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Introduction
Paleosols, i.e., buried soil layers, are observed in many dunal sea cliffs of the

Oregon coast.  These silt-rich paleosols have been examined for their origin and
hydrogeologic properties. The paleosols occur in sea cliff exposures of the Pleistocene
dune sheets that mantle much of the Oregon coastal plain.  Groundwater seeps are
frequently associated with these paleosols.  The groundwater out-flow above the paleosol



strata indicate their potential importance as aquitards in the shallow dune-sheet aquifers.
The paleosols are well exposed and are easily accessible along sea cliffs that front the
extensive public beaches of the Oregon coast, such as at Lincoln City, Oregon.

Field Study of Dunal Paleosol Seeps in Lincoln City Sea Cliffs
Dunal paleosols were measured for stratigraphic sequence in vertical profiles

from sea cliffs located between 21st Street and Spanish Head (5 km distance) in Lincoln
City, Oregon. The sea cliff exposures, reaching 15-30 m in height, contain between four
and six prominent paleosols in number.  Some distinctive paleosols can be traced over
longshore distances at least one kilometer.  Other  paleosols terminate by pinchouts or
various cross-cutting relations over distances of tens of meters.  Groundwater seeps are
associated with nearly all of the exposed paleosols during winter rainy periods.  The
thicker paleosol strata continue to seep locally throughout the summer months.  The
exposed paleosol seeps and basal flow from the dunal aquifer feed shallow back-berm
lagoons and beach face seeps along the public beaches.  The source of this runoff, i.e.,
dunal groundwater, is identified by red-orange staining (Fe+3hydroxides) of the beach
sand.  Ultimately, the dunal groundwater is transmitted over or through the beach sand to
be dispersed in the ocean surf zone.

Results of Paleosol Mapping in Lincoln City Sea Cliffs
The interpreted origin of the gleyed paleosol layers is used to predict their

landward subsurface extent. The landward extent and continuity of the gleyed-paleosols
are important factors in determining their potential to intercept and redirect infiltrated
subsurface flow to the public beaches.  Preliminary results of mapping paleosols in the
exposed sea cliffs demonstrate a transition from irregular paleosol topography near the
top of exposed dune sheet to flat paleosol topography near the base of the Pleistocene
dunes.  The transition between discontinuous paleosol facies (upper) and the continuous
paleosol facies (lower) occurs at about 10-15 m distance above the wave-cut platform.
The upper paleosols are typically more oxidizing (Bw Soil Horizons) whereas the lower
paleosols are more reducing (Bg  Soil Horizons).  The reducing (gray-colored) silty
paleosols are gleyed-soils, i.e., gleyed paleosols.  The flat geometry and apparent
longshore continuity of the gleyed paleosols suggest that they extend well inland of the
sea cliff at depth in the dunal deposits.   If true, then such paleosols would likely redirect
the intercepted groundwater flow from inland (up-slope) recharge areas.

Origin of Representative Geleyed-Paleosol G318 Layer
To better understand the hydrological properties of these dunal paleosols one

representative gleyed paleosol (G318 paleosol) was examined in detail.  This paleosol
was examined from a location at the northern end of the Lincoln City study area.  The
paleosol (0.3-0.5 cm in thickness) occurs at a subsurface depth of 9-10 m in the sea cliff
at the 21st Street beach access. The G318 paleosol was sampled for analysis of
composition, permeability, and total coliform presence.  These tests were performed to
establish the role of the gleyed-paleosols as potential aquitards in the dunal sand aquifer
that underlies the western slopes of Lincoln City.

The G318 paleosol (0.3-0.5 m thick) was traced over a coast parallel distance of
1.0 km, where it varied by less than five meters elevation within the 10-20 m thick



Pleistocene dune exposure.  This paleosol geometry falls into the relatively flat 'deflation-
plain' category.  At the 21st Street site, the G318 paleosol dropped by about one meter in
elevation over an 8 m horizontal distance.  The higher sample A horizon (36 cm thick)
contained hair-like root casts, whereas the lower sample B horizon (38 cm thick) graded
from sandy mud up to peaty mud, with in-situ tree roots at the top of the gleyed paleosol
horizon.  The presence of peat in the G318 paleosol at the lower B site indicates an
elevation very near to the groundwater surface during the time of paleosol formation, i.e.,
in late-Pleistocene time.

Laboratory Analyses of the Gleyed-Paleosol G318 Samples
 Laboratory analyses of the G318 paleosol were performed to confirm the

deflation plain-wetland setting of gleyed-paleosol formation.  Two monoliths were taken
from G318 sample sites (A-weakly-rooted silty sand) and (B--peaty mud) and transported
to the lab under plastic cover.  The monoliths were sampled at down-section intervals for
grain-size, petrographic microscopy, and scanning electron microscopy.  Grain size
fractions, in order of sand, silt, and clay, from the middle of the two gray layer horizons
are 47, 39, 14 by weight percent (site A) and 42, 32, 26 by weight percent (site B).
Petrographic polarizing microscopy (PM 100-400x magnification) and scanning electron
microscopy (SEM 100-2000x magnification) show that the silt-size particles are
composed of mono-mineralic faceted shards.  The quartz and feldspar shards are layered
or imbricated, indicating an origin from deposition or infiltration but, not from in-situ
precipitation.  The G318 paleosol appears to have originated from loess deposition and/or
infiltration in an ephemeral wetland setting.  Analyses of pollen from the wetland soils
would likely help to identify existing vegetation at the time of paleosol formation.  Pollen
analyses of the paleosols have yet to be undertaken.

Iron stained laminae (Ortstein layers) in the dune sand stata immediately above
the G318 paleosol indicate localized hydroxide precipitation from groundwater flow.
Microscopic examination of samples from the top of the G318 horizon confirm an
orange-red coating around some quartz grains.  Scanning electron micrographs of the
iron-stained grains show that the mineral precipitates bridge between some of the detrital
loess shards.  It is not known how far the post-depositional cementation extends into the
dunal deposits, i.e., inwards from the exposed sea-cliff face.  Further work is also
required to establish the specific mineral phases that have precipitated out of the
groundwater along the contacts of the paleosol aquitards.

Prediction of Gleyed-Paleosol Geometry and Continuity
The stratigraphic and microfabric development of the G318 paleosol suggests that

the paleodunal surface was produced by (1) wind erosion (deflation) to near water table
level, (2) deposition of dune sand and silt/clay loess in an ephemeral wetland
environment, and (3) post-burial cementation by interstratal groundwater precipitation.
The lack of significant framework grain alteration indicates that the G318 gleysol or
gleyed-spodosol horizon formed rapidly with little surface leaching.  As a deflation-plain
wetland surface the G318 paleosol should be expected to extend hundreds of meters
landward of its sea cliff exposure.  The predicted landward extent of the G318 paleosol
should reach well under the most densely developed areas of Lincoln City, located just
west of US 101 highway.  Gleyed paleosols below the G318 layer should similarly



extend well landward of the sea cliffs, thereby redirecting groundwater directly to the
beaches.
Further subsurface mapping by ground penetrating radar (GPR) is needed to confirm the
landward extent and geometry of the shallow paleosols in Lincoln City.

Hydrogeologic Properties of the G318 Gleyed-Paleosol
Hydrogeological tests were performed on the G318 paleosol and hosting dune

sand to characterize the relative cementation and permeability of the interstratified dunal
deposit.  Measurement of compressive strength, a proxy for relative cementation of the
dune sands, was performed with a pocket penetrometer on both in-situ deposits and on
intact monolith samples in the lab.  The relative compressive strength values for sample
A (~3.5 Kgcm-2) and for the top of sample B (~3.5 Kgcm-2) are slightly greater than for
hosting dune sand units (~2.5 Kgcm-2).   However, very-low penetrometer values (<1.0
Kgcm-2) for the lower portions of sample B appear to correlate to increased clay
abundances.

The cementing minerals are likely to include iron oxides or hydroxides, based on
local Fe-Ortstein staining.  It is not known how stable these cementing minerals are under
seasonally variable water saturation and reduction/oxidation (Redox) conditions.

