figure 2.5.1-203).
The fault is a steeply southeast-dipping, down-to-the-southwest normal
fault on the north flank of the Kankakee arch. The fault offsets the top of
the Precambrian surface and the top of the Middle Silurian Salamonie
Dolomite, but not the top of the Middle Devonian Muscatatuck group.
(Reference 2.5.1-338)

2.5.1.1.4.3.2.13 Sharpsville Fault
The Sharpsville fault is a northeast-southwest-trending, vertical normal
fault in the subsurface of Tipton and Howard Counties of central Indiana.
The fault is approximately 21 km (13 mi) long and offsets the top of the
Middle Ordovician Trenton Formation down-to-the-southeast on the crest
of the Kankakee arch. (Reference 2.5.1-339)

2.5.1.1.4.3.2.14 Transylvania Fault Extension
The Transylvania fault extension is the extension of faulting identified in
Pennsylvania into Ohio. The Transylvania fault is a major zone of
east-west-trending, near-vertical faults in the subsurface in Pennsylvania
recognized from boring and geophysical data. The westernmost of these
faults, the Middleburg fault, is approximately 186 km (115 mi) southeast
of Fermi 3 at its closest distance (Figure 2.5.1-203). The fault originated
in the Precambrian and was reactivated during the Middle Ordovician
Taconic orogeny, during the terminal Paleozoic Alleghenian orogeny, and
during the Early Jurassic faulting of the rift basins along the margin of the
continent (Reference 2.5.1-342). Transylvania fault zone has been
extended northwest from the Ohio-Pennsylvania border to Cuyahoga
County near Lake Erie in northeast Ohio. The zone is defined by six
h igh -ang le  (>80  degrees) ,  no rma l ,  sou thwes t -d ipp ing ,
down-to-the-southwest faults: the Pittsburg-Washington cross-strike
structural discontinuity, the Highlandtown fault, the Smith Township fault,
the Suffield fault system, the Akron fault, and the Middleburg fault (Figure
2.5.1-203). These faults are mapped on the structure contour map of the
Precambrian unconformity surface (Reference 2.5.1-237), and on
structure maps on the top of the latest Early Mississippian Berea
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Sandstone, Devonian Onondaga Limestone, and top of the Silurian
Packer Shell horizon (Reference 2.5.1-342).

The geometry of the Akron-Suffield-Smith Township faults suggest that
they originated as en-echelon, synthetic faults produced by right-lateral
wrenching, with inferred minimum displacement of 21 km (13 mi) and
subsequent normal displacements on the faults (Reference 2.5.1-342).
Displacement on the Precambrian unconformity surface is 60 – 120 m
(200 – 400 ft), while maximum vertical displacement of the Devonian
Onondaga Limestone across the Akron-Suffield faults is 60 m (200 ft) and
across the Highlandtown fault it is 72 m (240 ft) (Reference 2.5.1-342).
Hook and Ferm (Reference 2.5.1-343) postulate that deposition of the
Linton channel deposits below the Middle Pennsylvanian (Westphalian
D) Upper Freeport coal may have been controlled by movement on the
Transylvania fault extension (Pittsburgh-Washington cross-strike
structural discontinuity). Post-Lower Pennsylvanian faulting cannot be
assessed  because  o f  the  absence  o f  younger  un i ts .  The
northeast-southwest-trending Akron magnetic boundary crosses
between the Middleburg and Akron faults.

2.5.1.1.4.3.3 Seismic Zones
Earthquakes in the site region are generally shallow events associated
with reactivated Precambrian faults favorably oriented in the modern
northeast-southwest compressive stress regime (Reference 2.5.1-344).
None of these events has associated surface rupture, and no faults in the
site region exhibit evidence of movement since the Paleozoic
(Reference 2.5.1-344). Two seismic zones in the study region, the Anna
seismic zone and the northeast Ohio seismic are designated as Class C
fea tu res  in  the  USGS Quate rnary  fau l t  and  fo ld  da tabase
(Reference 2.5.1-316).

2.5.1.1.4.3.3.1 Northeast Ohio Seismic Zone
The Northeast Ohio seismic zone, also called the Ohio-Pennsylvania
seismic zone, defines an approximately 50-km (30.5-mi) long,
northeast-southwest-trending zone of earthquakes south of Lake Erie on
the Ohio-Pennsylvania border (Reference 2.5.1-328). The largest historic
event in this zone was the January 31, 1986, magnitude (mb) 5.0 event
located about 40 km (24.4 mi) east of Cleveland in southern Lake County,
Ohio, and about 17 km (10.4 mi) south of the Perry Nuclear Power Plant
(Reference 2.5.1-345). The earthquake produced Modified Mercalli
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intensity (MMI) VI to VII at distances of 15 km (9 mi) from the epicenter
and short-duration high accelerations of 0.18 g at the Perry Plant
(Reference 2.5.1-345). Thirteen aftershocks were detected by April 15,
1986, with magnitudes ranging from 0.5 to 2.5 and focal depths ranging
from 2 to 6 km (1.2 to 3.7 mi) (Reference 2.5.1-345). The aftershocks
occurred in a tight cluster about 1 km wide and oriented north-northeast,
and focal mechanisms of the aftershocks represent predominantly
oblique, right-slip motion on nearly vertical planes oriented N15° to 45°E,
with a nearly horizontal P (maximum compressive stress) axis
(Reference 2.5.1-345), consistent with the modern stress regime. This
earthquake and the aftershocks were within 12 km (7.3 mi) of deep waste
disposal injection wells, and this earthquake sequence may be due to
injection activities at the well reactivating favorably oriented, pre-existing
fractures (Reference 2.5.1-346; Reference 2.5.1-345). However, the
relative distance to the earthquake cluster (12 km [7.3 mi]), as well as the
lack of large numbers of earthquakes typical of induced sequences, a
history of small to moderate earthquakes in the region prior to well
activities, and the attenuation of the pressure field with distance from the
we l l s  a l l  a rgue  fo r  a  na tu ra l  o r ig in  fo r  the  ear thquakes
(Reference 2.5.1-345).

In 1987, the first in a series of earthquakes continuing to 2001 occurred
within the Northeast Ohio seismic zone near Ashtabula in Ashtabula
County Ohio, northeast of the 1986 earthquakes (Reference 2.5.1-347).
The initial magnitude 3.8 event occurred on July 13, 1987, followed by a
magnitude 2.6 event on January 19, 2001, a foreshock to a magnitude
4.5 event on January 25, 2001, which had a MMI of VI, followed by a
magnitude 3.2 event on June 3, 2001, and a magnitude 2.3 event on
June 5, 2001 (Reference 2.5.1-347). The July 13, 1987, main shock was
close to a deep Class I injection well pumping fluids into the Mount Simon
Sandstone, the basal Paleozoic unit overlying Precambrian crystalline
basement, at a depth of about 1.8 km (1.1 mi), and a number of portable
se ismographs  were  dep loyed to  s tudy  the  a f te rshocks
(Reference 2.5.1-347). The 1987 aftershocks (36) were all within 1 km
(0.6 mi) of the injection well, and defined a 1.5-km (1-mi) long by 0.25-km
(0.15-mi) wide area at a depth of about 2 km (1.2 mi), with left-lateral
s t r i ke -s l i p  movement  on  an  eas t -wes t -s t r i k ing  fau l t
(Reference 2.5.1-345). The Ohio Seismic Network was installed in 1999
and precisely recorded the 2001 earthquakes (Reference 2.5.1-347). The
sequence of earthquakes near Ashtabula beginning in 1987 is likely due
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to fluid injection causing failure along favorably oriented, pre-existing
fractures (Reference 2.5.1-347; Reference 2.5.1-346). Seeber and
Armbruster (Reference 2.5.1-346) speculate that a single-event rupture
of a 5 to 10 km (3 to 6 mi) long fault could generate a magnitude 5 to 6
earthquake.

Nicholson et al. (Reference 2.5.1-345) observe that the 1986 cluster is
coincident with a N40°E trending gravity and magnetic anomaly (Akron
magnetic boundary). Seeber and Armbruster (Reference 2.5.1-346) and
Dineva et al. (Reference 2.5.1-328) also associate the Northeast Ohio
seismic zone with the Akron magnetic boundary, which is also called the
Akron magnetic anomaly or l ineament. Seeber and Armbruster
(Reference 2.5.1-346) speculate that the Akron magnetic boundary may
be associated with the Niagara-Pickering magnetic lineament/Central
Metasedimentary Bel t  boundary zone as a cont inental-scale
Grenville-age structure.

The Northeast Ohio seismic zone was included in alternative smaller
seismic source zones by two of the EPRI-SOG earth science teams
(EST), the Rondout and Woodward-Clyde Consultants teams, and was
partly incorporated into a smaller zone by a third team (Bechtel team)
(see Subsection 2.5.2).

2.5.1.1.4.3.3.2 Anna Seismic Zone
The Anna seismic zone, also called the Western Ohio seismic zone,
coincides with northwest-southeast-trending basement faults associated
with the Fort Wayne rift in Shelby, Auglaize, and nearby counties
(Reference 2.5.1-344). Ruff et al. (Reference 2.5.1-348) attribute
seismicity to the Anna-Champaign, Logan, and Auglaize faults. This zone
has produced at least 40 felt earthquakes since 1875, including events in
1875, 1930, 1931, 1937, 1977, and 1986 that caused minor to moderate
damage (Reference 2.5.1-344). The July 12, 1986, event near the town
of St. Marys in Auglaize County was the largest earthquake to occur in
the zone since 1937 (Reference 2.5.1-344). Schwartz and Christensen
(Reference 2.5.1-349) determined a hypocenter of 5 km (3 mi) for the
magnitude (mb) 4.5 event and a focal mechanism (strike = 25°, dip = 90°,
rake = 175°) representing mostly strike-slip with a small oblique
component approximately parallel to the Anna-Champaign fault and a
nearly horizontal P axis oriented east-northeast. The earthquake
produced an MMI V1 event  (Reference 2.5.1-349) .  Hansen
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(Reference 2.5.1-344) concluded that the historic record indicates a
maximum magnitude of 5, but suggested that this zone was capable of
p roduc ing  a  magn i tude  6 .0  to  7 .0  even t .  Oberme ie r
(Reference 2.5.1-350) investigated stream banks in the vicinity of Anna,
Ohio, and portions of the Auglaize, Great Miami, Stillwater, and St. Marys
rivers and found no evidence of paleoliquifaction features indicative of a
magnitude 7 event in the past several thousand years. Crone and
Wheeler (Reference 2.5.1-316) designated the Anna seismic zone as a
Class C feature based on the occurrence of significant historical
earthquakes and the lack of paleoseismic evidence. With the exception
of one team (Law Engineering), the EPRI-SOG ESTs included smaller
source zones to account for the concentration of seismicity in the Anna
seismic zone (Subsection 2.5.2).

2.5.1.1.4.4 Significant Seismic Sources at Distance Greater 
than 320 Km (200 Mi)

More distant sources of large-magnitude earthquakes are the New
Madrid seismic zone (NMSZ) and the Wabash Valley seismic zone
(WVSZ), which are approximately 800 km (500 mi) and 500 km (300 mi)
southwest, respectively, from Fermi 3 (Figure 2.5.1-207). The results of
the 1989 EPRI study (Reference 2.5.1-351) indicated that neither the
NMSZ nor the WVSZ sources contributed to 99 percent of the hazard at
Fermi 2. New information developed since the EPRI-SOG study,
however, indicates changes in the frequency or magnitude of
large-magnitude events that are expected to occur within these seismic
zones, and this information is considered in updating the EPRI hazard
model for this study (Subsection 2.5.2). Recent evaluations and new
information used to update the source characterizations are described
below.

2.5.1.1.4.4.1 New Madrid Seismic Zone
The New Madrid seismic zone (NMSZ) lies within the Reelfoot rift and is
defined by Post-Eocene to Quaternary faulting, and historical seismicity
(Reference 2.5.1-316). The NMSZ, which is approximately 200 km (124
mi) long and 40 km (25 mi) wide, extends from southeastern Missouri to
northeastern Arkansas and northwestern Tennessee (Figure 2.5.1-207).
Research conducted since 1986 shows that a distinct fault system is
embedded within this source zone. The fault system consists of three
distinct segments (Figure 2.5.1-203). These three segments include a



2-654 Revision 0
September 2008

Fermi 3
Combined License Application

Part 2: Final Safety Analysis Report

southern northeast-trending dextral slip fault referred to as the
Cottonwood Grove fault and Blytheville arch, a middle northwest-trending
reverse fault referred to as the Reelfoot fault,  and a northern
northeast-trending dextral strike-slip fault referred to as the New Madrid
Nor th  fau l t  (Re fe rence 2 .5 .1 -352 ;  Re fe rence 2.5 .1 -353 ;
Reference 2.5.1-354; Reference 2.5.1-355; Reference 2.5.1-316;
Reference 2.5.1-356). In the current east-northeast to west-southwest
directed regional stress field, Precambrian and Late Cretaceous–age
extensional structures of the Reelfoot rift have been reactivated as
right-lateral strike-slip and reverse faults.

Forte et al. (Reference 2.5.1-357) present viscous flow models for North
America based on high-resolution seismic tomography that suggest a
possible driving mechanism for the intraplate seismicity in the New
Madrid region. From analysis of these flow models it is postulated that
the descent of the ancient Farallon slab into the deep mantle beneath
central North America induces a highly localized flow and stresses
directly below the NMSZ. This localization arises because of structural
variability in the Farallon slab and the low viscosity of the sublithospheric
upper mantle. It is hypothesized that the mantle-flow-induced surface
depression and associated local focusing of bending stresses in the
upper crust may operate analogously to previous crustal loading
scenarios, with the difference being that the slab-related loads reside in
the mantle. (Reference 2.5.1-357)

The NMSZ produced three large-magnitude earthquakes (estimates
range from Mw 7.1 to 8.4) between December 1811 and February 1812.
The actual size of these pre-instrumental events is not known with
certainty and is based primarily on various estimates of damage intensity
and amount and pattern of l iquefaction. (Reference 2.5.1-358;
Reference 2.5.1-359; Reference 2.5.1-360; Reference 2.5.1-361)

The December 16, 1811, earthquake is inferred to be associated with
strike-slip displacement along the southern portion of the NMSZ
(Refe rence 2.5 .1 -361 ;  Refe rence 2 .5 .1 -356) .  Johns ton
(Reference 2.5.1-361) estimated the December event to have a
magnitude of Mw 8.1 ± 0.31. Hough et al. (Reference 2.5.1-360) later
re-evaluated the intensity data for the region and concluded that the
event  had a magni tude of  Mw 7.2 to 7.3.  Bakun and Hopper
(Reference 2.5.1-358) also re-evaluated the intensity data and derived a
preferred magnitude of Mw 7.6 for the December 1811 event.



2-655 Revision 0
September 2008

Fermi 3
Combined License Application

Part 2: Final Safety Analysis Report

The February 7, 1812, New Madrid earthquake is associated with
reverse displacement along the middle part of the NMSZ (Figure
2 .5 .1 -207)  (Refe rence 2 .5 .1 -362 ;  Re ference 2.5 .1 -363 ;
Reference 2.5.1-356; Reference 2.5.1-358; Reference 2.5.1-361). This
earthquake most likely occurred along the northwest-trending Reelfoot
fault that extends approximately 69 km (43 mi) from northwestern
Tennessee to southeastern Missour i  (Reference 2.5.1-364;
Reference 2.5.1-365). The Reelfoot fault is a northwest-trending
sou thwes t -ve rgen t  ( shor ten ing  d i rec t ion )  reverse  fau l t
(Reference 2.5.1-363; Reference 2.5.1-366). It forms a topographic
scarp  deve loped as  a  resu l t  o f  fau l t -p ropaga t ion  fo ld ing
(Reference 2.5 .1-363;  Reference 2.5 .1-365) .  Ke lson et  a l .
(Reference 2.5.1-363) investigated near-surface deformation along the
trace of the scarp and found evidence for three events within the past
2,400 years. The most recent event was associated with the 1811/1812
earthquake sequence. The penultimate event is estimated to have
occurred between A.D. 1260 and 1650. The pre-penultimate event
occurred prior to about A.D. 780 to 1000. A range of recurrence intervals
for the Reelfoot fault are estimated between 150 to 900 years, with a
preferred range of about 400 to 500 years (Reference 2.5.1-363). The
geometry and reverse sense of motion of the Reelfoot fault implies that
this structure serves as a step-over segment between the southern and
northern port ions of  the faul t  system (Reference 2.5.1-352;
Reference 2.5.1-316). Johnston (Reference 2.5.1-361) estimated a
magnitude of Mw 8.0 ± 0.33 for the February 1812 event. Hough et al.
(Reference 2.5.1-360) later re-evaluated the intensity data for the region
and concluded that the February event had a magnitude of Mw 7.4 to 7.5.
Bakun and Hopper (Reference 2.5.1-358) also re-evaluated the intensity
data from the 1811/1812 sequence and derived a preferred magnitude of
Mw 7.8 for the event.

