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Groundwater Hydrology and Chemistry of Jamestown
Island, Virginia—Potential Effects of Tides, Storm Surges,
and Sea-Level Rise on Archaeological, Cultural, and

Ecological Resources

By Kurt J. McCoy', Karen C. Rice', Ellyn Rickles?, Dave Frederick? Jennifer Cramer?, and Dorothy Geyer?

Abstract

As the site of the first permanent English settlement in
North America in 1607, Jamestown Island, Colonial National
Historical Park (COLO), Virginia, contains a rich archaeologi-
cal record that extends from the Paleoindian period (15,000
to 8,000 years ago) through the 20th century. The island is
located on the lower James River near the mouth of Chesa-
peake Bay. Jamestown Island vegetation is dominated by
upland forests surrounded by tidal, freshwater-to-oligohaline
marshes. Along the Virginia coast, relative sea-level rise
was more than 2.5 times the global average during the 20th
century. Consequently, the National Park Service (NPS) has
identified COLO as one of the 25 national parks most threat-
ened by climate change.

Surface waters across the island are hydraulically
connected to the laterally continuous Surficial aquifer. The
land-surface altitude of the island is low, with two-thirds of the
island less than 5 feet (ft) above the North American Verti-
cal Datum of 1988 (NAVD 88). Consequently, sea-level rise,
combined with tides and storm surges, threatens the island
and its resources as surface-water and groundwater levels
rise, saltwater enters the Surficial aquifer, and groundwater
chemistry changes. The impact of sea-level rise on the island’s
surface-water resources has been well studied, but groundwa-
ter effects have been largely ignored. Quantifying the effects
of tides, storm surges, and sea-level rise on groundwater levels
and chemistry is essential to developing an effective strategy
for managing climate-induced changes. The first step in devel-
oping a response strategy includes a parkwide general risk
assessment for archaeological sites on the island, so that sites
can be prioritized for management actions. The U.S. Geologi-
cal Survey and the NPS began a study in 2015 to develop a
long-term groundwater-monitoring program to evaluate this
risk and to develop an updated management strategy.

'U.S. Geological Survey.

“National Park Service.

The groundwater-monitoring program consists of 45
wells and piezometers in two individual clusters and three
transects across the island in different hydrologic and chemi-
cal settings. Samples for water quality were collected from the
wells and piezometers from October 2015 through September
2018 at variable time intervals. Results of the monitoring iden-
tified disparate hydrologic and chemical responses to saltwater
intrusion across the island. Specific conductance (an indicator
of salinity) of groundwater beneath several marshes responded
differently to changes in James River salinity. Groundwater
response to changes in James River specific conductance
appeared to be controlled by land-surface altitude and slope,
differences in lateral and vertical sediment characteristics,
distance from surface waters, and the degree of surface water/
groundwater connectivity between channels and the aquifer.

Groundwater chemistry data from monitoring wells at
Black Point, a low-altitude, upland setting, are in contrast
with conditions observed in Island House observation wells, a
high-altitude, upland setting. Specific conductance (less than
200 microsiemens per centimeter [S/cm]) and pH (greater
than 5.0) of groundwater beneath much of the uplands that
characterize the Island House observation wells are typical of
groundwater in noncarbonate sedimentary aquifers recharged
by precipitation. At Black Point, specific conductance ranged
from 2,490 to 15,200 uS/cm, and pH ranged from 3.1 to 6.6
standard units. At the Black Point observation wells, the most
saline and dense water was at the water table rather than
deeper in the aquifer, causing a density inversion that persisted
throughout the study. The density inversion likely resulted
from differences in permeability between the shallow clay
and fine-grained sands and the deeper coarse-grained sand
and gravel. Groundwater with the lowest pH was at the water
table. As saline groundwater flows through organic sediment
beneath the marshes, bacterial biodegradation of organic
matter creates anoxic conditions. Continued biodegradation
concomitantly reduces iron-oxide minerals in the sediment
and sulfate in saline water. When oxygen is reintroduced into
groundwater, iron and sulfur can reoxidize to form sulfuric
acid, locally lowering the pH of the water.
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This report describes the groundwater monitoring net-
work design, rationale for site selection, monitoring approach,
and results of monitoring from October 2015 through Septem-
ber 2018. Maps of inundation at selected water-level altitudes
are included to identify the risk to archaeological, cultural, and
ecological resources. The monitoring results of the hydrology
and chemistry data are interpreted, and the different hydro-
logic and chemical settings are described. The implications
of the study results for management decisions are presented,
and suggestions for improving the monitoring network are
included.

Introduction

Colonial National Historical Park (COLO) has preserved
and protected the archaeological, cultural, and ecological
resources on the York/James Peninsula in southeastern Vir-
ginia since legislation established the park in 1930 (fig. 1). As
part of an area known as the Historic Triangle, COLO consists
of several units that include Yorktown Battlefield on the York
River along the north shore of the peninsula, Jamestown Island
on the James River along the south shore of the peninsula,
and the 23-mile (mi.) long Colonial Parkway, which connects
these units. Jamestown Island was initially known as the site
of the first permanent English settlement in North America in
1607, although recent studies have identified a more extensive
historical significance of the island. Since 1893, Preservation
Virginia (PV), a nonprofit organization dedicated to preserving
the cultural, architectural, and historical heritage of Virginia,
has owned 22.5 acres in the northwest corner of the 1,500-acre
island; the National Park Service (NPS) owns the remainder of
the island (fig. 2). Through joint ownership, the NPS and PV
cooperatively manage the island.

Saunders and others (2009) evaluated 391 parks in the
National Park system for risk to climate change; COLO is in
the top 25 parks with the greatest risk. Risks from climate-
induced changes at Jamestown Island primarily stem from its
low land-surface altitude and its location between the York
River and James River estuaries near the mouth of Chesapeake
Bay and the Atlantic Ocean (fig. 1). The threat to COLO and
its resources primarily is from the combined effects of tides,
storm surges, and sea-level rise.

Global warming is causing global sea-level rise by the
melting of land-based ice and the thermal expansion of seawa-
ter (Rahmstorf, 2010). During the 20th century, sea-level rise
averaged 1.51 feet (ft) per century at the National Oceanic and
Atmospheric Administration (NOAA) tide station 8638610
(Sewells Point; fig. 1) at the mouth of the James River (Ezer
and Atkinson, 2015). This rate is more than 2.5 times the 0.57
ft per century global average (Ezer and Atkinson, 2015). At
Sewells Point, rates averaged 1.17 ft per century from 1953 to
1983 but have increased to 1.92 ft per century from 1983 to
2013 (Ezer and Atkinson, 2015).

Higher rates of sea-level rise on the Virginia coast result
from the combined effects of global, regional, and local factors

that cause sea level to rise and (or) the land surface to sub-
side (Eggleston and Pope, 2013; Ezer and Atkinson, 2015).
Changes in the flow of the Gulf Stream can cause additional
sea-level rise along the East Coast (Ezer and Atkinson, 2015).
Simultaneously, the land surface is subsiding owing to the
combined effects of glacial isostatic adjustment and regional
groundwater withdrawals. Large groundwater withdraw-
als from deep unconsolidated aquifers overlying bedrock in
southeastern Virginia results in regional subsidence by the
compaction of fine-grained sediments (Eggleston and Pope,
2013). From 1940 to 1971, subsidence averaged about 0.83
ft per century at Jamestown Island (Holdahl and Morrison,
1974), with more than half of the subsidence being attributed
to the effects of continued groundwater pumping (Eggleston
and Pope, 2013). Uncertainties in future water demand and
groundwater withdrawal rates, combined with uncertainty in
the rates of land-surface subsidence and sea-level rise, make
climate impacts on Jamestown Island difficult to predict.
Waters around Jamestown Island experience semidiurnal
tides, frequently inundating low-lying areas during high tides.
Additionally, periodic coastal storm surges can exacerbate
tidal events. Sea-level rise, combined with tides and storm
surges, pose an imminent threat to archaeological, cultural,
and ecological resources and infrastructure of Jamestown
Island.

Archaeological and Cultural Resources

Archaeological studies of the first permanent English
settlement on the island uncovered artifacts that reveal a rich
record spanning the time of human presence in eastern North
America from the Paleoindian period (15,000 to 8,000 years
ago; Egloff and Woodward, 2006) through the 20th century
(fig. 2). Most artifacts, however, remain buried beneath these
sites, leaving additional historical information that has yet to
be revealed. Unearthing and interpreting these artifacts are key
to identifying an extensive, detailed history of our Nation and
earlier societies. A comprehensive archaeological survey from
1992 to 1997 evaluated approximately the upper 0.5 meter of
soil in a gridded pattern across most of the island, excluding
James Fort, the adjacent town, and New Towne (Blanton and
others, 2000). The survey identified 58 archaeological sites
concentrated on upland ridges (fig. 2). The report noted, how-
ever, “There is essentially no part of the island that does not
contain archaeological resources, which includes the island’s
extensive wetlands.” When considering all historical areas,
archaeological sites cover approximately 80 percent of the
island (National Park Service, 2001).

In addition to the Paleoindian period, sites include
artifacts from the Archaic period (10,000 to 3,000 years ago;
Egloff and Woodward, 2006) through the post-contact period.
Post-contact sites include the fort, plantations, homesteads,
Civil-War fortifications, and Civilian Conservation Corps
facilities. Consequently, many sites contain artifacts from
multiple periods.
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Effects of Tides, Storm Surges, and Sea-Level
Rise

The effects of tides, storm surges, and sea-level rise are
evident across the island, and have irreversibly damaged or
destroyed parts of existing archeological sites. The archaeo-
logical record of many sites is imminently threatened by
expanding marshes, inundation and saturation of formerly dry
land, and shoreline erosion, with 31 of the 58 sites considered
to be severely threatened (Blanton and others, 2000; Lewis,
2014; Colonial National Historical Park, written commun.,
March 28, 2018). As both surface and subsurface processes
can damage or destroy sites, interpretation of these sites in
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the larger archaeological context of the island and knowledge
of their importance to the history of our Nation and previous
societies is reduced or lost.

Ecological damage also has been observed across the
island. On upland ridges south of Passmore Creek (fig. 2),
mature loblolly pine trees, which have bald-eagle nests, have
been dying, thereby reducing this habitat. Additionally, pine
and mixed-hardwood trees appear stressed and may die as
adjacent marshes advance into low-altitude, upland forests at
Black Point on the east end of the island (fig. 34). Evidence of
this vegetative stress is indicated by the locations of stand-
ing, dead pine trees (fig. 3B and 3C), where the marsh appears
to have encroached at least 40 ft into the former forest, as
identified by the marsh/forest edge on land-cover maps from
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2008 (fig. 2). In the remaining forest, mixed-hardwood trees
have visual indications of vegetative stress and are disparately
dying (fig. 3D), although the pine trees in these areas appear
healthy.

Management Strategy for Responding to the
Threat

In 2016, COLO started developing a climate-adaption
strategy, based on Ricci and others (2019), to respond to the
imminent threat to the archacological, cultural, and ecologi-
cal resources and park infrastructure from tides, storm surges,
sea-level rise, and groundwater chemistry. Beginning with a
parkwide climate-change vulnerability assessment, integrated
across natural resources, cultural resources, and facilities, the
needs for further resource and site-specific adaptation planning
were identified (Ricci and others, 2019). Based on vulnerabili-
ties to archeological resources identified in the assessment,
and previous archeological surveys and monitoring (Blan-
ton and others, 2000), the need to prioritize sites based on a
combination of vulnerability and significance was identified.
COLO is in the process of gathering additional data to develop
site-specific adaptation plans for the sites with high signifi-
cance and high vulnerability, or insufficient information to
assess significance. Through increased knowledge gained from
this study, park management can develop a response strategy
able adapt to unanticipated changes over time.

The risk to a specific archaeological or cultural site is
assessed by numerically rating the historical significance and
the vulnerability to tides, storm surges, and sea-level rise.
Historical significance is based on multiple factors considered
important by archaeologists and other knowledgeable NPS
staff, including eligibility for listing on the National Register
of Historic Places. Vulnerability consists of the sensitivity
of artifact materials to the hydrologic and chemical effects
of tides, storm surges, and sea-level rise and the anticipated
exposure of these materials over the implementation period.
Sensitivity depends on the types of materials contained in
artifacts known to be present at the site.

Exposure of the 58 recognized sites to the effects of tides,
storm surges, and sea-level rise from both surface water and
groundwater largely depends on land-surface altitude. The
average altitude of each of the sites ranges from —0.16 to 9.85
ft above the North American Vertical Datum of 1988 (NAVD
88), with a median of 4.45 ft above NAVD 88. The average
altitude of 35 sites is less than 5.16 ft above NAVD 88, which
is equal to the highest tide at the Jamestown Ferry Pier tide
station (U.S. Geological Survey [USGS] station 02042700)
since operation began in August 2015. This tide resulted from
a storm surge on October 4, 2015. Based on the maximum
altitudes of these sites, 12 of the 58 sites were completely
inundated by this surge. Based on minimum altitude, all or
part of 57 sites were inundated by this surge.

Ratings for individual factors that incorporate both
historical significance and vulnerability are weighted based on
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their relative importance. Weighted ratings were aggregated

to provide a final rating for site prioritization, to identify and
develop options for Adaptation and Resiliency Action Plans
for each site, and to implement those plans. Preliminary results
from this study were used, in part, in the development of the
management strategy. Results published in this study, follow-
up research, and continued long-term monitoring will be
critical to the continuing effort to fully characterize the threats
to the artifacts.

Information Needs

Existing knowledge of groundwater hydrology and chem-
istry of Jamestown Island was insufficient for a robust risk
assessment. The development and implementation of an effec-
tive management strategy required additional groundwater
data. In 2015, the USGS, in cooperation with the NPS, began
a study of groundwater hydrology and chemistry to meet these
needs with funding from the USGS/NPS Water-Quality Part-
nership. The study partly addressed the information needs with
the installation of several transects of groundwater monitor-
ing wells across the island. Results of continued groundwater
monitoring will provide the information needed for more
robust risk assessments and the development of a general
park-management strategy, a site-specific risk assessment, an
Adaptation and Resiliency Action Plan, and the identification
of additional data and research needs.