Permeability tests on the representative dunal strata were performed on (1) the
intact G318 paleosol, (2) a sand horizon immediately above the paleosol, and (3) and on
dune strata well above and below the paleosol.  Permeability tests show that the G318 Bg
horizon paleosol (4.8 X 10-8 cm/s permeability coefficient) has substantial aquitard
potential (low permeability) within the more permeable dune sand aquifer (1.4x10-2 cm/s
to 3x10-4 cm/s permeability coefficient).  Permeability was measured by the constant
head ASTM method for the dunal sand strata, and by falling head ASTM method for the
silty paleosols.  The large difference in permeability likely accounts for the observed
seeps along the top of some gleyed-paleosols in the sea cliff exposures.  Observations
during spring and summer months documented surface ponding of the dunal groundwater
in several beach settings.  These settings include (1) ledges formed above the resistant
paleosols in the sea cliffs, (2) back-berm lagoons in the beach backshores, i.e., near the
foot of the sea cliffs, and (3) over the wave cut platform (bedrock) where it was exposed
above the beach sand cover.  The late season recharge of these beach deposits is
maintained by the relatively low permeabilty of the paleosols and dunal strata, which
delays groundwater discharge to the sea cliff seeps.

Preliminary Total Coliform Tests of G318 Paleosol Seeps
Total coliform tests were performed on the G318 paleosol groundwater seeps in

the sea cliff to test for fecal contamination.  Coliform contamination could occur from
city sewer or older septic systems located up-slope of the sea cliff exposures.  Total
coliform tests on the groundwater seeps along the G318 Bg horizon were performed in
the spring of 2002.  The total coliform tests proved positive in three samples from sample
site A, and in two samples from a seep at the top of the gleyed G318 horizon located 30
m north of sample site A.  The 30 m separation distance between the test sites was used
to discriminate between an immediate (point) source, versus a broader source, of
contamination inland of the sea cliff exposures.



Positive total coliform indicators included gas bubbles, clouded gel, and pH
(color) change in the 44 hr incubation period.  The combination of three positive
indicators for each of the 5 sample replicates indicates a strong positive index for total
coliforms in the groundwater discharge seeps above the G318 paleosol in Lincoln City.
The positive indications of total coliform bacteria in the separate test sites suggest that the
contamination is not from a single point source at the edge of the sea cliff.  Additional
test sites along the sea cliffs and from shallow water wells inland of the sea cliffs are
needed to establish the distribution of contaminant sources.  More specific entero-bacteria
tests are needed to evaluate any potential health hazards from the groundwater seeps in
the sea cliffs, or in back-berm ponds or beach face seeps fed by the dunal aquifer in
Lincoln City.   
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INTRODUCTION

Recent work in the Oregon coastal plain has demonstrated the widespread
distribution of Pleistocene (ancient) dune strata (layers) overlying marine terraces in the
form of broad dune sheets (Figure 1).  The Pleistocene dune sheets extend 1-6 km (0.5-
3.5 miles) inland from the coast, rising to as much as 100 m (300 feet) elevation along the
foot of the coast range.  These Pleistocene dune sheets were not recognized in the
pioneering dunal investigations by Cooper (1958).  The Pleistocene dunal deposits of the
north-central Oregon coast are mapped as 'older dunes' by Reckendorf (1975) but are
undifferentiated from coastal terrace deposits in Oregon's surface geologic maps
(Schlicker et al., 1973).

The broadest Pleistocene dune sheets, e.g., reaching 6 km in width, extend beyond
the Holocene (recent) dunes in the Florence, Coos Bay, and Bandon areas (Beckstrand,
2001).  These large dune sheets serve as drinking water aquifers (Couch et al., 1980;
Jones, 1992).  The Pleistocene dune sheets narrow to the north of the continental shelf
bight that is located offshore of Florence (Figure 1).  For example, the Newport dune
sheet averages about three kilometers in width, and the Lincoln City sheet averages about
one kilometer in width.  Although the dune sheets are relatively narrow geomorphic
features they largely cover the coastal plain where most of the coastal development is
located.  For example, Pleistocene dunal deposits underlie nearly all of commercial
developments and most of the residential developments in Lincoln City (Figure 2).
Additional information on the Oregon coastal dune sheets can be found on the following
web site:  (http://nwdata.geol.pdx.edu/seagrant/).

The Pleistocene dune deposits are age dated by radiocarbon and thermo-
luminescence to periods between 20,000 and 70,000 years old (20-70 ka) in the Coos Bay
and Florence dune sheets (Beckstrand, 2001)(Peterson et al., 2002).  Younger Holocene
dunes (0-7,000 years old) cover the Pleistocene dunal deposits in those dune sheets.   In
the more northern dune sheets, such as Newport and Lincoln City, the Holocene dune
cover is restricted to a thin strip along the modern sea cliffs.  The Pleistocene dunes
formed when sea level was tens of meters lower than at present.  The position of the
shoreline would have at least several  kilometers seaward of its present position (Figure
1) when the Pleistocene dune sheets were deposited along the coast.

The most striking features of the dunal deposits include  interbedded strata of red-
orange hard pans, brown soils, and gray-silty layers (Figure 3).   All of these features are
related to buried soil layers, i.e., paleosols, in the dunal deposits.  The paleosols are
observed to vary in thickness, composition, continuity, and orientation over distances of
10’s-100’s of meters (Figure 4).  The paleosols represent episodes of dune stabilization
within a broader framework of dune sheet mobilization.  It is not known whether the
paleosols represent localized dune stability between active dune forms or regional
stabilization.   Regional episodes of dune sheet stabilization could be forced by variations
in wind-stress, precipitation, sea level and/or groundwater level (Hart and Peterson,
2002).  Although the paleosols can be traced along the exposed sea cliffs for 100’s of
meters, their inland extent and continuity are not known.  In this study we have
investigated the stratigraphic and pedogenic (soil forming) relations of the dunal



Figure 1: Map showing locations of Pleistocene coastal dune sheets, including the
Lincoln City dune sheet.



Figure 2:Map showing the Lincoln City study area.  The 21st Street Beach Access,
Canyon Drive (SW11th St), and Spanish Head profile sites are shown in the northern,
middle and southern parts of the study area, respectively.



Figure 3: Photograph of a thin Pleistocene dunal section that was ‘condensed’ by
deflation near Yachats, Oregon.  This section (3-4 m in thickness) spans about 80,000
years in age from the wave-cut platform (base) to the recent topsoil (top).  Secondary
precipitation of iron minerals from groundwater flow between paleosols has stained the
dunal strata red-orange.



Figure 4. Photograph of Pleistocene dune strata exposed in modern sea cliff located north
of Canyon Drive (SW11th St) in Lincoln City, Oregon.  The Pleistocene dune strata total
about 30 m (100 ft) in thickness at this site.  At this site prominent paleosols near the
middle of the vertical section are actively seeping groundwater in mid summer.



paleosols exposed in sea cliffs (Hofgren et al., 2002).  One of the paleosols (G318 gleyed
paleosol) was sampled and examined in detail for sediment texture, composition, and
hydrologic properties (Figure 5). These investigations directly address the origins and
likely subsurface geometries of the dunal paleosols.

The dunal paleosols are of practical interest due to their enhanced cementation
and impermeability relative to the thicker dune sand strata.  The seasonal drainage that
appears at the exposed paleosol horizons is referred to as ‘Weeping Sands’ (Figure 6).
The paleosol layers exposed along the sea cliffs apparently serve as aquitards
(groundwater barriers) within the dunal aquifer.  The apparent 'low permeability' of the
paleosols might result from infiltrated fine-grained particles, chemical alteration of
unstable minerals, and/or precipitation of minerals carried as dissolved ions in the
groundwater (Bortleson, et al., 1992).   Fe-hydroxide precipitates stain many of the sea
cliff seepage zones where the dunal groundwater flows out on the beach sand (Figure 7).
In this study we report on high-magnification examinations of the paleosols by
petrographic microscope and scanning electron microscope.  These examinations
document the origin of the silts and cements in the paleosols.

There have been very-few water quality tests performed on groundwater seeps
that extend along the paleosols exposed in the sea cliffs.  One such test performed for the
Oregon Department of Transportation (ODOT) did establish coliform contamination
from dunal groundwater seeping into a US 101 drain above a sea cliff at Beverly Beach,
in Lincoln County, Oregon (Norm Rauscher, unpublished data, 2002).  However, it is not
generally known whether dunal paleosols redirect infiltrated groundwater from overlying
rural or city sources to the exposed sea cliffs.   Both commercial and older residential
developments commonly extend one to several kilometers inland from most of the dunal
sea cliffs in Oregon.  In this report we provide preliminary evidence of total coliform
presence in seeps from a prominent paleosol (G318 paleosol) in the Lincoln City dune
sheet.  The presence of coliforms in the paleosol seeps indicates that the paleosols
intercept contaminated groundwater from leaking sewer lines or septic systems under the
residential or commercial developments in Lincoln City.  Future work is planned to
evaluate any potential health hazards from the dunal aquifer seeps to the public beaches.

