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Wilmington Harbor Deepening Update Report
Wilmington, North Carolina

This report presents an updated evaluation of site conditions that was presented in the January 29, 2018 report. This
update has incorporated additional historical geotechnical and geophysical information (e.g. boreholes, wash probes,
vibracores, top of rock mapping results from prior geophysical surveys, etc.) received after issuing the January 29,
2018 report.

Data collected during a 2017 hydrographic and geophysical survey was integrated with historical hydrographic,
geotechnical, and geophysical data collected by others and used to characterize subsurface conditions in the
surveyed area. This report provides a summary of data and our updated characterization of subsurface conditions
beneath the channel. The objective of this study is to provide an evaluation of materials that may be encountered
during future navigation improvements conducted to deepen, widen, and/or alter the channel alignments.
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1.2

INTRODUCTION

Previous Work (2017 Survey and Characterization)

Studies have recently been conducted to support planning of modifying and deepening the Wilmington
Harbor navigation channel. As part of those studies, a reconnaissance hydrographic and geophysical
survey was conducted from April 25 to June 19, 2017 in Wilmington’s inner harbor and outer harbor which
extends approximately 16 nautical miles offshore. This survey measured water depths along the channel
using a multibeam echosounder and also collected low frequency and high-frequency sub-bottom profiler
data to image the shallow subsurface. The 2017 survey report evaluates the results of the survey and
integrates the geophysical survey data with the existing geotechnical data to characterize the subsurface
conditions along the Cape Fear river and Wilmington Harbor. Since issuance of the 2017 survey report
(issued in January 2018), additional historical data have obtained and assimilated into this report. Figure 1
and Chart 1 present the extent of the 2017 survey.

Purpose and Scope

Recent studies have been conducted evaluate potential navigation channel improvements of the Wilmington
Harbor located near Wilmington, North Carolina. We understand that current dredging activities maintain
the channel to at least an elevation (El.) of -42 feet (referenced to mean lower low water [MLLW]) with an
overdredge allowance of 2 feet from Anchorage Basin to Lower Swash and El. -44 feet (MLLW) with an
overdredge allowance of 2 feet from Battery Island to Baldhead Shoal Reach 3. Future navigation channel
improvements may include deepening, widening, and/or realigning the existing navigation channel.

The purpose of this study is to incorporate new geotechnical data and further identify and characterize areas
of the Wilmington Harbor Channel that could be problematic for channel deepening or widening. New data
includes geotechnical boring, washprobe, and vibracore logs, lab data (including unconfined compressive
strength and grain size), and top of rock picks from the boring logs. Using this new data, updated top of
rock elevation picks were made and updated on maps and cross sections. Unconfined compressive
strength, RQD, recovery, and rock layer thickness all factor in to help determine the dredge-ability within
the channel. These values were posted on maps and cross sections to provide an easy reference for the
project team to identify problematic areas. Exploration locations are shown on Figure 2-1 and explorations
interpreted to have encountered the top of rock are shown on Figure 2-2.
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2.2.2

GEOLOGIC SETTING

Regional Geology

The project area is located in the Atlantic Coastal Plain Physiographic Province and is part of the Outer
Coastal Plain of the Carolinas. This coastal plain province is characterized by subdued relief and a general
seaward slope (USACE, 1994). The Cape Fear River valley, in which the Wilmington Harbor Project is
located, lies along the Cape Fear arch, a large deep-seated tectonic feature which influences the local
geomorphology and sedimentation patterns (Figure 2.1 in the text) (Soller, 1988). Sediments in this area
were deposited during transgressive-regressive cycles produced by glacioeustatic sea level fluctuations,
which ideally include a relatively thin marine unit deposited during interglacial periods as the ocean
transgressed and thicker overlying deposits as the ocean regressed. During interglacial periods, sequences
of marine and strandline sediments were deposited on the now-emerged Coastal Plain. During glacial
maximums, low sea level caused a regression of strandlines, entrenchment of streams, and the erosion and
dissection of the Coastal Plain deposits (USACE, 1996). The Cape Fear River is steadily migrating to the
southwest over time due to the influence of the Cape Fear arch, and is depositing considerable fluvial
sediments as it drains the Piedmont and erodes Coastal Plain marine terraces (Soller, 1988).

Site Geology

Beneath the alluvial overburden that is present throughout much of the channel, older formations that range
in age from Cretaceous to Pleistocene are encountered along the Wilmington Harbor Channel. The
stratigraphic units described in the historical subsurface explorations, include (from oldest to youngest) the
Peedee, Olive Sand, Turritellid Limestone, Castle Hayne (Units A and B), Trent, and Waccamaw (Figure
2.2 in the text) (USACE, 1996). The Peedee formation, Turritellid Limestone, and Castle Hayne formation
appear to the be most common materials reported to have been encountered by historical explorations
beneath the Quaternary age deposits. The following overview of the stratigraphic units is largely based on
work previously reported by the USACE (1996).

Peedee Formation

Historical borings that have encountered this formation in the port describe the materials as typically
interbedded silty sand or clayey sand and limestone layers of Cretaceous age. The limestone thickness
may vary from a few inches to several feet thick. Cementation and hardness is variable and rock strength
based on uniaxial compressive strength according to classification presented by ISRM (1979; Figure 2.3 in
the text) is typically very low to low strength (Figure 6a). The Peedee formation is light gray to gray. The
limestone in places is fossiliferous, vuggy, and sandy. Lower Peedee sediments are conformably overlain
by the Rock Point member of the Peedee formation, when not removed by erosion or absent by
nondeposition. The Rocky Point member is mostly sandy limestone or limy sandstone which is occasionally
fossiliferous with some pelecypod and gastropod molds.

Olive Sand

The Olive Sand unit was tentatively and informally identified as the Olive Sand by Zullo and Harris (1992).
This unit has been reported to have been encountered in deep borings located in Baldhead Shoal Channel
and not encountered elsewhere in the Wilmington Harbor by historical explorations (USACE, 1996). The
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2.2.8

Olive Sand is mostly an unconsolidated olive-green, calcareous, glauconitic, fine-grained quartz sand
(USACE, 1996). In Baldhead Shoal Channel the Olive Sand is unconformably overlain by the Turritellid
Limestone and is not anticipated to be encountered during dredging.