The January 23, 1812, earthquake is inferred to be associated with
strike-slip displacement on the New Madrid North fault along the northern
portion of the NMSZ (Figure 2.5.1-207) (Reference 2.5.1-356). The
interpretation that the January 1812 earthquake occurred along the New
Madrid North fault of the NMSZ is based on fault mechanics and limited
historical data, and is more poorly constrained than interpretations of the
December 16, 1811, and February 7, 1812, earthquakes. Baldwin et al.
(Reference 2.5.1-367) conducted paleoseismic investigations along this
segment of the fault and although their investigations identified
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liquefaction evidence for the 1811/1812 earthquake sequence, their data
does not support the presence of a major through going fault with
repeated late Holocene events.

Johnston (Reference 2.5.1-361) estimated a magnitude of Mw 7.8 ± 0.33
for the January 1812 event. Hough et al. (Reference 2.5.1-360) later
re-evaluated the intensity data for the region and concluded that the
January event had a magnitude of Mw 7.1. Bakun and Hopper
(Reference 2.5.1-358) also re-evaluated the intensity data from
1811/1812 sequence and derived a preferred magnitude of Mw 7.5 for the
January 23, 1812, event.

Because there is little surface expression of faults within the NMSZ,
earthquake recurrence estimates are based largely on dates of
paleol iquefact ion and offset geological features. Tutt le et al .
(Reference 2.5.1-368; Reference 2.5.1-369) provide recent summaries of
paleoseismologic data that suggest that that the average recurrence
interval for surface deforming earthquakes in the NMSZ is about 200 to
800 years, with a preferred estimate of 500 years. The 200- to 800-year
recurrence estimate, with a preferred estimate of 500 years is
significantly shorter than the 5000-year earthquake recurrence interval
used in the 1988 EPRI-SOG study based on extrapolation of historical
seismicity (see discussion in Subsection 2.5.2). Paleoliquefaction studies
document evidence that prehistoric sand blows, such as those formed
during the 1811/1812 earthquakes, probably are compound structures
resulting from multiple earthquakes closely clustered in time (earthquake
sequences) (Reference 2.5.1-368).

The upper-bound maximum magnitude values (Mmax) used by the
EPRI-SOG teams range from mb 7.2 to 7.9 (Subsection 2.5.2). More
recent estimates of Mmax as outlined above have generally been within
this range. The most significant updates of source parameters for the
NMSZ since the 1986 EPRI-SOG study (Reference 2.5.1-305) are the
reduction in the mean recurrence interval to approximately 500 years and
consideration of clustered event sequences.

2.5.1.1.4.4.2 Wabash Valley Seismic Zone
The Wabash Valley region in southeastern Illinois and southwestern
Indiana has been an area of persistent seismicity and the site of several
moderate-magnitude historical earthquakes (estimated moment
magnitude (M) 4.5 to M 5.8; including the April 28, 2008 M 5.2 event
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outside Mt. Carmel, Illinois) (Reference 2.5.1-370) (Figure 2.5.1-207).
This region was recognized as a more seismically active region by the
EPRI ESTs and was included in source zones that differentiated the
region from the adjacent more seismically quiescent craton regions
(Subsection 2.5.2). Investigations that post-dated the EPRI-SOG study
have documented evidence for multiple paleoearthquakes having
magnitudes significantly larger than historical events that have occurred
in the region. Mapping and dating of liquefaction features throughout
most of the southern Illinois basin and in parts of Indiana, Illinois, and
Missouri identified energy centers for at least eight Holocene and latest
Pleistocene earthquakes having estimated moment magnitudes of M 6 to
M 7.8 (Figure 2.5.1-207) (Reference 2.5.1-371; Reference 2.5.1-372).
The WVSZ is designated a Class A feature in the USGS Quaternary fault
and fold database of the United States (Reference 2.5.1-370).

Liquefaction features from the strongest paleoearthquake, an estimated
M 7.5 event that occurred in about 6100 years BP in the Wabash Valley,
cover an area that has a diameter of about 300 km (180 mi). Based on
the size and distribution of the liquefaction features, the location for this
ear thquake  was  in  the  v i c in i t y  o f  Vincennes ,  Ind iana
(Reference 2.5.1-370; Reference 2.5.1-373). The data suggest the
existence of a source of repeated large-magnitude (M 7.0 to M 7.8)
earthquakes in this region (Reference 2.5.1-374). It has been postulated
that a broad flexure (bend or stepover) in bedrock structure results in a
concentration of stress in this region (Reference 2.5.1-375). This bend or
stepover lies near the northern terminus of a 600-km (370-mi) long
magnetic and gravity l ineament, referred to as the Commerce
Geophysical Lineament (CGL), which extends from Vincennes, Indiana,
far  in to Arkansas (Figure 2.5.1-207) (Reference 2.5.1-376;
Reference 2.5.1-377). Late Quaternary faulting recently has been
identified near this lineament, close to the Missouri-Illinois border
(Reference 2.5.1-378). Wheeler and Cramer (Reference 2.5.1-379)
discuss the concept of a left-stepover functioning as a restraining bend if
the CGL is acting as a right-lateral strike-slip fault in the current tectonic
environment. McBride and Kolata (Reference 2.5.1-380) note a possible
relationship between the most deformed region of the Precambrian
basement (yet to be identified beneath the Illinois basin and the
Enterprise subsequence) and some of the largest twentieth-century
earthquakes in the central midcontinent. Evaluation of recently acquired
industry seismic-reflection profile data from southern Illinois provides
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additional insights regarding the causative structures for recent
earthquakes. McBride et al. (Reference 2.5.1-381; Reference 2.5.1-382)
note that earthquakes may be nucleating along compressional structures
in crystalline basement and thus may occur in parts of the basin where
there are no obvious surface faults or folds. The results of their study
suggest that the seismogenic source just north of the New Madrid
seismic zone consists, in part, of thrusts in the basement localized along
igneous in t rus ions that  are loca l ly  co inc ident  wi th  the CGL
(Reference 2.5.1-381; Reference 2.5.1-382).

Morphometric analysis of the land surface, detailed geologic mapping,
and structural analysis of bedrock indicate westward-dipping surfaces in
the Wabash Valley region along the western edge of the CGL in the
restraining bend region (Reference 2.5.1-383). The sources for other
prehistoric earthquakes suggested by the inferred locations of energy
centers elsewhere in southern Illinois, Missouri, and Indiana are less
certain. Su and McBride (Reference 2.5.1-384) suggest that all
paleoliquefaction features in south-central Illinois and southeastern
Missouri may have been induced by the paleoearthquakes that occurred
near the potential seismogenic structures identified in south-central
Illinois by the re-analysis of industry seismic-reflection data (i.e., the
Louden anticline, Centralia fault zone, and Du Quoin monocline). Inferred
paleoearthquake centers in southwestern Indiana are close to the
Hoosier thrust belt, Mount Carmel fault and Leesville anticline, which are
Paleozoic-age faults (Table 2.5.1-201 and Figure 2.5.1-207).

Given the uncertainty in identifying specific sources for prehistoric
earthquakes in the southern Illinois and southern Indiana regions,
Cramer et al. (Reference 2.5.1-385) presented alternative source
geometries to account for the sources of large-magnitude earthquakes in
the Southern Illinois basin. Alternative zones used by the EPRI-SOG
teams to capture the uncertainty in seismic sources in the Southern
Illinois Basin region encompass these alternatives (Subsection 2.5.2).
The current version of the model being used to update the 2008 U.S.
National Hazard Maps (Reference 2.5.1-386) does not identify a specific
zone, but encompasses the Wabash Valley region in the extended
margin zone based on the paleoliquefaction evidence for M 7.5
earthquakes.

The most significant update of source parameters for the WVSZ since the
EPRI-SOG 1986 (Reference 2.5.1-315) study is the estimate for
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maximum magnitude. The estimated magnitude for the largest identified
paleoearthquakes in the WVSZ (approximately M 7.5) is at the upper end
of the EPRI-SOG EST composite assessment for the Wabash Valley –
southern Illinois sources (Subsection 2.5.2).

2.5.1.1.5 Regional Non-seismic Geologic Hazards
The United States Geological Survey has identified several zones of
landslides within the (320-km [200-mi] radius) site region (Figure
2.5.1-227; Reference 2.5.1-387). The Kanawha Section of the
Appalachian Plateau Physiographic Province is a region of high
susceptibility and moderate to high incidence of landslides associated
with the weathering of Pennsylvanian- and Permian-age shales and
claystones. The Southern New York Section of the Appalachian Plateau
Physiographic Province and Central Lowlands Physiographic Province
have small regions along major rivers with high incidence of landslides,
including the Cuyahoga River near Cleveland and the Maumee River
near Toledo. In the vicinity of the Great Lakes moderate susceptibility for
landslides exists associated with lacustrine deposits, and moderate
incidence for landslides exists associated with wave erosion at the base
of cliffs. (Reference 2.5.1-387)

Karst related problems in the (320-km [200-mi] radius) site region are
associated with fissures, tubes and caves that are generally less than
300-m (1000-ft) long developed in flat lying carbonate rocks (Figure
2.5.1-228; Reference 2.5.1-388). In northwestern Ohio and adjacent
Indiana and southeastern Michigan, karst occurs in Silurian-age
limestones and dolomites. In northwestern Ohio areas where the
carbonate rocks are covered by less than 6 m (20 ft) of glacial deposits
have karst features large enough to cause engineering problems. Some
caves with generally less than 1,000 ft of passages are present in
northwestern Ohio. Evaporative karst (karst in halite or gypsum deposits)
occurs in the central portion of the Michigan basin. (Reference 2.5.1-388)

2.5.1.2 Site Geology
Subsection 2.5.1.2 provides the background information on the
physiography, geologic history, stratigraphy, and structural geology in the
(40-km [25-m] radius) site vicinity, the (8-km [5-mi] radius) site area, and
the (1-km [0.6-mi] radius) site location of Fermi 3 in order to provide a
geologic framework for evaluating the local geologic hazards that might
affect the Fermi 3 site. In Subsection 2.5.1.2, information presented for
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the site vicinity applies to the site area and the site location unless
specifically discussed. Where information is presented for the site area, it
applies to the site location unless specifically discussed.

2.5.1.2.1 Site Physiography and Geomorphology
Fermi 3 is located in the Eastern Lake section of the Central Lowlands
physiographic province, and the (40-km [25-mi] radius) site vicinity
includes the St. Lawrence Lowlands physiographic province in Canada
(Figure 2.5.1-202). Subsection 2.5.1.1.1.1 and Subsection 2.5.1.1.1.3
cover the overall details of the Central Lowlands and the St. Lawrence
Lowlands physiographic provinces, respectively. The St. Clair clay plain
is the subdivision of the St. Lawrence Lowlands physiographic province
that is in the site vicinity. The St. Clair clay plain is described as a region
of low relief with elevations ranging from 175 to 213 m (575 to 700 ft) and
is developed on clay tills that are thinly covered with lacustrine deposits.
(Reference 2.5.1-222) In adjacent Ohio, the subdivision of the Eastern
Lake section is called the Maumee Lake plains and is described by
Brockman (Reference 2.5.1-219) as a “f lat- lying Ice-Age lake
basin…slightly dissected by modern streams; elevation 174 to 243 m
(570 to 800 ft); very low relief (1.5 m[5 ft]).” The surface materials In the
Maumee Lake plains include silt, clay and clayey glacial till that overlie
Silurian carbonate rocks and shales (Reference 2.5.1-220). The 8-km
(5-mi) radius site area is entirely within the Eastern Lake section of the
Central Lowlands physiographic province (Reference 2.5.1-218). The
1:24,000 scale U.S. Geological Survey topographic maps for Monroe
County show the site area is relatively flat with minor incision (< 15 ft) by
east-flowing streams and elevations range from 174 to 185 m (570 ft to
605 ft). Within the 1-km (0.6-mi) radius site location, data from the Fermi
3 subsurface investigation encountered lacustrine deposits over glacial
till and the U.S. Geological Survey topographic maps indicate an
elevation range from 173 to 180 m (570 to 590 ft) (Figure 2.5.1-229).

2.5.1.2.2 Site Geologic History
The (40-km [25-mi] radius) site vicinity for Fermi 3 is located within the
North America Craton. The site vicinity is located on the west flank of the
Findlay arch at the margin of the Michigan basin (Figure 2.5.1-208 and
Figure 2.5.1-218). The regional geologic history of the Precambrian is
covered in Subsection 2.5.1.1.2.1 and Subsection 2.5.1.1.2.2. No surface
exposures of Precambrian rocks exist in the site vicinity (Figure
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2.5.1-230). The site vicinity Phanerozoic geologic history is essentially
the same as the (320-km [200-mi] radius) site region presented in
Subsection 2.5.1.1.2. All of the major Phanerozoic tectonic events of
North America take place outside the (320-km [200-mi] radius) site region
(see Subsection 2.5.1.1.3) and are outside the site vicinity, site area, and
site location. Some minor reactivation of basement faults has occurred in
the site vicinity during the Paleozoic (see Subsection 2.5.1.2.4). Bedrock
units exposed in the site vicinity are Silurian and Devonian in age (Figure
2.5.1-230). These bedrock units are overlain by Quaternary sediments
(Figure 2.5.1-231).

2.5.1.2.2.1 Paleozoic Depositional History
The Paleozoic depositional history of the (40-km [25-mi] radius) site
vicinity extends from the Cambrian into the Devonian. Deposition during
the Paleozoic was controlled by repeated transgressions (inundations)
and regressions of epeiric seas (Subsection 2.5.1.1.3.2) over the North
American Craton. A cratonic sequence is a depositional sequence
related to a pair of transgressions and regressions and is bounded by
interregional unconformities. Interregional unconformities are time
in te rva ls  when mos t  o f  the  c ra ton  i s  exposed to  e ros ion .
(Reference 2.5.1-275) Of the six cratonic sequences identified for the
North American Craton (Reference 2.5.1-275), three sequences exist in
the subsurface of the site vicinity: Sauk, Tippecanoe, and Kaskaskia
sequences. Because of the relatively uniform geology of the site vicinity
featuring nearly horizontal sedimentary rocks (Reference 2.5.1-389), no
significant changes in the geologic history are anticipated for the site area
and site location. Further details of the cratonic sequences are discussed
in Subsection 2.5.1.1.3.2 and Subsection 2.5.1.2.3.

2.5.1.2.2.2 Quaternary History of the Site Area
The Quaternary history of the (320-km [200-mi] radius) site region is
covered in Subsection 2.5.1.1.4.1.1. Three ice lobes coalesced on the
lower peninsula of Michigan beginning about 24,000 years BP. The area
was ice free immediately prior to this (Reference 2.5.1-263). The ice
lobes are, from west to east, the Michigan, Saginaw (equivalent to the
Huron-Er ie  lobe  on  F igure  2 .5 .1 -214) ,  and  Er ie  lobes
(Reference 2.5.1-390). The positions of the lobes fluctuated with time
and their deposits overlap.
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Calk in and Feenstra (Reference 2.5.1-297) and Lewis et  a l .
(Reference 2.5.1-272) provide overviews of the history of development of
late- Wisconsinan lakes with respect to ice barriers that affected the
40-km (25-mi) [radius site vicinity and 8-km [5-mi] radius site area. A map
showing features of the Erie basin and the relationships and ages of lake
phases versus ice margin positions in the study vicinity are shown on
Figure 2.5.1-232 and Figure 2.5.1-233, respectively. Maps showing the
positions of ice margins and proglacial lake shorelines at different times
during the Late Wisconsinan are presented on Figure 2.5.1-234. The
sequence of events that affected the site vicinity is summarized below.

At the last glacial maximum (Nissouri Stade) about 18 to 21 ka, the
Laurentide ice margin lay south of the Huron and Erie basins (Figure
2.5.1-234a). Ice retreated north of Port Huron, Ontario (out of the site
region), during the Erie Interstade and exposed all of Saginaw Bay and
southern Lake Huron (Reference 2.5.1-272) (Figure 2.5.1-234b). The
shoreline of Glacial Lake Leverett, which was nearly coincident with
modern Lake Erie, would have been in or near the site study vicinity at
this time, with water draining into Glacial Lake Leverett from the north
through Lake St. Clair.

After the Erie Interstade, all but the Saginaw lobe advanced to nearly the
same position as the Nissouri Stade (Reference 2.5.1-263) during what is
known as the Port Bruce Stade (Reference 2.5.1-272) (Figure
2.5.1-234c). The Michigan and Erie lobes encroached on the area
formerly occupied by the Saginaw (Huron-Erie) lobe with Michigan lobe
deposits overlapping Saginaw (Huron-Erie) lobe deposits as far east as
St. Joseph County, Indiana, and Erie lobe deposits overlapping Saginaw
(Huron-Erie) lobe deposits as far west as Lenawee County, Michigan
(Reference 2.5.1-390). The Michigan and Erie lobes continued to
discharge water to the southwest across the area vacated by the
Saginaw lobe and into Indiana. The Wabash Fort Wayne and Defiance
moraines formed at the confluence of the Ontario-Erie and Huron-Erie
lobes (Reference 2.5.1-297). The first two of these lie southwest of the
site vicinity; the Defiance moraine passes through Ann Arbor, Michigan,
and Adrian, Ohio (Figure 2.5.1-232).