Purpose and Scope

This report describes the groundwater monitoring net-
work design, rationale for site selection, monitoring approach,
and results of monitoring from October 2015 through Septem-
ber 2018. The monitoring results of the hydrology and chem-
istry data are interpreted, and the different hydrologic and
chemical settings are described. The implications of the study
results for management decisions are presented, and sugges-
tions for improving the monitoring network are included.

Description of Study Area

Jamestown Island is on the lower James River in the
Atlantic Coastal Plain of southeastern Virginia near the mouth
of Chesapeake Bay and the Atlantic Ocean (fig. 1). The island
is on the outside of a large bend in the James River at its con-
fluence with Powhatan Creek and is bounded by tidal surface
waters (fig. 2).

Climate

Jamestown Island has a temperate to subtropical climate
(Trewartha and Horn, 1980) characterized by hot, humid
summers and cool, low-humidity winters. The mean annual
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Figure 3. Photographs showing A, marsh grasses encroaching across the upland-forest floor; Band C,
dead pine trees in the expanding marsh; and D, stressed and dying deciduous trees on the low-altitude,
upland ridge, Black Point, Jamestown Island, Colonial National Historical Park, Virginia.



air temperature from 1981 to 2010 averaged 58.7 degrees
Fahrenheit (°F) at the NOAA City of Williamsburg station
(Station USC00449151), north of the island (fig. 1; National
Oceanic and Atmospheric Administration, 2018). The aver-
age monthly air temperature ranged from 38.5 °F in Janu-

ary to 78.0 °F in July (fig. 4). Average monthly precipitation
ranged from 3.20 inches (in.) in February to 5.47 in. in July
and totaled 48.31 in. annually. Although the average monthly
precipitation follows this general pattern, the pattern in any
single year can differ appreciably. Potential evapotranspiration
(PET) averages 32.09 in. annually, two-thirds of the annual
precipitation (University of Virginia, 2000). Average monthly
PET follows a seasonal pattern, increasing from 0.20 in. in
January to 6.14 in. in July before decreasing again into the fall
season (fig. 4). The average monthly PET exceeds the average
monthly precipitation in June, July, and August, despite July
and August being the two months with the highest average
monthly precipitation.

In general, winter precipitation accompanies frontal
systems, whereas summer precipitation results from afternoon
thunderstorms caused by daytime heating. Intensive low-pres-
sure systems called nor’easters form off the coast and move
to the northeast, bringing large winter precipitation events
accompanied by strong winds. Low-pressure systems that can
strengthen into tropical depressions, tropical storms, and hur-
ricanes can bring heavy precipitation and strong winds from
June through November. Both nor’easters and tropical systems
can cause storm surges that inundate large parts of the island
and cause appreciable damage.

Topography and Geology

Jamestown Island has a low-altitude, ridge and swale
topography (Johnson, 2007). About 90 and 66 percent of
Jamestown Island is less than 10 ft and 5 ft above NAVD 88,
respectively (Cramer and others, 2019). Low, flat marshes,
most at an altitude less than 3 ft above NAVD 88, form most
of the swales that separate and surround the ridges. From the
north, the two main ridges are Church Point and Confederate
Ruins, each having a general east-west orientation (fig. 2). The
ridges are partly dissected by small drainages and marshes.
The highest altitude of the main ridges generally is 10 to 15
ft above NAVD 88, with Confederate Ruins ridge decreasing
in altitude to the east. South of Passmore Creek, ridges are
shorter, narrower, and lower altitude.

The sediments of Jamestown Island are fluvial, estuarine,
and marginal marine deposits of Pleistocene and Holocene age
(Johnson, 2007). The Lynnhaven Member of the Tabb Forma-
tion forms the Church Point and Confederate Ruins ridges
(Johnson, 2007). It consists of a basal, gravelly, coarse-grained
quartz sand with small amounts of mica, feldspar, and heavy
minerals. The formation grades upward in a sequence of
clayey and silty fine- to very fine-grained sand or a sandy to
silty clay covered by soil. The Poquoson Member of the Tabb
Formation forms the ridges south of Passmore Creek. It grades
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upward from a basal, coarse-grained sand to a mixture of sand,
silt, and clay. Marshes occupy valleys between ridges and are
filled with organic-rich silt and sand or mud (Johnson, 2007).
Pleistocene and Holocene ridge and marsh sediments are
underlain by the late Miocene Eastover Formation, a marine
unit consisting of fine-grained sand, silt, and clay. Because of
the eastward dip in sediment across the Atlantic Coastal Plain,
contacts between different sediment types are at altitudes that
decrease slightly to the east across the island.

Ecological Resources

Ecological resources across the island include diverse
wetland and forested-upland ecosystems that provide habitat
for a variety of plant and animal species, many of which are
rare, threatened, and (or) endangered (Thornberry-Ehrlich,
2016). Wetland ecosystems consist of extensive tidal, freshwa-
ter-to-oligohaline marshes that cover about two-thirds of the
island (fig. 2). Marshes typically are fresh in the upper reaches
of most drainages but transition to oligohaline in the lower
reaches.

Pine and mixed-hardwood forests cover adjacent upland
ridges that are bordered by the marshes. As sea level rises,
marshes encroach into these forests (fig. 34). The composition
of the marshes changes as the water becomes more saline and
species respond to the increasing salinity. Shoreline erosion
cuts into adjacent marshes and forests along the edge of many
water bodies.

Groundwater-Monitoring Strategy

The purpose of the groundwater-monitoring strategy
was twofold: (1) to identify differences in the hydrology and
chemistry of groundwater across Jamestown Island, and (2) to
evaluate changes in groundwater levels, salinity, and chemis-
try because of groundwater recharge, tides, storm surges, and
sea-level rise. Vertical and lateral heterogeneity was identified
during well construction in both sediment characteristics and
hydrologic and chemical conditions. These initial observa-
tions helped to determine the locations of additional monitor-
ing wells and piezometers. Data were collected periodically
throughout the entire well network to identify the effects
of sediment characteristics on hydrology and groundwater
chemistry and to guide site selection for future monitoring.
Specific conductance was used as a surrogate for salinity of
water samples.

Monitoring Network

The monitoring network was designed to evaluate spatial
differences in the major hydrologic and chemical environ-
ments to which island resources are exposed, and by which
they may be adversely affected. The monitoring network
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consists of 45 wells and piezometers in 2 individual clusters
and 3 lines (transects) of clustered and individual wells and
piezometers (fig. 2). Transects extend from marshes, or the
river, to or across upland ridges (fig. 5).

Two factors affected site selection for the monitoring
network—the end of the island and the proximity of marshes
to uplands. The east end of the island is affected more by sea-
level rise, tides, and storm surges than the west end, because
land-surface altitude is lower, upland ridges are narrower, and
the ocean is closer. The proximity of marshes to uplands was
important because of the potential for influence of higher-
salinity marsh water on fresher water underlying the uplands.

All monitoring sites were located adjacent to known
archacological areas to monitor environments to which arti-
facts likely are exposed, while minimizing potential damage
to the artifacts from well and piezometer construction. Two
individual clusters were installed along the Jamestown Loop

Road (hereafter “tour road” in this report), one at the west end
of the island (Tour Road 1, TR-1, fig. 2), and the other at the
east end of the island (Tour Road 2, TR-2, fig. 2). The purpose
of the two clusters was to allow comparison of salinity and
chemistry through the full thickness of the Surficial aquifer at
both ends of the island.

Three transects (Island House, Black Point, and Earth-
works) were constructed to represent the sequence of hydro-
logic and chemical environments from marshes, or the edge of
the river, into the forested uplands. The Island House transect
near the west end of the island extends from the marsh to near
the center of Church Point ridge (figs. 2, 54). This forested
ridge has one of the highest land-surface altitudes on the
island. The other two transects are at the east end of Con-
federate Ruins ridge. The Black Point transect extends from
a marsh to the north, across a low-altitude, forested ridge,
and into the marsh to the south (figs. 2, 5B). The Earthworks



transect extends west from the river along a low-altitude,
forested ridge (figs. 2, 5C). Two sites beyond the west end of
the Earthworks transect extend north from the marsh/forest
edge into the marsh. The two sites are at the south edge of
the marsh that is south of Black Point and are approximately
aligned with the Black Point transect.

The locations of sites within each transect were selected
to represent different hydrologic and chemical characteristics.
Hydrologically, the forested-upland ridges represent areas
dominated by fresh groundwater recharge. Marsh sites repre-
sent zones where fresh groundwater from the uplands can mix
with saline water that enters the aquifer laterally or from inun-
dation. Fresh groundwater recharge is limited in the marshes
by the shallow water table and inundation by tides. Chemi-
cally, sites included the anoxic, saline conditions beneath
marshes; the oxidized, freshwater recharge of the uplands; and
the zones where these waters mix. Marsh sites were installed
as far into marshes as possible, which was limited to about
2040 ft by soft mud. Sites at the marsh/forest edge represent
the likely transition from the anoxic to the oxic zone. Multiple
sites were located across the forested upland from the marsh,
to or beyond the ridge, to represent different parts of the
oxidized zone. The distance between sites across the upland
varied. Some sites had multiple wells and (or) piezometers
clustered and open to different depths.

Upland
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Well Construction

All wells and piezometers were open to the Surficial
aquifer. Solid-casing, open-ended piezometers were installed
in low-permeability sediment to allow the collection of
samples that minimized aeration and represented the chem-
istry of groundwater from these intervals. Aeration is less
likely in solid-casing, open-ended piezometers because water
fills piezometers from the bottom. Except for the two deepest
wells, wells and piezometers were constructed in 4-in.-diame-
ter, hand-bored holes.

The two deepest wells (TR-1W25 and TR-2W29; table
1) were constructed in 8-in.-diameter, machine-bored holes,
5 to 10 ft below the bottom of the coarse-grained sand and
gravel into the underlying clay, silt, and fine-grained sand of
the Eastover Formation. This permitted the well screen to be
open to the bottom of the coarse-grained sand and gravel of
the Tabb Formation for sampling.

Piezometers were constructed of 2-in.-diameter polyvinyl
chloride (PVC) well casings inserted into the boreholes after
the water that contained sediment had been pumped from
the hole. About 6 in. of #2 well-filter sand was poured into
the borehole (fig. 6). The open-ended PVC casing then was
inserted into the borehole and pushed slightly into the sand.
Another 6 to 12 in. of sand was poured into the annular space
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Table 1. Description of wells and piezometers in the monitoring network, Jamestown Island, Colonial National Historical Park, Virginia.

_ ) Latitude Longitude Land Hole Well Depth to lf:) ‘:::::‘tzf
Site number Station Project (dt_egrees, (dt_egrees, sm_'lace depth depth to_p of open apon
name name minutes, minutes, altitude (feet) (feet) interval interval
seconds) seconds) (feet) (feet) (feet)
371211076441001  57F 37  BP-1W07 37121098  764409.96 1.70 7.4 7.35 4.79 7.2
371211076441002  57F 38  BP-1WI3 37121098  764409.96 1.70 13 12.95 9.15 13.9
371211076441003  57F 39  BP-2W09 37121098  764409.96 2.26 9.5 9.14 6.84 8.99
371210076441002  57F 41 BP-3P02  371210.37  764409.67 3.84 2.5 2.0 2.0 2.0
371210076441003  57F 42 BP-3P04 37121037  764409.67 3.78 4.25 3.75 3.75 3.75
371210076441004  57F 43  BP-3WO07 37121037  764409.67 3.67 7.5 7.45 4.98 7.28
371210076441005  57F 44  BP-3WI12 37121037  764409.67 3.72 12.25 12.2 10.25 12
371210076441006  57F 45  BP-4W08  371210.15  764409.60 3.16 8.5 8.17 5.61 8.02
371210076441007  57F 46  BP-5WI10  371209.94  764409.60 1.53 9.9 8.84 6.38 8.65
371210076441008  57F 47 BP-6P06  371209.76  764409.60 0.82 6.0 6.0 6.0 6.0
371210076441009  57F48  BP-6WI1l  371209.76  764409.60 0.94 11 11 6 11
371208076440701  57F 49  EW-1W07 371208.39  764406.72 1.23 6.5 6.15 3.5 6
371208076440702  57F 50  EW-2W06 371208.24  764407.08 3.27 7.7 6.3 3.8 6.1
371208076440703  57F 51  EW-2W10 371208.24  764407.08 3.33 15 10.6 8.1 10.4
371208076440704  57F 52  EW-3W08 371208.10  764407.44 3.72 8 7 2.9 6.7
371208076440801  57F 53  EW-4W09 371207.96  764408.16 4.24 9.5 9.25 5.15 8.95
371208076440901  57F 54  EW-8W07 371208.10  764409.46 1.57 7.5 7.2 3 7.2
371208076440902  57F 55  EW-8WI11  371208.10  764409.46 1.17 11 10.15 7.5 10
371208076440903  57F 56  EW-9W07 371208.39  764409.49 0.85 7.5 7.46 3.25 7.45
371241076455502  56F 66 [H-1P08  371240.82  764555.08 1.12 8.2 7.2 7.2 7.2
371241076455501  56F 65 IH-1WI10  371240.82  764555.08 1.09 12 10.65 8.25 10.65
371241076455503  56F 67 IH-2P02  371240.64  764555.44 2.90 2.6 1.7 1.7 1.7
371241076455504  56F 68 [H-2P04  371240.64  764555.44 3.05 4.5 3.8 3.8 3.8
371241076455505  56F 69  IH-2WI10  371240.64  764555.44 2.33 10 9.12 39 8.9
371240076455601  56F 70 IH-3P07  371240.14  764555.80 7.84 7 7 7 7
371240076455602  56F 71 [H-3W12  371240.14  764555.80 8.07 12.5 12.42 7.49 12.26
371240076455603  56F 72 IH-3P15  371240.14  764555.80 8.03 15 15 15 15
371240076455604  56F 73 H-4W13  371239.67  764556.16 10.12 13.25 12.43 9.96 12.25
371239076455701 56F 74 IH-5P14 371239.31 764556.52 11.26 14 14 14 14
371239076455702 56F 75 IH-5W15  371239.31 764556.52 11.33 15 15 10 15
371239076455704  56F 77 IH-6P05  371238.81 764557.24 12.94 5 43 4.3 43
371239076455705  56F 78 IH-6P09  371238.81 764557.24 12.84 9 8.8 8.8 8.8
371239076455706  56F 79 IH-6P14  371238.81 764557.24 12.81 14 14 14 14
371239076455707  56F 80 IH-6P17  371238.81 764557.24 12.78 17.5 17.5 16.1 16.1
371223076461701  56F 81 TR-1P02 37122340  764617.04 4.70 2.5 2.25 2.25 2.25
371223076461702  56F 82 TR-1P05  371223.40  764617.04 4.65 5.5 4.8 4.8 4.8
371223076461703  56F 83 TR-1P07  371223.40  764617.04 4.61 7 7 7 7
371223076461704  56F 84 TR-1P10  371223.40  764617.04 4.63 10 9.6 9.6 9.6
371223076461705  56F 85 TR-1P17  371223.40  764617.04 4.54 17 16.2 16.2 16.2

371223076461706  56F 86~ TR-1W25  371223.40 764617.04 4.69 25 24.46 14 19
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Table 1.
Virginia.—Continued

Description of wells and piezometers in the monitoring network, Jamestown Island, Colonial National Historical Park,

Latitude Longitude Land Depth to LTI
. . Hole Well bottom of
. Station Project (degrees, (degrees, surface top of open
Site number . . . depth depth b open
name name minutes, minutes, altitude interval .
(feet) (feet) interval
seconds) seconds) (feet) (feet)
(feet)
371203076442101 57F 57 TR-2P05 371202.92 764421.48 3.99 5 4.75 4.75 4.75
371203076442102 57F 58 TR-2P09 371202.92 764421.48 4.06 9.5 9.2 9.2 9.2
371203076442103 57F 59 TR-2P07 371202.92 764421.48 4.36 13 13 8 13
371203076442104 57F 60 TR-2W29  371202.92 764421.48 4.46 29 29 14 19

between the casing and the borehole wall. The sand and casing
were placed carefully into the hole to minimize dislodging
sediment from the borehole wall that could plug the filter sand.
Bentonite was poured into the borehole to fill the annular
space from the top of the filter sand to land surface to prevent
water from flowing vertically through the annular space. As
the bentonite was poured into the annular space, the casing
was shaken to minimize bridging that could create voids and
allow vertical flow.