Turritellid Limestone

This unit was tentatively and informally identified as the Turritellid Limestone by Zullo and Harris (1992).
This informal name has been used to describe limestone in which turritelline gastropods 1) comprise at least
20 percent of the total actual or estimated biomass or at least 20 percent of the macroscopic individuals in
the assemblage, and 2) are at least twice as abundant as any other macroscopic species in the assemblage
(Allmon, 2007). The Turritellid Limestone in the port has been interpreted to overlie the Peedee formation
and Rocky Point member and underlie the Castle Haynes formation, where present. The Turritellid
Limestone is interpreted to be Paleocene to Eocene in age and may actually be a part of one of the overlying
or underlying formations. The Turritellid Limestone is typically a moderately to well lithified, sandy limestone.

Castle Hayne, Unit A

This unit of the Castle Hayne formation was informally named Unit A by Zullo and Harris (1992). The Castle
Hayne, Unit A is predominantly a gray to light gray, moderate to well indurated, fossiliferous limestone.
Fossil content in places is mostly bryozoan fragments. Unit A is disconformably overlain by Unit B (USACE,
1996).

Castle Haynes, Unit B

This unit of the Castle Hayne formation was informally named Unit B by Zullo and Harris (1992). For
simplification, all Castle Hayne carbonates above Unit A are placed in Unit B. Unit B may be creme colored,
fossiliferous in places with bryozoan fragments and occasionally numerous megafossils and fossil
fragments.

Trent Formation

This unit has been reported to have been encountered by at least one boring and was interpreted to be less
than 1 foot thick (Harris and Laws, 1994). This unit is considered to be comprised of tan-brown, phosphatic,
quartz sand. Due to its limited extent and thickness, this unit is not considered a be significant to future
deepening activities (USACE, 1996).

Waccamaw Formation

This unit has been reported to have been encountered by at least one boring and was interpreted to be less
than 1 foot thick (Zullo and Harris, 1994). This unit has been described as fossiliferous, phosphatic,
calcareous sand. tan-brown, phosphatic, quartz sand. Due to its limited extent and thickness, this unit is
not considered a be significant to future deepening activities (USACE, 1996).

Unconsolidated Sediments

The harbor channel bottom sediments are predominantly comprised of sand, silt and clay materials inferred
to be Holocene in age. They vary in thickness and may be several to tens of feet thick in areas. In areas
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2.2.9

where dredging has removed them and exposed the rock and formation strata on the channel bottom (e.g.
Anchorage Basin reach), there may be only a thin veneer of unconsolidated sediments less than a foot thick.

Generalized Formations (Potential Rock Units) that Underlie Unconsolidated Sediments

From the northern Federal Project limit (25 Foot Project) to the northern end of Upper Big Island, the Peedee
Formation is the uppermost rock unit encountered (Charts 2 and 3). From Upper Big Island through Lower
Big Island, Castle Hayne Units A and B appear to be the uppermost rock units encountered, with a few
explorations indicating the Peedee Formation (Chart 3). Keg Island through Snows Marsh the Peedee
Formation is assumed to be the uppermost rock unit, except for a small area at the transition between the
Upper and Lower Lilliput channel reaches which appears to be Castle Hayne Unit A (Charts 3 through 6).
From Lower Swash to Baldhead Reach 1 it is interpreted that the Castle Hayne Formation is the uppermost
rock unit (Chart 6). From Baldhead Shoal Reach 1 to the end of Baldhead Reach 2, it is interpreted that the
Turritellid Limestone is the uppermost rock (Charts 6 and 7). In Baldhead Reach 3 The Castle Hayne is
assumed to be the uppermost rock unit (Chart 7).
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Figure 2.1: Stratigraphic Units Encountered in the Subsurface, Wilmington Harbor (USACE, 1996)
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3.1

SUBSURFACE CONDITIONS

Longitudinal cross sections, first created for the 2017 characterization, were updated along the entire length
of the Wilmington Harbor Channel, beginning at the 25 Foot Project reach in the north to Baldhead Shoal
Reach 3 in the south (Charts 2 through 7). A total of three cross sections were created along this length,
one along the channel centerline and one on either side of the channel. The cross sections located on
either side of channel were positioned at the toe of the slope which roughly correlated to the channel
boundaries. This configuration of cross sections allows for a more robust incorporation of historical
explorations to be used, as well as an ability to gain a better understanding of the type of material that could
be encountered if the channel were to be widened or deepened in certain areas. Interpreted top of rock
elevation is presented on Figures 3-1 through 3-58.

To interpret and categorize the type of material which could be encountered, updated grain size curves and
data plots showing fines content and unconfined compressive strength (UCS) versus elevation were created
for channel reaches which contained historical data. The following series of figures presents the historical

data;

m Figure 4-1: Plan view summary of fines content and median grain size per channel reach,

m Figures 4-2 and 4-3: Graphical presentation of fines content and median grain size per channel reach,
m Figures 5-1 through 5-17: Grain size curves per reach based on sieve analyses,

m Figures 6-1 through 6-15: Summary of compressive strength tests per channel reach.

The Chirp data acquired in 2017 provided additional interpretation for the location of potential shallow rock
outcrops, especially on the channel flanks, to further aid in both the inner and outer channel subsurface
conditions (Figures 7 through 10). The seismic data was correlated with the historical geotechnical and
previous mapping to show which formation is likely to be encountered (if any) if deepening were to occur.
A previously unmapped area 8.7 miles long, southwest of the end of Baldhead Reach 3, was surveyed in
2017 and the interpreted geologic formations are shown in the profile views on Chart 8. For more details
regarding the general geology, 2017 survey and historical data sets, refer to the January 2018 report.

Table 3.2 provides a summary of subsurface conditions and is referenced in the following sections.

Previous Studies

Exploration data and information from the following studies were used to support preparation this report.