The correlation of lake levels and outlets are useful relative stratigraphic
tools where they are preserved and not destroyed by later ice advances.
The lake plain boundary passes through Ypsilanti and Adrian, Michigan,
and trends southwest toward Fort Wayne, Indiana (Reference 2.5.1-297)
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(Figure 2.5.1-232). Lakes of the Mackinaw Interstade (Glacial Lakes
Maumee and Arkona in the site vicinity) (Figure 2.5.1-234d through
Figure 2.5.1-234f) and younger lakes have surface expression continuity
and preserved landforms that document the rebound history of the area.
The Michigan Peninsula has valleys that were lake outlets (Imlay
Channel and Grand River Valley in Michigan and the Glacial Grand
Valley that allowed the waters of Glacial Lake Arkona, which extended
east from the Saginaw lowland into the Lake Erie basin, to drain west to
the Michigan basin) (Reference 2.5.1-263) (Figure 2.5.1-234e and Figure
2.5.1-234f).

Advance of ice during the Port Huron Stade, which did not enter the site
vicinity, still affected the site region. It created higher lake levels
(Subsection 2.5.1.1.2.3.4.4), and proglacial lakes transgressed the site
area. Deposits of Glacial Lakes Whittlesey and Warren, dated as 13,000
and 12,800 years BP, form the bulk of the glacial-age sediments
deposited in the site vicinity (Reference 2.5.1-297) (Figure 2.5.1-234h
and Figure 2.5.1-234i). Minor fluctuations of lake level as recently as
7 ,500  years  BP cou ld  have  reworked  o lde r  sed iments
(Reference 2.5.1-272) (Figure 2.5.1-235). Glacial Lake Whittlesey’s
beaches, with 3 to 5 m (10 to 16 ft) of relief in western Ohio, are nearly
continuous and include gravels as well as sand (Reference 2.5.1-297).
The younger beaches are sandy, may have multiple ridges, and have
been windblown (Reference 2.5.1-297) and are difficult to trace through
southeastern Michigan (Reference 2.5.1-391). A lower Lake Warren
level, sometimes called Lake Wayne, is named for the broad, flat-topped
sandy ridge that may be a modified beach that passes through Wayne,
Michigan, 28 km (17.4 mi) west of Detroit (Reference 2.5.1-391).

2.5.1.2.3 Site Stratigraphy
The stratigraphy of the (40-km [25-mi] radius) site vicinity, the 8-km (5-mi
radius) site area and the 1-km (0.6-mi radius) site location is roughly
equivalent to the stratigraphy of the (320-km [200-mi] radius) site region
(Subsection 2.5.1.1.3.2) except for the effects on deposition caused by
the proximity of the site to the Findlay arch. For a portion of the
Paleozoic, the Findlay arch was a positive topographic feature (higher
than the surrounding surfaces). The top of the arch was one of the last
areas flooded during a transgression and the first area exposed during a
regression. Because the depositional interval on the arch was shorter,
the geologic units deposited on the arch were thinner than those in the
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center of the basin, and the duration of the period of erosion on the arch
will be longer (Reference 2.5.1-325; Reference 2.5.1-276). Exposure of
soluble units (salt, gypsum, and carbonates) to fresh surface water and
groundwater leads to the formation of karst and the removal of these
units (Reference 2.5.1-392). This section will concentrate on the
stratigraphy of the (8-km [5-mi] radius) site area and (1-km [0.6-mi]
radius) site location as determined from the Fermi 3 subsurface
investigation. The section will be subdivided into sections on Paleozoic
bedrock, Quaternary deposits, and contains a description of the soils in
the (8-km [5-mi] radius) site area.

The subsurface investigation conducted for Fermi 3 is discussed in
Subsection 2.5.4. Figure 2.5.1-235 and Figure 2.5.1-236 show the
locations of borings drilled for the COL application. The boring logs are
included in Appendix 2.5DD. To aid in understanding the (1 km [0.6-mi]
radius) site location stratigraphy, geologic cross sections through the site
are included on Figure 2.5.1-237, Figure 2.5.1-238, Figure 2.5.1-239, and
Figure 2.5.1-240. The locations of the geologic cross sections are shown
on Figure 2.5.1-235 and Figure 2.5.1-236.

2.5.1.2.3.1 Paleozoic Stratigraphy of the Site Area
Three Paleozoic units are mapped at the surface in the (8-km [5-mi]
radius) site area including the Silurian Bass Islands Group, the Devonian
Garden Islands Formation and Sylvania Sandstone (Figure 2.5.1-241).
East of Fermi 3, below the sediments of Lake Erie, the Fermi 2
subsurface investigation encountered the Silurian Salina Group at the top
of bedrock (Reference 2.5.1-221). The Devonian-age units are not
exposed at the surface in the (1-km [0.6-mi] radius) site location (Figure
2.5.1-241). The oldest geologic unit encountered in the Fermi 3
subsurface investigation was the Silurian Salina Group. This subsection
covers in greater detail the geologic units in the site area and site
location. Geologic units older than the Silurian Salina Group are briefly
discussed in Subsection 2.5.1.1.3.2.

2.5.1.2.3.1.1 Silurian Salina Group
The Silurian Salina Group is within the Tippecanoe II cratonic sequence
(Reference 2.5.1-275). The Salina Group overlays the dolomites and reef
facies of the Silurian Guelph Dolomite of the Niagara group and is
overlain by the Silurian Bass Islands Group (Figure 2.5.1-217). The
Salina group in the center of the Michigan basin is subdivided into seven
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units labeled A through G. Unit A has been subdivided into 4 additional
units: A-1 Evaporite, A-1 Carbonate, A-2 Evaporite, and A-2 Carbonate.
(Reference 2.5.1-277)

A comparison of the natural gamma logs collected as part of the Fermi 3
subsurface investigation with a natural gamma log located in Monroe
Coun ty  in te rp re ted  by  the  M ich igan Geo log ica l  Survey
(Reference 2.5.1-277) determined that four of the seven units of the
Salina Group are present in the subsurface at the Fermi 3: Unit B, Unit C,
Unit E, and Unit F. Salina Group Unit G may also be present at the site
location, but is indistinguishable from Unit F and/or the overlying Bass
Islands Group. The classification of the Salina Group units developed by
the above comparison of natural gamma logs differs from the
classification presented in the Fermi 2 UFSAR. The Fermi 2 classification
identifies Salina group units A, C, E, and G. (Reference 2.5.1-221) A
comparison of the Fermi 2 classification and the Fermi 3 classification is
presented in Table 2.5.1-202.

In the center of the Michigan basin the Salina Group contains economic
halite (salt) beds. The site area however, is located in a region with no
halite in the Salina and Bass Islands Groups (Reference 2.5.1-393). The
Fermi 3 subsurface investigation and the site investigation for Fermi 2
(Reference 2.5.1-221) did not encounter any halite beds.

Unit A-1 Evaporite: Unit A-1 Evaporite is up to 145 m (475 ft) of clean
massive halite in the center of the Michigan basin and grades to an
anhydrite layer that is 3- to 9.1-m (10- to 30-ft) thick at the margin of the
basin (Reference 2.5.1-277; Reference 2.5.1-281). None of the borings
that were part of the Fermi 3 subsurface investigation penetrated to the
Unit A-1 Evaporite.

Unit A-1 Carbonate: Unit A-1 Carbonate is light and dark gray limestones
and dolomite (micritic) with stromatolites and lenses of poorly developed
nodular anhydrite (Reference 2.5.1-281). Unit A-1 Carbonate is 15- to
38-m (50- to 125-ft) thick, and is thinnest in the center of the basin and is
thickest along the pinnacle reefs along the margin of the Michigan basin
(Reference 2.5.1-277). Unit A-1 is present throughout the Michigan
basin. None of the borings that were part of the Fermi 3 subsurface
investigation penetrated to the Unit A-1 Carbonate.

Unit A-2 Evaporite: Unit A-2 Evaporite is up to 145 m (475 ft) of clean
massive halite in the center of the Michigan basin and grades to an
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anhydrite layer that is up to 9.1-m (30-ft) thick toward the margin of the
basin (Reference 2.5.1-277; Reference 2.5.1-281). This unit pinches out
along the Michigan basin margin (Reference 2.5.1-277). None of the
borings that were part of the Fermi 3 subsurface investigation penetrated
to the Unit A-2 Evaporite.

Unit A-2 Carbonate: Unit A-2 Carbonate is comprised of light and dark
gray limestones and dolomite that is less than 46-m (150-ft) thick except
near reefs where it can thicken to 84 m (275 ft) (Reference 2.5.1-281).
The Unit A-2 Carbonate is present in most of the Michigan basin except
in the southwestern portion, where is has been removed by erosion
(Reference 2.5.1-277). None of the borings that were part of the Fermi 3
subsurface investigation were penetrated to the Unit A-2 Carbonate.

Unit B Regionally: Unit B is comprised of a halite bed overlain by
interbedded halite, shale and dolomite and is over 145-m (475-ft) thick in
the center of the Michigan basin. In the southern portion of the basin Unit
B is comprised of shale and dolomite. (Reference 2.5.1-277) The halite
beds become thinner and grade to anhydrite along the margins of the
basin (Reference 2.5.1-281). Salina Group Units A & B represent an
overall transgression with minor transgression-regression cycles. The
ha l i te  beds  were  depos i ted  dur ing  the  m inor  reg ress ions .
(Reference 2.5.1-394)

Unit B was the deepest unit encountered as part of the Fermi 3
subsurface investigation. It was encountered at borings RB-C8 and
TB-C5 (Figure 2.5.1-236) at an average depth of 129 m (424 ft) below
ground surface (Figure 2.5.1-237). The base of Unit B was not
encountered and the thickness of Unit B penetrated during the Fermi 3
subsurface investigation is greater than 15 m (48 ft). The unit is a brown,
pale brown, gray, and dark greenish gray dolomite with white anhydrite
beds up to 1.1-m (3.6-ft) thick and some shale beds up to 0.3-m (1-ft)
thick. The percent recoveries for Unit B recorded during the Fermi 3
subsurface investigation range from 96 to 100 percent. The Rock Quality
Designation (RQD) values range from 80 to 100 with an average of 97.1.
RQD is defined as the sum of the lengths of pieces of bedrock equal to or
greater than 4 inches in length divided by the core run length.

On the natural gamma logs Unit B shows oscillations from low to high
values with the thickness of the low values increasing with depth (Figure
2.5.1-242). The low natural gamma values represent layers with more
dolomite and anhydrite, with the high values indicating more shale. The
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gamma logs indicate an increase in dolomite and anhydrite with depth.
The boundary between Unit B and Unit C on the natural gamma logs is
set at the first decrease in gamma values that is greater than 1.2 m (4 ft)
long on the natural gamma log. (Figure 2.5.1-242)

Unit C Regionally: Unit C is composed of greenish-gray shale with some
nodular anhydrite and no halite. The unit is widespread in the Michigan
basin and averages about 18-m (60-ft) thick, but can be up to 36-m
(120-ft) thick. (Reference 2.5.1-277) Unit C marks the beginning of a
regress ion wi th  minor t ransgress ions that  ends wi th Uni t  G
(Reference 2.5.1-394).

Unit C was encountered in the Fermi 3 subsurface investigation at an
average depth of 102 m (334 ft) below the ground surface in borings
RB-C8 and TB-C5 (Figure 2.5.1-237). The unit is a dark greenish-gray to
black claystone and dolomite with interbeds of anhydrite. Toward the
base the unit is interbedded with brown to light brownish gray dolomite.
The unit is on average 27-m (90-ft) thick. The percent recoveries for Unit
C recorded during the Fermi 3 subsurface investigation range from 94 to
100 percent. The RQD values range from 80 to 100 with an average of
97.2.

On natural gamma logs, Unit C has relatively high gamma values with
only minor fluctuations (Figure 2.5.1-242). Only one small interval of
about 0.3 m (1 ft) shows low values indicating a bed of dolomite or
anhydrite. The natural gamma logs indicate that the unit is clayey with
interbedded dolomite and anhydrite. The boundary between Unit C and
Unit E is established where the natural gamma values become
consistently high with no major fluctuations in natural gamma values.
(Figure 2.5.1-242)

Unit D: Unit D is a 12 m (40 ft) thick bed of white halite with a thin dark
brown dolomite bed (Reference 2.5.1-277). The unit only occurs in the
center of the Michigan basin (Reference 2.5.1-277) and was not
encountered in the Fermi 3 subsurface investigation.

Unit E Regionally: Unit E is comprised of gray, greenish-gray and red
shale with thin dolomite beds that is from 27 to 36-m (90 to 120-ft) thick
(Reference 2.5.1-277). It occurs in all but the southwestern part of the
Michigan basin (Reference 2.5.1-277).

Unit E was encountered in 14 borings and was completely penetrated at
Borings RB-C8 and TB-C5 (Figure 2.5.1-236) during the Fermi 3
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subsurface investigation. Unit E is shown on cross sections on (Figure
2.5.1-237 and Figure 2.5.1-238). The top of Unit E was encountered at
an average depth of 73 m (241 ft) below the ground surface with an
average thickness of 28 m (93 ft). The unit is comprised of pale brown,
grayish-brown, gray, and bluish gray dolomite and argillaceous dolomite
with thin shales and claystones, thin gray limestone beds near the top,
and up to 2 m (6 ft) zones of interbedded anhydrite and dolomite near the
base. The unit is vuggy in places and contains zones with ostracods. In
the upper 26 ft of Unit E, occasional beds up to 0.9 m (3 ft) thick exist of
poorly-indurated claystone with properties comparable to soil. The
percent recoveries for Unit E recorded during the Fermi 3 subsurface
investigation range from 30 to 100 percent with an average of 93.6
percent. The RQD values range from 0 to 100 with an average of 71.6.

On the natural gamma logs, Unit E has relatively low gamma values with
minor fluctuations indicating dolomites and argillaceous dolomites. The
magnitudes of the fluctuations increase with depth indicating an increase
in shale approaching the contact with Unit C. At the base of Unit F a
gradual increase in gamma values is followed by a rapid decrease. This
rapid decrease occurs at about the contact between Unit F and Unit E
(Figure 2.5.1-242).

An analysis of boring logs was conducted regarding core loss, and voids,
cavities, and tool drops that occurred during the Fermi 3 subsurface
investigation. The analysis included comparing available boring logs,
photos of the core recovered, caliper and gamma logs, and downhole
televiewer logs to determine an explanation of conditions that were
encountered. The analysis indicated that two cavities were encountered
in the layers of vuggy dolomite and limestone near the top of the unit. The
largest cavity was 0.3 m (1 ft) thick vertically, and shows on the optical
televiewer log as a possible opening along bedding that appeared to be
clay filled. The other cavity was a 0.06 m (0.2 ft) opening along bedding
that showed evidence of water movement. The depths of the vuggy
dolomite and limestone varied from 75 to 78 m (245 to 255 ft) below
ground surface. Most of the vugs were clay filled. Core loss was
determined to be due to either soft weathered rock that washed away
during drilling, or when harder layers became stuck in the core barrel and
ground the softer or fractured rock.

Unit F: Regionally, Unit F is comprised of halite, anhydrite, shale, shaly
dolomite, and dolomites. The shales are gray, greenish-gray, and reddish
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gray, and the dolomites are gray, buff, and brown. The unit has a
maximum thickness of 296 m (970 ft). In southern Michigan the
evaporites no longer occur and the unit is composed shale and dolomite.
(Reference 2.5.1-277)

Unit F was encountered in 27 borings and completely penetrated in 14
borings during the Fermi 3 subsurface investigation. In the area of the
new reactor, the average depth to the top of Unit F is 36 m (119 ft), and
the average thickness is 37 m (123 ft). To the south of Fermi 3 at boring
P-399 D, the top of Unit F rises to 16 m (51 ft) below the ground surface
and to the north at boring P-398 D the top of Unit F rises to 11 m (36 ft)
below the ground surface (Figure 2.5.1-237), indicating a broad syncline
at the site location. The structure of the syncline is discussed in
Subsection 2.5.1.2.4.2. At the location of Fermi 3, cross sections on
Figure 2.5.1-239 and Figure 2.5.1-240 also show Unit F.

Unit F contains a wide variety of materials and is the most complex
bedrock unit encountered at the site. The unit contains dolomite,
limestone, claystone, shale, breccia, sandstone, and poorly indurated
clastic sediments. No halite was encountered at Fermi 3. The dolomite
layers are very dark gray, dark greenish gray, gray, grayish brown, and
light grayish brown; micritic; with some argillaceous (shaly) layers; some
vuggy layers; some oolites; and some fossils (ostracodes). The
ostracodes and brown colors are near the base of the unit. The limestone
layers are dark gray, dark olive gray, dark grayish brown, and brown;
crystalline; vuggy; with some argillaceous layers; with anhydrite nodules
and bands, calcite nodules, and oolites; and occasional fossils
(brachiopods). The claystone layers are very dark gray, bluish gray, and
gray and vary from strong to extremely weak. Some very weak to
extremely weak claystones have properties comparable to soil. Some
claystones are dolomitic or calcareous, and dolomite and limestone
layers occur within some claystones. The shale layers are very dark gray,
dark bluish gray, greenish gray, brownish gray, and grayish brown. Some
shale layers are dolomitic; with anhydrite and dolomite beds. Weak to
extremely weak zones exist within the shales with properities comparable
to soil. The breccia layers are gray, brownish gray, and light brownish
gray; with clasts of gray to pale yellow, dolomite, limestone, shale,
claystone, and siltstone. The matrix of breccia is composed of claystone,
clay, and calcite. Soft clay zones exist within the breccias. Subsection
2.5.1.2.3.1.2.1 has a discussion of breccias encountered during the
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Fermi 3 subsurface investigation. Sandstone was encountered only in
boring RB-C6 (Figure 2.5.1-236) and was dark grayish brown and 0.12-m
(0.4-ft) thick. The percent recoveries for Unit F recorded during the Fermi
3 subsurface investigation range from 0 to 100 percent with an average
of 59.3 percent. The RQD values range from 0 to 100 with an average of
13.4.