Wells were constructed of 2-in.-diameter PVC casings
and screens, which were inserted into the boreholes after the
water that contained sediment had been pumped from the hole.
Screens have 0.010-in.-width openings and lengths that range
from about 2 to 5 ft, depending on the length of the sediment

Piezometer Well

Casing

—— Bentonite seal ——

Silty, sandy clay
Water table

Very fine to fine
sand

Figure 6. Schematic showing the typical construction of a
piezometer (left) and a well (right), Jamestown Island, Colonial
National Historical Park, Virginia.

interval to which the well was to be open (fig. 6). APVC cap
was placed on the bottom of the screen. Lightweight sheer
fabric was stretched over the outside of each screen and tied in
place above the screen to minimize plugging of screen open-
ings with sediment. The screen was placed carefully into the
borehole to minimize dislodging sediment from the borehole
wall. Number 2 well-filter sand was poured carefully into the
annular space to about 6—12 in. above the top of the screen.
The well casing and screen were shaken gently while the sand
was poured to minimize bridging of the sand across the annu-
lar space. As described above for piezometers, the remaining
hole was filled with bentonite.

Water was then pumped from the well or piezometer to
remove sediment from the filter sand and screen openings so
that water levels and samples represented the adjacent aquifer.
Well and piezometer casings generally were constructed to
extend 1-3 ft above land surface and capped to minimize
water flowing into the casing during inundation by tides and
storm surges. A small hole was drilled into the cap to maintain
equilibrium with atmospheric pressures as groundwater levels
declined and rose.

Well and Piezometer Nomenclature

Wells and piezometers were named to identify their
location, whether it is a well (W) or piezometer (P), and its
approximate depth in feet (a two-digit number). The location
includes two parts—the location of the individual cluster or
transect and the location of well or piezometer within the tran-
sect. For the location of individual clusters, sites were identi-
fied as “TR-1” for the western tour-road cluster and “TR-2”
for the eastern tour-road cluster (table 1). Transects were
identified by “IH” for Island House, “BP” for Black Point, and
“EW” for Earthworks. Sites of individual wells and clusters
within transects were numbered sequentially from the north at
the Island House and Black Point and the east at the Earth-
works. Thus, BP-3W12 is the 12-ft-deep well at the third site
from the north at Black Point, and BP-3P07 is the 7-ft-deep
piezometer at the third site from the north at Black Point.



Groundwater-Monitoring Parameters and
Frequency

Groundwater levels were measured using an electric
water-level tape at approximately bimonthly intervals in
wells and piezometers that contained water. Water levels were
measured as depth below a fixed measuring point, marked on
the top of the PVC casing, in all wells and piezometers before
water-quality sampling began. Water-quality parameters were
measured with a YSI EXO1 4-parameter (water temperature,
dissolved oxygen, specific conductance, and pH) water-quality
sonde, with each sensor standardized, was lowered into the
well or piezometer and placed about 6 in. above the top of
the well screen or bottom of the piezometer. The intake of a
peristaltic pump was placed above the sonde near the water
surface in the well or piezometer. Water-quality parameters
were measured in situ with the sonde positioned at a depth
between the pump intake and the top of a well screen or bot-
tom of a piezometer. Water-quality parameters were recorded
until 2—-3 well volumes were purged from each sampling loca-
tion. Groundwater samples were collected from selected wells
and piezometers and processed according to USGS protocols
(U.S. Geological Survey, 2012) and sent to the USGS National
Water Quality Laboratory for analysis of major-ion concen-
trations and dissolved solids. Data on well construction and
major-ion concentrations are stored in the USGS National
Water Information System database (https://waterdata.usgs.
gov/nwis). Data on groundwater levels, temperature, specific
conductance, pH, and dissolved-oxygen concentrations are
reported in a USGS data release (Ladd, 2020).

The well-purging technique described is a modification of
USGS sampling protocols (U.S. Geological Survey, 2012) and
was used to obtain a sample representative of aquifer water
from the interval adjacent to the piezometer or well-screen
opening, while minimizing vertical and lateral flow of water
within the aquifer. This is critical because of the large vertical
and lateral differences in water quality over short distances
and the potential for macropore flow in the Surficial aquifer.
Because of these differences and the potential for induced flow
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from other quality zones, stability of field parameters could be
difficult to obtain.

Krieger and others (1957) classify the degree of salinity
in terms of dissolved solids, which include freshwater, slightly
saline, moderately saline, saline, and brine (table 2), terms that
are used in the remainder of this report. Salinity is defined in
terms of dissolved solids because ions other than sodium and
chloride contribute to salinity. Because the specific conduc-
tance of water with a given salinity depends on the ionic
species and concentration in solution, relations of specific
conductance to the degree of salinity differ by waters. Conse-
quently, the relations of salinity and dissolved solids to spe-
cific conductance were derived from the specific conductance
and dissolved solids concentrations of groundwater samples
collected November 20-22, 2017 (fig. 7), and were compared
to degrees of salinity (table 2). Because chloride is a conserva-
tive (minimally reactive) constituent and is the major anion
in seawater, the relation of specific conductance to chloride
concentration for those samples (fig. 7) also was compared
to the degree of salinity (table 2). The relations of dissolved
solids and chloride to the specific conductance of groundwater
were similarly uniform, with correlation coefficients (R?) of
0.96 and 0.95, respectively. Although several samples can be
classified as freshwater, most would be classified as slightly
or moderately saline (fig. 7). Because no sample could be
classified as saline based on dissolved-solids concentrations,
the specific conductance and chloride concentrations of the
lower and upper boundaries of the saline classification in table
2 were extrapolated from the data and regression equation in
figure 7 and are shown in parentheses. The boundary between
saline and brine is that of seawater with a typical chloride
concentration of 19,400 milligrams per liter (mg/L), compared
to 18,900 mg/L extrapolated from the regression equation.

Hydrology

On Jamestown Island, surface waters and groundwaters
are interconnected so that they effectively function as a single

Table 2. Relations of degrees of salinity to dissolved-solids concentrations (Krieger and others, 1957) and to specific conductance and
chloride concentrations in groundwater samples collected November 20-22, 2017, Jamestown Island, Colonial National Historical Park,

Virginia.

[<, less than; (), enclosed values extrapolated beyond sample values based on correlation in figure 7]

Dissolved solids concentration, in

Degree of salinity milligrams per liter

microsiemens per centimeter

e O NEELE, Chloride concentration, in

at 25 degrees Celsius milligramsiperliten

Freshwater <1,000
1,000 to <3,000
3,000 to <10,000
10,000 to 35,000

>35,000

Slightly saline
Moderately saline
Saline

Brine

<540
540 to <1,620
1,620 to (5,390)
(5,390 to 18,900)
(>18,900)

<1,740
1,740 to <5,210
5,210 to (<17,400)
(17,400) to (60,800)
(>60,800)
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Figure 7. Graphs showing the relations of A, dissolved solids

and B, chloride concentrations to specific conductance to
characterize the salinity of groundwater collected November
20-22, 2017, Jamestown Island, Colonial National Historical Park,
Virginia.

hydrologic system. The surface-water system consists of water
bodies that surround the island and those within the interior

of the island. Most surface waters are tidal but have a net
direction of flow caused by discharge from their watersheds.
The Surficial aquifer is the primary aquifer affecting island
hydrology and chemistry; no other aquifers are exposed on the
island. The combined groundwater and surface-water system
drains and inundates marshes and uplands across the island in
response to precipitation, groundwater recharge, evapotranspi-
ration (ET), tides, storm surges, and sea-level rise.

Tides at the Jamestown Ferry Pier tide station follow a
semidiurnal pattern; the range between the daily highest high
and lowest low tides averaged 2.17 ft from August 13, 2015,
through October 1, 2018 (U.S. Geological Survey, 2021.

The altitude of all tides for the period averaged 0.54 ft above
NAVD 88. The daily lowest low tide ranged from —3.26 to

3.30 ft above NAVD 88 and averaged —0.54 ft above NAVD
88 (fig. 8). The daily highest high tide ranged from —0.72 to
5.16 ft above NAVD 88 (fig. 8) and had both an average and
a median of 1.63 ft above NAVD 88. The highest tide for the
period was 5.16 ft above NAVD 88 at 18:18 Eastern Daylight
Time on October 4, 2015, as a result of the combined effects
of Hurricane Joaquin and an upper-level, low-pressure system.
By comparing the altitude of land surface at wells, archaeo-
logical sites, and other locations on the island with the distri-
bution of highest high tides (fig. 8), the depth and frequency
of inundation of sites during this period were estimated by
assuming the altitude of the water surface at the Jamestown
Ferry Pier tide station was the same as that around the island.

Surface Waters

Surface waters surrounding the island include the James
River, Sandy Bay, the Back River, and the Thorofare (fig. 2).
The James River forms the southwestern and southeastern
shores of the island with a net flow to the southeast toward
Chesapeake Bay; it drains 9,404 square miles (mi?) at the
Jamestown Ferry Pier tide station just west of the island.
Sandy Bay, which forms the northwestern shore of the island,
has a net flow east into the Back River and south into the
James River. The net flow from the Back River is east into the
Thorofare; both form the northeastern shore of the island. The
net flow from the Thorofare is southeast into the James River.

Two principal stream networks drain uplands and
marshes of the interior of the island (fig. 2). The Pitch and
Tar Swamp has a net flow east into Kingsmill Creek, which
has a net flow northeast into the Thorofare (fig. 2). Passmore
Creek has a net flow east to the James River and receives flow
from several small creeks that drain marshes surrounding the
ridges to the south and west. Several other small creeks drain
marshes and uplands across the island.

Complex interactions among river discharge, tides,
winds, storm surges, and sea-level rise affect the salinity of
James River water and the location of the salinity front. As
saline water from Chesapeake Bay and the Atlantic Ocean
mixes with fresh river water, salinity and density gradients
form a salt-water wedge, which continually shifts up and down
the river (for example, Rice and others, 2012). James River
discharge typically is greatest from February into April, which
alters tides and reduces salinity. At the onset of ET in April to
early May (fig. 4), discharge begins to decline to seasonal lows
(July into September), increasing salinity near Jamestown. The
interplay between freshwater discharge from the watershed
and saline water from the bay and ocean changes continuously.
Groundwater levels and salinity on the island respond to those
changes to different degrees, depending on location.

Nor’easters, tropical systems, and other low-pressure
storm systems can alter tides and salinity depending on their
strength and position relative to the mouth of the bay and the
James River. Effects during a single storm can change as the
storm proceeds. Strong storms that approach the coast from
the south have winds that range from southeast to northeast
and drive saline water into the James River. These weather



events cause storm surges, which can inundate extensive land
areas, cause catastrophic damage, and push saline water up
the river. Storm surges that peak during high tide inundate the
largest land surface area, cause the most damage, and push
saline water the farthest upstream. A storm that enters the
mouth of Chesapeake Bay typically causes a greater surge
and higher salinity than an equivalent-strength storm that is
offshore or inland. As a storm moves north, wind direction
near the island shifts to the west or northwest and pushes
water downstream, decreasing water levels and salinity. Large
storms across the James River watershed cause high discharge,
pushing saline water downstream, which can occur days after
the storm is over.

Groundwater

A regional aquifer system extends across the Atlantic
Coastal Plain of Virginia, from land surface to depths of about
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1,250 ft beneath Jamestown Island (McFarland and Bruce,
2006). It consists of laterally extensive aquifers that have
enough hydraulic conductivity to yield hundreds of gallons of
water per minute to wells. The Potomac aquifer is the deep-
est and highest yielding of these aquifers and is used for most
large water supplies. The shallower Piney Point aquifer is
used for water supply in James City County where James-
town Island is located. Confining units separate the aquifers;
the Saint Marys confining unit is the uppermost confining
unit with its top at a depth of about 60 ft below land surface
beneath the island (McFarland and Bruce, 2006). This confin-
ing unit inhibits, but does not prevent, groundwater flow
between the underlying aquifers and the overlying Yorktown-
Eastover and Surficial aquifers.

The Surficial aquifer at Jamestown is recharged directly
by precipitation, and it discharges to the surrounding surface
waters. The Surficial aquifer responds to the effects of tides,
storm surges, and sea-level rise on the James River. This
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Figure 8. Graph showing the distributions of the daily highest high and lowest low tides in the James River at Jamestown Ferry Pier,
Va. (station 02042770), August 13, 2015, through October 1, 2018, Jamestown Island, Colonial National Historical Park, Virginia.
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exchange takes place because the James River channel is
incised into the Surficial and underlying Yorktown-Eastover
aquifers.