= ANAMAR Environmental Consulting, Inc. (2013) Final Report Evaluation of Dredged Material Proposed
for Ocean Disposal, Maintenance of Wilmington Harbor, MPRSA Section 103 Sediment Testing and
Analysis Wilmington, North Carolina, September 2013.

m International Society of Rock Mechanics (ISRM) (1979), Descriptions of Discontinuities in Rock Masses
International Journal of Roc k Mechanics and Mining Sciences, Vol. 15, 1979.

m Soller, David R., (1988) Geology and Tectonic History of the Lower Cape Fear River Valley,
Southeastern North Carolina, USGS Professional Paper 1466A, Denver, CO.
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3.2

m United States Army Corps of Engineers (USACE) (1996) Final Feasibility Report and Environmental
Impact Statement On Improvement Of Navigation, Cape Fear — Northeast Cape Fear Rivers
Comprehensive Study, Wilmington, North Carolina, June 1996.

m United States Army Corps of Engineers (USACE) (2015) Draft Integrated Feasibility Report and
Environmental Assessment, Wilmington Harbor Navigation Improvements, June 2015.

m United States Army Corps of Engineers (USACE) (2016) Final Integrated Feasibility Report and
Environmental Assessment, Wilmington Harbor Navigation Improvements, June 2016.

m United States Army Corps of Engineers (USACE) (1994) Final Interim Feasibility Report and
Environmental Impact Statement On Improvement Of Navigation — Wilmington Harbor Channel
Widening, Wilmington, North Carolina, March 1994.

m  Wolf Technologies, Inc. and USACE (2008) Wilmington Inner Ocean Bar. November 2008.

Interpreted Top of Rock Mapping

Additional data from geotechnical borings, vibracores, and washprobes were incorporated into the previous
mapping done as part of the 2017 survey and related report issued in January 2018. Figure 2-1 presents
the locations of all geotechnical data types used in the study. New borings provided interpreted top of rock
elevations and descriptions of the rock/soil encountered and allowed a more detailed geologic model to be
summarized. Vibracores provided little information regarding the elevation of the rock, but did provide grain
size data in areas where data was previously lacking. Additional washprobe data, although not as reliable
as soil or rock borings, did provide useful data for refusal or interpreted top of rock elevation. Where
possible, data from washprobes were compared to nearby geotechnical borings to determine their accuracy.
Figure 2-2 presents geotechnical boring and washprobe locations where interpreted top of rock elevation
values were available. This data were also used to update the top of rock elevation mapping.

Updated top of rock elevation mapping incorporated 2017 data from both geotechnical investigations as
well as Chirp sub-bottom profiler data collected during the 2017 survey. The 2017 data along with additional
data incorporated for this current study helped fill in knowledge gaps and produce a more comprehensive
mapping product. Figures 3-1 through 3-58 are a series of maps in a north to south sequence that show
the interpreted top of rock elevation contours. Where available top of rock elevations from borings and
washprobes were posted on the maps to show data density and 2017 Chirp survey tracklines illustrate
geophysical data coverage. Reaches such as the Anchorage Basin and Baldhead Shoals have more
densely spaced data points than reaches in the central portion of the Cape Fear river and thus the
confidence in these areas is higher. Reaches at the extreme southern part of the study, namely Baldhead
Shoal Reach 3, has very little geotechnical data, so top of rock elevation contours rely heavily on interpreted
horizons from the 2017 Chirp survey. Charts 2 through 8 present the additional geotechnical data acquired
for this study and the updated top of rock interpretation is also shown.
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3.1: Summary of Subsurface Conditions

which overlies the Peedee Formation.

Haynes)

Estimated Current Aliir(:reir;ted Current
— Channel - Deepening Rock Top of Rock Average Rock Maintained Approximate
Channel Reach Description Widening? Channel Deepening Interval (ft) Encountered Elevation (ft- Strength (psi) Channel Depth fgig?;leaip(t:: Water Depth
MLLW 2 ’
) (ft, MLLW) MLLW)? (ft, MLLW)
Thin layer of loose to very loose sediments caps a Not Likely
25 ft Project medium dense to dense layer of silty/gravelly sand -34 top -463 Table 3.2 25 36 25
which overlies the Peedee Formation. Likely (Peedee)
Peedee Formation is at or near surface; where not Likely (Peedee)
Battleship to Hwy 7476 exposed a thin layer of dense silty/gravelly sand -40 to -53° Table 3.2 32 40 35
Peedee Formation is at or near surface in center of .
channel; where not exposed a thin layer of dense Likely (Peedee) -41 to -52°
Anchorage Basin . ' .p Y . Table 3.2 42 44 45
silty/gravelly sand overlies. Channel flanks contain a Likely (Peed
relatively thick layer of clay and silt. lkely (Peedee)
Peedee Formation is at or near surface in center of .
channel; where not exposed a thin layer of silt Likely (Peedee) -42 to -543
Between Channel L P . y . Table 3.2 42 44 a7
overlies. Channel flanks contain a relatively thick Likely (Peed
layer of clay and silt. lkely (Peedee)
Peedee Formation is at or near surface in center of .
channel. Channel flanks contain interbedded layers Likely (Peedee) 47 to -543
Fourth East Jetty - ~han ~onte ay “rto- Table 3.2 42 44 50
of a fine-grained material with loose to medium ]
dense sand overlying the Peedee Formation. Likely (Peedee)
Peedee Formation is at or near surface in center of Likely (Peedee)
i - _573
Upper Brunswick channel. Channel flanks_ contain a layer of clay 47 to -57 Table 3.2 42 44 49
followed by a layer of medium dense to dense sand Likely (Peedee)
layer which overlies the Peedee Formation.
Peedee Formation is at or near surface in center of .
. . . Likely (Peedee)
) channel. Channel flanks contain a thin layer of silt -47 to -57°
Lower Brunswick . Table 3.2 42 44 47
followed by a medium dense to very dense sand :
: A i Likely (Peedee)
layer which overlies the Peedee Formation.
Castle Hayne is at or near surface in center of Likely (Castle
channel. Channel flanks contain a layer of fine- Hayne Unit B/A) 45 10 -50°
Upper Big Island grained material followed by medium dense to very _ Table 3.2 42 44 45
dense sand layer which overlies the Castle Hayne Likely (Cgstle
Formation. Hayne Unit B/A)
Castle Hayne is at or near surface in center of Likely (Castle
. i i Hayne Unit B/A - -523
Lower Big Island channel F:hannel flanks contain a medlum (_1ense to .y ) 47 to -52 Table 3.2 42 a4 46
dense silty/gravelly sand layer which overlies the Likely (Castle
Castle Hayne Formation. Hayne Unit B/A)
i i i Likely (Peedee - -673
Keg Island A medlgm dense to very dense silty sand of varying ! y ( ) 47 to -67 — 42 44 47
thickness overlies the Peedee Formation. Likely (Peedee)
B A thin layer of fine-grai.ned material caps a medium Likely (Peedee) 47 10 573
Upper Lilliput dense to very dense silty sand of varying thickness - Table 3.2 42 44 46
which overlies the Peedee Formation. Likely (Peedee)
A thin layer of fine-grained material caps a medium Localized areas
Lower Lilliput dense to very dense silty sand of varying thickness (Peedee/Castle -47 to -623 Table 3.2 42 44 46




Channel Reach

Upper Midnight

Description

Fine-grained material caps a medium dense to very
dense sand layer which overlies the Peedee
Formation.