The natural gamma log signature for Unit F features moderate to high
gamma values with occasional low values that are about 0.6-m (2-ft)
thick. Overall the natural gamma log indicates that Unit F is shale and
claystone, with beds of carbonate. The contact between Unit F and the
overlying Bass Islands Group is a rapid increase from the low gamma
values of the Bass Islands to the moderate values of Salina Group Unit F.
The gamma values continue to increase below the contact. (Figure
2.5.1-242)

A small low in natural gamma values can be seen about 6.1 m (20 ft)
below the top of Unit F (Figure 2.5.1-242). The low corresponds to a
0.76-m (2.5-ft) thick gray micritic argillaceous dolomite. In boring CB-C2,
the upper 0.06 m (0.2 ft) of the argillaceous dolomite is weathered to a
light brown and has an undulatory surface with an amplitude of 0.03 m
(0.1 ft) (Figure 2.5.1-243). The field boring log for CB-C2 describes the
layer above the argillaceous dolomite as a 0.37 m (1.2 ft) thick
fractured/gravelly limestone, and Figure 2.5.1-243 shows the cemented,
rounded and subangular gravel-sized limestone grains. Based on this
description, this contact is possibly an unconformity. Briggs and Briggs
(Reference 2.5.1-394) note that the recession occurring during the
deposition of Salina Group Units B through G becomes a transgression
during the Bass Islands Group deposition. This unconformity may be a
possible boundary between a regression and a transgression, and the
rocks would have been subaerially exposed, which would result in
weathering as encountered in Figure 2.5.1-243.

An analysis of boring logs was conducted regarding core loss, voids,
cavities, and tool drops that occurred during drilling of Unit F. The
approach used was the same for Unit E. Two cavities were encountered
in the layers of vuggy dolomite and limestone near the top of the Salina
Group Unit F. The optical televiewer images of one of the voids indicated
that the northern wall of the boring was open to a depth of about 0.33-m
(13 in) and had a vertical height of about 0.46 m (1.5 ft). The other void
was reported as a drilling tool drop of about 0.06 m (2.5 in) and optical
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televiewer logs were not preformed on this boring. Based upon the core
photos, the possible void is a soft zone along bedding. Other core loses
were determined to be due to soft weathered rock that washed away
during drilling, poorly indurated sediments that washed away, or when
harder layers became stuck in the core barrel and ground the softer or
fractured rock. The origin of the poorly indurated sediments is unclear,
but possible explanations are provided in Subsection 2.5.1.2.3.1.2.1.

Unit G: Unit G is comprised of gray dolomitic shale and shaly dolomite in
the center of the Michigan basin; toward the basin margins the unit
becomes less argillaceous; and in the southern Michigan the unit is
ind is t ingu ishab le  f rom the  over l y ing  Bass  Is lands  Group
(Reference 2.5.1-277). This unit is 12 to 24-m (40 to 80-ft) thick
(Reference 2.5.1-281). At the site location bedrock layers in both Unit F
and the overlying Bass Islands Group fit the description of Unit G. No
clear signature exists on the natural gamma logs that can be used to
identify Unit G. On cross-section A-K in Lilienthal (Reference 2.5.1-277),
the thickness of Unit G is thin (<3 m [10 ft]) in the McClure Oil Co. boring
in central Monroe County, Michigan. Because of the thickness of the unit,
the lack of distinguishing characteristics, and the lack of a natural gamma
log signature, Unit G was not shown on the boring logs and profiles site
location of the Fermi 3 subsurface investigation.

2.5.1.2.3.1.2 Silurian Bass Islands Group
The Silurian Bass Islands Group is the uppermost unit in the Tippecanoe
II cratonic sequence (Reference 2.5.1-275) and is the uppermost
bedrock unit encountered during the Fermi 3 subsurface investigation. In
the site vicinity the Bass Islands Group overlies the Silurian Salina Group
and is overlain by the Devonian Bois Blanc Formation and Garden Island
Sandstone (Figure 2.5.1-230). In surface exposures the Bass Islands
Group is subdivided into two formations, the older Put-in-Bay and
younger Raisin River dolomites. In subsurface descriptions in the area,
the Bass Islands Group is not subdivided into formations. The upper
portion of the Bass Islands Group is a buff dolomite with oolitic dolomite
layers, and the lower part is interbedded argillaceous dolomite and buff
dolomite (Reference 2.5.1-277). In the center of the Michigan basin, the
group contains thin anhydrite and halite beds and the thickness is 91 to
183 m (300 to 600 ft). The unit thins to the southeast margin where it may
be only 46 m (150 ft) thick (Reference 2.5.1-281).
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The borings for the Fermi 3 subsurface investigation penetrated a
maximum of 30 m (99 ft) of the Bass Islands Group. The Bass Islands
Group encountered during the Fermi 3 subsurface investigation is
dominantly a light gray, light brownish gray, to dark gray micritic dolomite,
with the following characteristics:

• The dolomite can be massive, banded, or mottled.

• It contains pitted and vuggy zones with some pits and vugs filled with
crystalline anhydrite or calcite.

• Oolites can be found scattered in small zones throughout the Bass
Islands Group.

• Stylolites (layers associated with pressure solution) can be found
throughout the unit.

• Some zones within the Bass Islands Group have stylolites that
completely surround clasts of dolomite giving the zone a brecciated
appearance, but these brecciated dolomites are caused by pressure
solution and not fracturing.

Minor layers of argillaceous dolomite, dolomitic shale, shale, brecciated
dolomite (dolomite layer or layers that have been fractured but the clasts
have not significantly moved or rotated), and breccia (rock containing
angular gravel and larger size fragments) also occur at Fermi 3.
Subsection 2.5.1.2.3.1.2.1 has a discussion of breccias and brecciated
dolomites. The shales are dark gray to black and range from partings (<
0.6 cm [<¼ inch]) up to 0.5-m (1.5-ft) thick. Some shale layers are
dolomitic. Breccias and brecciated dolomite layers contain clasts of
dolomite from the Bass Islands Group in a finer-grained matrix of clays,
dolomite, or calcareous cement. Generally, breccias and brecciated
dolomites in the Bass Islands Group encountered during the Fermi 3
subsurface investigation are healed (clasts are cemented with mineral
precipitates) or indurated (hardened into rock). The breccias encountered
in both the Bass Islands and Salina groups will be discussed in greater
detail in Subsection 2.5.1.2.3.1.2.1. The Bass Islands Group contains
about fifteen gray clay and weak gray claystone bands that are up to
6-cm (0.2-ft) thick. The top of bedrock at the site is on average 8.5 m (28
ft) below the ground surface and ranges from 3.5 m (11.5 ft) to 9.9 m
(32.5 ft) below the ground surface. The percent recoveries for Bass
Islands Group recorded during the Fermi 3 subsurface investigation
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range from 0 to 100 percent with an average of 94.0 percent. The RQD
values range from 0 to 100 with an average of 53.7.

Two marker horizons (distinctive rock layers that can be traced
throughout the site location) are recognized in the Bass Islands Group.
The upper marker horizon is a light brownish gray oolitic dolomite that is
up to 2.1-m (6.8-ft) thick. The other marker horizon is a black to very dark
gray shale or dolomitic shale that is up to 0.15-m (0.5-ft) thick.

The Bass Islands Group is easily recognized on the natural gamma logs
(Figure 2.5.1-242). The natural gamma values are low except in the
vicinity of the two marker horizons. Adjacent to the oolitic dolomite
marker horizon gray shale beds and argillaceous dolomite exist that
appear on the natural gamma logs as zones of higher natural gamma
values. The zone of elevated natural gamma readings associated with
the oolitic dolomite marker horizon is up to 3-m (10-ft) thick. The black
shale marker horizon appears as a spike in natural gamma values that is
only about 0.3-m (1-ft) thick on the natural gamma log. (Figure 2.5.1-242)

An analysis of boring logs was conducted regarding core loss, voids,
cavities, and tool drops that were encountered during drilling in the Bass
Islands Group. The analysis approach was the same as used for Salina
Group Units E and F. The analysis indicated that cavities or voids were
limited to a depth of 23.8 m (78 ft) below ground surface. The cavities or
voids encountered were narrow, generally 3 cm (0.1 ft) along fractures.
The open fractures are most likely formed during the unloading of the
rock after the glaciers retreated. Some of the voids were filled with clay
that appeared to be transported into the fracture. Core losses appear to
be caused by fractured rock blocking off the core barrel and grinding
away the rock. Some of the core loss was due to weathered clayey or
shaley seams being washed away during drilling.

2.5.1.2.3.1.2.1 Brecciated Dolomite, Breccia, and Poorly 
Indurated Rock

The Fermi 3 subsurface investigation encountered brecciated dolomite,
and breccia within Salina Group Unit F and the Bass Islands Group.
Poorly indurated sediments were encountered within Salina Group Unit F
and at the top of Salina Group Unit E.

A breccia is a rock comprised of angular gravel and larger clasts
(fragments). The clasts can be loose, in a matrix of finer-grained
materials, or cemented or partially cemented with calcite, dolomite,
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quartz or other minerals. A brecciated dolomite is a dolomite that has
been fractured, but the asperities (openings normal to the fracture plane)
of the fractures are relatively small. The fracture asperities can be
unfilled, filled with fine-grained material that washed in or filled with
minerals that precipitated from groundwater.

Indurated sediments are those that have hardened into rock. Poorly
indurated sediments are weak sediments that have not completely
hardened.

Breccias were encountered in the Bass Islands Group and in Salina
Group Unit F during the Fermi 3 subsurface investigation. In the Bass
Islands Group, the breccias were comprised of clasts of dolomite from
the Bass Islands Group with a matrix consisting of indurated fine-grained
fragments of Bass Islands Group sediments or cemented with
precipitated calcite and anhydrite. The breccias in the Bass Islands
Group were healed and younger fractures split clasts and matrix within
the breccias.

In Salina Group Unit F the breccias are comprised of clasts of dolomite,
limestone, shale, and claystone from the Salina Group in a matrix of
claystone or mineral precipitates. The breccias in the Salina Group Unit F
range from indurated to poorly indurated. Typically, the matrix of the
poorly indurated breccias consists of weak to extremely weak claystone
with properties comparable to soil. Percent recoveries from core runs
were low in borings in the Salina Group Unit F and the upper portion of
Unit E.

Optical televiewer and natural gamma logs indicated that sediments were
present in Units E and F. Caliper logs within low recovery zones have
measured increased borehole diameters, indicating that the sides of the
borings probably collapsed during and after drilling. The materials visible
in the optical televiewer logs within the enlarged portions of Salina Group
Units E and F appear to be shales, claystones, and sand layers with thin
beds of dolomite. In several borings loose clays and sands were
recovered, and these were probably poorly indurated material that was
weakened during drilling.

Breccias have been reported in the Salina and Bass Islands groups in
southeast Michigan and northwestern Ohio (Reference 2.5.1-395;
Reference 2.5.1-396; Reference 2.5.1-392; Reference 2.5.1-397;
Reference 2.5.1-398). Several possible origins have been suggested for
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these breccias including depositional breccias (Reference 2.5.1-395;
Reference 2.5.1-392), debris flows (Reference 2.5.1-395), paleokarst
(Reference 2.5.1-395; Reference 2.5.1-396; Reference 2.5.1-392;
Reference 2.5.1-397; Reference 2.5.1-399), and ancient seismites
(Reference 2.5.1-398). Paleokarst is defined as ancient karst commonly
buried by younger sediments (Reference 2.5.1-400).

Carlson (Reference 2.5.1-401) provided evidence that the evaporites of
the Silurian Salina group in the center of the Michigan basin were
deposited on the Findlay arch and other topographic highs. These
evaporites were then removed when the rocks on the arch were exposed
during the time interval (Silurian to Devonian) that created the
unconformity between the Tippecanoe II and Kaskaskia I cratonic
sequences (Reference 2.5.1-392; Reference 2.5.1-397). Where the
evaporites were removed, caves formed within the remaining bedrock.
The resultant caves were filled with quartz sand and shaly material
(equivalent to the poorly indurated sediments at Fermi 3), along with
breccia. (Reference 2.5.1-399) Carlson (Reference 2.5.1-397) reported
finding Devonian Sylvania Sandstone within Salina Group Unit G. In
Delphi, Indiana near the edge of the 320-km (200-mi) radius site region,
Devonian-age fossils (conodonts) were found in calcareous shaly
material that fills caves in the Salina Group (Reference 2.5.1-402). The
presence of Devonian age sediments and fossils indicates that any filling
that may have occurred in caves and voids ancient rather than recent.

Seismites are sediments that were seismically disturbed while they were
still soft. Onash and Kahle (Reference 2.5.1-398) suggest that breccias in
the Bass Islands Group found in quarries in Monroe County, Michigan
and northwestern Ohio are ancient seismites indicating earthquakes
during the Silurian.

2.5.1.2.3.1.3 Devonian Garden Island Formation
The Devonian Garden Island Formation is exposed in the (8-km [5-mi]
radius) site area (Figure 2.5.1-241) but not in the (1-km [0.6-m] radius)
site location nor in the Fermi 3 subsurface investigation (Figure
2.5.1-241). The Garden Island Formation, the oldest Devonian unit, is
known from islands in northern Lake Michigan where it is comprised of
dolomitic sandstone, dolomite and cherty dolomite that is up to 6.1-m
(20-ft) thick. It occurs in isolated locations in the subsurface in northern
Michigan and overlies the Bass Islands Group. (Reference 2.5.1-403)
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2.5.1.2.3.1.4 Devonian Bois Blanc Formation
The Devonian Bois Blanc Formation overlies the Garden Island
Formation where both units are present; elsewhere, it overlies the Bass
Islands Group. The unit is comprised of up to 110 m (360 ft) of gray
limestones, dolomitic limestones, and dolomites that contain chert beds
and fossils (brachiopods) (Reference 2.5.1-403). The Bois Blanc
Formation thins to the southeast and disappears in Monroe County
(Reference 2.5.1-277). The unit is not exposed at the surface in the
(40-km [25-mi] radius) site vicinity (Figure 2.5.1-230), but is identified in
the subsurface in central Monroe County (Reference 2.5.1-277). The
Bois Blanc and Garden Island formations are the basal units of the
Kaskaskia I cratonic sequence and mark the beginning of a transgression
(Reference 2.5.1-276).

2.5.1.2.3.1.5 Devonian Sylvania Sandstone
The Devonian Detroit River Group includes the Sylvania Sandstone
(oldest), Amherstburg Formation and Lucas Formation (youngest). The
Sylvania Sandstone overlies the Bois Blanc and Garden Island
formations, if present; elsewhere, it rests directly on the Bass Islands
Group. (Reference 2.5.1-403) The unit is comprised of up to 6.1 m (20 ft)
of fine- to medium-grained, well rounded, quartz sandstone cemented
with dolomite (Reference 2.5.1-277). The Sylvania Sandstone is exposed
in the (8-km [5-mi] radius) site area (Figure 2.5.1-241) and the site vicinity
(Figure 2.5.1-230).

2.5.1.2.3.1.6 Devonian Amherstburg Formation
The Devonian Amherstburg Formation overlies the Sylvania Sandstone
and is comprised of 99 m (325 ft) of brown and drab, fossiliferous,
porous, dolomite, limestone, and sandstone (Reference 2.5.1-403;
Reference 2.5.1-281). The Amherstburg Formation is not exposed in the
(8-km [5-mi] radius) site area, but is exposed in the (40-km [25-mi]
radius) site vicinity (Figure 2.5.1-230).

2.5.1.2.3.1.7 Devonian Lucas Formation
The Devonian Lucas Formation overlies the Amherstburg Formation and
is comprised of up to 305 m (1,000 ft) of micritic dolomites and anhydrite
at the base, massive anhydrite in the middle, and halite beds at the top
(Reference 2.5.1-403; Reference 2.5.1-281). Other units exposed in the
(40-km [25-mi] radius) site vicinity include the Devonian Dundee
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Limestone, the Traverse Group, and Antrim Shale. These units are not
discussed because they are in the western portion of the site vicinity and
are generally covered in Subsection 2.5.1.1.3.2.3 Kaskaskia cratonic
sequence.

2.5.1.2.3.2 Quaternary Stratigraphy of the Site Location
This section concentrates on the Quaternary units encountered as part of
the Fermi 3 subsurface investigation including, listed from oldest to
youngest, glacial till, lacustrine deposits, and fill.