At Jamestown Island, the Surficial aquifer consists of
organic sand and mud that fill the valleys beneath the marshes
(Thornberry-Ehrlich, 2016); the aquifer is laterally and verti-
cally heterogeneous. Beneath the uplands, the lower part of
the Surficial aquifer consists of coarse-grained sand with the
basal gravel overlain by fine- to very fine-grained sand. At
some sites, the change from coarse-grained sand to fine- to
very fine-grained sand is gradational; at others, it is a distinct
boundary. A distinct contact separates these sediments from
overlying clayey, sandy silt, which grades to silty, sandy clay
at land surface. Where the land-surface altitude decreases,
the upper clayey part of the aquifer is absent. Beneath the
marshes, the upper part of this sequence has been eroded so
that the organic sand and marsh mud overly the middle and
lower parts of the upland sequence.

The Surficial aquifer is an unconfined, water-table aqui-
fer throughout most of the Atlantic Coastal Plain; however,
fine-grained interbeds can cause locally confined conditions
(McFarland and Bruce, 2006). Such is the case at Jamestown
Island because of the low permeability of the marsh sediments
and the clay, silt, and fine-grained sand that form the near-
surface sediments that overlie coarse-grained sand and gravel.
These semiconfined or confined conditions underlie most of
the island, as marshes compose about two-thirds of the island’s
landcover. Clayey near-surface sediments are locally the
thickest beneath the island’s uplands with the highest altitudes.
When hand-boring holes during well and piezometer con-
struction, water did not enter holes bored to the bottom of the
clayey sediment. Once the borehole penetrated the underlying,
saturated, fine- to very fine-grained sand, water entered most
boreholes and rose 6 to 12 in. into the clayey sediment.

The hydraulic connection between the Surficial aquifer
and surrounding surface waters depends on the depth of the
stream channels and the extent of marshes between the surface
waters and the uplands (Johnson and Hobbs, 2001). The James
River has a variable-depth channel, ranging from about 2 to 10
ft near the southeast end of the island to greater than 50 ft off
the southwest end of the island (U.S. Geological Survey, 1983,
1984). At the southeast end of the island, the best connection
between the river and the Surficial aquifer is about a half mile
into the river where the channel is dredged. At the southwest
end of the island, where the channel is deepest and borders
the upland, the river connects directly to the more permeable
parts of the Surficial aquifer (fig. 9). Because these waters
border marshes and have shallow channels, the less permeable
clayey sediment and the organic sand and mud underlying the
marshes limit connection of these waters to the more perme-
able parts of the Surficial aquifer (fig. 9). Parts of the meander-
ing channels of some of these streams, however, border upland
ridges and can connect directly to the more permeable parts of
the Surficial aquifer (fig. 9).

Upland

Silty, sandy clay

Water table

Water table
clay

Fine- to medium-

Fine- to medium-grained sand .
grained sand

James River

NOT TO SCALE

Figure9. Schematic showing the interconnection between
sediment of differing permeability in the Surficial aquifer with the
James River and the channels of smaller streams, Jamestown
Island, Virginia (modified from Johnson and Hobbs, 2001).

Hydrologic and Chemical Processes

Sea-level rise alters numerous hydrologic and chemical
processes in surface water, groundwater, and (or) unsaturated
soil. Processes differ temporally and spatially across the island
depending on the following factors: (1) the amount and timing
of freshwater recharge, (2) land-surface altitude and slope, (3)
lateral and vertical sediment characteristics, (4) the presence
of marshes, (5) the distance from surface waters, and (6) the
degree of hydraulic connection between surface water and the
aquifer. Because surface waters can be observed visually, the
public, managers, and even scientists tend to attribute ongo-
ing effects of sea-level rise to surface-water processes. Some
changes, however, can occur from subsurface processes.

Tides, winds, storm surges, and sea-level rise cause
shoreline erosion, inundation of the land surface, and changes
in salinity. Shoreline erosion is a continual natural process
as river channels migrate, and tides, wind, and storm surges
create currents and waves. Tides continually cause inunda-
tion of the land surface, particularly across marshes. As
sea level rises, the rates and locations of shoreline erosion
change, the depth and duration of inundation increases, and
salinity increases. Storm surges can create more immediate
effects than those of sea-level rise. Rising sea level, however,
increases the effects of individual surges.

Variation in discharge, tides, winds, storm surges, and sea
level are the main processes that control surface-water levels
and salinity. These competing factors make identification of
the controlling processes difficult with short periods of record.
Large, persistent changes, however, facilitate identification of
the primary controlling processes and the characteristics of the
responses.



The Surficial aquifer at Jamestown Island has the follow-
ing three sources of water: (1) recharge from the land surface
through the unsaturated zone by precipitation, (2) recharge
from the land surface through the unsaturated zone by fresh-
to-saline water from tides and storm surges that inundate the
land, and (3) lateral flow of fresh-to-saline water through
the aquifer from adjacent surface waters. Consequently, the
salinity and other chemical characteristics of each source, and
the physical characteristics of the sediment of the unsaturated
zone and Surficial aquifer through which the water flows,
control the hydrology and water chemistry spatially and tem-
porally. The effects of the different sources at a particular site
depend on land-surface altitude and slope, lateral and vertical
differences in the permeability of unsaturated zone and aquifer
sediment, proximity to surface waters, and the degree of the
hydraulic connection of the surface waters and aquifer.

Recharge by precipitation occurs across the land surface
and is the main source of water to the high-altitude uplands
because these areas seldom are inundated. Recharge from pre-
cipitation typically flows laterally through the Surficial aquifer
from the uplands toward low-altitude wetlands and marshes
(Speiran, 1996, 2010). Fresh groundwater flow toward the
low-relief, lowland marshes is limited because the Surficial
aquifer thins, and the low topographic relief does not provide
the hydrologic gradients needed for flow from the base of the
upland, beneath the marshes, to surface waters. This flow limi-
tation forces groundwater to discharge to the lowland marshes
near the base of the upland (Speiran, 1996, 2010). The greater
density of saline groundwater beneath the marshes also limits
flow of freshwater beneath the lowland marshes. Chang-
ing tides cause the direction of this limited flow beneath the
marshes to alternate between flowing away from the uplands
toward surface waters and from surface waters toward the
uplands.

Fresh-to-saline water from tides and storm surges can
recharge the aquifer in several ways. As storm water inundates
marshes and uplands, recharge can occur vertically from land
surface; the recharge water can push water under the marshes
laterally and vertically into the Surficial aquifer. The amount
of recharge from storm surges depends on the following fac-
tors: (1) the amount of freshwater recharge, (2) the altitude and
slope of the land surface, (3) the permeability of the sediment
and proximity of surface waters to the aquifer, (4) the degree
of hydraulic connection of surface waters with the aquifer, and
(5) the magnitude of tides and storm surges. The frequency,
depth, and duration of inundation depends on land-surface alti-
tude and the frequency, height, and duration of tides and storm
surges. The hydraulic gradient and the hydraulic conductivity
in marshes is low, which limits the lateral and vertical flow of
freshwater and saline water.

In low permeability sediments, water levels are slow
to respond to tidal signals. When a marsh is inundated and
drains, water is exchanged between groundwater and surface
water as tides rise and fall. Because the organic-mud fill and
the underlying clay and silt have low permeability, and the
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period between high and low tides is only 6 hours, these sedi-
ments drain little and remain nearly saturated.

The zone of influence that surface waters exhibit on
surrounding groundwater levels and salinity is a function of
the aquifer-sediment permeability surrounding the surface
water feature and changes in surface-water stage. Specifically,
changes in stage are muted when surface waters are hydrauli-
cally isolated from the aquifer by way of low permeability
sediments. Changes in stage within channels that are not
incised through low permeability sediments into the higher
permeability aquifer have less effect on aquifer groundwater
levels and salinity. In contrast, surface-water features that are
not isolated by low permeability sediments display a more
rapid and larger magnitude response on surrounding ground-
water levels and salinity. The coarse-grained sand part of the
Surficial aquifer can drain into surface waters if tidal influ-
ences cause surface-water levels to drop below the ground-
water levels within the sand. Lower-permeability shallow
sediments retain most water and remain saturated or nearly
saturated. Examples of these lower permeability sediments
include marsh sediments with a high fraction of organic mud
and sand, as well as the underlying clayey and fine-grained
sand sediments. Oscillating tidal action continually resaturates
unsaturated sediments, causing subsurface mixing, resulting in
water of different salinity than that of surface waters.

Sea-level rise affects processes in groundwater (saturated
sediment) and the vadose zone (unsaturated soil) beneath
the land surface. It causes groundwater levels to rise, which
decreases the thickness of, and increases the moisture content
of, unsaturated soils. The effects of tides on shallow ground-
water levels increase the wetting and drying of the vadose
zone and any artifacts that may be present within that zone.
Such wetting and drying cycles accelerate the degradation
of organic material by microorganisms. Rising groundwater
levels can create standing water across the land surface in low-
lying areas, decreasing shallow subsurface storage capacity
and promoting further inundation by tides and storm surges
(Masterson and Garabedian, 2007; Masterson and others,
2013).

As the salinity of surface waters increases, groundwa-
ter salinity typically increases (Masterson and Garabedian,
2007; Masterson and others, 2013). As in surface waters, fresh
groundwater from infiltrating precipitation overlies denser
saline groundwater. Beneath coastal barrier islands like nearby
Assateague Island, this freshwater forms a surficial lens (Mas-
terson and Garabedian, 2007; Masterson and others, 2013),
referred to as island hydrology (fig. 104). As sea level rises
and the exposed island becomes smaller, the areal extent of
the freshwater lens decreases (fig. 10B8) such that the lens can
disappear even before the entire island is inundated (Master-
son and others, 2013).

Saline surface water flowing into and through aquifers
beneath marshes and adjacent uplands can create an oxidation-
reduction sequence involving manganese, iron, and (or) sulfur.
Saline surface water entering aquifers contains higher sulfate
concentrations than freshwater and moderate-to-abundant
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Figure 10. Schematic diagrams showing A, a freshwater lens overlying saline water beneath a coastal island and B, the decreasing

extent of this lens and inundation of land by rising groundwater levels as sea level rises.




concentrations of dissolved oxygen (oxic conditions). As
saline groundwater flows through organic marsh sediment,
microorganisms consume and deplete the dissolved oxygen
through the biodegradation of organic matter, creating anoxic
conditions (fig. 11). Under anoxic conditions, bacteria further
biodegrade the organic matter by concomitantly reducing
iron-oxide minerals in sediment. When iron-oxide miner-

als become depleted, sulfate in the saline water is reduced to
sulfide. These reduced chemical species can combine to form
sedimentary pyrite, an insoluble iron-sulfide mineral, in the
sediment (Lord and Church, 1983), and possibly, in artifacts
with sufficient porosity. Subsequently, if dissolved oxygen

is reintroduced into the subsurface by burrowing worms and
other organisms, tidal fluctuations, declining surface-water
levels after storm surges, and (or) increased oxygenated fresh-
water recharge, the pyrite oxidizes to iron oxides and sulfate.
Archaeological interpretation can be complicated by staining
from oxidation-reduction reactions, such as black staining
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caused by the precipitation of manganese oxides and pyrite
and reddish staining caused by the precipitation of iron oxides
and oxyhydroxides.

Rising groundwater levels, increased groundwater salin-
ity, and changing groundwater chemistry can stress and kill
trees and other vegetation. Such effects can become an issue
when the water table rises and saturates sediment surround-
ing the fine and small roots that take in water and nutrients
(Armstrong and others, 1994). The density of fine and small
roots typically is greatest near land surface and decreases with
depth (fig. 12). For example, at the Great Dismal Swamp to
the south of Jamestown Island, the 0- to 0.3-ft-depth interval
contained 55 to 67 percent of the fine and small roots present
in the upper 1.3 ft of three wetland-forest-community types
and 58 percent of the fine and small roots in an upland-forest
community (Powell and Day, 1991). As groundwater levels
rise and approach land surface, more of the soil surrounding
the fine and small roots of trees and other vegetation becomes

Marsh Creek Marsh

Upland

Water level before sea-level rise

Water level after sea-level rise
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Figure 11.
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Water table at low tide/before sea-level rise
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mineral
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Schematic showing the zones of changing groundwater chemistry as saline groundwater becomes anoxic when flowing

through organic sediment beneath marshes and becomes reoxygenated by various processes.
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Figure 12. Photographs showing A, the shallow depth of roots of an uprooted deciduous tree; B, the wide
spread of the same shallow roots; and C, the shallow roots and the abrupt termination of a tap root with
spreading smaller roots of an uprooted pine tree, Jamestown Island, Colonial National Historical Park, Virginia.
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Figure 13. Graph showing sinusoidal (well ENEO1) and stair-step (well EE13) diurnal cycles in groundwater levels, which results from
daytime evapotranspiration (modified from Speiran and Wurster, 2021).

saturated. Organic material in the soil is degraded by bacteria,
causing groundwater to become anoxic, which creates condi-
tions that stress and can kill the vegetation (Armstrong and
others, 1994). Under these conditions, wetland species employ
adaptations that are metabolically less efficient and typically
result in less water uptake (Armstrong and others, 1994). This
lower efficiency allows the trees to survive, but not necessarily
thrive. Because upland species cannot adapt in such a man-
ner, they become stressed, eventually die, and are replaced by
wetland species (Armstrong and others, 1994). If the water is
saline, wetland and upland species not adapted to saline condi-
tions become stressed and die. As groundwater levels decline
in wetlands from tides and other processes, more of the roots
are exposed to unsaturated, oxygenated soil so that the vegeta-
tion shifts back to normal, more efficient, metabolic processes
(Armstrong and others, 1994).