Channel
Widening?

Lower Midnight

Fine-grained material caps a medium dense to very
dense sand layer which overlies the Peedee
Formation.

Reaves Point

A loose to medium dense sand layer with occasional
interbedded fine-grained material overlies the
Peedee Fomation.

Horseshoe Shoal

A loose to medium dense sand layer overlies the
Peedee Fomation.

Snows Marsh

The Peedee formation is at or near surface with
some areas having a thin silty fine sand overlaying.

Lower Swash

A medium dense to dense sand layer with
occasional interbedded fine-grained material
overlies the Castle Hayne Formation.

Battery Island

Castle Hayne Formation is at or near surface, with a
sand to clayey sand layer overlying the Castle
Hayne on the channel flanks.

Southport

A medium dense to dense sand layer with
occasional interbedded fine-grained material
overlies the Castle Hayne Formation.

Baldhead-Caswell

A medium dense to dense sand layer with
occasional interbedded fine-grained material
overlies the Castle Hayne Formation.

Smith Island

Interbedded fine-grained and sand deposits overlie
the Castle Hayne Formation.

Baldhead Shoal Reach 1

Interbedded fine-grained and sand deposits overlie
the Castle Hayne Formation.

Baldhead Shoal Reach 2

A medium dense to dense sand layer with
occasional interbedded fine-grained material
overlies the Castle Hayne Formation.

Baldhead Shoal Reach 3

Castle Hayne Formation is at or near surface, with a
sand to clayey sand layer overlying the Castle
Hayne on the channel flanks.

Notes:

Channel Deepening?

A B
A B
A
A
A
A
A
A B
A
A B
A B
A B
A
A
A
A
A B

1. Cells highlighted under the Channel Widening and Channel Deepening columns are the interpreted material category.
2. Maintained and authorized channel depths were obtained from the USACE’s “Draft Integrated Feasibility Report and Environmental Assessment Wilmington Harbor Navigation Improvements” (June 2014).
3. Channel widening or excavation of the cut slope may encounter rock shallower than indicated by this range.

Current

. et Authorized Current
Deepening Rock Estimated Top of Average Rock Maintained Approximate
Rock Elevation . Channel Depth
Interval (ft) Encountered (f-MLLW) Strength (psi) CT:n:AT_lL?/e\Ogth 2 Overdepth (ft; V\(I;t‘tel\jll_DLeV%h
' MLLW)2 ’

0to5 Not Likely -56 to -65 Table 3.2 42 44 47
5to 10 Not Likely
0to5 Not Likely -56 to -65 Table 3.2 42 44 47
5to 10 Not Likely
0to5 Not Likely -57 10 -62 Table 3.2 42 a4 45
5to 10 Not Likely .
0to5 Not Likely -58 to -66 Table 3.2 42 44 46
5 to 10 Not Likely '
0Oto5 Likely (Peedee) -47 to -593 Table 3.2 42 44 47
5t0 10 Likely (Peedee) .
0to5 Likely (Ca;tle

Hayne Unit B) -47 to -523 Table 3.2 42 44 48

Likely (Castle '
5010 Hayne Unit B)
0to5 Likely (Cgstle

Hayne Unit B) -47 to -523 Table 3.2 a4 46 48
£ 10 10 Likely (Castle '

Hayne Unit B)
0105 Likely (Ca.stle

Hayne Unit B) -47 to -723 Table 3.2 a4 46 50
5 10 10 Likely (Castle '

Hayne Unit B)
Oto5 Not Likely -70to -75 Table 3.2 44 46 48
5to 10 Not Likely
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3.3

Rock Strength Test Data

In support of future deepening and widening of the Wilmington Harbor Channel, additional rock test data
from unconfined compressive strength tests were incorporated and analyzed for this study. Based on
previous dredging operations conducted in Baldhead Shoal Channel, the US Army Corps of Engineers
recommends the following values when determining if rock can be dredged without blasting:

Rock with UCS of 4,300 psi or less
Percentage of core recovery of 47% or less
Rock Quality Designation of 30% or less

Thickness, approximately less than 2 to 3 feet; length, approximately less than 500 feet, and width,
approximately less than 400 feet.

These values are considered approximate and should be used on a case by case basis. For example, a
rock layer that has a strength of 5,000 psi, but is only 1 to 2 feet thick and has a low RQD value may still be
dredged without the use of rock blasting. Fugro did not review previous records from dredging operations,
thus these values were used as a screening process for identify areas that may require blasting.

With the above parameters in mind, rock strength test data from UC (unconfined compressive) strength
tests were analyzed and summarized by reach (Figures 6-1 through 6-15). The compressive strength
presented in this report are based on laboratory analysis of rock samples. However, results from small lab
samples generally yield higher compressive strength results compared to the respective large-scale (i.e.
outcrop or formation sized) rocks. Rock strengths discussed herein thus may represent conservative
estimates and in-field rock strength will likely be less.

Figure 6-1 presents rock strength test results for all channel reaches. The color of the data symbols indicate
the channel reach they were collected from. The shape of the symbols represent the stratigraphic unit the
samples were tested from. Rock strengths from the Upper Big Island and Keg Island exceeded 10,000 psi
which is classified as medium strong rock according ISRM (1979). Figure 10 presents the approximate
extent of this medium strong rock zone. Strength data from rocks in the Anchorage Basin reach are some
of the lowest averaging around 500 psi or less which is considered to be a very low rock strength (ISRM,
1979). The map series in Figure 3-1 through 3-58 also presents the rock strength data in map view along
each channel reach. Table 3.2 provides a summary of rock strength, rock quality designation (RQD), and
rock layer thicknesses based on the reviewed exploration logs. We note the most test data is shallower
than El. -50 feet.
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Table 3.2: Rock Summary