BACKGROUND

The soils exposed in the shallow road cuts of the Pleistocene dune sheets and at
the top of the dunal sea cliffs are typically brown in color.   These soils mantle the
undulating topography of the upland dunal deposits.  They represent organic rich top soils
(A Soil Horizon) overlying oxidized iron in accumulation zones (B Soil Horizon)
(Birkeland, 1999).  Such soil profile development reflects downward leaching and
mineral accumulation below a stabilized dunal surface.  These dunes were likely
stabilized by forest cover, over millennial time scales (Peterson et al., 2002).

By comparison, paleosols from the near the bottom of the Pleistocene dune
sections are gray colored (Figure 5).  The gray color (gleyed) likely results from reduced
iron (Fe+2) in the soil accumulation zone (B Horizon) (Birkeland, 1999).  The gleyed
paleosols that are observed near the bottoms of the sea cliff dunal sections are nearly
horizontal.  Sequences of distinctive gray layers have been traced along the north-central



coast over distances several kilometers (Hart and Peterson, 2002).   The origin of the gray
layers (gleyed paleosols) has been attributed to enrichment of tephra (volcanic ash), silt
deposition in ponds, and post-depositional reduction by groundwater, among other
interpretations.   In this paper we address the origin of the low-angle, semi-continuous,
gleyed paleosols that are exposed in sea cliff dunal deposits of the central Oregon coast.

Groundwater seeps are frequently associated with the paleosols exposed in the sea
cliffs (Figure 4).  The groundwater out-flow above the paleosol strata indicate their
potential importance as aquitards (flow boundaries) in the shallow dune-sheet aquifers.
Groundwater seeps are associated with nearly all of the exposed paleosols during winter
rainy periods.  The thicker paleosol strata continue to seep locally throughout the summer
months.  The exposed paleosol seeps and basal flow from the dunal aquifer feed shallow
back-berm lagoons, runoff creeks, and beach face seeps along the beaches (Figure 8a;
Figure 8b).  The source of this runoff, i.e., the dunal aquifer, is identified by red-orange
iron staining associated with the Fe-rich dunal groundwater (Figure 9).  Ultimately, the
dunal groundwater is transmitted over or through the beach sand to be dispersed in the
ocean surf zone.  Although some dunal groundwater is reaching the beach environment, it
is uncertain where the inland sources of the groundwater are located, and what the flow
paths of the groundwater might be through the dunal aquifer.  In this paper we address
the geometry, distribution and hydrologic properties of the dunal paleosols in terms of
their potential as aquitards in the dunal aquifer.

PALEOSOL FIELD MAPPING

In order to better understand the role of the buried soils as potential aquitards in
the dunal aquifer we have examined representative paleosols in the Lincoln City dune
sheet.  Lincoln City was selected as a representative gleyed-paleosol study area based on
(1) the presence of multiple gray paleosols in well exposed sea cliff sections, and (2) safe
access for sampling.  The dunal paleosols are both well exposed and are easily accessible
along sea cliffs that front the extensive public beaches of Lincoln City, Oregon (Figure
10).

Detailed stratigraphic sections were measured by tape at several locations in the
dunal sea cliffs of Lincoln City. The dunal sea cliffs are well exposed along a five-
kilometer distance between 21st Street and Spanish Head in Lincoln City (Figure 2).
Measured section locations are taken from 12-channel GPS receivers.  The section
elevations are taken from Abbney leveling between the base of the sea cliff and the ocean
swash zone.  Mean sea level (+-0.5 m) was estimated from the swash zone leveling,
based on NOAA predicted tide-level charts.  Stratigraphic sections were measured by
tape and converted to vertical distance in centimeters below the sea cliff top.
The alternating paleosols and intervening dune strata were logged for lithology, grain
size, color, soil structure, and relative cementation.  The measured sections provide
thickness and compositional variation between observed palesols.

All of the deposits from these sections are of Pleistocene age (P), and are of dune-
sand origin (D) or loess-silt origin (L).  Dunal strata are classified on the basis of their
morpho-stratigraphic development as either parent dunal sand (C), or soil accumulation
horizons (B).  The dunal paleosols are further divided into oxidative soils (termed Bw



horizons) and reducing soils (termed Bg horizons) (Birkland, 1999).  Therefore, the
characterization of each morpho-stratigraphic horizon includes age (P), dunal or loess
origin (D, L) and soil horizon (C, Bw, or Bg).  The full characterization of a Pleistocene,
dunal, reducing, paleosol, i.e., gleyed-paleosol, would be PDBg.  The sea cliff exposures,
reaching 15-30 m in height contain between four and six prominent paleosols (Figure
11).  Although it was not possible to correlate the individual paleosols over the 5 km
distance, there were several bounding sequences that could be correlated between the
four measured sections (Figure 12).

Some distinctive paleosols can be traced continuously over alongshore distances
of at least one half kilometer.  The relative continuity of paleosols was mapped by
overlapping photographic coverage (photomosaics) from both panoramic and longshore
(strip) perspectives.  Sea cliffs in the study area were photographed from the surf zone
level in January 1999 (Roger Hart, unpublished  data, 1999).  The photographs were
aligned into mosaics for digital scanning, and reproduction in Adobe Illustrator (this
study).  Paleosols in the digital photo-mosaics were traced for continuity, elevation, and
slope, as represented in the sea cliffs.  The resulting 'panorama' and 'strip' cross-sections
document the two-dimensional geometry of the dunal paleosols in the sea cliff exposures,
as aligned roughly north-south.

 The panoramic photomosaics highlight central stratigraphic sections but distort
the outcrop relations at the edges of coverage. For example, paleosol continuity was
mapped from a site just south of Canyon Drive using a panoramic photomosaic (Figure
13).  At this site the beach platform (bedrock) is exposed where it extends seaward of the
Pleistocene dunal section (20 m in height).  Paleosols in the lower dunal deposits can be
traced over a distances of 100 m longshore.   However, the paleosols in the upper 5-10 m
of the section are discontinuous over distances of 10's of meters.  The strip photomosaics
do not distort the cross-section, but the resulting resolution is low throughout the section.
For example, paleosol continuity was mapped from a site just north of Canyon Drive
using the longshore photomosaic (Figure 14).  In this section (20-30 m in height) the
relative continuities of six paleosols were measured over longshore distances of 50-70 m.
Paleosol continuity also increases towards the bottom of the section at this site.

Throughout the field area two patterns of paleosol geometry and continuity are
found to vary with height above the wave cut platform.   As shown in a site located just
south of Canyon Drive (Figure 15) the paleosols are flat and continuous near the wave
cut platform but are undular and discontinuous near the top of the section.  As the dunal
deposits accumulated well above the wave cut platform their resulting paleosol geometry
became increasingly irregular.  In summary, the individual paleosol strata terminate by
pinchouts or various cross-cutting relations near the top of the section.  By comparison,
the gleyed paleosols near the bottom of the dunal sections (5-10 m above the platform)
show low gradients of vertical change (~0.01) and remarkable continuity over measured
distances of 0.5-1 km (Figure 16).

G318 GLEYED-PALEOSOL FIELD STUDIES

One representative gleyed-paleosol horizon was selected for detailed pedogenic,
hydrogeologic and environmental analysis.  The paleosol, named the G318 horizon, is



located towards the north end of the Lincoln City sea cliff exposures, i.e., at the 21st

Street Beach access (Figure 17).  The target G318 horizon is positioned near the middle
(elevation) of the sea cliff exposure.  Finally, two sites within the G318 horizon were
selected for detailed sampling, including collection of intact soil monoliths.

A stratigraphic section of the late Pleistocene dune sheet was measured at the 21st

Street study locality (Table 1; Figure 11).  The measured section was taken 5-10 m south
of the Public cement stairway (UTM coordinates N4981194, S419958).  The exposed
dunal section is 16 meters in thickness.  The Pleistocene wave-cut platform was buried
below the level of modern beach deposits at the time of the survey.  However, bedrock is
estimated to be 3-5m below the bottom of the exposed section, based on nearby outcrops
observed in the nearshore during the winter months (January 2002).