Unsaturated soil contains water in part of the pore space
of the soil surrounding fine and small roots. This water can
be derived from precipitation that infiltrates into the soil and
percolates downward or can be water retained in the soil as
groundwater levels decline. As vegetation transpires, the
removal of the water from the soil increases negative pressure
(suction) within the vadose zone. The negative pressure causes
water to flow from the water table, where pressure is equal
to atmospheric pressure, through unsaturated soil. The water
can be intercepted by small and fine shallow roots (White,

1932) or by large deep roots by way of hydraulic redistribution
to fine shallow roots and then into the soil (Dawson, 1992;
Prieto and others, 2012). In shallow groundwater systems, ET
can cause diurnal cycles of declining daytime groundwater
levels followed by rising nighttime groundwater levels, which
create a sinusoidal pattern (fig. 13) first identified by White
(1932) and described in groundwater (for example, Freeze
and Cherry, 1979) and wetland (for example, Mitsch and
Gosselink, 2007) textbooks. Groundwater levels can decline
during the daytime because of the removal of groundwater

in storage by ET and rebound at night as the aquifer recov-
ers. In aquifers with limited storage, the cycle is modified to

a stair-step pattern with a rapid decline during the daytime
followed by a small decline or no change during the nighttime
(fig. 13). Hydraulic redistribution can cause the water level to
decline during nighttime when ET is minimal (Dawson, 1992;
Prieto and others, 2012). Although the uptake of groundwater
was long inferred from the response of groundwater levels,
Sanchez-Pérez and others (2008) used the stable isotopes of
water (deuterium and oxygen-18) to demonstrate this flow and
uptake of both precipitation and groundwater by trees.

At several sites in Virginia (Speiran, 1996; Speiran and
Waurster, 2021), the largest decline in groundwater levels was
during the daytime when ET was the greatest. Groundwater
levels rose, remained unchanged, or declined slightly during
the nighttime. This indicates that transport of water through
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unsaturated soil is a function of both evaporation and plant
transpiration. The exposure of more fine and small roots to
unsaturated soil as the water table declines during periods of
little precipitation increases the amount of groundwater uptake
and, consequently, the rate of water-level decline (Speiran,
1996). In tidal areas, the effects of tides can mask diurnal
groundwater fluctuations caused by ET.

Hydrologic and Chemical Responses of
Groundwater

Hydrologic and chemical responses of groundwater to
tides, storm surges, and sea-level rise depend on the hydro-
logic and chemical settings across Jamestown Island. These
settings can be broadly grouped on the basis of land-surface
altitude of the uplands—high altitude (about 10 to 15 ft above
NAVD 88), and low altitude (about 3 to 6 ft above NAVD 88).
The Island House sites represent conditions at high-altitude
uplands, which predominate at the west end of the island.

The Black Point, Earthworks, and Tour Road 2 sites represent
conditions at low-altitude uplands, more typical of the east end
of the island. Tour Road 1 appears to be at the edge of a high-
altitude upland.

From October 2016 through June 2017, James River dis-
charge varied appreciably, making the competing effects of
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discharge and tides on groundwater difficult to identify with
the measurement frequency (fig. 14). The large increase in the
specific conductance of James River water during the summer
0f 2017 resulted from low discharge during that period, which
was followed by decreasing specific conductance as discharge
increased into the fall and winter (fig. 144). These large
responses demonstrate how discharge from the watershed con-
trols the salinity of the James River and surrounding waters in
the absence of storm surges.

Dissolved-oxygen concentrations in the James River at
the Earthworks followed a seasonal pattern, with the highest
concentrations in the winter, which then decreased in the sum-
mer (fig. 14B). This seasonal pattern is consistent with lower
bacterial uptake of oxygen and cooler water temperatures in
the winter, both of which allow for higher dissolved-oxygen
concentrations.

Specific conductance of the James River at EW1 (the
site with the most data) ranged from 490 to 17,800 microsie-
mens per centimeter (uS/cm; fig. 144), classified as fresh to
saline (table 2). Specific conductance at the marsh sites and
the James River at Black Point is similar to that of the river at
the Earthworks except for lower specific conductance in the
marsh at the Earthworks in September 2017 and the marsh at
the Island House in November 2017 (fig. 15). The cause of
the lower values could be dilution by precipitation, inundation
during a previous high tide, or other processes. This similarity
in specific conductance indicates a general uniformity in the
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Figure 15. Graph showing the specific conductance of water from the James River at the Earthworks (EW-1), the marsh at the Island

House (IH-1), the south marsh at Black Point (BP-6), the James River at Black Point, and the marsh at the Earthworks (EW-9), from
October 2016 through February 2018, Jamestown Island, Colonial National Historical Park, Virginia.
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and 6 along the transect at the Island House, Jamestown Island, Colonial National Historical Park, Virginia.

salinity of the surface waters at study sites around the island.
As in the James River, water at these sites was slightly to mod-
erately saline.

Island House: High-Altitude, Upland Setting

The deepest well or piezometer at each site in the Island
House transect except IH-4 was open to the coarse-grained
sand (fig. 5). Groundwater levels in these wells and piezom-
eters changed just over 1 ft from August 3, 2017, to September
20, 2018, and were at similar altitudes across the sites on most
dates (fig. 164). Water-level altitudes in the coarse-grained
sand at [H-2 (the marsh/forest edge) generally were higher
than at all other sites (fig. 164).

A downward gradient was evident from the clayey sedi-
ment to the coarse-grained sand at IH-2 and IH-3 (fig. 16B),

the only two sites that have piezometers open to saturated
clayey sediment (fig. 54). This downward gradient reflects
recharge and downward flow. IH-6 has two piezometers open
to the clayey sediment, but those sediments remained unsatu-
rated throughout the study. Water levels in the two piezometers
open to the shallow clayey sediment at IH-2 were similar to
each other and higher than levels in all wells and piezometers
open to the coarse-grained sand on all dates (fig. 16B8). At
IH-3, water levels in the clayey sediment and upper part of the
coarse-grained sand differed from each other and were higher
than those in the deeper, coarse-grained sand on most dates
(fig. 16B).

Dissolved-oxygen concentrations in groundwater beneath
the marsh at the Island House ranged from nearly 0 to about
10 mg/L but followed no distinct pattern (fig. 174). Dissolved-
oxygen concentrations in groundwater beneath the uplands at
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Graphs showing dissolved-oxygen concentrations of water from the James River at the Earthworks and of groundwater A,

beneath the marsh (IH-1) and the marsh/forest edge (IH-2), and B, beneath the uplands (IH-3, IH-4, IH-5, and IH-6) at the Island House
from December 2016 through August 2018, Jamestown Island, Colonial National Historical Park, Virginia.

the Island House varied widely, with a range from nearly 0 to
12 mg/L (fig. 17B).

The specific conductance of groundwater at Island House
sites differed temporally and spatially, but generally decreased
from the marsh to the upland (fig. 18). Specific conductance of
groundwater beneath the marsh (IH-1P08 and IH-1W10) was
more stable and less responsive to changes in specific conduc-
tance of the river than groundwater at the marsh/forest edge
(IH-2P02, TH-2P04, and IH-2W10), although the marsh was at
a lower altitude and more frequently inundated than the marsh/
forest edge (table 3). The specific conductance of groundwater
beneath the marsh ranged from about 3,300 to 6,700 uS/cm,
whereas that at the marsh/forest edge ranged from about 1,800
to 8,400 uS/cm; water at both sites was slightly to moderately
saline (fig. 184; table 2). The most rapid change in specific
conductance of groundwater was in clayey sediment at the
marsh/forest edge, which increased from 1,800 to 8,400 uS/cm
in [H-2P04 from early August through October 2017, coincid-
ing with the increased specific conductance of James River

water from 1,500 to 17,800 puS/cm (fig. 184). The specific
conductance of groundwater from IH-2W10 changed similarly
through that period. The specific conductance of groundwater
at both depths then decreased more gradually than that of the
river. Specific conductance responded little in IH-1P08 (4,200
to 5,900 uS/cm) and in IH-1W10 (4,800 to 5,000 uS/cm) in
response to the change in the specific conductance of river
water.

Specific conductance was substantially less at the upland
sites (Site 3 [IH-3P12 and IH-3P15], Site 4 [IH-4W13], and
Site 5 [IH-5W15]) than at the marsh/forest edge (Site 2; fig.
18B). The specific conductance of groundwater ranged from
87 to 163 uS/cm at Sites 4 and 5 (fig. 18C) and is considered
fresh (table 2), as is typical for groundwater recharged by
precipitation in noncarbonate unconsolidated sedimentary
aquifers.

The specific conductance of groundwater beneath Site
3 responded differently to changes in river salinity than any
other upland site or sites near and in the marsh. Although the



26 Groundwater Hydrology and Chemistry of Jamestown Island, Virginia

20,000
A
15,000 |—
10,000 |—
5000 [—
(2]
=3
2
[«})
[d8]
@ 0
o
2 20,000
=]
9 B
o
@©
£ 15000 —
=
[
[«})
[&]
2 N
2 10000 — 1
[«})
= I
[«})
@ |
e [
o
E  s000 |-
£
@
[&]
==
8
S
- 0
ey
o
o
o 20000 [
= =
o - C
&
o
2,000 —
200 —
20
10/1/2016

4/1/2017

10/1/2017

Date

10/1/2018

EXPLANATION

— & — James River

—o— IH-1P08

IH-1W10

—+H— IH-2P02

—S—  IH-2P04
IH-2W10
EXPLANATION

— & — James River

—&— IH-3P12

IH-3P15
—S—  H-4W13
—&—  IH-5W15
IH-6P14
—A— [H-6P17
EXPLANATION
— 8 — James River

—&=— [H-3P12

IH-3P15
——  H-4W13
—&—  IH-5W15
IH-6P14
—A— [H-6P17

Figure 18. Graphs showing the specific conductance of water from the James River at the Earthworks and of groundwater A, beneath
the marsh (IH-1) and the marsh/forest edge (IH-2) on an arithmetic scale; B, beneath the uplands (IH-3, IH-4, IH-5, and IH-6) on an
arithmetic scale; and C, beneath the uplands (IH-3, IH-4, IH-5, and IH-6) on a logarithmic scale at the Island House from December 2016

through August 2018, Jamestown Island, Colonial National Historical Park, Virginia.



water remained fresh, the specific conductance of groundwater
from IH-3P15 appeared to increase in a delayed and attenuated
pattern from that of the river, increasing from 69 to 208 uS/cm
before gradually decreasing (fig. 18C). The specific conduc-
tance of groundwater from IH-3P12, the shallower piezometer,
responded in a delayed but less attenuated pattern, increas-

ing from 147 to 1,650 uS/cm in December 2017 (fig. 18C),
although it remained within the freshwater classification (table
2). The specific conductance of groundwater from IH-3P12
remained greater than that of IH-3P15 through August 2018.

Site 6 (IH-6P1, IH-6P5, IH-6P9, IH-6P14, and IH-6P17)
was at the highest altitude along the transect (fig. 54) and
near the midpoint and highest-altitude point of the ridge.

The specific conductance of groundwater from both IH-6P14
and [H-6P17 was relatively stable, but greater than that of
groundwater at Sites 4 and 5, and less than that of groundwa-
ter beneath the marsh and the marsh/forest edge (fig. 18B).
Only the two deepest piezometers at Site 6 contained water
during the monitoring period so that levels and quality could
be measured. Piezometer IH-6P14 was dry from June 2017
until February 2018. The specific conductance of groundwater
from IH-6P14 ranged from 750 to 1,170 uS/cm (fresh), and in
IH-6P17 it ranged from 1,370 to 1,830 puS/cm (fresh to slightly
saline; fig. 18C). Unlike at Site 3, the specific conductance of
groundwater was lower at the shallower depth at Site 6.

The specific conductance of groundwater at the Island
House was not consistent across the upland (fig. 18B, C).
Although IH-2 is in the forest at the marsh/forest edge,
groundwater was slightly to moderately saline and varied
more than in [H-1 beneath the marsh (fig. 184). The land
surface at [H-2 is 2.76 ft above NAVD 88, consequently, the
well was inundated during the daily highest high tides on only
about 4 percent of the days (about 15 days per year) for the
period of record for the Jamestown Ferry Pier tide station (fig.
8; table 3). The land surface within 2-3 ft of [H-2, however, is
0.5-1.0 ft lower, therefore, it was inundated more frequently.
As an example, no standing water was present near the site or
in the nearby marsh at the beginning of the day of well and
piezometer installation. Before construction was completed
that day, no standing water was at the immediate site, but the
low ground surrounding the site became inundated by sur-
face water as the tide rose. The root hole of a nearby fallen
tree filled with discharging groundwater as the tide rose. The
low-permeability organic mud and sand beneath the marsh
and the upper clay of the Tabb Formation present at higher
altitude upland sites (fig. 5) are absent at IH-2, although the
lower clayey silt is present. This creates a higher-permeability
surficial sediment for greater infiltration, recharge, and flow
of fresh and saline water at this site compared to the marsh
site and the higher-altitude uplands. The higher water levels
at [H-2 than other sites at the Island House and the down-
ward vertical water-level gradient (fig. 16) indicate recharge
at this site and flow from the marsh/forest edge toward both
the marsh and the upland ridge. Flow typically is from the
upland ridge to the marsh/forest edge and to the marsh at such
sites. Fresh groundwater recharged through the uplands mixes
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Table 3. Percent of days and average number of days per year
that well or piezometer sites were inundated during high tide for
the period August 13, 2015, through February 20, 2018, Jamestown
Island, Colonial National Historical Park, Virginia.

Average
land- surface Average
.. Percent
elevation, in number of
. of days
Site feet above . days per year
. inundated on .
National hiah tide inundated on
Vertical Datum g high tide
of 1988

Island House
IH-1 1.11 79 288
IH-2 2.76 4 15
1H-3 7.98 0 0
IH-4 10.12 0 0
IH-5 11.30 0 0
TH-6 12.84 0 0

Black Point
BP-1 1.70 41 150
BP-2 2.26 13.1 48
BP-3 3.75 0.6 2
BP-4 3.16 1.9 7
BP-5 1.53 53 193
BP-6 0.88 89 325

Earthworks
EW-1 1.23 74 270
EW-2 3.30 1.0 4
EW-3 3.72 0.8 2
EW-4 442 0.2 <1
EW-8 1.37 65 237
EW-9 0.85 89 325

Tour Road 1
TR-1 4.64 0.2 <1

Tour Road 2
TR-2 4.22 0.5 2

with saline water from the marsh. Although the land-surface
altitude at IH-2 is higher than that of the marsh, and recharge
from precipitation is likely, no freshwater was observed at the
water table at IH-2 (fig. 184).