Rock Qualit
Proposed Designationy R.OCK Layer . UCS (psi)®
Dredge (RQD) Thickness (ft)
Channel Reach Cut (El.,
MLLW, Av . ; i
Feet) e Min. | Max. | Ave. Min. | Max. Ave. Min. Max.
Turning Basin -52 26 0 100 4.2 0.1 20 624 257 2,286
Between Channel -52 50 7 98 2.8 0.2 6 1,025 776 1,269
Fourth East Jetty -52 7 0 34 0.5 0.1 25 4,880° | 4,835° | 4,924
Upper Brunswick -52 11 0 24 0.4 0.1 0.9 - -- --
Lower Brunswick -52 13 0 34 0.6 0.2 1.2 1,666 319 4,346
Upper Big Island -52 43 0 99 3.3 0.1 9.7 4,258 461 12,273
Lower Big Island -52 69 10 99 2 0.4 14.4 4,077 242 7,462
Keg Island -52 26 0 46 1.9 0.2 12.2 4,956 1,384 | 10,167
Upper and Lower -52 26 26 26 2.5 0.4 9.4 1,939 1,682 2,177
Lilliput
Upper Midnight, -52 -- -- - 3.45 1.3 5.6 - -- --

Lower Midnight,
Reeves Point,
Horseshoe Shoal

Snow Marsh -52 15 0 63 4.6 1.3 10 2,636 2,636 2,636
Lower Swash -52 36 0 76 5) 4 6 1,473 1,473 1,473
Battery Turn -54 54 54 54 9 4 14.1 -- -- --
Southport, -54 -- -- -- -- -- -- -- -- --
Baldhead-Caswell,
Smith Island,

Baldhead Shoal
Reaches 1 and 2

Baldhead Shoal -54 41 0 100 4.3 0.2 8.5 1,239 969 1,473
Reach 3

Notes:

General Note: RQD, rock layer thickness, and UCS data are from the full boring data set and were not screened to present data
only collected within the proposed dredge cut envelope. UCS data were primarily limited to shallower than El. -50 feet.

2 = Rock layers are based on layers delineated in exploration logs. In some cases, rock layers delineated on logs may comprise
a thicker section of rock. For example, in the Turning basin, some explorations encountered a 15 to 20 ft section of rock
comprised of several layers.

b = only 2 test results are reported for this reach.

¢ = Compressive strengths are based on laboratory analysis of rock samples. However, results from small lab samples
generally yield higher compressive strength results compared to the respective large-scale (i.e. outcrop or formation sized)
rocks. Rock strengths discussed herein thus may represent conservative estimates and in-field rock strength will likely be less.
* Values highlighted in red indicate parameters that exceed thresholds for criteria used to determine if blasting is required
(Section 3.3)

Beneficial Use Characterization

In addition to our assessment of the rock strength and elevation, the additional geotechnical data was
evaluated for other beneficial uses. Table 3.1 provides an updated summary of the interpreted subsurface
conditions for each channel reach, with the material being categorized based on its potential beneficial use.
The following are the basis for material separation, which are partly based on the Beneficial Use Planning
Manual (2007):
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m Category A = Potentially Suitable for Engineering Structural Fill or Beach Nourishment; Fines content
typically less than 10%, d50 of at least 0.25 mm and low calcium carbonate content.

m Category B = Potentially Suitable for Non-Engineered Fill; Fines content typically between 10 and 20%;
may include thin lenses of fine-grained deposits.

m Category C = Potentially Suitable for Low-Quality Fills (e.g. habitat restoration and development,
offshore berms, parks and recreation, etc.); Fines content 20 to 25%.

m Category D = Disposal Area (Upland or Offshore)

Historical grain size test data (e.g. sieve analyses) were compiled and reviewed to support the evaluation
of potential beneficial use for future dredge materials. Materials were evaluated for (1) future deepening
and (2) widening activities. Grain size parameters evaluated include fines content (percent by weight of
particles smaller than 0.075 mm diameter [passing through the No. 200 sieve], median grain size (d50) as
determined from sieve analyses, and soil classifications as provided on exploration logs. Table 3.3 presents
a statistical summary of the fines content and median grain size for each reach. Figures 4 and 5 provide
presentations of the grain size characteristics.

m  Figure 4-1: Map that shows fines content and d50 summary of each channel reach,

m  Figures 4-2 through 4-6: Graphs of fines content and d50 values plotted referenced to elevation for each
reach,

m  Figure 5-1: Grain size curve for all data (global plot) symbolized by channel reach, and

m Figures 5-2 through 5-17: grain size curves per reach.

m Also, fines content values and soil classifications are shown on cross sections presented on Charts 2
through 8.

Table 3.1 presents a summary of subsurface conditions and the potential for beneficial use of dredged
materials encountered during deepening or widening. The beneficial use assessment presented in this
report represents a screening-level assessment of historical data. Although a significant quantity of data is
available for this study, several notable limitations regarding the historical data exist:

m Exploration density is variable across the study area and locations with limited or no data exist,

m Explorations depths were primarily limited to above El. -50 feet; most reaches had a few explorations
that extended to El. -55 or -60 feet.

m Explorations for widening evaluations were primarily located on the dredge cut slope instead of at the
top of slope and may not fully characterize the full vertical profile of a bank-cut for widening areas.

m  Materials of potential beneficial that may be encountered during widening were identified in this study.
However, some of sandy materials may have fine-grained overburden. We have not incorporated the
presence of overburden into the beneficial use evaluation. Future evaluations may need to incorporate
the presence of overburden in the beneficial use evaluation. We note that sand bodies of appreciable
thickness (e.g. 10 to 15 feet) may underlie overburden and multi-stage dredging may be viable for
removing overburden and prior to accessing underlying sandy materials.
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Table 3.3: Summary of Fines Content and Median Grain Size

Channel Reach

Fines Content Mean, Standard

D50 Mean, Standard Deviation

Deviation (%) (mm)
Anchorage Basin 61 (31) *
Between Channel 81 (9) *
Fourth East Jetty 77 (11) *
Upper Brunswick 6 (*) 0.32 (**)
Lower Brunswick 52 (28) 0.56(**)
Keg Island 23 (26) 0.31 (0.09)
Upper Lilliput 15 (16) 0.47 (0.25)
Lower Lilliput 28 (32) 0.30 (0.09)
Lower Midnight 8 (4) 0.29 (0.10)
Reaves Point 4(*) 0.26(**)
Horseshoe Shoal 7 (3) 0.42 (0.13)
Snows Marsh 18 (14) 0.30 (0.12)
Lower Swash 14 (11) 0.73 (0.90)
Battery Island 10 (14) 0.49 (0.24)
Southport 3(3) 0.45 (0.22)
Baldhead — Caswell 1(1) 0.51 (0.17)
Smith Island 7 (18) 0.27 (0.08)
Baldhead Shoal — Reach 1 21 (28) 0.38 (0.20)
Baldhead Shoal — Reach 2 9 (21) 0.22 (0.05)
Baldhead Shoal — Reach 3 19 (25) 0.20 (0.03)