2.5.1.2.3.2.1 Glacial Till
Glacial till predominantly overlies the top of bedrock (Bass Islands
Group) over the entire (1-km [0.6-mi] radius) site location. At the top of
bedrock, there is often sand or gravel that may represent weathered
bedrock. To the west and northwest of the Fermi 3 site near borings
MW-381 and MW-393 (Figure 2.5.1-235), the glacial till is immediately
below the top soil. Throughout the remainder of the site location the
glacial till is overlain by lacustrine deposits. The glacial till ranges from
1.8- to 5.8-m (6- to 19-ft) thick. The glacial till is subdivided into an upper
and lower unit based on color. The composition of the glacial till is
comprised of predominantly of fines with variable amounts of sand, and
gravel, with cobbles.

The lower glacial till is a gray to dark gray, lean clay with sand or gravel
(CL), silt with sand or gravel (ML), or clayey graded gravel (GC). The
individual boring logs from the Fermi 3 subsurface investigation show
that the glacial till is homogeneous; however, variations in glacial till
composition between borings in the Fermi 3 subsurface investigation
indicates some heterogeneity in the lower glacial till across the site.

The upper glacial till is brown to grayish brown, lean clay with sand or a
trace of gravel (CL). The Fermi 3 subsurface investigation did not attempt
to determine the age or correlation of these glacial tills to the Quaternary
stratigraphy presented in Subsection 2.5.1.1.2.3.4.

2.5.1.2.3.2.2 Lacustrine Deposits
Quaternary lacustrine (lake) deposits overlie the glacial till except near
borings MW-381 and MW-393 (Figure 2.5.1-235). The thickness of the
lacustrine deposits ranges from 0 to 2.7 m (0 to 8.7 ft). The lacustrine
deposits are laminated gray, dark gray, and reddish brown lean clay (CL)
and fat clay (CH). In some areas the lacustrine deposits are overlain by a
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thin layer of peat or organic soil. At Fermi 2 and Fermi 3 the top of the
lacustrine deposits may have been removed and replaced with fill
described in Subsection 2.5.1.2.3.2.3. The lacustrine deposits are the
sediments from lakes that covered the site area after the glaciers
receded (Subsection 2.5.1.1.2.3.4.4).

2.5.1.2.3.2.3 Fill
During the construction of existing Fermi 1 and Fermi 2, a lagoon at the
site was filled with a variety of materials including gravel/cobble fill, some
of the fill material came from an onsite quarry in the Bass Islands Group
(Reference 2.5.1-221). In the immediate location of Fermi 3, this fill is
classified as cobbles, well graded gravel (GW), poorly graded gravel
(GP), well graded gravel with silt (GW-GM), and boulders.

To the east and west of the gravel/cobble fill, some finer-grained fills were
encountered during the Fermi 3 subsurface investigation in the following
areas:

• At boring MW-386, lean clays with sand and gravel (CL) were
encountered. This is near Fermi 1. (Figure 2.5.1-235)

• At borings MW-383 and MW-384, predominantly lean clay fill with
sand (CL) and gravel was encountered. Borings MW-383 and
MW-384 are located south and southwest of Fermi 3 (Figure
2.5.1-235).

2.5.1.2.3.3 Soils of Site Area
The distribution of surficial deposits and landforms within the site vicinity
(25-mi [40-km] radius) is shown on Figure 2.5.1-231. The site area (8-km
[5-mi] radius) is located in a glaciolacustrine section on the western edge
of Lake Erie (Figure 2.5.1-244).

Soils in the site location (1-km [0.6-mi] radius from the site) include the
Lenawee ponded and Lenawee–Del Rey associations. The Lenawee
ponded association consists of nearly level, very poorly drained silty soils
on lake plains near Lake Erie and adjacent to large rivers. In some places
it is formed on sand deposits in beach areas. The Lenawee-Del Rey
association consists of nearly level, somewhat poorly drained silty soils
formed on lake plains. (Reference 2.5.1-404)

Detailed soil units within the Lenawee ponded and Lenawee–Del Rey
associations are shown on Figure 2.5.1-245 (Reference 2.5.1-405) and
include Lenawee silty clay loam, ponded; Blount loam; Del Rey silt loam;
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Fulton silty clay loam; Milton clay loam; beaches; Toledo silty clay loam;
aquents and pits; and urban land (Reference 2.5.1-404). The Lenawee
silty clay loam, ponded, is dark grayish brown and is formed on lake
plains; approximately 5 percent of mapped areas include beach sand. It
is a nearly level, poorly drained soil in flat areas and drainageways. The
Del Rey silt loam is formed in loamy and clayey lacustrine deposits on
lake plains and is nearly level and somewhat poorly drained. Its
substratum extends to 150 cm (60 in) and is mottled silty clay loam with
thin, very fine sand layers. The Toledo silty clay loam is a nearly level,
very poorly drained soil in low areas and natural drainageways that is
formed in clayey, calcareous lacustrine sediments in lake plains. The
Blount loam, on 0 to 3 percent slopes is a nearly flat, somewhat poorly
drained soil on upland flats, formed on water-reworked glacial till plains.
The Fulton silty clay loam on 0 to 3 percent slopes is a nearly level,
somewhat poorly drained soil on slight rises and knolls that is formed in
clayey and calcareous lacustrine deposits. The Milton clay loam on 2 to 6
percent slopes is a moderately deep, gently sloping, well-drained soil on
knolls. It is formed in loamy, calcareous glacial till underlain by limestone.
Some well-drained sandy soils over clayey soils are included in this unit.
(Reference 2.5.1-405)

In addition to soil units, the following deposits are shown on Figure
2.5.1-245. Beach sands thicker than 1.5 m (5 ft) from Lake Erie are
shown as beaches. Aquents are nearly level and consist of poorly
drained soils that have had 20 to 60 cm (8 to 24 in) of soil material
removed. Aquents also include low, wet areas that have been filled with
nonsoil material and then covered with soil material. The Pits-Aquents
complex consists of open excavations and pits, the bottoms of which are
nearly level aquent soils. Urban land includes level areas covered by
streets, parking lots, buildings, and other structures that obscure or alter
the  so i l s  to  the  po in t  tha t  i den t i f i ca t ion  i s  no t  feas ib le .
(Reference 2.5.1-405)

2.5.1.2.4 Structural Geology of Site Vicinity (25-mi [40-km] 
Radius)

As discussed in Subsection 2.5.1.1.4 the site lies within a tectonically
stable continental region of the North American Craton. Precambrian and
Paleozoic structures are present in the site vicinity, but as noted below
there is no evidence that these structures are capable tectonic sources.
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The following discussion of structures within the site vicinity was based
on a review of published literature, discussions with geologists from the
Ohio Geological Survey and Michigan Geological Survey, interpretation
of high-altitude imagery and aerial photographs, and field and helicopter
reconnaissance conducted during August 2007. Identification and
characterization of structures at the site is based on subsurface
information developed as part of previous studies conducted for Fermi 2
and results of more recent drilling completed as part of the Fermi 3
subsurface investigations.

2.5.1.2.4.1 Structures Within the Site Vicinity
Major Precambrian structures in the site vicinity include the GFTZ and
the MRS, which intersect in the site vicinity (Figure 2.5.1-203). These
structures, which are buried beneath a thick (approximately 1100-m
[3600-ft] section of Paleozoic sediments, are interpreted from potential
field and seismic data as discussed in detail in Subsection 2.5.1.1.2.2.4.

The structure of Paleozoic rocks in the subsurface in the site vicinity has
been interpreted from boring and geophysical data obtained primarily
from oil and gas exploration (Reference 2.5.1-406; Reference 2.5.1-407;
Reference 2.5.1-408; Reference 2.5.1-333).

The surface of the Precambrian basement unconformity is regular with a
gentle gradient ranging from about 0.3 degree (5.9 m/km [31 ft/mi]) to
locally about 1 degree [Chatham Sag] (16 m/km [85 ft/mi]) on the
northwest flank of the Findlay arch northwest into the Michigan basin and
about 1 degree (6 m/km [32 ft/mi]) southeast into the Appalachian basin
(Reference 2.5.1-325). Dips on Paleozoic units through the lower Middle
Devonian Detroit River Group are similar (Reference 2.5.1-325) and
def ine  the  pa t te rn  o f  Pa leozo ic  rocks  in  the  s i te  v i c in i t y
(Reference 2.5.1-325) (Figure 2.5.1-241). The youngest Paleozoic rocks
at Fermi 3 are the Upper Silurian Bass Islands Group. Younger Paleozoic
rocks were either deposited and eroded or not deposited on the crest of
the positive Findlay arch.

No Quaternary faults are known within the site vicinity. The Bowling
Green fault and the Maumee fault are bedrock faults mapped within 40
km (25 mi) of the site (Figure 2.5.1-246). The Howell anticline and
associated fault, which is mapped to within 45 km (28 mi) of the site, are
discussed in Subsection 2.5.1.1.4.3.2. A series of folds are recognized in
subsurface bedrock units along the southeastern projected trend of the
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Howell anticline/fault structure (Reference 2.5.1-341). Two possible fault
trends associated with the small New Boston and Sumpter oil and gas
pools in Huron Township and Sumpter Township, Wayne County,
Michigan, respectively, are mapped along the southwestern flank of this
series of folds (Reference 2.5.1-406). Additional shorter faults are
mapped in southwestern Ontario, including two subparallel unnamed
faults, one of which is associated with the Colchester oil and gas field
(Reference 2.5.1-409). Structures within the site vicinity (40-km [25-mi]
radius) are described in more detail below.

The central and northern segments of the Bowling Green fault are
located approximately 40 km (25 mi) from the site (Figure 2.5.1-231;
Subsection 2.5.1.1.4.3.2). The Bowling Green fault displaces the
Precambr ian  uncon formi ty  su r face  down to  the  wes t
(Reference 2.5.1-237) and has approximately 122 m (400 ft), down to the
west displacement on the top of the Middle Silurian Lockport Dolomite
(Reference 2.5.1-332). The Bowling Green fault has had at least six
ep isodes  o f  d i sp lacement  th rough the  M idd le  S i lu r ian
(Reference 2.5.1-332; Figure 2.5.1-234). Onasch and Kahle
(Reference 2.5.1-332) speculate that fault-parallel, east-dipping thrust
faults with maximum displacements of less than 5 m (16 ft), generally on
the east side of the fault, may represent younger deformation
(post-Middle Silurian to Cenozoic). The youngest unit displaced by the
Bowling Green fault is the latest Silurian Bass Islands Group; no younger
units except for unfaulted Pleistocene glacial deposits occur along the
fault (Reference 2.5.1-332).

The northeast-southwest-trending Maumee fault is coincident with the
Maumee River in northwest Ohio, and extends to the shore of Lake Erie
(Figure 2.5.1-203; Subsection 2.5.1.1.4.3.2). The Maumee fault is a
normal fault that trends northeast-southwest and is expressed on the
Precambr ian  uncon fo rmi ty  su r face  (F igu re  2 .5 .1 -203)
(Reference 2.5.1-237). The Maumee fault is offset in an apparent
left-lateral sense about 2 km (1.2 mi) by the Bowling Green fault. No
geomorphic expression of the Maumee fault was identified in aerial
photographs or during the helicopter reconnaissance (August 2007)
along the mapped trace of the fault where it is overlain by late
Pleistocene glacial lacustrine deposits.

The southeast end of the Howell anticline/fault extends into the northwest
corner of Wayne County, 45 km (28 mi) north of the site (Figure 2.5.1-234
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and Figure 2.5.1-230). As discussed in Subsection 2.5.1.1.4.3.2 the
Howe l l  an t i c l i ne  i s  i n te rp re ted  as  a  s teep ,  asymmet r i ca l ,
northwest-southeast trending, northwest-plunging, faulted anticline,
having maximum relief of approximately 300 m (1000 ft) on the top of the
Middle Ordovician Trenton Formation (Reference 2.5.1-325). The Howell
fault offsets the base but not the top of the lower Middle Devonian Detroit
River Group (Reference 2.5.1-340). In detail, this second order structure,
which is superimposed on the flanks of the first order Findley arch, is
probably more complex, consisting of several en-echelon folds and
associated faults, as expressed in the structure contour maps on the top
of lower Middle Devonian Dundee Formation, Middle Devonian Traverse
Formation, and Early Mississippian Sunbury Shale (Figure 2.5.1-225).
Overall, the Howell fault trends northwest-southeast and is normal,
steeply dipping to vertical, and down-to-the-southwest.

To gain an understanding of the bedrock structure in the site vicinity,
available structure contour maps were reviewed. No available structure
contour map covered the entire site vicinity sufficiently to provide a
complete interpretation; therefore, structure contour maps for the
following have been combined on Figure 2.5.1-247:

• Structure contours of the top of the Devonian Dundee Limestone
(Reference 2.5.1-333),

• Structure contours of the top of the Devonian Sylvania Sandstone
(Reference 2.5.1-341), and

• Structure contours of the top of the Ordovician Trenton Formation
(Reference 2.5.1-341).

The structure contours on the top of the Trenton Formation in Figure
2.5.1-247 define a number of folds in the site vicinity. A subsequent map
of structure contours on the top of the Trenton Formation covering the
site vicinity (Reference 2.5.1-352) (Figure 2.5.1-248a) does not show
these folds. The discussion presented below uses a conservative
approach that assumes the folds defined by the structure contours from
Reference 2.5.1-341 presented in Figure 2.5.1-247 exist.

A series of north to northwest-southeast trending, southeast plunging
synclines and intervening anticlines are expressed in structure contour
maps on the top of the Ordovician Trenton Formation along the
southeastern projected trend of the Howell anticline in Wayne and
northeast Monroe Counties (Reference 2.5.1-341) (Figure 2.5.1-247).
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Newcombe (Reference 2.5.1-341) also discusses a structure exposed in
the Livingston Channel of the Detroit River, the Stony Island anticline.
Based on a contour map of the top of the Lower Devonian Sylvania
Sandstone, the anticline trends approximately N30ºW and lies slightly to
the southwest of the anticlinal axis as expressed in the older (lower)
Trenton Limestone (Figure 2.5.1-247). This structure is also defined by
rock exposures in the Anderdon quarry in Ontario, the Patrick quarry near
the south end of Grosse Isle, Michigan, and the Sibley quarry near Sibley
Michigan. Newcombe (Reference 2.5.1-341) observes that the Stony
Island anticline is almost directly in line with the Howell anticline/fault
structure to the northwest.

In a publication that focuses on the Albion-Scipio oil field in southern
Michigan, Ells (Reference 2.5.1-406) shows in the site vicinity two
possible northwest-southeast-trending faults associated with the small
New Boston and Sumpter oil pools. These pools were previously
identified by Cohee (Reference 2.5.1-410). Uncertain locations of the
possible faults are illustrated on Figure 2.5.1-230. The southwestern
possible fault associated with the Sumpter oil pool possibly extends into
the site area (8-km [5-mi] radius). The Ells (Reference 2.5.1-406) figure
showing these possible faults is scaled at approximately one inch equals
96 km (60 mi), and a note on the map states “Fault Trends Not To Scale”,:
therefore, the exact location of these faults is uncertain. In fact, Ells
(Reference 2.5.1-406)  mis labeled the o i l  pools  f rom Cohee
(Reference 2.5.1-410), associating the southwestern possible fault with
the New Boston oil pool and the northeastern possible fault with the
Sumpter oil pool. The Ells (Reference 2.5.1-406) report is based on well
data, maps, and unpublished studies by the Michigan Department of
Natural Resources. However, these possible faults are not discussed by
Ells (Reference 2.5.1-406) in the report, nor were they identified by
Cohee or other reports reviewed for this study. The inferred locations of
the possible faults lie along the southwestern flank of an anticline
expressed in the top of Ordovician Trenton Formation as mapped by
Cohee (Figure 2.5.1-247). There is nothing in the character of the
contours on the southwest flank of the anticline (e.g., offset contours or
very steep contours) that provides evidence for the possible faults. No
evidence for the possible faults is present on the structure contour map
on the top of the Trenton Formation as illustrated in Reference 2.5.1-325
(Figure 2.5.1-248a). In summary, there is little evidence for these two
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possible faults and, if present, their exact locations, extent, and
association with any oil pools are unclear.

The Ordovician Trenton Formation is the source zone for the New Boston
and Sumpter oil pools (Figure 2.5.1-247). Two wells were drilled in 1942
in the New Boston field in Sec. 18, Huron Township, Wayne County,
Michigan, with the producing zone at a depth of 36.6 m (120 ft) below the
top of the Trenton Formation (Reference 2.5.1-410). One well was drilled
in 1941 in Sec. 22, Sumpter Township, Wayne County, Michigan, with
production zones at depths of 3-5.2 m (10-17 ft) and 13 -22.6 m (43-74 ft)
below the top of the Trenton Formation. As discussed above, there is no
discussion in any of the reports reviewed for this study about the nature
of structures associated with the New Boston and Sumpter fields. In
southeastern Michigan, oil in the Trenton Formation is generally found
along folds in zones of dolomitization associated with fracture zones that
are sometimes related to pre-existing faults (Reference 2.5.1-411); so the
New Boston and Sumpter fields may be associated with pre-existing
faults. However, the fields, which occur along the northwestern ends of
the postulated faults, are small, and any associated folds/faults, if
present, are likely minor structures. There is no evidence of any
dolomitization, deformation, or displacement in rocks younger than about
Upper Silurian. The lack of dolomitization and deformation indicates that
if these possible faults do exist, they became inactive at the end of the
Silurian.