The 21st Street measured section includes the latest-Pleistocene topsoil with a 30
cm thick orange-brown (Bw) horizon.  At least 5 gray layer (Bg) horizons are exposed at
65, 340, 950, 1300, and 1360 cm depth subsurface.  The G318 gray layer targeted for
detailed analysis in this study occurs at 950-995 cm depth in the measured profile
(Figure 11).  It is interbedded with Pleistocene parent dune sand (PDC) at 345-950 cm,
and 995-1300 cm depths.  The less cemented parent dune sand layers (PDC) above and
below the G318 gray layer are approximately six meters and three meters in thickness,
respectively.  Dune foreset strata with minor heavy mineral concentrations are observed
in the overlying PDC unit (345-950 cm depth).  In-situ tree trunks and roots are locally
contained within the target (G318) gray layer (Figure 18).

The G318 gray layer was traced in discontinuously exposed sea cliff sections for a
distance of about 200 m to the south, and 800 m  to the north of the 21st  Street Beach
Access stairway. The northern extent of the gray layer is unknown due to stream valley
incision, construction, and riprap cover at greater than 0.8 km distance north from the 21st

Street stairway (Figure 19).  The G318 layer elevation was estimated to vary by less than
five meters over the alongshore distance (1 km) of discontinuous sea cliff exposure.
Where the G318 layer decreased in elevation (1-2 m below average) the top of the Bg
horizon demonstrated preserved organic material (peat) and/or in-situ tree roots or stumps
(Figure 20). Based on the field relations above we interpret the G318 gleyed paleosol to
have formed very near to groundwater level, with the peaty sections likely to have been
developed at seasonal groundwater level.  The paleosol topography at the time of
deposition was nearly flat with subtle deflation hollows.   Vegetation over the flats was
minimal (rare root hairs) however, marginal wetlands (peat and tree roots) formed in the
subtle deflation hollows.

Two soil monoliths were extracted from the G318 gray layer at sites located 13 m
north: site A (Figure 5) and 5 m north: site B (Figure 21) of the cement stairway during
the January field visit.  The elevation of the gray layer’s upper contact at site A is 1.0 m
above the gray layer’s upper contact at site B.  The one meter change in elevation over
the 8 m separation distance between sites A and B is relatively uniform (Figure 5).  The
wet soil monoliths extracted from sites A and B were 45-50 cm in height, 20 cm in width
and 20 cm in thickness (into the outcrop).  The intact soil monoliths were wrapped in
bubble-plastic, and placed into boxes for transport back to the laboratory.  Pocket
penetrometer tests were performed in the wet dune strata above and below the soil
monolith sites in the field.  Penetrometer values for 5 tests at 20 cm intervals upsection of
the G318 gray layer ranged from 1.25-2.5 Kgcm-2,  with an average of 2.0 Kgcm-2.  Five



penetromter values also at 20 cm intervals downsection of the G318 gray layer ranged
from 2.0 to 3.5 Kgcm-2, and they averaged 3.0 Kgcm-2.  A total of 5 in-situ penetromter
tests of the wet G318 layer ranged from 1.0-3.5 Kgcm-2.  These pocket penetrometer
values represent relative soil strengths, as they are not ASTAM standard tests.  The
penetrometer data  is used to reflect potential cementation of the dunal sand strata and
intervening paleosols.

G318 GLEYED-PALEOSOL LABORATORY STUDIES

Two soil monoliths from the G318 layer sites A and B were unwrapped in the
laboratory for description, close-up digital photography, and subsampling (Figure 22;
Figure 23).  The two soil monoliths were described for profile development, texture,
color, and structure by soils geomorphologist Dr. Scott Burns (Figure 24).  Both soil
monoliths displayed a general lack of obvious soil profile development from vertical
leaching, i.e., no A, E or Bw horizons were evident.  The gray soil color indicated slightly
reducing conditions (Fe+2) throughout the Bg horizons.  Small hair-root casts were rarely
preserved in soil monolith A, whereas peat and tree roots were developed and preserved
in the top of the monolith B.  The two gray layer monoliths showed little or no evidence
of concretions (peds) or other soil structures that would indicate long durations of
pedogenic development.  Secondary Fe-hydroxide/oxide precipitation (Fe+3 orange
coloration) was apparent from the top and bottom contacts of both monoliths.  The
secondary Fe-precipitation was particularly evident at the top of soil monolith B (Figure
21; Figure 23).  Subsamples were collected from the soil monoliths for color analysis,
grain size analysis, x-ray diffraction analysis, and microscopy.

Soil Color Analysis:
The dry and wet (moist) sample colors were visually established using Munsel

color charts as shown in Figure 25. Soil subsamples from the top, middle and bottom of
the Bg horizons in each soil monolith were compared to an EarthColors Soil Color book
to establish Munsell Hue, Value, and Chroma (Table 2).  The dry soil colors ranged from
grayish brown to light brown gray in monolith A, and from dark red gray to very dark
gray in monolith B.  The bottom contact of monolith B reached a dark yellow brown,
whereas as the top contact reached a reddish yellow.  Both the top and bottom contact
colors, and especially the top contact color of monolith B, reflect the secondary
precipitation of Fe+3 minerals from interstratal groundwater flow.  The dominant or
subdominant gray colors of the G318 layer indicate Fe+2/reducing conditions that are
consistent with the Bg designation of this paleosol horizon.

Grain Size Analysis:
The monolilth sample-splits (see Color Analysis) were air dried and weighed to

three significant figures for particle size analysis.  The samples were wet sieved through a
63 micron screen to separate sand from the silt/clay fraction. The 'coarse' organics were
floated off the sieved sand fraction (greater than 63 microns) prior to weighing the sand
fraction for each subsample.  A decantation method via a settling tube was used to
separate the silt from the clay as described below.



The wet sieve wash (less than 63 micron fraction) was mixed with a dispersant , Na-
hexametaphosphate [50g/L], and stirred for one minute in a settling tube.  Then the
mixture was allowed to settle for nearly six hours.  The silt/clay split at 4 microns
requires 5.8 hours for settling of the finest silt at 1.437x10-3 cm/s (Stokes Settling
Equation) in a 30 cm tall settling tube. The supernatant containing the clay and colloid
fractions was poured off leaving the silt on the bottom.  The silt was weighed, and the
combined coarse organics, sand, and silt weights were subtracted from the initial sample
total weight to derive the remaining clay fraction weight percent (Table 3).
 The grain size data show very different trends for the two soil monoliths.  In soil
monolith A the percent silt decreases dramatically from 44 wt% at 0 cm depth (top) to 18
wt% at 45 cm depth (bottom)(Table 3).  By comparison, the subsamples from soil
monolith B show relatively little change (30, 32 and 26 wt%) below the first 10 cm depth
interval.  Furthermore, the clay content (19-30 wt%) below the top of soil monolith B is
nearly twice as great as for soil monolith A.  The proximity of the two sites (8 m
separation distance) rules out size variability from different sources.  The differences
must reflect localized trapping efficiencies.  The deflation hollow site B provided an
effective trap for silt and clay size particles throughout most of its development.  The
decrease in silt fraction down-section in site A might reflect downward migration of fines
via infiltration.

Individual root and tree trunk fragments were not subsampled in this preliminary
analysis, but might have reached 10-20 weight percent of the uppermost deposits of the
G318 gray layer near site B.  The organics in soil monolith B reach up to 5 percent dry
weight at the 12-15 cm depth interval.  The organic content substantially decreases
downcore, i.e., negligible organics in the middle and bottom of soil monolith B.  This
deflation hollow did not support a wetland in its earliest period of development.

Petrographic Microscopy:
Sample splits from the monoliths (see Color Analysis) were used for petrographic

analysis under a polarizing petrographic microscope (100-400x magnification)(Figure
26).  Subsamples were mounted directly in resin grain mounts, or were washed free of
fines, prior to the mounting of the framework sand grains.  Qualitative examinations of
the grain mounts were performed to establish (1) texture and mineralogy of the dominant
framework grains, (2) texture and mineralogy of the silt size grains, and (3) color and
birefringence of cements and/or stains on the detrital grains.

