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Abstract
Purpose This paper aims to elucidate urban development-induced
processes affecting the sediment and the distribution of con-
taminating metals in a seasonal pond located in the highly
populated Israeli Coastal Plain. The paper demonstrates how
an integrated approach, including geochemical, sedimentolog-
ical, geochronological, mathematical, historical, and geo-
graphical analyses, may decipher a complicated and dynamic
metal pollution history in a sedimentary environment con-
trolled by anthropogenic activity.
Materials and methods Three short sediment cores were col-
lected from the margins and center of a small urban pond (Dora,
Netanya), located within the Israeli Coastal Plain. Profiles of
grain size, organic matter (OM), trace metals (Pb, Zn, V, Ni,

Cu, Cr and Co), Pb isotopic ratios, and 210Pb activities (center
and southern cores) were determined and a geochemical mixing
model was employed (southern core). The watershed contour
was calculated, and aerial photos and satellite images were
examined.
Results and discussion Construction activities in the watershed
were chronologically associated with coarse sediment transport
and deposition in the margins of the pond. The upper sandy
layers were superimposed on layers rich in fine particles and
OM, high concentrations of trace metals, and with Pb isotopic
composition of more recent petrol. In the 210Pb-dated southern
core, deep metal-rich layers with petrol-related Pb isotopic ratios
were inconsistent with metal emissions history. These findings
point to mobility and migration of recent contamination metals
through the coarse upper sediment layers and into deeper denser
layers, confirmed also by a geochemical mixing model.
Conversely, in the center of the pond, homogeneous fine particles
were deposited with metal profiles consistent with regional
emissions.
Conclusions A small urban pond was found to provide an
important case study for understanding heavy metal pollution
records in highly populated regions. The margins of the pond
depicted the surrounding urban development and the induced
coarse sediment erosion, accompanied with post-depositional
metal mobility. Due to the proximate developing residential
areas, high metal concentrations accumulated in the margins,
overshadowing regional atmospheric pollution levels record-
ed by sediment at the center of the pond.
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1 Introduction

The abundance of anthropogenic trace metals in atmospheric,
aquatic, and terrestrial environments has significantly increased
since the onset of the industrial revolution in the mid-nineteenth
century. The spread of tracemetals was further promoted through
construction, industrialization, and, in many cases, by
emissions associated with transportation (Nriagu 1996; Pacyna
and Pacyna 2001). Leadwas significantly introduced to the glob-
al environment by leaded petrol combustion, whichwas replaced
by unleaded petrol in theUSA and in Europe in the 1970s–1980s
(Nriagu 1996) and in Israel in the 1990s (Teutsch et al. 2001).
American leaded petrol was used exclusively in Israel until it was
replaced by European leaded petrol in 1992. Unleaded European
petrol was introduced later on in the early 1990s. The stable
isotopic signatures of the American and European petrol-Pb are
distinct and, thus, easily distinguished in Israeli sediments and
soils and other compartments of the environment (Erel et al.
1997; Teutsch et al. 2001; Harlavan et al. 2010; Zohar et al.
2014; Levy et al. 2015). Other traffic-related trace metals include
Zn, V, Cu, Cr, Co, and Ni, although they all may also be emitted
from other anthropogenic activities such as industry and con-
struction. Such activities usually accompany the spread of pop-
ulated areas, mainly urban (Wong et al. 2006), leading to changes
in land uses and land covers.

The type of land cover (e.g., rocky or soil coverage) can be of
high importance for material transport in natural arid and
semi-arid watersheds (Yair and Kossovsky 2002). An extreme
case is pure sand coverage (e.g., active sand dune) with nearly
complete infiltration of rainwater (Tsoar 1990). Thus, land cover
and soil type should be consideredwhen assessingmaterial trans-
port in a watershed. Changes in land cover, from natural to dis-
turbed, are expected to increase sediment and metal recycling
and transport, though various metals are impacted differently
(Tang et al. 2005). Industrial areas will usually generate greater
flux of trace metals than commercial, agricultural, and residential
areas (Tiefenthaler et al. 2008). Urbanization rarely occurs
homogenously across an entire watershed, resulting in spatial
variability of runoff and contribution of contaminating metals
(Tang et al. 2005). In arid and semi-arid regions, the geometry
of the watershed was found to influence material transport, in
both urban (Asaf et al. 2004) and natural sites (Yair and
Raz-Yassif 2004). Moreover, urban drainage systems could fur-
ther affect metal abundance and dispersion due to transport of
trace metal-bearing particles.