Minor broad, shallow, north and northwest-southeast- trending folds
superimposed on the Findley arch are also expressed in the structural
contours on the top of the Upper Silurian Bass Islands Group in southern
Ontario (Reference 2.5.1-325) (Figure 2.5.1-248b). Minor fold structures
identified at Fermi 3 have a similar northwest-southeast trend as
discussed below in Subsection 2.5.1.2.4.2. These minor folds may be
third order structures that are structurally related to the distal end of the
Howell anticline/fault structure as it dies out to the southeast. By
association with the Howell anticline/fault structure, these minor folds and
postulated faults are assumed to be comparable in age to the Howell
anticline/fault structure that is older than late Mississippian.

Ells (Reference 2.5.1-406) also shows in the site vicinity a probable
north-northwest/south-southeast-trending fault associated with the
Colchester oil pool in Essex County, southeastern Ontario, Canada.
Burges and Hadley (Reference 2.5.1-413) show the Colchester oil field
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coincident with a northwest-southeast trending syncline with about 12.2
m (40 ft) of relief. The oil pool is interpreted to be associated with a zone
of dolomitization along a fracture zone in the Middle Ordovician Trenton
Formation. The syncline in the uppermost Orodivician and middle and
lower Silurian rock overlying the Trenton Formation resulted from
shrinkage accompanying dolomitization of the Trenton Fromation. Bailey
Geological Services and R.G. Cochrane subsequently interpreted the
Colchester oil pool as two subparallel north-northwest/south-southeast
trending normal, down-to-east faults (Reference 2.5.1-412). These
structures are shown on Figure 2.5.1-230.

2.5.1.2.4.2 Structures Within the Site Location
Previous investigations, including borings and mapping of excavations
for Fermi 2, and recent borings for Fermi 3 provide site-specific data to
evaluate deformation at Fermi 3.

Previous and recent borings at the site indicate that the Silurian Salina
Group and Bass Islands Group rocks underlying the site are folded into a
broad, shallow syncline (Figure 2.5.1-237). Structural contours on the
oolitic dolomite within the Bass Islands Group (Figure 2.5.1-249) are
slightly irregular in shape. This is possibly indicating that these surfaces
had some relief prior to folding. The axis of the syncline trends
approximately N50°W. The flanks of the syncline dip less than 4º. The
plunge of the syncline could not be determined because the surface of
the marker horizons is irregular.

2.5.1.2.4.3 Discontinuities
Two joint sets have been mapped at the site in a quarry less than 1.6 km
(1 mi) from the site and in excavations for Fermi 2 site structures
(Reference 2.5.1-221). These joint sets trend N21° to 60°W and N54° to
72°E. Several trends of joint sets have been observed at quarries and
outcrops in Michigan, Ohio, and Ontario, Canada. The most prominent
trends are N40° to 60°W and N45° to 60°E. A primary joint set trending
approximately N24°E is present in the Ottawa Lake quarry in Monroe
County, Michigan (Reference 2.5.1-414) (Figure 2.5.1-230). Four primary
joint sets are present in the Waterville quarry in northwest Ohio, trending
approximately N45°W, N45° to 50°E, N5°E, and N80° to 90°W
(Reference 2.5.1-414). Observed joint orientations along the
northeast-southwest-trending Middle Devonian Columbus Limestone
cuesta in northwest Ohio range from N50° to 70°E to N35°W near the
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summit of the cuesta (Reference 2.5.1-414). Three primary joint sets are
present in the Flat Rock quarry in northwest Ohio, trending approximately
N45°  to  65°E ,  N15°W to  N15°E,  and  N40°  to  50°W
(Reference 2.5.1-414). Two primary joint sets in the Upper Devonian
Ohio Shale in northwest Ohio, trending approximately N60°E and
or thogona l ,  a re  p resen t  a t  F r ink  Run  and  S la te  Run
(Reference 2.5.1-414). Joints in the Middle Devonian Delaware
Limestone observed in outcrops in northwest Ohio trend N55° to 60°E
and  N55°  to  60°W (Re fe rence 2 .5 .1 -414) .  The  p r imary
east-northeast-striking joint set in the region is interpreted to be related to
contemporary stresses (Reference 2.5.1-415). Joint patterns in
southwest  Ontar io ,  Canada,  ind ica te  s t rong east -west  and
north-northwest/south-southeast trends, and a weaker north-south trend
(Reference 2.5.1-416).

Based upon discontinuity data collected from 40 test borings for detailed
foundation studies at the Fermi 2 site, the Bass Islands dolomite is highly
jointed with a variable frequency of jointing. Joints are relatively tight and
discontinuous and usually display only very minor solution activity. The
dominant trends of joints are N45º to 60ºW and N40º to 50ºE and are
nearly vertical in dip. Where the rock is densely fractured, intervals have
closely spaced joints that form fragmented zones. Fractures are oriented
from 0º (horizontal) to 90º (vertical), and the thickness and depths of
these zones are variable throughout the Fermi 2 site. The fragmented
zones range in thickness from a few inches to as much as 1.3 m (4.5 ft),
and average approximately 0.6 m (1 ft). (Reference 2.5.1-221)

At the quarry 1.6 km (1 mi) southwest of Fermi 3 and in excavations for
Fermi 2, vertical joints ranged from open to closed, with some filled with
gypsum, antydrite, or selenite. Two joint sets were mapped. These joint
sets trend N21° to 60°W and N54° to 72°E. The quantity and degree of
openness of jointing tends to decrease with depth in all excavations at
the Fermi 2 site. (Reference 2.5.1-221)

The majority of the fractures in the foundation rock for Fermi 2 are tight,
with some filled with soft gray clay. There are displacements, tectonic
breccias, or slickensided surfaces, other than slickensides associated
with stylolites. The fractures are grouped into three orthogonal sets. The
dominant or major joint set trends from N21º to 38º W and dips from 60º
to 80º to the southwest. Generally, these joints vary in length from 5 to 30
feet, but some are as much as 20 m (65 ft) long. Spacing between joints
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is from 1.2 to 6 m (2 to 10 ft). A minor set of joints trend from N54º to 72º
E and dips from 30º to 60º to the northwest. Generally, these joints vary in
length from 0.6 to 3.0 m (1 to 5 ft) but some are as much as 9.1 m (30 ft)
long. Joints of the minor set are more irregular than the major set. Some
minor joints terminate against major joints. Bedding plane joints, which
undulate but are essentially horizontal, are spaced from 15 cm (6 in) to
1.2 m (2 ft) apart. These joints are generally tight but occasionally have
minor openings which are often clay filled. (Reference 2.5.1-417)

During the Fermi 3 subsurface investigation jointing was observed
throughout the Bass Islands Group and Salina Group Unit F. The joints
encountered are opening-mode fractures. The joint density in the Bass
Islands Group and Salina Group Unit F varies from isolated joints to
groups of closely spaced joints referred to on the logs as highly fractured
zones. The existence of joints and fracture zones is confirmed on the
optical televiewer logs; however, the field boring logs have more joints
and fracture zones possibly indicating mechanical breaking of the core
during the drilling process. The orientations vary from horizontal to
vertical with near horizontal and near vertical fractures dominating. The
joint apertures were from tight or hairline up to several inches. Some
joints were filled with anhydrite, calcite, or clay while others had no filling.
A small percentage of joints have weathering along the joint walls or
display minor dissolution (solutioning). Below Salina Group Unit F, the
joint density decreases, and joints are rare in Salina Group Units C and
B, but mineral (anhydrite) filled joints are present even in the deepest
formations.

Joint orientations vary from horizontal to vertical, with near horizontal and
near vertical joints dominating. Optical televiewer logging completed for
the Fermi 3 project determined the presence of low angle (< 45º) bedding
planes, low angle fractures (< 45º), and high angle fractures (> 45º). The
dominant strike orientations of the bedding planes are north-northeast
and west-northwest. The dominant strike orientations of all fracture
planes are north-northwest and west-northwest. (Reference 2.5.1-418)

2.5.1.2.5 Site Geologic Hazard Evaluation
This section covers the non-seismic geologic hazards in the 40-km
(25-mi) radius site vicinity including landslides and karst. The Landslide
Overview Map of the conterminous United States (Figure 2.5.1-227)
indicates the site vicinity, site area, and site location are in a region of



2-688 Revision 0
September 2008

Fermi 3
Combined License Application

Part 2: Final Safety Analysis Report

moderate landslide susceptibility. The susceptibility is based on the
presence of lacustrine deposits (lake beds). The (8-km [5-mi ] radius) site
area has a maximum relief of 10.7 m (35 ft) (Subsection 2.5.1.2.1) and is
best described as relatively flat with no steep slopes. The lacustrine
deposits in the (1-km [0.6-mi] radius) site location are up to 3-m (9-ft)
thick. The natural slopes are probably not landslide prone; however, the
stability of the lacustrine deposits should be considered in excavation
design (Reference 2.5.1-387).

The National Atlas Map showing the Engineering Aspects of Karst
indicates the site vicinity, site area, and site location are in an area that
can have fissures, tubes, and caves up to 300-m (1,000-ft) long below at
least 3 m (10 ft) of noncarbonate overburden (Figure 2.5.1-228)
(Reference 2.5.1-388). Davies et al. (Reference 2.5.1-388) emphasize
that active karst in adjacent areas of northwestern Ohio occurs in areas
where the noncarbonate overburden is less than 6-m (20-ft) thick. In the
1-km (0.6-mi) radius site location, the combined thickness of the till and
lacustrine deposits is over 6 m (20 ft), indicating that the probability for
karst is low.

Several sinkholes have been mapped in southwestern and southern
Monroe County (Bedford, Whiteford, and Ida Townships). At least seven
sinkholes are located in Devonian-age Detroit River group, which is
outside the 8-km (5-mi) radius site area. Two sinkholes are in the Bass
Islands Group. No sinkholes are in the (8-km [5-mi] radius) site area.
(Reference 2.5.1-419; Reference 2.5.1-389; Reference 2.5.1-420)

Subsection 2.5.1.2.3.1.2.1 discussed breccias and soft zones and
potential explanations for their presence at the site. The formation of
paleokarst was indicated as a possible reason for breccias and soft
zones, with paleokarst episodes related to the dissolution of evaporite
minerals,  pr imari ly hal i te and gypsum (Reference 2.5.1-392;
Reference 2.5.1-397). Since no halite exists at the site and only minor
amounts (nodule fillings and beds less than 3 cm [0.1 ft]) of gypsum and
anhydrite exist in the Bass Islands Group and in Salina Group Unit F, the
potential for modern evaporite karst is small.

The presence of voids was evaluated and discussed in Subsection
2.5.1.2.3 for applicable stratigraphic units.
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2.5.1.2.6 Site Engineering Geology
This section covers the engineering issues related to the (40-km [25-mi]
radius) site area, (8-km [5-mi] radius) site-vicinity, and the (1-km [0.6-mi]
radius) site location.

2.5.1.2.6.1 Engineering Behavior of Soil and Rock
Subsection 2.5.4.2 covers the engineering behavior of the soils and rock
at the site location.

2.5.1.2.6.2 Zones of Alteration, Weathering, and Structural 
Weakness

Jointing of the bedrock is discussed in SSubsection 2.5.1.2.4.3. Stylolites
were observed in the Bass Islands Group. The interlocking nature of the
stylolite surfaces makes them stronger than joints.

Pits and vugs were encountered in both the Bass Islands and Salina
groups during the Fermi 3 subsurface investigation. The vugs range up to
5 cm (2 in) in diameter. The percentage of vugs in some intervals of the
core can be as high as 40 percent. Fracture connectivity and vugs can
provide networks of pores that provide the hydraulic conductivity in the
rock mass.

2.5.1.2.6.3 Unrelieved Residual Stresses in Bedrock
High horizontal compressive stresses in bedrock can result in pop-ups
and valley bulging of bedrock features that develop for high horizontal
compressive stresses. Pop-ups are surficial folds in competent rock
layers caused by high horizontal stress and a lack of a vertical confining
stress. Pop-ups usually occur in areas where continental glaciers have
removed the overburden or in man-made excavations in bedrock, such
as quarries. Pop-ups have been recognized in western New York State,
Ontario, the northeastern United States (Reference 2.5.1-421), and
southwestern and central Ohio (Reference 2.5.1-422). Pop-ups have
also been recognized in the beds of western Lake Ontario, eastern Lake
Er ie ,  and  in  wes te rn  Lake  Huron  (Refe rence 2 .5 .1 -423 ,
Reference 2.5.1-424).

Valley bulging is surficial folding that occurs in stream valleys incised into
horizontally bedded sedimentary rocks. The vertical stress difference
between the valley and the surrounding hills causes softer rock layers
(shales and claystones) to be forced from below the hills into the valleys
creating high horizontal stresses that can form surficial folds.
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No pop-ups have been reported in southeastern Michigan or adjacent
areas in Ohio and Indiana, but surficial folding of Devonian shales has
been observed in northwestern Ohio (Reference 2.5.1-421). Since the
8-km (5-mi) site area is relatively flat, the conditions conducive to valley
bulging are not present.

2.5.1.2.6.4 Weak or Unstable Subsurface Conditions
Weak poorly indurated sediments in Salina Group Unit F and the upper
part of Unit E were encountered during the Fermi 3 subsurface
investigation. This poorly indurated material had a tendency to wash
away during dri l l ing, result ing in low sample recovery values.
Occasionally, samples were recovered from these poorly indurated
sediments and the materials consisted of claystones, sands, and clays
with interbedded thin dolomite layers. Optical televiewer logs collected
during the Fermi 3 subsurface investigation show that sediments were
present in the zones of poor recovery. Seismic velocities and other
material properties for these poorly indurated sediments are reported in
Subsection 2.5.4.2.

2.5.1.2.6.5 Deformational Zones
Jointing at the site was addressed in Subsection 2.5.1.2.4.3. One
slickenside was observed during the Fermi 3 subsurface investigation. It
appeared to have minor displacement and was probably associated with
soft sediment deformation (syndepositional) or collapse during a
paleokarst event (Subsection 2.5.1.2.3.1.2.1).

2.5.1.2.6.6 Prior Earthquake Effects
No reports or studies exist on liquefaction and paleoliquefaction in the
(40-km [25-mi] radius) site vicinity. Refer to Subsection 2.5.2.1 for a
discussion of seismicity.

2.5.1.2.6.7 Effects of Human Activity
This section covers the effects and potential effects of human activity on
the site vicinity of Fermi 3 including oil and gas production, subsurface
gas storage, dissolution mining of salt, and other potential mining activity.

2.5.1.2.6.7.1 Petroleum Production
The Black River and Trenton carbonates are potential areas for
hydrocarbon production in southeastern Michigan (Reference 2.5.1-425).
Ells (Reference 2.5.1-425) stated southeastern Michigan has been
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completely explored and that no additional fields will be found. Wylie et
al. (Reference 2.5.1-426) evaluated drilling data and well cuttings for
borings that penetrated the Black River and Trenton carbonates and
identified several potential areas for future oil and gas exploration in
Michigan. The Deerfield-Summerville reservoir is one of the most
productive in Michigan and is located west and just outside of the (40-km
[25-mi] radius) site vicinity. Although many of the criteria used to predict
future development exist in Monroe County, none of the potential areas
for exploration are in the site vicinity. (Reference 2.5.1-426)

A search of the Michigan and Ohio petroleum databases reveals that no
active production is occurring within the (40-m [25-mi] radius) site vicinity.
At one time oil production was occurring in southern Wayne County
about 24 km (14.9 mi) from the Fermi 3 site, but these wells have been
plugged. Several producing oil wells within the site vicinity in Ohio have
been plugged. No producing oil wells exist in or have existed in the (8-km
[5-mi] radius) site area.

2.5.1.2.6.7.2 Subsurface Gas Storage Potential
Several areas of subsurface gas storage exist in the state of Michigan
and are mostly associated with abandoned natural gas fields. One
example of a converted gas field is the Northville field in northwestern
Wayne County. The Northville gas storage area is outside the (40-km
[25-mi] radius) site vicinity. It is preferable to convert former natural gas
fields to gas storage areas. Since no former natural gas fields are within
the site vicinity, the potential for subsurface gas storage is low. The
Michigan Oil and Gas well database indicates two liquid petroleum gas
storage facilities located about 24 km (14.9 mi) from the Fermi 3 site. No
subsurface gas storage facilities are located within the (8-km [5-mi]
radius) site area.

2.5.1.2.6.7.3 Dissolution Mining of Salt
The thickness of the salt in the Salina Group decreases from the center
of the Michigan basin to the southeast. The outer margin (zero contour)
of the salt is in Wayne County. The nearest occurrence of salt to the
Fermi 3 site is about 16 to 24 km (10 to 15 mi). (Reference 2.5.1-393)
Salt has been mined in Wayne County about 27.4 km (17 mi) from the
Fermi 3 site (Reference 2.5.1-427). Since no salt deposits exist in the
(8-km [5-mi] radius) site area, salt mining is unlikely.
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2.5.1.2.6.7.4 Mining of Metallic Minerals
A region of non-economic deposits of Mississippi Valley-Type
mineralization including galena (lead), sphalerite (zinc), fluorite, celestite,
and barite has been identified in northwestern Ohio and adjacent states
including Monroe County, Michigan (Reference 2.5.1-428). Since these
deposits are non-economic, no mining is anticipated.