The specific conductance of groundwater at IH-3
responded to the increased salinity of the river differently
between the two piezometers and from the response at [H-2.
The specific conductance of groundwater from IH-3P15
mimicked river patterns but was delayed, attenuated, and
fresh (69—-210 uS/cm). In the slightly shallower piezometer,
IH-3P12, the change in groundwater specific conductance
of 140-1,600 uS/cm was delayed by several months. This
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Figure 19. Graphs showing the pH of water from the James River at the Earthworks and of groundwater A, beneath the marsh (IH-1)
and the marsh/forest edge (IH-2); and B, beneath the uplands (IH-3, IH-4, IH-5, and IH-6) at the Island House from December 2016
through August 2018, Jamestown Island, Colonial National Historical Park, Virginia.

response appears to indicate greater horizontal than vertical
hydraulic conductivity, typical in noncarbonate sedimentary
aquifers (Freeze and Cherry, 1979). This caused the slightly
more saline water to flow laterally through the shallower part
of the aquifer, creating a density inversion. The effects of the
lower vertical permeability are indicated by the higher verti-
cal water-level gradient in the upper sediment at [H-3 than

at [H-2 (fig. 16). The specific conductance of groundwater at
sites IH-4 and IH-5 remained less than 200 uS/cm throughout
the study, which indicated the control by freshwater recharge
through minimally calcareous, mineral sediment. The elevated
specific conductance of groundwater from the two piezometers
at [H-6, near the ridge, does not appear to respond to changes
in salinity of the river but might be diluted saline water from a

previous tidal surge. The persistence of higher salinity at [H-6
than elsewhere beneath the upland could result from this part
of the aquifer being near the groundwater divide where fresh
groundwater flow to flush saline groundwater is limited. The
flushing could be further limited because of the small amount
of recharge at this site compared to other upland sites as a
result of the increased clay content in the surficial sediment
near the land surface typical at higher altitudes (IH-6) than at
lower altitudes.

The pH of groundwater at the Island House varied tempo-
rally and spatially. At all Island House sites, the pH of ground-
water was less than that of the James River but was greater
than 5.0 (fig. 19). The pH of groundwater generally was
higher beneath the marsh (6.1 to 6.8) and was lower across the
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upland. The pH was higher at IH-6 (5.3 to 6.2) than upland
sites [H-4 and IH-5 (5.2 to 5.8; fig. 19B). These pH values are
consistent with natural marsh porewater-chemistry (Craft and
others, 1991).

Black Point: Low-Altitude, Upland Setting

Groundwater levels in the coarse-grained sand at Black
Point varied similarly beneath the uplands (BP-3), southern
marsh (BP-6), and northern marsh (BP-1), with no distinct
seasonal pattern from October 1, 2016, to October 1, 2018 (fig.
204). Levels in the coarse-grained sand ranged from —0.40
to 1.55 ft (1.95-ft range) above NAVD 88 along the transect.
The levels changed over a range of 1.68 ft beneath the uplands

(BP-3W12), 1.61 ft beneath the southern marsh (BP-6W06),
and 1.43 ft beneath the northern marsh (BP-1W13). The depth
to groundwater in the coarse-grained sand ranged from —2.44
to —4.12 ft beneath the uplands, —0.77 to 0.73 ft beneath the
southern marsh, and —0.58 to —1.74 ft beneath the northern
marsh. The direction of the horizontal hydraulic gradient
varied from being from the uplands to both marshes, from one
marsh beneath the uplands to the other marsh, and from both
marshes to the uplands (fig. 204).

Changes in specific conductance across Black Point
depended on site locations and the depth interval to which
each well or piezometer was open (fig. 21). The magnitude
and timing of the response of the specific conductance of
groundwater to changes in salinity of the river differed among
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Figure 21. Graphs showing the specific conductance of water from the James River at the Earthworks and of groundwater from
wells and piezometers beneath A, the northern marsh (BP-1W07, and BP-1W13) and the northern marsh/forest edge (BP-2W09), B, the
southern marsh (BP-6P06 and BP-6W11) and the southern marsh/forest edge (BP5-W09), and C, the center of the uplands (BP-3P04,
BP-3W07, and BP-3W12) at Black Point, October 2016 to October 2018, Jamestown Island, Colonial National Historical Park, Virginia.



the northern marsh (BP-1, fig. 214), the southern marsh (BP-6,
fig. 21B), and the uplands (BP-3, fig. 21C). The response to
changing river salinity was greatest and most rapid beneath
the northern marsh (BP-1, fig. 214). At BP-1, the response of
specific conductance to the changing salinity of the river was
larger in groundwater from the deeper well (BP-1W13), which
ranged from about 4,000 to 10,800 pS/cm, than in the shallow
well (BP-1W07), which ranged from about 6,500 to 10,400
uS/cm (fig. 214). The specific conductance of groundwater
from well BP2W09 at the northern marsh/forest edge ranged
from about 2,500 to 10,100 uS/cm, slightly to moderately
saline (table 2), and responded in a pattern similar to that of
BP-1W13 (fig. 214).

The specific conductance of groundwater beneath the
southern marsh and the southern marsh/forest edge (fig. 21B)
differed from that beneath the northern marsh (fig. 214) pri-
marily in the timing of the response to changing river salinity,
and less in the magnitude of the response. Specific conduc-
tance ranged from 4,700 to 10,700 uS/cm in groundwater
from the deeper well beneath the southern marsh (BP-6W11)
and from 3,900 to 10,800 puS/cm in BP-5W10 at the southern
marsh/forest edge. Like that of the deeper well open to the
same zone beneath the northern marsh (BP-1W13), both were
slightly to moderately saline (table 2). The specific conduc-
tance of groundwater from BP-6W11 and BP-5W10 decreased
from more than 10,000 uS/cm in December 2016 to 4,700
and 3,900 uS/cm in April 2017, respectively. It then gradually
increased through August 2018 to more than 10,600 uS/cm
in groundwater from both wells. The specific conductance of
groundwater from BP-6P06 increased rather uniformly from
3,700 puS/cm in February 2017 to 13,700 puS/cm in August
2018. Although these two wells and one piezometer are open
to the coarse-grained sand, like BP-1W13 and BP-2W09 at the
northern marsh, neither responded as sharply to the increased
salinity in the river as those in the northern marsh.

The specific conductance of groundwater beneath the
upland at Black Point ranged from 2,500 to 9,400 pS/cm in
BP-3W12, slightly to moderately saline (table 2), and from
5,600 to 9,900 uS/cm in BP-3W07, moderately saline (table
2). The highest specific conductance of groundwater at any
site at Black Point was in BP-3W04 (fig. 21C), which ranged
from 9,300 to 15,200 uS/cm, moderately saline (table 2).
Because of the limited number of groundwater measurements
from BP-3W04, no distinct patterns could be identified except
that specific conductance increased during the study.

The response of specific conductance beneath the upland
appeared to be delayed and of lower magnitude relative to
changes in salinity of the river (fig. 21C), unlike wells in the
northern marsh (fig. 214). Changes in specific conductance
were more gradual and steadier than those in the north-
ern marsh and included an initial decrease followed by an
increase, but the vertical distribution in salinity displayed a
clear and persistent pattern. Specific conductance was greater
in BP-3WO07 (the shallower well open to the fine-grained sand)
than in BP-3W 12 (open to the underlying coarse-grained
sand) on 19 of the 20 sampled dates. Enough water was in
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BP-3W04 (open to the overlying clayey sediment) to measure
specific conductance on only four of those dates; the specific
conductance of groundwater from BP-3W04 ranged from
9,300 to 15,200 pS/cm, moderately saline (table 2), and was
greater than that from the deeper well (BP-3W07) on all four
dates. The lowest specific conductance of groundwater from
the shallowest well interval was similar to the highest values
for the two deeper intervals. Consequently, there was a density
inversion at this site, with the greatest salinity water at the
water table.

The combination of low land-surface altitude, tides and
storm surges, low sediment permeability, and limited dis-
charge appears to control the salinity of groundwater beneath
the low-altitude upland at Black Point. The large and rapid
response of groundwater from well BP-1W13 to changes in
salinity of the river (fig. 214) was because this well is open
to permeable, coarse-grained sand and gravel (fig. 5B). The
response in groundwater from BP-1W07 was more gradual
than that in the river and BP-1W13 because of the damping
effects of flow through the less permeable fine- to medium-
grained sand to which BP-1W07 was open. Because of
differences in the response between the shallower and deeper
wells, specific conductance switched from being similar in
both wells, to higher in the shallower well, to higher in the
deeper well. Although this relation might indicate that density
controls the vertical salinity distribution part of the time, the
density inversion from February to September 2017 indicates
the importance of sediment permeability in slowing flow and
controlling the vertical salinity distribution within the aquifer
at this site.

The land-surface altitude at BP-1 is 1.7 ft above NAVD
88 and the site was inundated about 41 percent (150 days per
year) of the days during the study (fig. 8; table 3); in contrast,
BP-6 is 0.88 ft above NAVD 88 and this site was inundated
about 89 percent (325 days per year) of the days (fig. 8; table
3). Consequently, the shallow sediment is saturated more of
the time beneath the southern marsh than the northern marsh.

The land-surface altitude at BP-3 at the center of the
ridge is 3.76 ft above NAVD 88 and the site was inundated
on average 0.6 percent (average 2 days per year) of the days
during the period of record for the Jamestown Ferry Pier tide
station. Inundations occurred at high tides during storm surges
October 2-5, 2015 (Hurricane Juan), September 3, 2016 (Hur-
ricane Hermine), and October 9, 2016 (Hurricane Matthew),
which occurred before the start of collection of water-quality
data. On October 3, 2015, the ridge remained inundated much
of the day with the daily highest high tide 5.16 ft above NAVD
88 and the daily lowest low tide 3.30 ft above NAVD 8§8.

The specific conductance of groundwater beneath the
ridge at Black Point reflected a density inversion and an
absence of freshwater at the water table throughout the study.
The presence of the most saline water at the water table rather
than deeper in the aquifer, also observed at TR-2, is atypi-
cal of coastal islands. Because the specific conductance of
groundwater did not respond rapidly to the changing salinity
of the river (fig. 21C) and the vertical salinity distribution
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is not density controlled, lateral flow might not be the main
cause of the density inversion. The changing direction of lat-
eral hydraulic gradients (fig. 20) further indicates that the net
lateral flow of groundwater could be slow. Part of the shallow,
saline water might have been from recharge by saline water
when the upland was inundated by storm surges. Such water
would have been more saline than groundwater already in the
aquifer or that had entered the aquifer by lateral flow since that
time because the greatest salinity typically accompanies storm
surges. The low permeability of the shallow sediment can
reduce vertical mixing caused by density as indicated by data
at the Island House. Vertical mixing could be further inhibited
because horizontal hydraulic conductivity typically is several
orders of magnitude greater than vertical hydraulic conductiv-
ity in unconsolidated sedimentary aquifers (Freeze and Cherry,
1979).

If saline water recharges groundwater, however, the ques-
tion remains why freshwater from precipitation recharge is not
present at the water table, at least seasonally. Recharge might
flow laterally over the short distance across the dense saline
water beneath the upland and discharge to the marshes. Mas-
terson and others (2013) indicate that the decreased recharge
area, as more of the land surface becomes inundated from sea-
level rise, becomes insufficient to maintain the freshwater lens
beneath a barrier island.

The pH of groundwater beneath Black Point depended
on the location of the site in the transect. Beneath the northern
marsh (BP-1), the pH of groundwater ranged from 4.3 to 6.2,
and at the marsh/forest edge (BP-2) it ranged from 3.9 to 6.3
(fig. 224). The pH of groundwater was highest beneath and
adjacent to the southern marsh, where it ranged from 6.4
to 8.2 beneath the marsh (BP-6). At the marsh/forest edge
(BP-5), pH ranged from 6.0 to 7.1 and was similar to that of
the river (fig. 22B). In contrast, the pH of groundwater beneath
the upland (BP-3) was acidic, ranging from 3.6 to 4.5 in
BP-3W04, 3.0 to 5.0 in BP-3W07, and 3.4 to 6.6 in BP-3W12
(fig. 22C). The pH beneath the uplands remained less than that
beneath the marsh sites except for well BP-3W12 in July 2018

(fig. 220).

Comparison of Island House and Black Point
Settings

The response of the specific conductance and pH of
groundwater beneath the uplands of the Island House (figs.
18B, 19B) differs from the response beneath the uplands
of Black Point (figs. 21C, 22C) because of differences in
land-surface altitude, the clay content of the upper sediment,
and possibly the width of Church Point ridge. Land-surface
altitude affects the frequency of site inundation by high tides
and storm surges (fig. 8; table 3). The ridge at Black Point was
inundated by the greater than 5 ft storm surge in October 2015,
whereas the ridge at the Island House was not. At Black Point,
the upper silty, sandy clay is absent, and the underlying sandy,
clayey silt is thin because of the low land-surface altitude.

The narrow width of the ridge reduces the area recharged

by precipitation. In contrast, the ridge at the Island House is

wider, and the thickness of the upper clay and silt is greater.

The response of sites to the increase in specific conductance

of the James River appears to reflect the combined effects of
these controls.

Differences in controls at the Black Point marsh sites
make the response of groundwater beneath the southern marsh
(fig. 21B) more attenuated than beneath the northern marsh
(fig. 214) but less attenuated than beneath the marsh at the
Island House (fig. 184). The characteristics of these connec-
tions are reflected in the more stable water levels at Island
House (fig. 16) compared to Black Point (fig. 20).

The different responses to changing river salinity beneath
the northern (BP-1, fig. 214) and southern (BP-6, fig. 21B)
marshes at Black Point are consistent with factors affecting the
response at the Island House (fig. 184). BP-1 is closer to the
James River than is BP-6, and the creek that drains the north-
ern marsh is larger and more deeply incised than the creek that
drains the southern marsh. The more deeply incised channel
likely enhances surface water/groundwater exchange beneath
the northern marsh, as the channel is not isolated by lower per-
meability sediments as is the case in the southern marsh. This
hypothesis would account for the more rapid response beneath
the northern marsh. The creek in the southern marsh, however,
is closer to BP-6 than the creek at the Island House is to IH-1.
Additionally, the low-permeability marsh and clayey sedi-
ment was removed from the south side of the southern marsh
to construct the Earthworks. The removal of this low perme-
ability sediment creates the opportunity for surface water/
groundwater exchange at EW-9 but is likely sufficiently far
from BP-6 to attenuate the response.