Notes:

* = insufficient number of data records; sediments were fine-grained and mechanical sieve tests were not able to determine the

d50 value due to high fines content

** = insufficient number of data records to determine standard deviation
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SEISMIC DATA LIMITATIONS AND CAPABILITIES

The quality and amount of information obtained with a seismic data set depends on a number of factors
including the equipment, acquisition parameters, processing, available tangible data to provide control to
interpretation, and the environment.

Equipment can play a significant role in the success of a project. The seismic data used to interpret
conditions within the dredge envelope were derived from two EdgeTech 3200 series Chirp systems (SB-
216S and SB-512I). The SB-512i Chirp system, with its lower frequency range (0.5 to 12 Hz), was in general
able to penetrate deeper than the SB-216S system (2 to 16 Hz). The Chirp seismic data quality is judged
to be fair to good and correlated good to very good to the geotechnical data. In general, the Chirp data
achieved signal penetration of about 5 to 20 feet for the SB-216S system and 20 to 40 feet for the SB-512|
system. The EdgeTech 3200 series Chirp systems are considered to be capable of imaging layers 1 foot or
more in thickness. The vertical accuracy of the Chirp system is generally considered to be approximately
+/- 2 feet. However, constraining the interpretation of shallowest reflectors to the multibeam-derived water
bottom may improve the accuracy beyond +/- 2 feet.

The composition of the soil or rock also plays a part in how well seismic energy can image the subsurface.
The presence of a reflector or horizon in the seismic data indicates an impedance contrast (a difference in
the velocity that sound can travel through the material) between the material above and below the reflector.
If the material above and below a geologic contact are of the same P-wave velocity, a reflector may not be
seen in the data and that geologic boundary between materials would be called acoustically transparent.
Therefore, correlating soil changes in historical borings with seismic horizons is not always possible. In
addition, the presence of a high-amplitude impedance contrast may absorb the bulk of the energy from the
seismic source which prevents energy from passing through and imaging deeper reflectors.

In this survey, we estimate that the seismic data imaged what we interpret to be the top of rock along
approximately 65 percent of the surveyed length of Wilmington Harbor. The best results are from the Lower
Midnight channel reach southward. The data north of the Lower Midnight reach was often obscured by the
seafloor multiple and the top of rock could not be seen in the data.

For this survey, the historical geotechnical borings were loaded into a seismic workstation and integrated
with the seismic data. This integration of the historical data aided with the correlation of horizons with
geologic formations and changes in soil type described on the boring logs. The changes in soil type on the
boring logs generally matched well with the elevation of the seismic horizons. The character of horizons
H15, H25, and H30 are typically flat or gently dipping surfaces which we interpret to be the tops of the Castle
Haynes Limestone Unit B, Unit A, and the Turritellid Limestone respectively (Figures 7 through 9). Above
the H15, H25, and H30 reflectors, we interpret there to be mostly sandy unconsolidated material with some
paleochannels that contain fine-grained material (silt and clay). Line type and symbology used to depict
interpretation of subsurface conditions on Figures 8 through 10 reflect various confidence levels. Dashed
lines indicate where a seismic reflector was observed, dotted lines indicate where interpretation of a seismic
reflector was uncertain, and question marks indicate areas of additional uncertainty.
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5.1

SUMMARY

The objective of the study is to characterize subsurface materials that may be encountered during future
deepening, widening and/or realignment of the navigation channel using data recently acquired in 2017 and
integrated with newly acquired historical geotechnical data. This report provides a summary of subsurface
conditions interpreted from historical geotechnical data, top of rock mapping performed by others, and
multibeam and sub-bottom profiler data collected during a 2017 survey. that the 2017 survey included
collecting multibeam bathymetry and Chirp sub-bottom profiler data along two parallel lines along the outer
limits of the inner harbor navigation channel. The 2017 survey also included a channel-wide survey using
the multibeam and Chirp sub-bottom profiler along the outer reaches of the offshore approach channel. Tie
lines were collected at regularly spaced intervals using both survey systems.

Geotechnical data reviewed in this study include 452 borings, over 1,400 washprobes, and 580 vibracores
conducted between 1986 to 2013. Borings used in this study include soil sampling, rock coring, and
laboratory test information. Washprobes were conducted by others to infer top of rock based on refusal
depths and the washprobes did not include sampling of soil and rock materials. The various data were
loaded onto a seismic interpretation work station and interpreted. Interpretations, geotechnical data, and
bathymetric data were assimilated into a GIS database where mapping, modelling of the top of rock, and
graphics (e.g. cross sections, maps, and graphs) were developed using ESRI’'s GIS software and software
modules developed by Fugro.

Formation Materials (Rock)

One of the primary objectives of the study was to map the top of rock and confirm mapping of top of rock
performed previously by others. We provide the following information related to the use of “top of rock” and
“top of formation” in this study. “Rock” implies that the materials have undergone lithification (deposits have
been subjected to pressure, heat, and/or cementation and lithified as a rock) and exhibit physical properties
(e.g. strength) of a rock. “Formation”, as adopted herein, refers to materials that have been assigned to a
geologic formation and been given a formation name (e.g. Castle Hayne formation). Formation materials
may exhibit properties similar to a rock or soil (e.g. dense to very dense sand or hard clay). In this study,
we have interpreted seismic horizons (or reflectors) and interpreted their association with formations. In the
inner harbor, the interpreted seismic horizons generally correlate well with rock intervals described on
exploration logs and top of rock mapping presented by others.

The compressive strength presented in this report are based on laboratory analysis of rock samples.
However, results from small lab samples generally yield higher compressive strength results compared to
the respective large-scale (i.e. outcrop or formation sized) rocks. Rock strengths discussed herein thus may
represent conservative estimates and in-field rock strength will likely be less.