2.5.1.2.6.7.5 Groundwater Withdrawal
Groundwater issues related to Fermi 3 are covered in Subsection 2.4.12.

2.5.1.2.6.8 Construction Groundwater Control
Groundwater control during construction of the Fermi 3 site is covered in
Subsection 2.5.4.5.

2.5.1.2.6.9 Unforeseen Site Geologic Conditions
The excavations for safety-related structures will be geologically
mapped. Unforeseen geologic conditions encountered in the excavation
will be evaluated. The NRC will be notified when any excavations for
safety related structures are open for their inspection and evaluation.

2.5.1.2.7 Site Groundwater Conditions
The surface deposits at the Fermi 3 site consist of a permeable artificial
fill that overlies less permeable lacustrine deposits and glacial till. These
lower permeability materials form a confining layer over the Silurian Bass
Islands and Salina groups which are bedrock aquifers at the site location.
Fracture networks and vugs in the Bass Islands Group may provide
pathways for fluid migration. Detailed information on the groundwater
conditions is in Subsection 2.4.12.

2.5.1.2.8 Tsunami and Seiche Hazards
Fermi 3 is located on the western shore of Lake Erie. Tsunami and seiche
hazards are covered in Subsection 2.4.5 and Subsection 2.4.6.
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Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 1 of 13)

Name Location 

Closest 
Distance 
to Site

Structure Trend, 
Plunge and Any 
Associated Fault

Trend, Type of Fault, 
Dip, Sense of 
Displacement

Unit/Age/Amount 
of Maximum 

Deformation/Offset

Unit/Age/Amount 
of Youngest 

Deformation/Offset

Associated 
Oil and Gas 

Field
Means of 

Identification(a) Source

MAJOR STRUCTURES

Akron 
Magnetic 
Boundary 
(AMB)

NE Ohio 170 km
(106 mi)

NE-SW trending 
magnetic 
anomaly (low) 
associated with 
possible 
pre-existing 
basement 
structure

  Possible 
lake-loading-induce
d seismicity

 G Reference
2.5.1-237; 
Reference
2.5.1-327

Albion-Scipio 
Fault (ASF)

Hillsdale 
and 
Calhoun 
counties, 
Michigan

108 km
(67 mi)

NW-SE trending 
anticline 
associated with 
en-echelon 
wrench faults

  Offsets the Middle 
Ordovician Trenton 
Formation1

Albion-Pula
ski-Scipio-Tr
end oil and 
gas field

B, G Reference
2.5.1-331 

Northern 
Segment 
Bowling 
Green Fault 
(BGF), also 
known as the 
Lucas-Monroe 
Monocline 
(LMM) in 
Michigan

Lenawee/ 
Monroe 
counties 
northwest 
to 
Livingston 
County, 
Michigan

48 km
(28 mi)

NW-SE trending 
asymmetrical 
anticline(s) with 
steeply dipping 
SW flank 
(faulted); merges 
with Howell 
anticline at north 
end

Several NW-SE trending, 
normal, steeply dipping 
to vertical, right- and left- 
stepping, 
southwest-side-down 
faults; includes Deerfield 
anticline, a N-S trending, 
north-plunging anticline 
with normal, steeply 
dipping to vertical, 
down-to-the-west fault on 
west

Top of Middle 
Ordovician Trenton 
Formation is offset 
61 m (200 ft) 
down-to-the-west

Offsets top of Early 
Mississippian 
Sunbury Shale on 
structure contour 
map

Deerfield oil 
field

B, G Reference
2.5.1-333; 
Reference
2.5.1-335
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Central 
Segment 
Bowling 
Green Fault, 
also known as 
the 
Lucas-Monroe 
Monocline

Hancock 
County, 
Ohio north 
to 
Lenawee/
Monroe 
counties, 
Michigan

40 km
(24 mi)

 N10 – 20°W trending, 
normal, vertical fault, 
down-to-the-west with 
recurrent, variable 
displacements (see 
Figure 2.5.1-223). 
Waterville Quarry 
exposures suggest 
thrusts are 
interformational ramp 
faults (see Episode VI on 
Figure 2.5.1-223)

Offsets top of Middle 
Silurian Lockport 
Dolomite 
approximately 122 
m (400 ft)

Slickensides and 
offset bedding in 
uppermost Late 
Silurian Bass 
Islands Group; <5 m 
(16 ft) thrusting in 
Cenozoic is highly 
speculative 

 S, B, G Reference
2.5.1-332; 
Reference
2.5.1-237

Southern 
Segment 
Bowling 
Green Fault 
(BGF)

Wood 
County 
north to 
Marion 
County, 
Ohio

101 km
(62 mi)

 SE trending, normal, 
steeply dipping to 
vertical, 
down-to-the-northeast 
splays (Outlet and 
Marion faults) and 
down-to-the-west fault 
splays (see Figure 
2.5.1-203)

Offsets Precambrian 
unconformity 
surface

  B, G Reference
2.5.1-237

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 2 of 13)

Name Location 

Closest 
Distance 
to Site

Structure Trend, 
Plunge and Any 
Associated Fault

Trend, Type of Fault, 
Dip, Sense of 
Displacement

Unit/Age/Amount 
of Maximum 

Deformation/Offset

Unit/Age/Amount 
of Youngest 

Deformation/Offset

Associated 
Oil and Gas 

Field
Means of 

Identification(a) Source
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Burning 
Springs 
Anticline 
(BSA) (50 – 
150 km long) 

West 
Virginia

327 km
(203 mi)

N-S trending 
anticline faulted in 
core; splays into 
several 
right-stepping 
traces at Ohio 
River; may extend 
south to include 
Mann Mountain 
anticline 

N-S trending, normal, 
steeply east-dipping 
fault, down-to-the-east 
with recurrent 
displacements, including:
a. Offsets Precambrian 

unconformity surface 
south of
the Ohio River

b. Reactivation during 
Silurian 
restricting salt 
deposition to a
basin east of the fault

c. Recurrent movement 
during
deposition of 
Devonian through 
Permian strata

d. NW directed 
Alleghanian age
thrusting on 
decollements in
Late Silurian Salina 
Group
salts at the salt edge 
and
development of 
imbricate ramp
thrusts coring 
anticline in Salina 
Group and younger 
strata

300 m (980 ft) 
down-to-the-east on 
base of Cambrian

Only folding in Late 
Silurian Salina 
Group and younger 
strata 

 B, G Reference
2.5.1-237; 
Reference
2.5.1-336; 
Reference
2.5.1-337

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 3 of 13)

Name Location 

Closest 
Distance 
to Site

Structure Trend, 
Plunge and Any 
Associated Fault

Trend, Type of Fault, 
Dip, Sense of 
Displacement

Unit/Age/Amount 
of Maximum 

Deformation/Offset

Unit/Age/Amount 
of Youngest 

Deformation/Offset

Associated 
Oil and Gas 

Field
Means of 

Identification(a) Source
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Cambridge 
Arch (CA) 
(100 km long)

Eastern 
Ohio

118 km
 (73 mi)

N20°W trending 
fault-bounded 
arch (horst) with 
half graben 
(Parkersburg-Lor
ain syncline) on 
west; splays into 
three arches at 
Ohio River

N20°W trending normal 
faults, dipping >80°, 
bounding 1.5 km (0.9 mi) 
wide uplifted block 
(horst) with some 
right-lateral slip at north 
end

≈80 m (262 ft) 
structural relief on 
Devonian Onondaga 
Limestone

  S (north end), 
B, G

Reference
2.5.1-237; 
Reference
2.5.1-336

Chatham Sag 
and Electric 
Fault

SW 
Ontario, 
Canada

81 km
(50 mi)

E-W trending sag 
defined by mutual 
plunges of 
Findlay and 
Algonquin arches 
and bound on the 
north by EW 
trending Electric 
fault

E-W trending, normal, 
vertical, south-side-down

Precambrian surface 
displaced about 93 
m (305 ft) vertically

Present on the 
structure contour 
map on the 
uppermost Late 
Silurian Bass 
Islands Group but 
probably does not 
displace the base of 
the Middle Devonian 
Dundee Formation

 B, G Reference
2.5.1-325

Fort Wayne 
Rift

Western 
Ohio and 
eastern 
Indiana

173 km
(107 mi)

NW-SE trending 
fault-bounded 
graben with 
central high

NW-SE trending, normal, 
vertical, 
northeast-side-down 
Anna-Champaign fault 
and 
southwest-side-down 
Logan fault forming 
central high; unnamed 
northeast and southwest 
side-down fault bounding 
graben

 Truncated by GFTZ 
(1.25 Ga to 980 
Ma); seismically 
active

 B, G Reference
2.5.1-237

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 4 of 13)
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Name Location Closest 
Distance 
to Site

Structure Trend, 
Plunge and Any 
Associated Fault

Trend, Type of Fault, Dip, 
Sense of Displacement

Unit/Age/Amount of 
Maximum 
Deformation/Offset

Unit/Age/Amount of 
Youngest 
Deformation/Offset

Associated 
Oil and Gas 
Field

Means of 
Identification(a)

Source

Fortville Fault 
(FF)

Marion, 
Hancock, 
and 
Madison 
counties, 
Indiana

271 km
(168 mi)

N-NE to S-SW 
trending, normal 
fault, steeply 
southeast 
dipping, 
down-to-the-sout
heast; on west 
flank of Cincinnati 
arch

Offsets top of 
Precambrian surface

Offsets top of Middle 
Silurian Salamonie 
Dolomite but not top 
of Middle Devonian 
Muscatatuck Group

  B, G Reference
2.5.1-338

Grenville 
Front Tectonic 
Zone (GFTZ)

Mississippi 
north and 
north 
through 
Ohio and 
NE 
Canada

0 km
(0 mi)

NE to N to NE 
trending zone of 
faults 10 – 100 
km (6 – 60 mi) 
wide

NE to N-NE trending 
thrust faults, dipping 
east. Suture zone 
associated with Grenville 
orogeny

Probably tens of km 
of E-W crustal 
shortening during 
Grenville orogeny 
(1.25 Ga to 980 Ma)

Movement along the 
Bowling Green fault 
is attributed to 
reactivation of 
GFTZ. Uppermost 
Late Silurian Bass 
Islands Group offset 
by central segment 
of Bowling Green 
fault

 B, G Reference
2.5.1-237; 
Reference
2.5.1-234

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 5 of 13)
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Hoosier 
Thrust Belt - 
Louisville 
Uplift (south 
portion of 
Mount Carmel 
fault/Leesville 
anticline)

SW 
Indiana

393 km
(244 mi)

 Series of N-NW trending 
thrust faults, 
west-dipping (Hoosier 
thrust fault) bound on 
east by N-NW trending, 
foreland-style thrust fault 
(Louisville uplift)

Hoosier thrust belt is 
developed within the 
Precambrian 
(Mesoproterozoic) 
Centralia Group and 
truncated by 
overlying 
unconformity; 
Louisville uplift has 
≈8 km (5 mi) of 
vertical uplift dated 
at 600 Ma, 
reactivated in 
Paleozoic. (see 
discussion of 
Wabash Valley 
Seismic Zone)

Mount Carmel fault 
offsets base of 
Upper Devonian1 
New Albany Shale

 B, G Reference
2.5.1-338; 
Reference
2.5.1-229

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 6 of 13)
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Howell 
Anticline/Fault 
(HA) (100 km 
long; 145 km if 
folds near 
Detroit River 
included) 

Wayne 
northwest 
to 
Shiawasse
e counties, 
Michigan. 
May 
extend 
southeast 
to Detroit 
River to 
Stony 
Island 
Anticline 
and 
associated 
folds (see 
Minor 
Structures)

45 km
(27 mi) / 
5-15 km 
(3.1-9.3 
mi) if 
folds 
near 
Detroit 
River 
included

NW-SE trending, 
NW plunging 
anticline, faulted 
on NW flank

Fault is NW-SE trending, 
normal, near-vertical, NE 
dipping, 
down-to-the-southwest

Anticline is 
expressed in the 
Precambrian 
unconformity 
surface; offsets top 
of Middle Ordovician 
Trenton Formation 
>300 m (1000 ft)

Influences 
deposition of Early 
Mississippian 
Sunbury Shale; 
does not offset top 
of lower Middle 
Devonian1 Detroit 
River Group in cross 
section

Northville oil 
and gas 
field 
(southeast) 
and 
Fowlerville 
gas field 
(northwest). 
New Boston 
and 
Sumpter oil 
and gas 
fields 
associated 
with folds 
near Detroit 
River

B, G Reference
2.5.1-340; 
Reference
2.5.1-237

Maumee Fault 
(MF)

Henry, 
Lucas, and 
Wood 
counties, 
Ohio

34 km
(21 mi)

NE-SW trending 
fault

NE-SW trending, normal, 
vertical 

Offset by central 
segment of Bowling 
Green fault; 
coincident with 
Maumee River 
lineament

  G Reference
2.5.1-237

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 7 of 13)
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Mount Carmel 
Fault / 
Leesville 
Anticline

Monroe, 
Lawrence, 
and 
Washingto
n counties, 
Indiana

397 km 
(246 mi)

N-NW trending 
anticlines over 
graben along 
southwest side of 
antithetic normal 
fault associated 
with east-dipping 
thrust fault along 
NE margin of 
Illinois basin

N-SW trending, normal, 
southwest-dipping, 
down-to-the-southwest

Associated with 
paleoliquefaction 
centers (see 
discussion of 
Wabash Valley 
Seismic Zone)

Anticlines Devonian; 
fault offsets base of 
Upper Devonian 
New Albany Shale

 B, G Reference
2.5.1-338; 
Reference
2.5.1-229

Peck Fault 
(PF) (also 
known as 
Sanilac Fault)

St. Clair 
and 
Sanilac 
counties, 
Michigan

133 km
(82 mi.)

N-S trending fault 
(Figure 
2.5.1-203). N10° 
– 20°W trending 
faulted monocline 
(Reference 2.5.1-
329)

N-S trending, normal, 
vertical, west-side-down 
(Reference 2.5.1-325). 
N10° – 20°W trending, 
east dipping thrust fault 
(Reference 2.5.1-329)

91 m (300 ft.) on 
Middle Ordovician 
Trenton Group 
(Reference 2.5.1-32
5). Sanilac fault 
repeats early Late 
Silurian Salina 
Group A-1 Evaporite 
unit with 
approximately 29 m 
(95 ft.) of net slip 
(Reference 2.5.1-32
9)

Present on structure 
contour map on top 
of lowest Middle 
Devonian1 Dundee 
Formation 
(Reference 2.5.1-32
5). Fault offsets 
contact between 
early Late Silurian 
Salina Group A-1 
Evaporite and A-1 
Carbonate units 
(Reference 2.5.1-32
9)

 B, G Reference
2.5.1-325; 
Reference
2.5.1-329; 
Reference
2.5.1-333

Royal Center 
Fault (RCF)

Cass, 
Fulton, and 
Kosciusko 
counties, 
Indiana

223 km
(138 mi.)

NE-SW trending, 
normal, steeply 
southeast 
dipping, 
down-to-the-sout
hwest

NE-SW trending, normal, 
steeply southeast 
dipping, 
down-to-the-southwest

Approximately 100 
on the top of the 
Cambrian Mount 
Simon sandstone

Offsets top of Middle 
Silurian Salamonie 
Dolomite but not top 
of Middle Devonian1 
Muscatatuck Group

 B, G Reference
2.5.1-338

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 8 of 13)
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Sharpsville 
Fault (SF)

Tipton and 
Howard 
counties, 
Indiana

286 km
(177 mi.)

NE-SW trending 
fault

NE-SW trending, normal, 
vertical, 
down-to-the-southeast

 Offsets top of Middle 
Ordovician Trenton 
Formation

 B Reference
2.5.1-339

Transylvania 
Fault 
Extension 
(TFE)

NE Ohio 186 km
(115 mi.)

Zone of NW to 
S-SE trending 
faults including 
the 
Pittsburg-Washin
gton cross-strike 
structural 
discontinuity, 
Highland Town, 
Smith Township, 
Suffield, Akron, 
and Middleburg 
faults

NW-SE trending, early 
right-lateral-wrench faults 
with minimum of 21 km 
(13 mi.) of lateral 
displacement, 
reactivated normal, 
steeply (80°) 
southwest-dipping, 
down-to-the-southwest 
faults

60 – 120 m (200 – 
400 ft.), vertical, 
down-to-the-southw
est, on Precambrian 
unconformity 
surface

72 m (240 ft.) 
vertical, 
down-to-the-southw
est on Devonian 
Onondaga 
Limestone; controls 
deposition of strata 
as young as 
Pennsylvanian1

 B, G Reference
2.5.1-237; 
Reference
2.5.1-342

MINOR STRUCTURES

Akron 
Anticline

Tuscola 
County, 
Michigan

180 km
(110 mi.)