The dominant framework grains are subrounded quartz and feldspar (Figure 27).
A heavy mineral (pyroxene) grain shows a very rare example of cockscomb weathering
(C-axis needle-like terminations) from the 7 cm depth interval of the B monolith (Figure
28).  The preservation of these fragile dissolution terminations in an eolian deposit
indicates post-burial alteration by groundwater diagenesis at the top of monolith B.  Some
of the sand grains are coated with black or dark-red mineral precipitates, possibly of
humate or Fe-hydroxide origin.

The silt size particles from both monoliths are also dominated by subangular
shards of monomineralic quartz and feldspar (Figure 29).  These silt-sized grains (10-60
microns in diameter) are clear, low-relief, anisotropic, and display first-order
birefringence.  Although these shards resemble ash (volcanic tephra) under hand lens or
binocular microscope, their anisotropy under polarized light clearly identifies them as



crystalline silicates.  The silt shard edges are irregular or scalloped in outline suggesting
an origin from concoidal fracture (see Scanning Electron Microscopy below).

Scanning Electron Microscopy:
Subsamples were taken from the middle and top of each soil monolith (sites A

and B) for examination by scanning electron microscopy (SEM) at 10x to 2,000x
magnification. The subsamples were broken into ~3 x 3 mm pieces and mounted with the
fresh fracture facing upwards on stubs cleaned in 100% ethanol (Figure 30).  Carbon
tape and colloidal graphite were used to fix the samples to the stubs and to conduct
electrical charges. The samples were then sputter coated with gold-palladium and
examined at 15 kV accelerating voltage on a JEOL JSM 35-C SEM (Figure 31).  Each
sample was examined at successively higher magnifications to establish the morphology
and microfabric of the sand, silt and clay sized particles (Figure 32).  The captured
digital images were saved as Tiff files, then reformatted as JPG files for this report.

Scanning electron images from the middle of soil monolith-A (28 cm depth in
monolith) are presented in a series of increasing image magnifications. The first image
(Figure 33) is an aggregate map image at 26x magnification.  This image shows
framework supported sand grains (100-200 micron diameter) and minor amounts of
matrix between the sand grains.  At higher magnification (130x) the matrix is resolved
into finer particles of silt and clay (Figure 34).  At very-high magnification (2,000x) the
silt and clay sized particles are shown to be sharp edged plates or shards (Figure 35).
The individual plates show little or no warping, twinning, symmetrical crystal habit, or
intergrowths that could indicate authigenic (in-situ) origins (Welton, 1984).

A series of SEM images from the top of monolith A (5 cm depth from the top
contact) show the detrital sand grains to be surrounded by a silt matrix.  The matrix is
both more abundant and more densely packed in the top of soil monolith A than in the
middle (Figure 36; Figure 37).  At intermediate magnification (360-900x) the matrix silt
and clay particles show variable packing orientations, indicating emplacement by
infiltration around framework grains (Figure 38; Figure 39).  At the highest
magnification (2000x) the finest silt sized particles (10-5 microns) show distinct,
fractured, and/or faceted edges (Figure 40).  In summary, much of the matrix material in
soil monolith A was deposited as detrital loess, which then infiltrated downward into the
gray layer pore spaces.

Scanning electron images (SEM) from the middle of soil monolith B (32 cm
depth from the top contact) are presented as series of images at increasing magnification.
In this sample, the framework sand grains are supported by matrix (Figure 41; Figure
42).  At intermediate magnification (360x) the matrix is resolved into plates and shards in
the silt and clay size ranges (Figure 43).  The larger silt sized particles are fractured
along cleavage plains (Feldspar) or concoidal plains (Quartz).  At the highest
magnification (2,000x) the finest silt-sized plates (5-10 microns) are shown to be distinct,
sharp edged or fractured, i.e., detrital grains (Figure 44).  Generally speaking, the
packing orientation of the matrix in soil monolith B is more ordered than in soil monolith
A.  The matrix in site B might have originated as much or more from direct deposition in
standing water than from downward infiltration.

The top of soil Monolith B contains the contact between the overlying dunal
sands and the underlying gray layer.  This contact contains apparent secondary Fe-



mineral precipitates as demonstrated by red-orange ortstein staining in digital close-up
photographs of site B (Figure 21).  SEM images were taken of the iron cemented dune
sand located one centimeter above the gleyed-paleosol contact in soil monolith B.  The
micrographs are presented in a series of increasing image magnifications.   At lowest
magnification (10x) the sand grains in this dune deposit are shown to be entirely
framework supported (Figure 45).  Matrix is restricted to grain coatings, and very-narrow
pore-space bridges (Figure 46).  At intermediate magnification (300x) some pore-space
fills contain webbed or honey-combed clay-sized plates extending from framework grain
boundaries (Figure 47).  At highest magnification (2,000x) the webbed clay plates are
clearly inter-grown, with densely interconnected plate edges (Figure 48).  These rare,
grain coating minerals are authigenic, having precipitated in-situ from interstratal
groundwater flow in the dune sand aquifer just above the G318 gray layer.

X-Ray Diffraction Analysis:
X-ray diffraction analysis (XRD) was performed on the finest size fractions (less

than two micron settling diameter) to establish the mineralogy of the clay-sized phases.
Subsamples were collected from soil monolith A (5 cm depth below contact) and soil
monolith B (32 cm depth below contact).  These depths represent intervals of elevated
abundance of fines from the two monoliths (see Grain Size Analysis above).  The
monolith subsamples were added to distilled water and Na-Hexametaphosphate
(dispersant) to reduce flocculation.  After mixing and sonification the suspended samples
were centrifuged, leaving the clay-sized fraction (less than two micron fraction) in
suspension.  The clay-size fraction was settled onto glass slides (preferred basal
orientation) for x-ray diffraction analysis. Scans were made from 2.5 to 35 degrees 2-
theta at 2 deg/min.  step intervals using K-Alpha wavelength (Å): 1.54056 (K-Alpha 1
wavelength (Å): 1.54056, K-Alpha 2 wavelength (Å): 1.54439 K-Alpha 2/ K-Alpha 1
intensity ratio: 0.50).

The X-ray diffraction results are shown in Table 4. The clay-size fraction is
dominated by quartz.  The next most abundant phase is a chlorite-vermiculate intergrade.
The 'preferred orientation' XRD slides used here emphasize the clay-mineral basal-
reflections (001) at 14 angstroms d-spacing.  Minor amounts of feldspar were also
detected in these finest size fractions (Figure 49).  The SEM analyses of the finest-silt
and clay-sized shards (2-20 microns) at 2000x magnification did not show evidence of
plate intergrowths, webbing, or edge attachments.  The very-fine shards appear to be of
detrital origin, rather than from in-situ precipitation or diagenetic replacement.  The
source of the vermiculite is under investigation, but could involve the remobilization of
deposits on the continental shelf during marine low-stands (Beckstrand, 2001).

G318 PALEOSOL HYDROLOGICAL STUDIES

Penetrometer Analysis:
Relative cementation for soil monoliths A and B was investigated using a hand

(pocket) penetrometer that measures unconfined soil compressive strength (Figure 50).
In-situ measurements were made in the field on both the hosting x-bedded dune strata and
on the G318 paleosol (see Field Studies above).  The soil monoliths A and B were further



tested in the lab to establish small-scale variability of relative compressive strength, a
proxy for cementation, within the gleyed-paleosol.  Penetration tests were performed at 2-
5 cm intervals down section from the top of the paleosol monoliths.

The results of the penetrometer tests demonstate differences in relative
compressive strengths within the G318 gleyed-paleosol (Table 5).  The site A soil
monolith had a smaller range of penetration resistance (2.5-3.5 kg cm-2) than the site B
soil monolith (0.75-3.5 kg cm-2).  Maximum in-situ (wet field condition) penetration
values for site A were 2-3.5 kg cm-2.  The site B monolith values (average 1.75 kg cm-2)
are substantially lower than site A (average 3.5 kg cm-2).  The lower compressive
strengths in monolith B appear to correlate with the higher clay content at this site (Table
3).

Permeability  Analyses:
Paleosol G318 monolith B (target aquitard) and the hosting dune sand (aquifer

strata) were subsampled for preliminary analyses of permeability.  The aquifer strata
were sampled from a layer immediately above the G318 gleyed-paleosol, and from strata
below the paleosol.  The aquifer strata samples were reformed for ASTM constant head
permeameter tests (Figure 51).  The less permeable paleosol (monolith from site B) was
analyzed by ASTM falling head tests in a consolidometer (Figure 52).   A 2.2.5 in ID
brass ring was used to sample the soil monoliths near their least disturbed middle
sections.  Sample plug disks (roughly 3x7cm) were inserted into the consolidometer for
permeability testing under saturated loads (Figure 53).  The falling head tests were
performed under saturated loads calculated for a nine-meter overburden thickness.  The
estimated overburden thickness was taken from the section log (Table 1).  The flow rates
for both constant head and falling head tests were used to calculate sample permeability.