The January 2018 report provided a comparison between the top of rock surface interpretation based on
the 2017 survey and interpretation presented in previous studies. In general, the interpreted elevation
agreed reasonably well and were within approximately 5 feet of each other where survey lines were col-
located. The following section presents an updated characterization of site conditions based on the 2017
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survey (report issued in January 2018) and additional historical geotechnical data received after issuance
of the January 2018 report).

It is our understanding that current studies are evaluating the feasibility of various deepening scenarios that
include:

m  Turning Basin to Lower Swash to El. -52 feet
m Battery Turn to Baldhead Shoal Reach to El. -54 feet

m  We also understand that shallow scenarios are considering deepening to El. -47 feet.

The following summary applies for the deeper scenario (El. -52/-54 feet).

Deepening in Turning Basin (Anchorage)

Past deepening dredging appear to have excavated into the formation materials inferred to be limestone
materials from the Peedee formation. Existing channel bottom elevation in the Turning Basin (Anchorage)
reach is shallower than down-reach (e.g. Between Channel, Fourth East Jetty, etc.). Therefore, deepening
to El. -52 feet in the Turning Basin will likely encounter more rock than elsewhere and cuts may encounter
approximately 10 to 12 feet of rock in the Turning Basin. The average UCS test results in the Turning Basin
(Anchorage) data is approximately 624 psi and the maximum test result that we reviewed was 2,286 psi.

Between Channel, Fourth East Jetty, Upper Brunswick, and Lower Brunswick

Formation materials in these channels are described as limestone comprised of thin layers typically 2 feet
or less thick. Past dredging activities appear to have encountered the formation materials. Future
deepening to El. -52 feet is anticipated to encounter formation materials. Average report UCS test result is
only 2,318 psi but test results as high as 4,924 psi were reported.

Upper Big Island, Lower Big Island and Keg Island

Future deepening is expected to encounter limestone and sandstone of the Castle Hayne and Peedee
formations (Chart 3). Past dredging may have encountered formation materials and the
limestone/sandstone may be at or very near the existing channel bottom. Average reported UCS for Upper
Big Island, Lower Big Island, and Keg Island are approximately 4,258, 4,077, and 4,956 psi, respectively.
Rock strength test results as high as 12,273 psi (Upper Big Island) and 10,167 psi (Keg Island). Other
parameters such as RQD and layer thickness (Table 3.3) indicate the rock may require blasting according
to the classification system described in Section 3. Figure 10 presents the approximate extent of this
medium strong rock zone that may require blasting.

Upper Lilliput and Lower Lilliput

The top of rock elevation is interpreted to vary in these reaches. Several sections along the channel that
are where rock is interpreted to be shallower than El. -52 feet and may have been previously encountered
during past deepening activities. Those channel distances range from approximately 100 to 500 feet along
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the channel where rock may be shallower than El. -52 feet. The rock is described as limestone and
sandstone from the Peedee and Castle Haynes formations.

Upper Midnight, Lower Midnight, Reaves Point, Horseshoe Shoal

Top of rock is interpreted to be lower than El. -52 feet and is not anticipated to be encountered.

Snows Marsh

Top of rock is interpreted to be shallower than El. -52 feet along approximately 500 feet of channel in the
central portion of the Snows Marsh reach (Charts 5 and 6). Exploration logs describe the materials as
limestone one rock strength test result of 2,636 psi was reported for this material.

Lower Swash, Battery Island, and Southport

Top of rock is interpreted to reach the existing channel bottom in Lower Swash and Battery Island and may
have been encountered during past dredging (Chart 6). The materials are described as limestone from the
Castle Haynes formation. One UCS test result was reported at 1,473 psi for this area (Table 3.3). The top
of rock is interpreted to deepen to the south from Battery Island and may transition below El. -54 feet
(dredging interval) in Southport reach (Chart 6).

Baldhead-Caswell, Smith Island, Baldhead Shoal Reaches 1 and 2

Top of rock is interpreted to be lower than El. -54 feet and is not anticipated to be encountered.

Baldhead Shoal Reaches 3

Localized areas formation (rock) materials are interpreted to be present shallower than El. -54 feet. USC
strength data is limited and the average strength was reported to be 1,239 psi and the highest reported test
we identified was 1,473 psi.

Beneficial Use Material Summary

Anchorage (Turning) Basin, Between Channel, and Fourth East Jetty

Deepening of the main channel may encounter a thin amount of sand of variable thickness that overlies
formation material (Peedee formation). The toe and bank-cuts are likely to encounter predominantly fine-
grained deposits that overlie sandy deposits of about 3 to 8 feet in thickness that overlie formation materials
(Chart 2). Materials encountered during deepening or widening this channel section are not anticipated to
be desirable for construction or beach nourishment and considered to Category D.

Upper Brunswick, Lower Brunswick. Upper Big Island, and Lower Big Island

Deepening of the main channel in these reaches is likely to encounter thin sandy deposits with high fines
contents that overlie formation material (Peedee and Castle Hayne formations). Widening may encounter
interbedded sandy and fine-grained deposits (Chart 3). The sandy deposits are described as silty and clayey
sand. Laboratory test data is limited and not available in much if this area. Widening and deepening dredge
materials are not anticipated to be desirable for construction or beach nourishment projects.
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Keg Island, Upper Lilliput, Lower Lilliput

Historical explorations indicate that the deepening may encounter Peedee and Castle Haynes formations
that underlie pockets of sandy materials. Widening activities may encounter areas of 15 to 20 feet thick of
sandy deposits and sections where fines content is less than 20 percent. Bank cuts may have a fine-grained
overburden near the top of the cut (Chart 3). Historical data indicate that the fines contents may be less
than 10 percent in areas and Category A/B material may be present in the lower section of the bank cut.

Upper and Lower Midnight

Very little laboratory test data is available for this reach. Exploration logs indicated that the deepening may
be encounter sandy to clay sand and fine-grained deposits. The banks appear to be comprised of fine-
grained deposits with thin lenses of sandy deposits (Chart 4). Widening and deepening dredge materials
are not anticipated to be desirable for construction or beach nourishment projects.

Reaves Point and Horseshoe Shoal

Little geotechnical information is available for Reaves Point; however, the exploration logs describe material
that is similar to Horseshoe Shoal reach. Geotechnical data from Horseshoe Shoal indicate that deepening
and widening may encounter sandy deposits with fines contents of less than 18 percent. Some exploration
logs described fined grained layers in the bank-cut up about 10 feet thick. Category A/B material may be
present in deepening and widening cuts in these reaches.