When reaching the water body, particles may be subjected to
secondary transport processes, possibly focusing the depositing
material (Blais and Kalff 1995). On the other hand, limited inter-
nal transport will allow the sediment to better reflect direct atmo-
spheric deposition of metals originating from a wider region
(Weiss et al. 1999; Bookman et al. 2008; Zohar et al. 2014).

Strong sequestration of trace metals is affected by sediment
characteristics and is more efficient in fine-grained sediment.

Organic matter (OM) and oxide-hydroxides are strong binding
agents (see review by Du Laing et al. 2009), while sandy
sediments enable effective mobilization of metals (Balasoiu
et al. 2001). Thus, metal accumulation in a sediment core from
a populated area could reflect chronological sequestration of
metals and/or geomorphologic and geographic processes in
the watershed. The anthropogenic fraction of metals in soils
and sediments is more accessible to acid leaching than the
natural fraction incorporated in aluminosilicates. This enables
distinguishing between anthropogenic and natural sources
(e.g., Erel et al. 1997; Farkas et al. 2007; Harlavan et al. 2010).

This study describesmetal accumulation patterns in a relative-
ly small (ca. 0.055 km2) winter pond (Fig. 1). Dora Pond is one
of the last seasonal ponds to exist along the Israeli Coastal Plain,
which has undergone extreme development in the past century
(Levin et al. 2009). Although the watershed underwent signifi-
cant changes in its land cover and use in the past few decades,
development activities did not include the pond itself, making it a
potential study site for anthropogenic effects on urban aquatic
environments. This paper employs a comprehensive approach to
decipher urban development-induced changes in deposition of
sediment and trace metals, as a case study for pollution records
in urban ponds. In a previous study, the contamination sources
were identified and the regional metal pollution history was re-
constructed based on the homogeneous fine-grained undisturbed
profile from the center of the pond (Zohar et al. 2014).
Consequently, this core is used here for comparison to the im-
pacted marginal cores.

2 Research methods

2.1 Study area

Dora Pond is located within the city of Netanya, in the heavily
built Israeli Coastal Plain (Fig. 1). Yet, the pond does not appear
to have changed in recent history, as the line of planted
Eucalyptus trees along its perimeter is already observed in a
1929 map (Fig. S1, Electronic Supplementary Material). The
watershed of Dora winter pond is located between two longitu-
dinal north-south eolionite ridges of ca. 50 m above sea level
(masl) (locally known as kurkar ridges; Engelmann et al. 2001).
Sand dunes on the southern edge of its watershed reach a height
ofmore than 40masl,while the base of the pond is about 28masl.
The soils within Dora watershed follow a topographic gradient,
starting with sandy clay loam soil on top of the kurkar ridges,
gradually changing to higher silt and clay content along the
slopes, and ending with a hydromorphic clay (grumusol) soil in
the pond itself (Dan 1982). Similar ephemeral winter ponds and
marshes were naturally formed along the Israeli Coastal Plain in
local troughs with poor drainage (Dan and Yaalon 1990). Since
the late nineteenth century, 97% of these wetlands were drained
in order to increase land resources and the remaining wetlands
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became highly affected by agriculture, urbanization, and indus-
trial development (Levin et al. 2009).

2.2 Geographical analysis

The watershed of Dora Pond was calculated using detailed con-
tours (at a vertical interval of 0.5m) shown on 1:500maps (based
on a photogrammetric survey from 2005) obtained from the
Municipality of Netanya. A digital elevation model from these
contours was created at a spatial resolution of 1 m using the
INTERCON interpolation method available in IDRISI Selva
GIS (Clark 2012). The first step for calculating the watershed
was filling local sinkholes in the DEM using ArcGIS Spatial
Analyst. The horizontal accuracy of the derived watershed is
estimated to be in the order of about 250 m. The resulting calcu-
lated watershed penetrated southeast, into areas of former active
sand dunes. Originally, all rainfall would infiltrate in the active
sand dunes and would not contribute to the pond. At a later stage
(since the 1970s), this area was impacted by topography changes
associated with construction of residential areas to the south of
Dora Pond and the consequent land flattening. The editing was
performed to reconstruct the watershed as it had been before the
urban development as realistically as possible.