The results of the permeability tests are as follows.  The falling head test for the
sand strata immediately above the paleosol yielded a permeability of 0.014 cm/s (1.4x10-2

cm/s).  The monolith sample (site B) tests were problematic due to possible water
bypassing through/around the block (initially seated at 0.6 kg/cm sq).  To eliminate
potential water bypassing a falling head test was run at a full consolidation load of 1.26
kg/cm sq (approx 1.26 tsf) for 24 hours to back-calculate k.  This test produced at a 50%
time of 90s a k value of 4.8 X 10-8 cm/s. Finally, a falling head test was performed on a
combined sand sample (mixed strata) from one meter above and one meter below the
paleosol.  That combined sample yielded a permeability k value of (3x10-4 cm/s)

 The results of these initial hydrological tests indicate that the paleosol
permeabilities can be substantially lower than the dunal strata hosting the paleosol.
These preliminary tests confirm the potential importance of the paleosols as aquitards in
the dune sheet aquifer.  Additional tests of the gleyed paleosols are required to
characterize their variability in permeability.

PALEOSOL WATER QUALITY TESTS

Total Coliform Tests:
Two sites of groundwater seepage above the study gray layer at the 21st Street

Beach Access locality in Lincoln City were sampled for total coliform contamination.



The two sites that were tested are from the dunal sand aquifer at 10 cm above the gray
layer horizon at site A, and from a similar position above the top of the study gray layer
at a distance of 30 m north (site C) of sample site A (Figure 54).  The 30 meter
separation distance between sample sites (A) and (C) was used to assure that the
groundwater samples would represent different upslope sources, i.e., the preliminary
results would not be biased by a nearby commercial or residential structure.  Sterilized
plastic tubes were inserted into the seepage zones to collect the groundwater.  Sterilized
plastic bags with chlorine neutralizing tablets were secured to the plastic tubes for several
minutes to collect about 50 ml of groundwater from each sample site.  Following the
printed test kit procedure (La Motte Kit Model TC-5) the groundwater samples were
transferred to 10 ml test tubes with gel tablets and indicator dyes.  Three replicate tubes
were used for site A, and two replicate tubes were used for the 30 m north sample site.
The undisturbed tubes were stored upright and incubated for 44 hours at room
temperature.  All five tubes showed each of the three positive indicators for presence of
total coliforms, including gas bubbles, rising cloudy gel, and pH change (pink to yellow
color)(Figure 55).

DISCUSSION AND CONCLUSIONS

Origin of the Glyesols:
The G318 gray layer is located near the middle of a 16 m thick exposure of late-

Pleistocene dunes and interbedded paleosols at the 21st Street Beach Access, in Lincoln
City (Figure 5).  The dunal section contains a topsoil with a 10 cm thick A horizon over
a 30 cm thick Bw horizon.  The A/Bw couplet represents an intact dune soil profile
(Spodosol) developed from vertical leaching and accumulation of Fe+3 minerals and
humates under generally oxidizing conditions (Birkeland, 1999). By comparison, there
are at least five gray layers that range from 3 to 45 cm in thickness in the middle and
lower parts of the measured section.  The gray color of these layers indicates Fe+2
accumulation under generally reducing conditions. These reducing paleosols, i.e., termed
Gleysols or gleyed Spodosols are indentified in the measured section as Bg horizons
(Figure 11). Fe-Ortstein laminae (orange color) are also apparent between the Bh
horizons.  Their presence attests to post-burial oxidative precipitation of Fe+3 minerals
from interstratal groundwater flow.

The target gray layer at 9.5 m depth subsurface was traced over an alongshore
distance of about 1 km, where it ranged within several meters (± 2.5 m) of an average
elevation (12 m) above predicted mean sea level.  Where the target gray layer rises in
elevation it shows relatively little variation in color, percent fines, or cementation in
vertical profile (Figure 5). Fine hair-like root casts (grass roots) are locally preserved
throughout these elevated gray layer horizons.

By contrast, the target gray layer shows a significant increase in organic content
(peat) and in-situ tree roots neat its upper surface where it descends into shallow hollows
or depressions (Figure 18 and Figure 20).  For example, a one meter drop in the gray
layer elevation between sample sites (A) and (B), only a 8 m horizontal separation
distance, corresponds to the presence or absence of peat and tree roots (Figure 5).  The
target Bg sample sites also demonstrate an increase in the clay fraction from sample site



A (average 12 wt% clay) to the lower sample site B (average 25 wt% clay).  Silt sized
material in the (A) sample horizon decreases dramatically within a few tens of
centimeters depth (from 44 wt% to 18 wt%; (Table 3) suggesting an origin from
infiltration.  By comparison, the silt content of the Bh horizon from sample B is more
uniform ranging from 33 wt% to 26 wt%.  Together with the high clay content, the
topographically lower elevation of sample B relative to sample A appears to have
increased its overall trapping efficiency of the fine size fractions.

Petrographic microscope analyses (100x, and 400xmag.) of the silt mineral
fractions in resin grain mounts from both samples (A) and (B) show the particles to be
dominantly anisotropic monocrystalline quartz and feldspar (Figure 29).  The silt-size
material is not derived from isotropic ash shards, birefringent carbonates, or altered lithic
fragments.  Out of several hundred framework grains observed in both samples only a
few framework grains showed evidence of dissolution, i.e., c-axis cockscomb weathering
(Figure 28).  Many of the framework grains showed surface Fe-staining, but no alteration
clay rims or detached clay skins, as described by Birkeland (1999).  The silts in the Bg
horizons are derived from detrital deposition or infiltation rather than from in-situ
diagenesis.

Scanning electron microscopy was performed on each of the subsamples from
sites (A) and (B) in the target Bh horizon.  At  magnifications of 2,000x the silt grains are
shown to be platy or shard like (Figure 35).  Many of the grains show faceted margins
(Figure 40).  Some silt grain orientations indicate concoidal fracture rims, and other
orientations show multiple fracture facets.  Some grains, even in the clay size range,
appear to be fracture shards (Figure 44).  There is no SEM evidence of in-situ clay skins,
or diagenetic clay pore-throat bridges.  Rather than showing the honeycombed clay-
platlet morphologies of authgenic pore-space fills (Welton, 1984), the silt and clay size
shards are clearly layered or imbricated. There does appear to be some microcrystalline
coatings (Fe-mineral cements) on both the framework grains and silt shards (Figure 48),
but the fines are dominantly detrital, i.e., wind borne loess.

In summary, the relatively constant elevation of the G318 gray layer (Bh horizon),
and its association with bog development in subtle depressions and hollows (Figure 5)
indicates dunal deflation to the groundwater surface (Hofgren et al., 2002).  Silt and
possibly clay in the Bh horizon are derived in large part from infiltration of loess into
dune sand (Patching, 1984), and/or deposition of trapped loess in wetland or bog settings
(Hofgren et al., 2002).  This paper focuses on the G318 gray layer at the 21st Street sea
cliff locality in Lincoln City.  However, there are dozens of other dunal gray layer
exposures along the Oregon sea cliffs (http://nwdata.geol.pdx.edu/seagrant/).  Some of
the observed gray layers range from Bh to Bw horizons over 10’s-100’s of meters
distance alongshore.  Some gray layers bifurcate, or are widely truncated by deflation,
leading to uncertainty about their lateral continuity.  At the 21st Street study area the gray
layer locally increases to 1.5 m in thickness at a distance of about 0.5 km north from the
measured profile. Where this gray layer drops in elevation (1-2 m) into a deflation hollow
the Bh horizon becomes dominated by peat and large in-situ stumps (Figure 20).
Detailed studies of additional gray layers are required to establish how representative the
G318 layer might be of gray layer origins, and how variable these Gleysols or gleyed
Spodosols are in terms of their numbers, ages, and physical properties.