Differences in the response of groundwater beneath the
marsh and marsh/forest edge of various marshes to changing
river salinity reflect differences in the rates and magnitudes
of surface water/groundwater exchange. The specific conduc-
tance of groundwater beneath the marsh at the Island House
(IH-1, fig. 184) was more stable than that beneath the northern
(BP-1) and southern (BP-6) marshes at Black Point (fig. 21)
and the marsh at the Earthworks (EW-9). The land surface
across the wide marsh at the Island House is flat; the altitude
at [H-1 is only 1.10 ft above NAVD 88. Consequently, IH-1
was inundated during highest high tide on about 79 percent of
the days (about 288 days a year) for the period of record at the
Jamestown Ferry Pier tide station (fig. 8; table 3). The marsh
surface is underlain by organic mud and sand and clayey sedi-
ment that slows infiltration and recharge from the surface. The
site is more than 300 ft from the closest creek, which is narrow
and likely not incised through the mud and clay. Addition-
ally, the difference in water-level altitude across the transect
typically was less than 0.10 ft and the directions of the small
gradient varied (fig. 16). Such horizontal hydraulic gradients
indicate limited horizontal flow and (or) a rapid hydraulic
equilibration because water levels equilibrate rapidly within
coarse-grained sand.



Hydrologic and Chemical Responses of Groundwater 33

8.5
I I

15 — B___——————E] _ ]

S P EXPLANATION
6.5 — —

— 8 — James River
55 [— Q/e_v\s\e ] BP-1W07

—o— BP-1W13

pH, in standard units

45 |— —
—&—  BP-2Wo09
35 |— |
2.5
8.5 I
7.5 % - —g |
&P EXPLANATION
= 6.5 5— = |
= — B8 — James River
B
©
E 55 (— — —6— BP-5W09
k7
£ —S—  BP-6P06
= 45 - —
o
BP-6W11
35 |— |
2.5
8.5
7.5 —
EXPLANATION
w
E 65 —
= — & — James River
=
©
S 55 —| —&— BP-3P04
b7
= —o— BP-3W07
= 45 —
o
—/A— BP-3W12
35 |
25 | | |
10/1/2016 4/1/2017 10/1/2017 4/1/2018 10/1/2018

Date

Figure 22. Graphs showing the pH of water from the James River at the Earthworks and of groundwater from wells and piezometers
beneath A, the northern marsh (BP-1W07 and BP-1W13) and the northern marsh/forest edge (BP-2W09), B, the southern marsh
(BP-6P06 and BP-6W11) and the southern marsh/forest edge (BP-5W09), and C, the center of the uplands (BP-3P04, BP-3W07, and
BP-3W12) at Black Point, October 2016 to October 2018, Jamestown Island, Colonial National Historical Park, Virginia.
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Island, Colonial National Historical Park, Virginia.

The organic marsh sediment was expected to deplete dis-
solved oxygen in groundwater, but this was not indicated with
certainty by data from the Island House or Black Point (fig.
4). No wells or piezometers could be constructed open to the
organic sediment that could produce enough water to measure
dissolved oxygen at either site. All wells and piezometers
are open to coarse-grained sand, fine-grained sand, or clayey
sediment like that beneath the uplands (fig. 5). Beneath and
adjacent to the marsh at the Island House (fig. 17) and both
marshes at Black Point (fig. 23), dissolved-oxygen concentra-
tion typically was higher in the fine-grained sand or clayey
sediment directly underlying the marsh sediment than in the
coarse-grained sand. This distribution of dissolved-oxygen
concentration can result from numerous combinations of flow
paths. Beneath the uplands at Black Point (BP-3), dissolved-
oxygen concentrations typically were greater in the shallower
sediments; the largest difference was during the nongrowing

season when the most recharge occurred (fig. 23B8). The higher
dissolved-oxygen concentration (fig. 23B) and higher specific
conductance (fig. 21) in the shallower sediment are consistent
with freshwater recharge dissolving residual salts in unsatu-
rated sediment.

Groundwater pH from all sites at the Island House was
greater than 5.0, in contrast to values less than 4.0 beneath the
uplands at Black Point. At the Island House, little of the saline
groundwater beneath the uplands likely became anoxic by
flowing through organic marsh sediment, and then reoxygen-
ated to form sulfuric acid, as indicated by the highest water
levels at the forest/marsh edge (IH-2). This supports the pro-
posed inundation recharge as the source for the saline water at
IH-2 with limited lateral flow through organic marsh sedi-
ment. The lowest pH of groundwater beneath the Black Point
uplands ranged from 3.1 in fine-grained sand to 3.4 in coarse-
grained sand and increased over time (fig. 228), in contrast to



pH values of 5.5 to 6.8 beneath the marshes. The difference in
pH between the marshes and the low-altitude upland occurred
laterally over about 50 ft in a temporally persistent pattern.
The low pH beneath the uplands at Black Point suggests that
lateral flow from the marsh to the upland occurred, even if
the source of the more saline groundwater was recharge from
the surface, to produce the anoxic conditions followed by the
oxic conditions needed to lower the pH. The variable lateral
hydraulic gradients indicate water flowed from the marshes to
the uplands at least part of the time.

Other Study Sites

Groundwater levels at Tour Road 1 fluctuated in a similar
pattern and were at similar altitudes at all depth intervals
throughout the period. TR-1W25, TR-1P17, and TR-1P07
had only small vertical gradients that varied in direction (fig.
244). Levels in TR-1P10 were similar to TR-1W25, TR-1P17,
and TR-1P07 from July through November 2017 but diverged
from that pattern through September 2018. Throughout most
of the study, the water-level altitude at the Tour Road 1 tran-
sect suggested an overall downward gradient.

The specific conductance of groundwater from piezom-
eters with depths to 10 ft at TR-1 was about 70 to 230 uS/cm
(fig. 24B), whereas that of groundwater from TR-1P17 and
TR-1W25 ranged from approximately 200 to 2,170 pS/cm,
which reflected fresh to slightly saline water (table 2). Conse-
quently, fresh groundwater overlies slightly saline groundwa-
ter at this location.

The pH of groundwater at TR-1 ranged from 4.6 to 7.9
(fig. 24C). The highest (TR-1P05) and lowest (TR-1P17) pH
values were measured on April 3, 2018, whereas the pH at
these sites was within 0.3 standard units on April 11, 2017.
The pH of groundwater from TR-1W25 typically was less than
6.0 and less than that of groundwater in shallower intervals in
the cluster throughout the period.

At Tour Road 2, groundwater levels followed a similar
pattern at all depth intervals from July 2017 to October 2018
(fig. 254). The altitudes of groundwater levels in the two
deeper intervals (TR-2P13 and TR-2W29) were similar. The
altitudes of groundwater levels in the two shallower intervals
(TR-2P0S5 and TR-2P09) also were similar and similar to or
higher than those of the deeper intervals. Vertical gradients
varied throughout the period, but were generally downward or
minimal.

Based on specific conductance, groundwater at Tour
Road 2 was slightly to moderately saline (fig. 25B; table 2).
Specific conductance ranged from about 2,240 to 9,830 uS/
cm, with only 2 of 47 values less than the highest two values
at TR-1 (fig. 25B). Specific conductance of groundwater from
the two deepest intervals (TR-2W13 and TR-2W29) was simi-
lar but less than that of the two shallowest intervals (TR-2P05
and TR-2P09), which also were similar to each other. The
denser and more saline water was in the shallow, clayey part
of the aquifer, whereas the less dense, less saline water was
in the deep, coarse-grained part of the aquifer. The specific
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conductance of groundwater from TR-2W13 and TR-2W29
was relatively stable and ranged from 2,240 to 4,100 uS/cm,
whereas that of groundwater from TR-2P05 and TR-2P09 was
greater and more variable (4,740 to 9,830 uS/cm).

The pH of groundwater from the deep intervals at Tour-
Road 2 (TR-2W29 and TR-2W13) differed appreciably from
the shallow intervals (TR-2P05 and TR-2P09, fig. 25C). The
pH of groundwater from each of the deep, less saline intervals
was similar and close to neutral (5.7 to 6.8), whereas the shal-
low, more saline groundwater was more acidic (3.4 to 5.5).

Groundwater levels at most sites at the Earthworks fol-
lowed a similar pattern, which generally was higher in October
2016, November 2017, and April and September 2018 than in
July 2017 and February and August 2018 (fig. 26). Ground-
water levels at the marsh/forest edge (EW-8) ranged from
—0.43 to 1.92 ft (2.35-ft range) above NAVD 88; levels in the
marsh (EW9) had a similar range (2.27 ft) but a slightly higher
altitude (0.37 to 2.64 ft above NAVD 88). Groundwater levels
beneath the uplands were similar among most wells much of
the time and ranged from —1.41 to 2.33 ft (3.74-ft range) above
NAVD 88. Wells at the marsh/forest edge (EW-8) and in the
marsh (EW-9) at the Earthworks were in the southern part of
the same marsh as wells in the southern marsh of Black Point
(BP-6).

Although the specific conductance in BP-6 responded
slowly to changes in salinity of the river (fig. 21B), ground-
water from the marsh well at the Earthworks (EW-9W07)
responded sharply to the increased specific conductance of the
river as it increased from 2,250 to 11,500 puS/cm (fig. 274).
Specific conductance of groundwater beneath the uplands
at the Earthworks ranged from 4,520 to 17,900 uS/cm (fig.
27B). All upland wells at the Earthworks were open to the
fine- to medium-grained sand except EW-2W 10, which was
open to the coarse-grained sand and gravel (fig. 5C). Specific
conductance of groundwater from wells in the shallow fine-
to medium-grained sand increased more quickly in response
to the increased specific conductance in the river than water
from well EW-2W10, which was located in the underlying
coarse-grained sand. The specific conductance of groundwater
in the fine-grained sediment at sites EW-2, EW-3, and EW-4
increased almost immediately in response to changes in river
salinity but decreased more slowly than the specific conduc-
tance of the river. The specific conductance of groundwater
from EW-2WO06 was the highest throughout most of the period
and matched that of the peak river specific conductance. In
contrast to the rapid responses in the fine-grained sediment,
response to changes in the river was slow in groundwater in
coarse-grained sand (EW-2W10).

The pH of groundwater at sites beneath the marsh
(EW-9) and at the marsh/forest edge (EW-8) ranged from 6.1
to 7.4, a little lower than that of the James River (fig. 284) and
higher than that of groundwater beneath the upland sites (fig.
28B). The pH of groundwater at sites EW-2, EW-3, and EW-4
beneath the uplands varied appreciably, from 3.3 to 5.6 (fig.
28B), and was usually less than 4.5. The pH of groundwater at
site EW-1, the site adjacent to the river, ranged from 5.2 to 6.4,
between that of the upland wells and the river.
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Figure 24. Graphs showing A, water-level altitude, B, specific conductance, and C, pH of water from the James River at the
Earthworks and of groundwater at Tour Road 1, October 2016 through August 2018, Jamestown Island, Colonial National Historical Park,
Virginia.
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ridge at the Earthworks, October 2016 through August 2018, Jamestown Island, Colonial National Historical Park, Virginia.

Although EW-9WO07 is in the same marsh that surrounds
BP-6, the response in EW-9W07 to changing river salinity
(fig. 284) was more rapid than at BP-6 (fig. 21B) or the nearby
EW-8 at the marsh/forest edge (fig. 284). This response results
from the absence of low permeability sediment at EW-9 that
is present at other sites. The marsh at the Earthworks was
the only site in the study area where the upper clayey sedi-
ment was absent. The clayey sediment appears to have been
removed and used as material for construction of a nearby
earthen fortification. Similarly, a narrow marsh between the
upland transect and the fortification appears to be a linearly cut
borrow area through the upland ridge used to construct
the adjacent part of the fortification. The land-surface alti-
tude at site EW-9 is 0.85 ft above NAVD 88, so the site was

inundated during the daily highest high tide about 89 percent
of the days (325 days per year), similar to that beneath the part
of the marsh south of Black Point (fig. 8; table 3). The delayed
response at BP-6 compared to EW-9 results from the distance
between BP-6 and EW-9, where the vertical connection is
greater.

Long-Term Monitoring

Long-term monitoring can identify and track changes in
groundwater hydrology and chemistry caused by tides, storm
surges, and sea-level rise while optimizing monitoring costs.
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Graphs showing the specific conductance of water from the James River and of groundwater A, beneath the marsh and at

the marsh/forest edge (EW-8W07, EW-8W11, and EW-9W07), and B, beneath the upland ridge at the Earthworks (EW-1W07, EW-2W06,
EW-2W10, EW-3W08, and EW-4W09), October 2016 through August 2018, Jamestown Island, Colonial National Historical Park, Virginia.

Modifications to monitoring include changes in sites, types
of analyses, and frequency and timing of analyses. Continu-
ous measurements of groundwater levels, dissolved oxygen,
specific conductance, and pH would be valuable additions
to the monitoring conducted during this project. Continuous
measurements could help differentiate slow changes caused
by sea-level rise from rapid, daily-to-seasonal changes caused
by groundwater recharge, tides, discharge, and storm surges.
The two deepest wells in the monitoring network were con-
structed to allow for the running of induction logs through the
full thickness of the Surficial aquifer to monitor changes in
salinity.

Additional wells and piezometers at the Earthworks and
the Island House sites would further the understanding of the

hydrology and chemistry. At the Earthworks, a transect of
wells and piezometers that extends from the river south of the
transect, across and approximately perpendicular to the middle
of the transect, and into the marsh north of the transect could
clarify the relative influence of the river and the marsh on
groundwater chemistry. At the Island House, additional wells
and piezometers that extend south of IH-6 to the marsh south
of the ridge could help determine the extent and possibly the
cause of the nearly saline water at IH-6. Additional wells or
piezometers at existing sites at different depths would improve
the vertical resolution of conditions.