2.3 Sediment sampling, processing, and analysis

Three sediment cores were retrieved from Dora Pond in 2011:
DR1 (23 cm) from the northernmargin, DR5 (40.5 cm), from the

center, and DR7 (23 cm) from the southern margin (Fig. 1).
Sampling was done by pushing a 54-mm diameter PVC tube
into the ground during the dry period in order to avoid compac-
tion. One-centimeter sediment slabs were cut in the field (0.5 cm
slabs at the top 2 cm of DR1) then kept cool until reaching the
laboratory where they were frozen. The samples were freeze
dried, and the coarse particulate OM (CPOM, e.g., roots and
branches) was removed. All marginal samples (25 and 23 in
DR1 and DR7 cores, respectively) were analyzed. In DR5 core
(21 samples), high-resolution analysis was conducted in the up-
per part, focusing on changes in the modern era, while lower
resolution analysis was performed in the lower part, which indi-
cated constant trends (e.g., Erel et al. 1997; Townsend and Seen
2012). Particle size distribution was determined on triplicate
sub-samples by a laser diffraction grain size analyzer (Beckman
Coulter) after H2O2 treatment (standard deviation <5%). Dry
bulk densitywas calculated, taking into account the specificmass
ofmineral andOMand the presence of air in the interstitial space.
The fine OM content of the sediment was determined by a
Bloss-on-ignition^ (LOI) procedure (incinerating in 550 °C for
4 h, without decomposing carbonates; Dean 1974) on duplicate
sub-samples (repetition better than 5%).

Total (supported and excess) 210Pb activity was measured
by alpha spectrometry via the 210Pb granddaughter isotope
210Po (counting error <3%; see De Stigter et al. 2011 for
210Pb methodology details). This dating method is applicable
for the past ∼150 years (210Pb half-life of 22.3 years), where
excess 210Pb activity is detected (upper 12 cm in core DR5 and

Fig. 1 Left: location map of Dora winter pond, situated in the center of
the heavily urbanized Israeli Coastal Plain and a present day close-up
aerial photo of Dora Pond, presenting location of sediment cores.
Center: Dora Pond’s watershed boundaries before major building

construction took place. Right: development of built-up areas (buildings
and paved roads) within the watershed of Dora Pond (same scale as center
photo)
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19 cm in core DR7). The constant rate of supply model, which
assumes a constant flux of 210Pb but variable mass accumula-
tion rate (Appleby and Oldfield 1978), was used to calculate
sediment accumulation rates and ages. The density of the ma-
jor constituents in each profile (DR5: clay and DR7: sand in
the upper section and clay and OM in the lower section) was
applied in these calculations.

For the labile fraction of trace metals, duplicate
sub-samples were leached using a dilute acid solution
(0.5 M HNO3, Erel et al. 1997; hereafter named Bleach^).
Whole sediment concentrations of trace elements (hereafter
named Btotal^) were determined in duplicate samples follow-
ing dissolution by acid mixture (digestion on a hot plate with
HNO3, HF, and HCl). Trace metal (Pb, Zn, V, Ni, Cu, Cr, and
Co) concentrations were determined by ICP-MS (Perkin-
Elmer). Differences between duplicate sub-samples were low-
er than 5% (excluding 4% of the duplicates with 6–11%, 4%
with 10–30%, and 0.5% with >50% difference) for the leach
and lower than 7% (excluding 10% of the duplicates with 8–
20% difference) for the total concentrations. Standards yielded
2.6% precision and 4.3% accuracy. Isotopic composition of
the leach Pb was measured after column separation of Pb
(Ehrlich et al. 2004) by MC-ICP-MS (Ehrlich et al. 2001;
Platzner et al. 2001) (Nu Instruments), along with repeated
measurements of the SRM 981 standard for accuracy and
precision control (Platzner et al. 2001). Further analytical de-
tails can be found from Zohar et al. (2014).

A geochemical mixing model was used to determine rela-
tive contributions of Pb from various sources in the complex
DR7 sediment profile, based on their isotopic ratios. Model
description, results, and sensitivity analysis are presented in
the Supplementary Information.

3 Results

3.1 Urbanization in the watershed—geographical analysis

The calculated and edited watershed contours were
superimposed on historical maps, aerial photos, and satellite
images of the region, over the course of its development from
the late nineteenth century till recent years (Fig. S1, Electronic
Supplementary Material). A summary (by decade) of the de-
velopment of the watershed is shown in Fig. 1. The calculated
watershed seems to roughly correspond to the geomorpholog-
ical limits set upon it by the sand dunes to the south and the
coastal cliffs to the west as well as to the distribution of past
local winter ponds (each indicating a local watershed; see the
1943 map, Fig. S1, Electronic Supplementary Material). Due
to the coarse-grained texture of sand, active dunes with no
vegetation cover have low moisture content at field capacity
and rainwater percolates easily into the sand (Tsoar 1990).
Biological crusts, which were shown to generate runoff on