Modern Deflation Plain Analog:
A local modern analog for deflation plain wetlands is provided in the Oregon

Dunes National Recreation Area (ODNRA).  Dune deflation landward of a modern
foredune in the ODNRA has lowered the dune surface to seasonal groundwater level over
10’s of kilometers distance alongshore (Figure 56 deflation plain shot linear edge).
Since Cooper’s work (1958) the ODNRA deflation plain has increased in width by as
much as 0.5-1.0 km.  As the dune surface approaches groundwater level the increasing
moisture cohesion and/or colonizing vegetation stabilizes the dune sand.  Where deflation
has lowered the ODNRA dune deposits below standing groundwater level the
development of peaty bogs is now underway (Figure 57, deflation plain shot).
However, the proximity of the beach (1 km to the west) limits the availability of loess
sediments from upwind sources.  As a result, the modern deflation-plain deposits lack the
incorporation of silt and clay that characterize the late-Pleistocene Bg horizons.

If the modern deflation plain analog is applied to the Pleistocene gray layers it
could be assumed that these subhorizontal units might have extended discontinuously for
several kilometers in width and 10’s of kilometers in length alongshore.  The abundance
of loess shards in the late Pleistocene deposits could indicate a subaerial source of
material upwind (seaward) during lowered sea-level stands in late Pleistocene time.
Low-sea level stands (-20 to -100 m MSL) in late-Pleistocene time could have exposed
the continental shelf to 10’s of kilometers offshore of the present shoreline (Figure 1).
One consequence of episodic deflation of broad swaths of coastal plain dunes would have
been an abundant supply of sand to the coast range foothills.  Initially the dunes would
have formed ramps against the foothills.  With continued sand supply the ramps would
have stacked vertically and horizontally, building out over the deflation plain. Such
potential temporal-spatial (stratigraphic) relations between the proximal (seaward) dunal
deposits, and the distal (landward) dunal deposits have not been formally tested in this
study area.

It has yet to be established whether the deflation marked by the preserved Bh
horizons exposed in the modern sea cliffs was local or widespread, whether it was
semicontinuous or episodic in time, and whether it was forced by climate or sea-level
changes along the Pacific Northwest coast.   Additional mapping, stratigraphic analyses,
and high-resolution dating will be required to address these additional questions of gray
layer origins.

Practical Aspects of Dunal Gray Layer Interbeds:
A variety of hydrological and water quality tests were performed on the G318

gray layer from the 21st Street Beach Access locality in Lincoln City.  These analyses
were not intended to bracket the full range of properties of the G318 layer, or in the other
paleosol Bg horizons exposed at the study site.  However, these measured parameters do
provide a preliminary characterization of a Gleysol or gleyed Spodosol in the Lincoln
City paleodune sheet.  These measured properties will help to justify more detailed lab
and in-situ tests of paleosols that are interbedded with the semi-consolidated dune strata
in the late-Pleistocene dune sheets of the Oregon coast.

Relative compressive strengths (semi-quantiative) of the G318 paleosol measured
with a hand penetrometer (Figure 50) demonstrated a wide range of values (1-3.5 Kgcm-

2). The penetrometer values decreased with observed and measured increases in the



silt/clay fraction.  However, the in-situ relative compressive strengths for the G318 layer
at site A were slightly greater than those for less cemented dunal deposits above and
below the dunal paleosol.

Permeability tests (Figure 51; Figure 52) show that the G318 Bg horizon
paleosol (4.8 X 10-8 cm/s permeability coefficient) has substantial aquitard potential (low
permeability) within the more permeable dune sand aquifer (1.4x10-2 cm/s to 3x10-4 cm/s
permeability coefficient). The large difference in permeability likely accounts for the
observed seeps along the top of some gleyed-paleosols in the sea cliff exposures.

Observations during spring and summer months documented surface ponding of
the dunal groundwater in several beach settings.  These settings include (1) ledges formed
above the resistant paleosols in the sea cliffs (Figure 4), (2) back-berm lagoons in the
beach backshores, i.e., near the foot of the sea cliffs (Figure 9), and (3) over the wave cut
platform (bedrock) where it was exposed above the beach sand cover (Figure 8b).  The
late season recharge of these beach deposits is maintained by the relatively low
permeabilty of the paleosols and dunal strata, which delays groundwater discharge to the
sea cliff seeps.

Total coliform tests on the groundwater seeps along the G318 Bg horizon proved
positive in three samples from sample site A, and in two samples from a seep at the top of
the Bg horizon located 30 m north of sample site A (Figure 54).  The combination of
three positive indicators for each of the 5 sample replicates indicates a strong positive
index for total coliforms in the groundwater discharge seeps.  Due to the density of
development upslope of the 21st Beach Access study area in Lincoln City it is assumed,
but not established, that the coliform contamination is from septic or leaking sewer line
sources.  It is not known how widespread this potential contamination might be in the
Lincoln City dune sheet, or in other dune sheets of the Oregon coast.  Additional testing
for coliforms is warranted in the Lincoln City dune sheet, and at other dunal sea-cliff
seeps downslope of residential and commercial developments along the Oregon coast.
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LIST OF TABLES AND TABLE CAPTIONS

Table 1
Excel spread-sheet log of measured section at the 21st Street Beach Access study locality,
Lincoln City, Oregon.  The section was measured by vertical tape measure, with several
small horizontal offsets to avoid vegetated slump blocks (estimated vertical error ±10
cm).  Elevation relative to mean sea level (MSL) has an estimated error of ±0.5 m.

Table 2
Soil color analyses of G318 paleosol samples from soil monoliths A and B, collected at
the 21st Street Beach Access study locality.

Table 3
Grain size analyses of G318 paleosol samples from soil monoliths A and B, collected at
the 21st Street Beach Access study locality.

Table 4
X-ray Diffraction Analyses of G318 paleosols samples (less than 2 micron size fraction)
from soil monoliths A and B, collected at the 21st Street Beach Access study locality.
Scans were made from 2.5 to 35 degrees 2-theta at 2 deg/min.  step intervals using K-
Alpha wavelength (Å): 1.54056 (K-Alpha 1 wavelength (Å): 1.54056, K-Alpha 2
wavelength (Å): 1.54439 K-Alpha 2/ K-Alpha 1 intensity ratio: 0.50).

Table 5
Penetrometer readings of relative moist-soil compressive strength from soil monoliths A
and B, collected at the 21st Street Beach Access study locality.

LIST OF FIGURES AND FIGURE CAPTIONS

Figure 1.jpg
Map showing locations of Pleistocene coastal dune sheets, including the Lincoln City
dune sheet.

Figure 2.png  and Figure 2.ai
Map showing the Lincoln City study area.  The 21st Street Beach Access, Canyon Drive
(SW11th St), and Spanish Head profile sites are shown in the northern, middle and
southern parts of the study area, respectively.



Figure 3.jpg
Photograph of a thin Pleistocene dunal section that was ‘condensed’ by deflation near
Yachats, Oregon.  This section (3-4 m in thickness) spans about 80,000 years in age from
the wave-cut platform (base) to the recent topsoil (top).  Secondary precipitation of iron
minerals from groundwater flow between paleosols has stained the dunal strata red-
orange.

Figure 4.jpg
Photograph of Pleistocene dune strata exposed in modern sea cliff located north of
Canyon Drive (SW11th St) in Lincoln City, Oregon.  The Pleistocene dune strata total
about 30 m (100 ft) in thickness at this site.  At this site prominent paleosols near the
middle of the vertical section are actively seeping groundwater in mid summer.

Figure 5.jpg
Photograph (view to north) of a prominent gleyed-paleosol (G318 paleosol) exposed in
the sea cliff at the 21st Street Beach Access in Lincoln City, Oregon.  Paleosol monoliths
were taken from this horizon for additional examination and subsampling in the lab.

Figure 6.jpg
Photograph of dunal groundwater seeping from paleosols in dunal sea cliff at Ona Beach,
near Newport Oregon.  Such ‘weeping sands’ in dunal sea cliff localities are found in
Curry, Coos, Lane, Lincoln and Tillamook Counties, Oregon.

Figure 7.jpg
Photograph of iron-rich dunal groundwater staining beach sand, near Driftwood State
Park, north of Waldport, Oregon.

Figure 8a.jpg
Photograph of dunal groundwater seeping from the base of the sea cliff in contact with
the wave-cut platform bedrock, at Lincoln City, Oregon.  This site is located about one
kilometer south of Canyon Drive in the Lincoln City study area.

Figure 8b.jpg
Photograph (close-up) of exposed beach platoform (see G318Figure8a.jpg) that is locally
stained red from the iron-rich dunal groundwater.  The runoff from the dunal aquifers
flows out into the beach sand where it is temporarily ponded and/or seeps seaward to the
ocean surf zone.