E-W trending 
anticline

  Lower Middle 
Ordovician St. Peter 
Sandstone

Akron deep 
oil and gas 
field

B, G Reference
2.5.1-429

Burdell 
Anticline

Osceola 
County, 
Michigan

130 km
(90 mi)

Faulted dome Two intersecting N-NW 
and N-NE trending faults, 
normal, vertical 

Faults top of Early to 
Middle Ordovician 
Foster Formation 
with vertical closure 
of about 46 m (150 
ft)

Overlying St. Peter 
Sandstone not 
faulted but domed; 
deformation extends 
up into the Late 
Silurian Salina 
Group A-2 
Carbonate

Burdell oil 
and gas 
field

B, G Reference
2.5.1-430

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 9 of 13)
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Clayton 
Anticline

Arenac 
and 
Ogemaw 
counties, 
Michigan

250 km
(155 mi)

NW-SE trending 
anticline faulted 
on NE flank 

NW-SE trending fault, 
down-to-the-northeast

Top of Middle 
Ordovician 
Glenwood 
Formation faulted

Deformation 
extends up into the 
latest Late Devonian 
Berea Sandstone

Cayton gas 
field

B, G Reference
2.5.1-431

Clearville 
Fault

SW 
Ontario, 
Canada

138 km
(85 mi)

N-NW trending 
fault

N-NW trending, normal, 
vertical west-side-down

Present on the 
Precambrian 
surface; 52 m (170 
ft) on top of Middle 
Silurian Clinton 
Group

Probably present on 
structure contour 
map on top of Lower 
Devonian Detroit 
Group

Clearville oil 
field

B, G Reference
2.5.1-325

Dawn Fault SW 
Ontario, 
Canada

99 km
(61 mi)

E-W trending fault E-W trending, normal, 
vertical, south-side-down

Probably 47 m (155 
ft) on top of Middle 
Silurian Clinton 
Group; 60 m (≈200 
ft) trough on 
uppermost Silurian 
Bass Islands Group

Displaces base but 
not top of lower 
Devonian Detroit 
River Group

Dawn gas 
field

B, G Reference
2.5.1-325

Dover 
Syncline/Fault

SE 
Ontario, 
Canada

85 km
(52 mi)

E-W fault E-W, normal, vertical, 
down-to-the-south

Present on the 
structure contour 
map on the top of 
the Middle 
Ordovician Trenton 
Group with ≈45 m 
(≈150 ft) of relief

Dover oil 
and gas 
field

B, G Reference
2.5.1-325

Falmouth 
Anticline

Missaukee 
County, 
Michigan

300 km
(186 mi) 

NW-SE trending 
anticline (dome) 
with Paleozoic 
units draped over 
recurrently active 
basement faults

  Earliest Middle 
Devonian1 Dundee 
Limestone faulted

Falmouth 
gas field

B, G Reference
2.5.1-432

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 10 of 13)
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Kawkawlin 
Anticline

Bay 
County, 
Michigan

190 km
(120 mi) 

NW-SE trending 
asymmetrical 
anticline with 
steeply dipping 
SW flank

  Earliest Middle 
Devonian1 Dundee 
Limestone deformed

Kawkawlin 
gas field

B, G Reference
2.5.1-433

Kimball-Colinv
ille 
Monocline/Fa
ult

crosses St. 
Clair River, 
Michigan/
Ontario

123 km
(76 mi)

NW-SE trending 
fault

NW-SE trending, steeply 
SW dipping faulted 
monocline

 64 m (210 ft) on 
uppermost Silurian 
Bass Islands Group; 
possibly more on 
lower Middle 
Devonian1 Detroit 
River Group

Probably present on 
structure contour 
map on top of 
Middle Devonian1 
Dundee Formation

Kimball-Coli
nville oil and 
gas field

B, G Reference
2.5.1-325

New Lothrop 
Anticline

Shiawasse
e County, 
Michigan

140 km
(87 mi) 

N-NW to S-SE 
trending, NW 
plunging anticline

 18.3 m (60 ft) relief 
on top of lowermost 
Middle Devonian1 
Dundee Limestone

Uppermost Late 
Devonian1 Berea 
Sandstone 
(production 
formation)

New 
Lothrop oil 
field

B Reference
2.5.1-434

Rose City 
Anticline

Ogemaw 
County, 
Michigan

 280 km
(170 mi)

NW-SE trending 
asymmetrical 
anticline with 
steeply dipping 
northeast flank

  Earliest Middle 
Devonian1 Dundee 
Limestone deformed 

Rose City 
gas field

B, G Reference
2.5.1-435

Shaver 
Anticline

Gratiot and 
Montcalm 
counties, 
Michigan

190 km
(118 mi) 

NW-SE trending 
anticline

  Deforms Early 
Mississippian Brown 
Limestone unit of 
Michigan Formation 
but not overlying 
Triple Gypsum unit

Shaver gas 
field

B, G Reference
2.5.1-436

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 11 of 13)
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South 
Buckeye 
Anticline

Gladwin 
County, 
Michigan

234 km
 (145 mi)

NW-SE trending 
asymmetrical 
anticline with 
steeply dipping 
southwest flank

  Earliest Middle 
Devonian1 Dundee 
Limestone deformed

South 
Buckeye oil 
and gas 
field

B, G Reference
2.5.1-431

Stony Island 
Anticline (SIA)

Wayne 
County, 
Michigan

18 km
(11 mi)

N30°W trending 
anticline with 
steeply dipping 
(50°SW) 
southwest flank; 
may be southeast 
extension of 
Howell anticline 
(see Major 
Structures)

  Lower Middle 
Devonian1 Sylvania 
Sandstone 
deformed 

 S, B Reference
2.5.1-341

West Branch 
Anticline

Ogemaw 
County, 
Michigan

 270 km
(168 mi)

NW-SE trending 
faulted anticline

NW-SE trending, normal, 
steeply dipping, 
down-to-the southwest (1 
SW dipping, southeast of 
axis), down-to the 
northeast (1 NE dipping, 
northeast of axis and 1 
main, NE dipping, on NE 
flank); 2-3 N-NE 
trending, normal, steeply 
east-dipping, 
down-to-the-east on SE 
nose 

 Earliest Middle 
Devonian1 Dundee 
Limestone 
deformed/faulted; 
about 53.3 m (175 
ft) of closure on top 
of Early Ordovician 
Prairie du Chien 
Group1

West 
Branch gas 
field

B, G Reference
2.5.1-437
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Williams-Larki
n Anticline

Bay 
County, 
Michigan

200 km
(120 mi) 

NW-SE trending, 
NW plunging 
anticline (Larkin 
may be a dome) 

  Latest Late 
Devonian1 Berea 
Sandstone 
(production 
formation)

Larkin-Willia
ms oil and 
gas field

B Reference
2.5.1-438

Winterfield 
Anticline

Clare 
County, 
Michigan

 280 km
(174 mi)

NW-SE trending 
anticline (dome)

  Deforms top of 
lower Middle 
Devonian1 Detroit 
River Group 
massive anhydrite 
unit with vertical 
relief of about 21 m 
(70 ft)

Winterfield 
oil and gas 
field

B, G Reference
2.5.1-439

a) B = Borings; G = Geophysical; S = Surface

Table 2.5.1-201 Regional Tectonic Structures Within 320 km (200 mi) (Sheet 13 of 13)
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Table 2.5.1-202 Site Stratigraphy for Fermi 2 and Fermi 3

Soil or Rock Unit

Fill

Lacustrine Deposits

Glacial Till
Upper (brown)

Lower (gray)

Bass Islands Group

Fermi 2 Fermi 3

Salina Group

Unit G Unit F

Unit E

Unit C Unit E

Unit C

Unit B
Unit A
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Figure 2.5.1-201 Fermi 3 Site Region and Site Vicinity Planametric Maps
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Figure 2.5.1-202 Fermi 3 Site Regional Physiographic Map
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Figure 2.5.1-203 Fermi 3 Site Region Map of Tectonic Structures
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Figure 2.5.1-204 Geologic Map of the Fermi 3 Site Region
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Figure 2.5.1-205 Quaternary Geology Map of the Fermi 3 Site Region
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Figure 2.5.1-206 Basement Crustal Provinces in the Fermi 3 Site Region

Source: Reference 2.5.1-210

Note: Tectonic framework of the midcontinent rift
system (MRS), showing Precambrian basement
provinces. Abbreviations: Great Lakes tectonic
zone (GLTZ), Niagara fault zone (NF), Spirit Lake
trend (SLT), Missouri gravity low (MGL), and
Grenville province (G), Trans-Hudson Orogen (TH). 
S, P, and E refer to the Mc-Clure-Sparks, 
Texaco-Poersch, and Amoco-Eischeid drill holes, 
respectively. Black: axial part of the MRS, dominated 
by mafic igneous rocks; horizontal ruled area west of 
Lake Superior: Duluth Gabbro; stippled areas along 
the western arm of the MRS: post-rift flanking basins 
that are filled mainly with red clastic rocks.

Source: Reference 2.5.1-210
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Figure 2.5.1-207 Regional Seismicity and Tectonic Features in the Fermi 3 Site Region (Sheet 1 of 3)
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Figure 2.5.1-207 Regional Seismicity and tectonic Features in the Fermi 3 Site Region (Sheet 2 of 3)
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Figure 2.5.1-207 Regional Seismicity and tectonic Features in the Fermi 3 Site Region (Sheet 3 of 3)
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Figure 2.5.1-208 Paleozoic Basins and Arches in the Fermi 3 Site Region

Source: Reference 2.5.1-213
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Figure 2.5.1-209 Geologic Timescale
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Figure 2.5.1-210 Map and Schematic History of Penokean Orogeny

Source: Reference 2.5.1-214

0 25 50mi.

0 50 100 km

Source: Reference 2.5.1-214Niagara fault Eau Pleine shear zone

Left: Location of GLIMPCE line H in Lake Michigan and disposition of Precam-
brian basement terranes. Solid lines show exposed Early Proterozoic terrane 
boundaries from Sims et al. (1989). Dashed lines indicate boundaries projected 
beneath Paleozoic cover and through Middle Proterozoic plutonic rocks, from 
analysis of regional gravity and aeromagnetic data.

Below: Schematic history of development of Early Proterozoic terranes in 
Wisconsin and northern Michigan adapted from models by Hoffman (1987), Sims 
et al. (1989), Barovich et al. (1989), and Schulz et al. (1991). A: Southward 
subduction of oceanic crust creates island arc of Pembine-Wausau terrane and 
moves Archean and Early Proterozoic passive-margin and foredeep deposits of 
northern domain toward trench. B: Arc-continent collision deforms arc and 
continental-margin assemblage of northern domain. Compression rethickens 
former continental margin. Subduction shifts to south of original arc and reverses 

polarity, moving Archean and 
Early Proterozoic rocks of 
Marshfield terrane toward 
younger arc complex and 
trench. C: Collision of Marsh-
field terrane with arc causes 
further compression of arc 
and northern domain and 
subducts leading edge of 
continental margin of Marsh-
field terrane beneath arc. 
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Figure 2.5.1-211 Hypothetical Model for the Nature and Continuity of Structures of the Midcontinent Rift System

Source: Reference 2.5.1-232
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Figure 2.5.1-212 Schematic History of the Grenville Orogeny

Source: Reference 2.5.1-234

Source: Reference 2.5.1-234

a: Collision of central gneiss belt (CGB)
island arc with North American craton along
east-dipping proto-Grenville Front tectonic
zone (GFTZ).

b: Reversal of subduction polarity and
construction of Andean arc in central
metasedimentary belt (CMB).

c: 1.3-1.0 Ga collision of eastern CMB and
central granulite terrane (CGT) along west-
dipping Coshocton zone and Carthage-Colton
mylonite zone (CCMZ). Back-arc basin may
have opened and closed between phases
b and c.
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Figure 2.5.1-213 Map Showing Locations of Seismic Lines

_

Line C

Li
ne

 FLi
ne

 A

MO-1

IL
-2

IL-1 IN-1

Line G Line B

Li
ne

 H

Line J

Li
ne

 I

M
I -

 1

M
I -

 3

MI - 2

OH - 1
OH - 2

Lake Superior

Lake Huron

Lake Michigan

Lake Erie

Lake Ontario

Ontario Québec

New Brunswi

200-mi. (320-km) Radius from Site

OhioIllinois

Wisconsin

Maine

New York

Indiana

Michigan

Iowa

Pennsylvania

Kentucky

Minnesota

Virginia

Missouri
West Virginia

Vermont

Maryland

Massachusetts

New Jersey

New Hampshire

Connecticut

Delaware

Rhode Island

District of Columbia

70° W

70° W92° W 68° W

72° W

72° W

74° W

74° W

76° W

76° W

78° W

78° W

80° W

80° W

82° W

82° W

84° W

84° W

86° W

86° W

88° W

88° W

90° W

90° W94° W

48° N 48° N

46° N 46° N

44° N 44° N

42° N 42° N

40° N 40° N

38° N 38° N

/
LEGEND

Base Maps: Reference 2.5.1-201

Fermi 3

320-km (200-mi.) Radius
from Site

_

0 50 10025 Miles

0 100 20050 Kilometers

Seismic Lines
Reference 2.5.1-235

Reference 2.5.1-214

Reference 2.5.1-236

Reference 2.5.1-216

Reference 2.5.1-237
Reference 2.5.1-238



2-750 Revision 0
September 2008

Fermi 3
Combined License Application

Part 2: Final Safety Analysis Report

Figure 2.5.1-214 Late Wisconsin Glacial Lobes, Sublobes, and Inferred Ice Flow 
Pathways

Source: Reference 2.5.1-246
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b) culmination of a major 
readvance approximately 
15,500 BP

c) culmination of a major 
readvance approximately 
14,800 BP
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Figure 2.5.1-215 Wisconsinan Stadial Interstadial Terminology

Source:modified from Reference 2.5.1-256

Eschman (1985)
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Figure 2.5.1-216 Summary Diagram of Lake Levels, Outlets, Inflows, Phases, and 
“Age” vs. Radiocarbon Age for the Northern Huron Basin

Source: Reference 2.5.1-272

Note: Abbreviations under ‘age’ and lake phases are I or INT = Interstade; ST = Stade; AD = advance;
NA = Nakina; NI = Nipigong; WH-LN = Whittlesey-Lundy. Abbreviations under outlets and inflows are
MARG = margin; V = valley; R = river; N. ONT = northern Ontario.
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Figure 2.5.1-217 Stratigraphic Column for Michigan
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Figure 2.5.1-218 Geologic Cross-Section of the (320-km [200-mi] Radius) Site Region
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Figure 2.5.1-219 World Stress Map Showing Maximum Horizontal Stress Trajectory in the Fermi 3 Site Region

Source: Reference 2.5.1-290
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Figure 2.5.1-220 Bouguer Gravity Map of the Fermi 3 Site Region
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Figure 2.5.1-221 Magnetic Anomaly Map of the Fermi 3 Site Region
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Figure 2.5.1-222 Interpretation of COCORP Lines OH-1 and OH-2

Source: Reference 2.5.1-234
S R f 2 5 1 234
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Figure 2.5.1-223 Summary of Displacement History of Bowling Green Fault

Source: Reference 2.5.1-332

Source: Reference 2.5.1-332

 Episode Sense Displacement Evidence Age

 I East-down 32 m Greater thickness of strata between top of Trenton Late Ordovician-Early Silurian
    Ls. and top of Lockport Dol. on east side of fault
 II West-down 50 m Greater thickness of strata between top of Lockport Early-Middle Silurian
    Dol. and top of Tymochtee Dol. on west side of fault
 III Left (?) lateral ? Slickenlines in Tymochtee Dol. and Bass Islands Gp. Post-Middle Silurian
    in fault zone
 IV West-down >70 m Slickenlines in Tymochtee Dol. and Bass Islands Gp. Post-Middle Silurian
    in fault zone; offset of Tymochtee-Bass Islands contact
 V East-down Depends Slickenlines, drag folds, minor fault sense in Tymochtee Post-Middle Silurian  
   on IV Dol. and Bass Islands Gp. in fault zone
 VI Thrust <5 m Slickenlines, offset of bedding in Tymochtee Dol. and Post-Middle Silurian-
    Bass Island Gp. in fault zone Cenozoic 

SUMMARY OF DISPLACEMENT HISTORY OF BOWLING GREEN FAULT

  Abbreviations:
  Dol.  = Dolomite
  Gp.  = Group
  Ls.  = Limestone
  ?  = uncertain
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Figure 2.5.1-224 Photograph and Cross-Section of an Exposure of the Bowling Green Fault in Waterville Quarry

Source: Reference 2.5.1-332

Source: Reference 2.5.1-332

A. Photograph of a portion of SE wall, Waterville Quarry,
taken in August, 2007.

B. Interpretation of SE wall of Waterville Quarry
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Figure 2.5.1-225 Structure Contour Maps Showing the Howell Anticline and the Lucas-Monroe Monocline

Source: Reference 2.5.1-332
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Figure 2.5.1-226 Geologic Cross-Section of Howell Anticline

Source: Reference 2.5.1-340
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Figure 2.5.1-227 Landslide Hazard Map for the Fermi 3 Site Region

Source: Reference 2.5.1-387


	2.5 Geology, Seismology, and Geotechnical Engineering
	2.5.1 Basic Geology and Seismic Information



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 450
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for compliance with 10CFR1, Appendix A.  Created PDF documents can be opened with Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