During the risk assessment of the archaeological sites,
the need for monitoring wells or piezometers at each archaeo-
logical site was discussed. The number and placement of
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Figure 28. Graphs showing pH of water from the James River and of groundwater A, beneath the marsh and at the marsh/forest edge
(EW-8W07, EW-8W11, and EW-9W07), and B, beneath the upland ridge at the Earthworks (EW-1W07, EW-2W06, EW-2W10, EW-3W08,
and EW-4W09), October 2016 through August 2018, Jamestown Island, Colonial National Historical Park, Virginia.

wells and piezometers and the type of monitoring depends

on the objectives at each site. In all sediment types, a well or
piezometer can be used for periodic or continuous water-level
measurements, but a well is needed for continuous water-qual-
ity measurements. For periodic water-quality measurements,
which require the pumping of water, a well or piezometer can
be used in coarse-grained sediment. In fine-grained sediment,
however, a piezometer from which water could be entirely
pumped is needed so that the chemistry of water that enters the
piezometer is minimally altered by aeration.

A log that documents the known or suspected causes of
unusually high or low tides (for example, nor’easters or tropi-
cal systems), unusually large discharges and storm surges, and
other potential causes of change would facilitate the analysis
of results. Recording such factors as time, duration, location,

strength of winds, amount of precipitation, and other possible
contributing factors can be critical.

Additional sampling and assessments could contribute to
better understanding of processes, by targeting specific times,
sites, wells, and piezometers. Examples include periodic
sampling and analysis of major ions and other constituents in
groundwater, age-dating groundwater, assessing the pathway/
mechanism by which saline water enters the fine-grained sedi-
ment, and developing soil pH and salinity sampling and mea-
surement protocols. Geophysical techniques (such as GEM-2
[http://www.geophex.com/index.html] or towed time-domain
electromagnetic (tTEM) imaging system could be to assess
the lateral salinity distribution or further elucidate changes
in lithology. Likewise, helicopter electromagnetic resistivity
could provide an assessment of the spatial distribution of
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salinity (Moyer and others, 2013), although the resolution
would likely be insufficient to distinguish a shallow freshwater
lens. The design of such assessment techniques would need to
be targeted to answer specific questions.

The pathway and (or) mechanism by which acidic, saline
water enters and remains in the fine-grained sediment is uncer-
tain and might vary spatially and (or) temporally. The physical
and chemical processes that determine when acidic, saline
water will enter areas not currently affected are not known.
Additionally, sediment samples need to be evaluated in a labo-
ratory for the presence of pyrite, which will help determine if
specific sites could be subject to future acidification.

Because the acidic, saline water at the water table can
be drawn into shallow soils near land surface by evapora-
tion and (or) hydraulic redistribution, measuring soil salin-
ity and pH would provide a screening tool to assess where
near-surface soil is acidic and (or) saline and likely damaging
cultural resources. The roles of ET and recharge are important
considerations in developing the protocol for these analyses.
ET draws acidic, saline water up from the water table toward
land surface during the growing season. In contrast, during the
nongrowing season, precipitation serves as recharge and can
flush the acidic, saline water deeper into the soil and replace
it with more neutral pH water. Consequently, the timing and
depth of sample collection is critical to the use of soil pH and
salinity analyses as screening tools to identify the archaeologi-
cal sites at risk.

Management Implications

The presence of acidic, saline water at the water table in
some locations is a critical issue on Jamestown Island. The
potential of acidic, saline water drawn from the water table by
hydraulic redistribution by vegetation into shallow soils that
contain artifacts is an ongoing threat. This process could cause
the water in shallow unsaturated soil to become both saline
and acidic. Such conditions could damage the artifacts, cul-
tural features, ecological resources, and infrastructure, as well
as potentially contribute to the stress and mortality of upland
trees. Acidic, saline water at the water table in the uplands at
Black Point appears to be causing stress to trees, in contrast to
healthy trees at the Island House, where acidic, saline water
was not measured. The conditions observed at Black Point
likely occur beneath low-altitude uplands across the island and
may be encountered at higher altitudes across the island as sea
level rises.

Understanding changes in groundwater caused by sea-
level rise and storm surges would be improved by continued
monitoring of groundwater levels and chemistry. Information
on these changes can be used for updating and improving the
general adaptive management strategy and specific Adaptation
and Resiliency Action Plans for individual sites. Because of
the density inversion and acidic, saline water at the water table
identified by this study, continued monitoring and additional
assessments are critical. A more complete assessment of the
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pathway for the saline groundwater to enter and remain in the
fine-grained sand and clayey sediment to create the density
inversion would help to identify additional areas that may
develop these conditions as sea level rises. The proposed
methods for analyzing soil salinity and pH are inexpensive
ways to get detailed data that can be used to identify areas
where acidic, saline water already affects the surficial soil, and
identify the potential future development of these conditions.
The typical concern when assessing the effects of sea-
level rise is which areas will become inundated by a speci-
fied date or with a selected amount of sea-level rise. Because
projections of sea-level rise are highly variable, a range of
answers can be given that depend on the assumptions made.
For both the date and the amount of rise, the magnitude of
tides and storm surges is critical. Inundation by a single storm
surge, multiple storm surges, or occasional high tides can
cause the conditions observed at Black Point. Because the
effects of periodic high tides and storm surges appear to be
among the factors that created those conditions, identifying
parts of the island subject to these conditions is critical.
Much of Jamestown Island has been inundated periodi-
cally since August 13, 2015, based on the tidal record at the
Jamestown Ferry Pier tide station (August 13, 2015, through
October 1, 2018); the depth and frequency of this inundation
depends on the land-surface altitude (fig. 8). Light detection
and ranging (lidar)-based land-surface altitude data (National
Oceanic and Atmospheric Administration, 2020) indicate that
appreciable parts of the island, mainly marshes, are inundated
at least once a day for 50 percent of the days of the tidal
record during the daily highest high tide, when the tide rises
above 1.63 ft above NAVD 88 (fig. 8). Figure 294 shows the
extent of inundation on the island at 1.5 ft above NAVD 88,
which occurs 58 percent of the tidal record. With a tide of
2.0 ft above NAVD 88 (fig. 29B), more of the island becomes
inundated as water covers more of the marshes. On average,
this level occurs at highest high tide on 20 percent of the days
(fig. 8), which averages 6 days a month or 72 days a year.
With a tide of 2.5 ft above NAVD 88 (fig. 29C), water covers
most of the marshes and starts to extend into the edges of the
low altitude parts of the uplands. On average, this level occurs
at highest high tide on 6.7 percent of the days (fig. 8), which
averages 2 days a month or 24 days a year. With a tide of 3.0
ft above NAVD 88 (fig. 29D) water extends farther into the
uplands. Although low parts of the tour road might be cov-
ered by some water, most parts of the tour road extensively
bounded by water on the map are bridges that cross creeks.
On average, this level occurs 2.6 percent of the days (fig.
8), which averages less than 1 day a month or 9 days a year.
When the tide reaches 5.0 ft above NAVD 88, as during the
storm surge of October 4, 2015, much of the island and large
parts of the tour road are inundated (fig. 29F). The greatest
incremental increase in the extent of the island inundated by
highest high tides and (or) storm surges occurs between 2.0 ft
(fig. 29B) and 2.5 ft (fig. 29C) above NAVD 88. Such inunda-
tion occurs an average of 2 days a month on the daily highest
high tides, generally during spring tides (full or new moon) or
storm surges.
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Summary

With archaeological and cultural sites dating from the
Paleoindian period (15,000 to 8,000 years ago) to the present,
Jamestown Island, Colonial National Historical Park (COLO),
Virginia, is best known as the site of the first permanent
English settlement in North America in 1607 (figs. 1, 2). The
island is located on the lower James River near the mouth
of Chesapeake Bay and the Atlantic Ocean with a low land-
surface altitude (two-thirds of the island is less than 5 ft above
NAVD 88). The island contains a rich archaeological record
that can reveal important aspects of our Nation’s early history;
it is jointly managed by the National Park Service (NPS) and
Preservation Virginia, a nonprofit organization that owns 22
acres of the 1,500-acre island. The island and its archaeo-
logical, cultural, and ecological resources and infrastructure
are threatened by sea-level rise, which prompted the NPS to
identify COLO as one of 25 parks most threatened by climate
change. The rate of rise in the area is more than 2.5 times the
global average. This higher rate is caused by melting of land-
based ice and thermal expansion of seawater, a decrease in the
rate of northward flow in the Gulf Stream, and land subsid-
ence from glacial isostatic adjustment and large groundwater
withdrawals.

Although the effects of sea-level rise typically are consid-
ered surface-water phenomena, sea-level rise also can damage
resources by changing groundwater hydrology and chemistry.
Knowledge of these effects is essential to developing effective
management strategies. Consequently, the U.S. Geological
Survey (USGS) in cooperation with the NPS began a study in
2015 as a part of the USGS/NPS Water-Quality Partnership
to develop a long-term, groundwater-monitoring program and
assess the initial data to support the development of a manage-
ment strategy and subsequent updates. This report describes
the monitoring program, results of the monitoring, interpreta-
tion of the results, and their management implications.

The monitoring network includes 45 wells and piezom-
eters in 2 individual clusters and 3 transects of individual and
clustered wells and piezometers. Transects represent low- and
high-altitude upland sites that extend from the uplands into
adjacent lowland marshes. The differences in the altitude of
the uplands creates two different hydrologic and chemical set-
tings. Groundwater levels, dissolved-oxygen concentrations,
specific conductance, and pH of groundwater and James River
water were measured at various frequencies. Specific conduc-
tance was used as a surrogate for salinity of the water.

At Jamestown Island, surface-water/groundwater
exchange means that groundwater in the Surficial aquifer
responds to both surface-water and groundwater processes.
The main surface-water processes are discharge from the
James River watershed to the west and flow of saline water
from Chesapeake Bay and the Atlantic Ocean to the east. The
flow of saline water is affected by semidiurnal tides and storms
surges. High surface-water discharge reduces salinity in the
river by pushing saline water seaward. Salinity in the river
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increases as discharge decreases, allowing the density of the
saline water and tides to push the saline water upstream. Storm
surges can cause large but brief increases in salinity, whereas
changes in the semidiurnal tides and sea-level rise cause small,
slower changes in salinity.

The Surficial aquifer is the main aquifer affecting
groundwater hydrology and chemistry on Jamestown Island.
Groundwater hydrology and chemistry are largely controlled
by land-surface altitude and slope, differences in lateral and
vertical sediment characteristics, distance from surface waters,
and the degree of hydraulic connectivity between the surface-
water channels and aquifer sediment. The Surficial aquifer has
three water sources that are affected partly by land-surface
altitude—recharge from land surface by precipitation across
the island, recharge by saline water that inundates the land
surface during high tides and storm surges, and lateral flow of
saline water through the aquifer from adjacent surface waters.
Marshes typically are inundated during high tides and storm
surges. Low upland ridges can be inundated by storm surges,
whereas high upland ridges have not been inundated recently,
even by large storm surges.

The depth that stream valleys and channels incise into
aquifer sediment affects the hydraulic connectivity between
the surface waters and Surficial aquifer, as this connectiv-
ity is predominately influenced by stage in the surface-water
channels, and the permeability of subsurface materials sur-
rounding these channels. Stream valleys are incised to various
depths and cut only into the upper clayey sediment or into the
deeper, coarse-grained sand of the Surficial aquifer (Johnson
and Hobbs, 2001). The valleys were subsequently filled with
low-permeability organic sand and mud. Current surface-water
channels can incise only into the valley fill or through the fill
and connect directly to permeable parts of the aquifer. Where
surface-water channels incise only into low-permeability sedi-
ment, responses to changes in surface-water salinity and levels
are attenuated. Where channels incise into coarse-grained
aquifer sediment, the change in groundwater specific conduc-
tance as a result of changes in surface-water salinity can be
rapid.

The hydrologic and chemical settings of groundwater can
be characterized primarily by the altitude of the uplands. High-
altitude upland settings are represented by the Island House,
and low-altitude upland settings are represented by Black
Point. Both settings have adjacent marshes. Horizontal water-
level altitudes and gradients varied by setting. Beneath the
Island House, the depth to groundwater in the coarse-grained
sand depended on land-surface altitude; the altitude of the
water table typically differed by 0.1 ft or less among all sites
throughout the study. Although the expected horizontal gradi-
ent was from the uplands to the marsh, the highest groundwa-
ter level most commonly was at the marsh/upland edge so that
the gradient and resulting flow was from that point toward the
upland and the marsh. Beneath Black Point, the gradient in the
coarse-grained sand varied from the upland to both marshes,
from both marshes toward the upland, and from the southern
marsh through the upland to the northern marsh.
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The specific conductance of groundwater beneath
marshes responded differently to changes in river salinity
because of differences in controls on the processes. At sites
with good hydraulic connection to surface waters, the spe-
cific conductance of groundwater in the coarse-grained sand
responded rapidly to changing specific conductance of surface
waters, whereas response in groundwater in the fine-grained
sand was attenuated. Effects were attenuated in all aquifer
sediment where the site did not appear to be hydraulically con-
nected to surface water or the sediment was not deeply incised
by the surface-water channel.

The specific conductance (generally less than 200 pS/
cm) and pH (greater than 5.0 standard units) of groundwater
beneath much of the uplands at the Island House are typical of
groundwater in noncarbonate sedimentary aquifers recharged
by precipitation. Upland sites near the marsh reflected the
effects of changing salinity in the river more than marsh sites.

Conditions in groundwater beneath the uplands at Black
Point were different from those at the Island House. The
specific conductance ranged from 2,500 to 15,400 pS/cm and
decreased with depth, indicating a density inversion; water
with the greatest salinity and density was at the water table.
The vertical salinity distribution apparently was controlled by
sources of saline water and sediment permeability rather than
density. Such a density inversion was present in groundwater
beneath several marsh sites and other low-altitude, upland-
ridge sites. The pH of groundwater was less than 3.5 at the
three depths at this site at the start of the study and generally
increased during the study.

The presence of acidic, saline water at the water table
poses an immediate threat to archaeological resources. The
original concern was that the deterioration of resources would
accelerate from wetting and drying as the water table rose to
within 1-2 ft of land surface. Because the fine roots of most
plants are less than 1 ft below land surface, these roots can
cause acidic, saline groundwater to be drawn through unsatu-
rated sediment by hydraulic redistribution. Such acidic, saline
water will accelerate the deterioration of artifacts, even if the
water table remains several feet below land surface. These
conditions also may contribute to the mortality of decidu-
ous trees along the ridge at Black Point. Confirmation of the
relevant processes and identification of areas at significant risk
would likely result from continued groundwater monitoring,
development of a protocol for testing soil salinity, soil mois-
ture, and pH, and identification of sediment containing pyrite.
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