dunes (Yair 1990), are quite uncommon along the Israeli
coastal dunes (Levin et al. 2007). Therefore, sand inputs are
not expected to have reached the pond from the southern di-
rection before the human-made topographical changes. Prior
to the founding of the city of Netanya in 1929 (Fig. S1,
Electronic Supplementary Material, and Fig. 1), there were
no villages nor towns in the area, which was sparsely
inhabited by Bedouins. The first buildings within the Dora
watershed were built to the north of the pond in the 1950s.
The neighborhood of BNe’ot Shaked^was well established by
1975. The development of BKiryat Nordau^ neighborhood, to
the southeast of Dora Pond, was mostly restricted to the active
sand dunes area. However, some parts of it were within the
Dora watershed and could thus impact the runoff into the
pond, as construction progressed northwards in the 1970s.
The 1989 false color Landsat composite (Fig. S1, Electronic
Supplementary Material) reveals that the clearing of vegeta-
tion and exposure of sandy soil took place in the southern part
of the Dora watershed in the late 1980s (seen as a bright area
in this Landsat image), preceding the building of the BGiv’at
Ha’Irusim^ neighborhood. A recreational park was developed
around the pond and to the west in the late 2000s. In recent
years, the new neighborhood BAgamim^ was built just to the
east of Dora Pond, within the watershed boundaries (Fig. 1
and Fig. S1, Electronic Supplementary Material).

3.2 Lead-210 activity profiles

Lead-210 dating was performed on the DR5 and DR7 cores
(Table S1, Electronic Supplementary Material). In the DR1
core, background concentration levels were not reached, sug-
gesting that the bottom layers are relatively recent and that the
supported 210Pb cannot be evaluated, making 210Pb dating
impossible. In the DR7 core, the maximum observed activity
was 99.7 mBq g−1 (depth 1–2 cm) and the supported value
(21.0 ± 2.4 mBq g−1) was determined based on the bottom
4 cm (19–23 cm). The top 19 cm were dated from present
down to the mid-nineteenth century, and the deepest sediment
was roughly estimated to represent the late eighteenth century.
Although a general decreasing trend prevailed, the excess
210Pb activity in the DR7 profile was irregular, with three
zones of local maximum (Fig. 2): at 1–3, 7–10, and 15–
19 cm (peaking at 16.5 cm). The DR5 core displayed a regular
exponential activity profile, with maximum and supported
210Pb activities of 165.2 and 30.4 ± 2.9 mBq g−1, respectively
(Zohar et al. 2014), which are higher than in the DR7 core
(Fig. 2 and Table S1, Electronic SupplementaryMaterial). The
sediment accumulation rate in both dated cores was lowest
(0.03 g cm−2 year−1) in the late nineteenth century. The max-
imum rate was recorded in the southern margin (DR7) during
the early 1990s (0.63 g cm−2 year−1 at a depth of 6.5 cm),
about sixfold higher than in the center, DR5 core
(0.11 g cm−2 year−1 at depth of 4.5 cm), recorded in the
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1970s (Fig. 3 and Table S1, Electronic Supplementary
Material). This strong timing divergence implies different
impacting sources.

3.3 Texture and organic matter distribution

Sediment from the northern and southern margins of the pond
(cores DR1 and DR7, respectively) consisted of two particle
size populations, splitting around 100 μm. The DR1 core ex-
hibited sequences of sand interlaid by fine particles at the top
19 cm while in the DR7 core, the >100 μm particles predom-
inated in the top 8 cm and gradually decreased from 9 to
12 cm. In both cores, the fine fraction prevailed until the
bottom. The maximum content of particles >100 μm was
92% and 76 in DR1 (7–10 cm) and in DR7 (4.5 cm), respec-
tively (Fig. 2). This sediment characteristic is in strong con-
trast to the center of the pond (DR5) where the sediment
consisted almost exclusively of particles <100 μm (0 to
0.8% of particles >100 μm in DR5, Fig. 2). The <100 μm
fraction common to the three cores, included distinct modes at
1, 5, 20, and 50 μm (Fig. 2) and was of mineral and organic
composition. The mineralogy of the fine sediment from the
center of the pond (DR5) was governed by clay minerals
(specifically, montmorillonite; Koyumdjisky et al. 1988;
Zohar et al. 2014). In the northern margin core (DR1), the
>100 μm fraction included a distinct mode around 185 μm

throughout most of the core, and at 147 and 373 μm, in the
bottom 4 cm. At the southern margin core (DR7), distinct
modes in the >100 μm fraction were at 213 (upper profile)
and 147 μm (mid till bottom profile, Fig. 2).

Elevated levels of fine OM content and buried CPOMwere
abundant in deeper layers of the DR1 (19–23 cm) and DR7
(8–16 cm) cores (Fig. 2). Among the buried CPOM, some
residues of plants very common to the pond were well pre-
served and easily recognized, like Eucalyptus seeds in the
DR1 core and Butomus umbellatus roots in the DR7 core.
The sediment from the center of the pond (DR5) displayed
an orderly degradation profile of OM, indicating undisturbed
down-profile decomposition (Fig. 2).