Snows Marsh

Very limited geotechnical data is available for this reach. Geophysical and geotechnical data suggest that
deepening may encounter formation materials (limestone) and widening maybe sandy to fine-grained
deposits (Chart 5) that has been classified as Category C/D materials.

Lower Swash, Battery Island

Widening along these reaches may encounter good quality material with fines content less than 20 percent
and in some areas less than 10 percent (Figure 4e). Deepening is likely to encounter Castle Haynes
formation (limestone). Widening activities may encounter Category A/B materials but deepening is
anticipated to encounter formation materials (Chart 6).

Battery Island, Southport, Baldhead-Caswell, Smith Island, Baldhead Shoal Reach 1, Baldhead
Shoal Reach 2

Widening of these reaches may encounter sandy material with exceptionally low fines content. Battery
Island average fines content is 11 percent while Southport, Baldhead-Caswell and Smith Island laboratory
test mean values for fines contents are 5 percent or less. Category A/B materials are likely present in these
reaches. Baldhead Shoal Reaches 1 and 2 had similar sand in the banks (fines content < 5 percent)
however, exploration logs also indicate fine-grained layers may be present in the bank cut. For example,
the west bank in Baldhead Shoal Reach 1 appears to be predominantly clay while the east bank appears
to be predominantly sand (Chart 6). Baldhead Shoal Reach 2 appears to have sand in the bank cuts that
may be 10 to 20 feet thick that overlies a silt is present between approximately El. -35 and -45 feet. We
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understand that historically dredged materials in these reaches have been placed on beaches. Future
disposal planning should take into consideration that these reaches may contain fine-grained layers (e.qg.
west bank along Baldhead Shoal Reach 2).

Baldhead Shoal Reach 3

Geotechnical data in this reach indicate deepening and widening may encounter alternating layers of sandy
and silty deposits. A surficial layer of sandy sediments approximately 5 to 8 feet thick may be present in
the channel banks (Chart 7). Deepening and widening materials in this reach have been categorized as
C/D materials due to the presence of fine-grained layers (Table 3.1).

GIS Database

As part of the deliverable, we prepared a GIS Database that included a digital elevation model that
represents the interpreted top of rock. The modelled top of rock incorporates results from interpretation of
the 2017 data and previous mapping by others. The modelled surface generally adopts mapping by others
with the exception the three notable areas.

i. Areas where the interpreted top of rock surface goes above the current channel bottom, as defined by
either the most recent organization hydrographic survey, we inferred that subsequent channel dredging
activities had already encountered this top of rock surface and the current top or rock is now at the
channel bottom surface or just below a thin sediment cover. This lowering of the top of rock surface to
the current channel bottom, where applicable, is reflected in our digital surface which accompanied this
report.

ii. The areas of Snows Marsh channel to Baldhead Shoal Reach 3, the organization mapped several
horizons (H15, H25, and H30) which appear to stratigraphically correlate to the Castle Hayne Unit A/B
and the Turritellid Limestone (Figure 10). The seismic stratigraphic character also suggests the
reflectors may correlate to weak rock or possibly dense soils. Horizons H15 and H25 are generally
shallower than the interpreted top of rock previously done by others (Figure 10). In those areas, the
interpretation by others generally correlate with the organization’s deepest interpreted horizon (H30)
which we infer to represent the top of the Turritellid Limestone. Examining our data in this region (Figure
10) there are two high-amplitude reflectors interpreted above (or shallower than) horizon H30 and are
separated by seismically acoustic transparent areas (Figure 10). High-amplitude reflectors are
generated at interfaces between materials with strong seismic impedance contrasts. Impedance is the
product of the material’'s density multiplied by the seismic compressional wave velocity (Vp).

Washprobes conducted in this area shown in Figure 10 indicate that probes terminated or met refusal
at depths that correlate with Horizon H15 (3 washprobes between distance offsets 4600 to 6600) and
Horizon H25 (2 washprobes between distance offsets 8000 and 9000). Refusal of the washprobes and
the high-amplitude character of the seismic horizons suggest that horizons H15 and H25 may represent
the top of a formation unit (e.g. Castle Haynes units) that is rock. However, we note that some
washprobes appear to have penetrated below horizons H15 and H25 and refused at depths that
correspond to Horizon H30. Those observations may indicate that the material directly below Horizons
15 and H15 may exhibit properties similar to dense or hard soils instead of rock. However, the
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washprobes do not recover physical samples that can be observed and tested and the physical
properties of the materials between Horizons H15 and H30 are uncertain. Therefore, when creating the
digital top of rock modelled data, we have conservatively assumed the shallowest seismic horizons (e.g.
H15) in this area represent the top of rock. If future dredging will encroach below Horizons H15 and
H25 in this area, we recommend that appropriate geotechnical explorations should be conducted to
assess the physical properties of those materials and assess the dredging feasibility or methods.

In order to support high-level assessments of where widening and re-alignments of channels may
encounter rock, we extrapolated the top of interpretation approximately 300 feet beyond the extent of
the existing data. The extrapolation is adopted the continuation of the geologic or topographic trends in
the data. The extrapolation data area provided to the project team to aid in supporting high level
assessments. The extrapolated data are not suitable for design or detailed dredging cost estimates.
Future engineering analyses and dredging cost estimates should acquire appropriate survey and
geotechnical data to determine the presence, elevation, thickness, and physical properties of rock in
the extrapolated zones or areas without data coverage to determine implications to future dredging or
construction activities.

This study also evaluated potential opportunities for beneficial use of future dredge materials. Several areas
were identified as containing material that potentially be used for fill or beach nourishment projects.

Interpretation of geotechnical and geophysical data suggest that channel flanks in Keg Island through Lower

Lilliput and Horseshoe Shoal reaches likely contain material low fines content and may be desirable for use

as fills. Lower Midnight, Reaves Point, Lower Swash reaches and north of the Anchorage Basin reach
appear to have materials with a low fines content and may be desirable for repurposing as Category A and

B materials (refer to Section 4). The other channel reaches appear to contain material with high fines content

or substantial interbeds of fines (clay and silt) and do not appear to desirable for fills and beach nourishment

projects and are considered to be Category C and/or D materials (refer to Section 4).
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