Figure 9.jpg
Photograph of dunal groundwater 'ponding' in the beach backshore at a site located 0.25
km north of Canyon Drive in the Lincoln City study area.  Such 'backshore ponding' of
the dunal groundwater at the beach interface is observed at many sites in the study area.
This photograph was taken in July.

Figure 10.jpg



Photograph of team measuring dunal strata in sea cliff, located just north of Canyon
Drive, Lincoln City, Oregon.

Figure 11.ai and Figure 11.png
CAD drawing of measured geologic sections in sea cliff exposures from Lincoln City
study area.  Measured sections show types and thickness of Pleistocene dunal paleosols
(PDB-) and intervening dunal strata (PDC-) exposed in the sea cliffs.

Figure 12.ai and Figure 12.png
CAD drawing of simplified measured geologic sections in sea cliff exposures from
Lincoln City study area.  This geologic cross-section highlights the measured paleosol
strata contained within the dunal aquifer.

Figure 13.ai and Figure 13.png
CAD overlay of ‘panoramic’ view of Pleistocene dunal paleosols correlated alongshore
above exposed wave cut platform, south of Canyon Drive, Lincoln City.

Figure 14.ai and Figure14.png
CAD overlay of ‘strip mosaic’ view of Pleistocene dunal paleosols correlated alongshore,
north of Canyon Drive, Lincoln City.

Figure 15.jpg
Photograph of dunal sea cliff south of Canyon Drive, showing transition from irregular,
discontinous paleosol geometry near the top of the exposed section to flat, semi-
continuous paleosol geometry near the base of the section.

Figure 16.jpg
Photograph of dunal sea cliff south of Spanish Head, showing flat, semi-continuous
paleosol geometry in the section 5-10 m above the wave-cut platform.

Figure 17.jpg
Photograph (view to east) of the G318 paleosol study location at 21st Street Beach Access
in Lincoln City.  A central gray layer, i.e., study gray layer, is exposed at the top of the
lower flight of stairs (photo center left).

Figure 18.jpg
Photograph of stump (in-situ) from top of G318 gleyed paleosol horizon from a site
located north of the 21st Street Beach Access locality.

Figure 19.jpg.
Photograph of sea cliff section some 0.8 km north of 21st Street Beach Access study
locality.  Dunal section is truncated by stream incision (background), and is locally
covered by vegetation and or slope stabilization materials (foreground).

Figure 20.jpg



Photograph of peat (> 1 m thick) in G318 paleosol horizon, located  a few hundred
meters north of 21st Street Beach Access site.  This paleosol, and others nearby, become
increasingly peaty where they drop in relative elevation within the sea cliff section.

Figure 21.jpg
Digital closeup photograph of site B in the study gray layer at 21st Street Beach Access,
Lincoln City, Oregon.  Water seeps are apparent along the full length of the gray layer,
but outflow increased over the stratigraphically lower levels of the gray layer at site B.

Figure 22.jpg
Photograph of G318 paleosol monolith from Site A, taken at the 21st Street Beach Access
locality.  The top of the monolith is at top of photograph.

Figure 23.jpg
Photograph of G318 paleosol monolith from Site B, taken at the 21st Street Beach Access
locality.  The top of the monolith is at the right side of the photograph.

Figure 24.jpg
Photograph of Dr. Scott Burns (Portland State University, Geology Department)
examining soil monoliths for visual description of soil type.

Figure 25.jpg
Photograph of soil color analysis using Munsel color chart.

Figure 26.gif
Photograph of petrographic microscope and digital display used for mineralogical
analysis.

Figure 27.jpg
Photomicrograph (~100x) of light mineral (quartz  and feldspar) grains from the G318
gleyed paleosol (soil monolith A).  Quartz is subrounded, showing concoidal fractures.

Figure 28.jpg
Photomicrograph (~150x) of a heavy-mineral pyroxene with rare weathering terminations
at 7 cm depth in soil monolith B.  By comparison, less than one percent of the heavy
minerals observed from the deeper samples of the G318 paleosol showed any sign of
dissolution embayments or cleavage plain partings.

Figure 29.jpg
Photomicrograph (~400x) of subangular silt shards from soil monolith B at 44 cm.  The
silt size material is dominated by monomineralic, anisotropic, low-birefringence, clear
minerals (quartz and fieldspar).  No volcanic glass shards (ash shards) are observed in the
silt size fractions of the G318 paleosol from either site A or site B.  Some of the silt-size
particles are coated with Fe-mineral precipitates (opaque grains).  However, the coatings
do not appear to bridge between shards, i.e., shards do not clump in aggregates.



Figure 30.jpg
Photograph of sample preparation for scanning electron microscopy (SEM). Paleosol
material was broken and mounted with fresh fracture turned up, prior to sputter coating
with gold.

Figure 31.gif
Photograph of scanning electron microscopy (SEM) system used for G318 paleosol
subsample analysis. The paleosol monolith subsamples were examined at 10-2,000x
magnification at 15 kV accelerating voltage on a JEOL JSM 35-C SEM.

Figure 32.jpg
Photograph of SEM monitor showing multiple (split screen) images of a sample to track
textural relations at increasing magnification.

Figure 33.jpg
SEM photomicrograph (26x) of a soil aggregate from soil monolith A at 28 cm depth.

Figure 34.jpg
SEM photomicrograph (130x) of soil aggregate from soil monolith A at 28 cm depth.

Figure 35.jpg
SEM photomicrograph (2,000x) of soil aggregate from soil monolith A at 28 cm depth.

Figure 36.jpg
SEM photomicrograph (24x) of soil aggregate from soil monolith A at 5 cm depth.

Figure 37.jpg
SEM photomicrograph (54x) of soil aggregate from soil monolith A at 5 cm depth.

Figure 38.jpg
SEM photomicrograph (360x) of soil aggregate from soil monolith A at 5 cm depth.

Figure 39.jpg
SEM photomicrograph (900x) of soil aggregate from soil monolith A at 5 cm depth.

Figure 40.jpg
SEM photomicrograph (2000x) of soil aggregate from soil monolith A at 5 cm depth.

Figure 41.jpg
SEM photomicrograph (10x) of soil aggregate from soil monolith B at 32 cm depth.

Figure 42.jpg
SEM photomicrograph (33x) of soil aggregate from soil monolith B at 32 cm depth.

Figure 43.jpg
SEM photomicrograph (360x) of soil aggregate from soil monolith B at 32 cm depth.



Figure 44,jpg
SEM photomicrograph (2000x) of soil aggregate from soil monolith B at 32 cm depth.

Figure 45.jpg
SEM photomicrograph (10x) of iron cemented aggregate from dunal strata at 1 cm above
the top of soil monolith B.

Figure 46.jpg
SEM photomicrograph (27x) of iron cemented aggregate from dunal strata at 1 cm above
the top of soil monolith B.

Figure 47.jpg
SEM photomicrograph (300x) of iron cemented aggregate from dunal strata at 1 cm
above the top of soil monolith B.

Figure 48.jpg
SEM photomicrograph (2000x) of iron cemented aggregate from dunal strata at 1 cm
above the top of soil monolith B.

Figure 49.bmp
X-ray diffractigram of the clay-sized fraction from the G318 geleyed paleosol. The
preferred orientation used for this slide emphasizes the 001 basal reflections of the clay
minerals (vermiculite-chlorite) shown at about 14 angstroms D-spacing.

Figure 50.jpg
Photograph of pocket penetrometer used to measure relative compressive strength of soils
in monoliths A and B.

Figure 51.jpg
Photograph of Trevor Smith operating apparatus for measuring soil permeability by
ASTM constant head method.

Figure 52.jpg
Photograph of Renee performing ASTM falling head permeability analysis on samples
from soil monoliths A and B.

Figure 53.jpg
Close-up photograph of chamber used to hold the undisturbed paleosol sample plug for
falling head permeability analysis.

Figure 54.jpg
Photograph of test vials showing positive indicators for presence of total coliforms from
dunal groundwater seeps above the G318 paleosol aquitard in the Lincoln City dunal sea
cliff.



Figure 55.jpg
Close-up photograph of test vials (La Motte Kit Model TC-5) showing positive indicators
for total coliform, including gas bubbles, rising cloudy gel, and pH change (pink to
yellow color).