To summarize, the marginal sediments from the pond were
heterogeneous and included deep layers associated with fine
particles and OM, superimposed by younger sandy layers.

3.4 Trace metal concentrations

Leach trace metal concentrations are shown in Fig. 4 and
Table S2 (Electronic Supplementary Material). High concen-
trations of trace metals were found in deep layers of the mar-
ginal cores. In the northern DR1 core, leach trace metal con-
centrations fluctuated concomitantly throughout the depth
profile with a substantial increase in the lowermost 4 cm of
the core (Fig. 4) and an exceptionally high Zn concentration

Fig. 2 Sedimentary features in cores from the northern margin (DR1),
center (DR5), and southern margin (DR7) of Dora Pond, including
particle size distribution in selected depths and profiles of the <100-

μm-sized particles, fine and coarse organic matter (OM), and total
210Pb activity. Lines between measured values are interpolation
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(1100 μg g−1 at depth of 21.5 cm). In the southern DR7 core,
elevated levels of all studied trace metals were obtained at the
depth range 9–19 cm. Maximum metal concentrations were
considerably higher in the marginal cores compared to the
center DR5 core, where trace metal concentrations usually
peaked in the upper few centimeters, after starting to increase
above background levels only from a depth of 12 cm (Fig. 4).
For example, maximum leach Pb concentration in DR7 was
59.1 μg g−1, at depth of 14.5 cm, about twice that of DR5
(30.9 μg g−1 at depth of 2.5 cm). Total metal concentrations

followed the leach concentration trends in all three profiles
(Table S2, Electronic Supplementary Material).

3.5 Lead isotopic composition

The 206Pb/207Pb profiles of leach Pb obtained from the three
locations in the pond exhibit different trends (Fig. 5). Both the
DR1 and DR7 profiles contained low 206Pb/207Pb values in
deep layers (e.g., 1.14–1.17, Fig. 5). These values were incon-
sistent with the chronological trend, indicated by the center

Fig. 3 The 210Pb age of the
sediment layers and the sediment
accumulation rate in DR5 and
DR7 cores. Lines between
measured values are interpolation

Fig. 4 Depth profiles of trace metal leach concentrations in the northern margin (DR1; logarithmic scale), center (DR5), and southern margin (DR7) of
Dora Pond. Lines between measured values in DR5 are interpolation
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DR5 profile, which displayed a shift from natural Pb isotopic
ratio (ca. 1.20) in the lower part of the core, towards lower
values indicative of anthropogenic Pb (ca. 1.17) in the upper
part (Zohar et al. 2014).

Isotopic ratios of leach Pb (206Pb/207Pb and 208Pb/206Pb)
from Dora sediment were compared to potential Pb sources in
order to elucidate the major contributors to the Pb inventory in
the pond. The potential sources include uncontaminated Israeli
soils (Erel et al. 1997; Teutsch et al. 2001), Saharan dust (Erel
et al. 2006), aerosols from Cairo and Eastern Europe (Erel et al.
2006, 2007), and the petrol used in Israel: pre-1992 (American)
petrol and post-1992 (European) leaded and unleaded petrol
(Erel et al. 1997). A detailed description of the Pb potential
sources can be found in Table S3 (Electronic Supplementary
Material) and in Zohar et al. (2014). It should be noted that
current unleaded European petrol (measured recently in our lab-
oratory) contains negligible levels of Pb (<5 μg L−1). Thus, in-
puts from this source should be attributed mostly to the late

1990s, when isotopic analysis of the unleaded European petrol
was attained (Erel et al. 1997).

On a plot of 208Pb/206Pb vs. 206Pb/207Pb, samples from Dora
Pond fell within the Pb isotopic compositions of natural and
petrol-Pb potential sources (Fig. 6). Only the deepest sample in
DR7 was on the natural sources line, while all other samples
were aligned on the upper part of the petrol-Pb line, nearest to
the post-1992 petrol-Pb value. The DR7 samples from the depth
range 10.5–18.5 cm displayed a significant contribution of the
post-1992 European end-members, more than in upper sediment
samples. Similarly, Pb isotopic composition values in DR1 were
not chronologically aligned on the petrol-Pb sources line, with
the lowermost sample displaying values typically associatedwith
anthropogenic influence (e.g., 206Pb/207Pb of 1.17 at depth of
22.5 cm, Figs. 5 and 6). DR5 Pb isotopic composition values
were chronologically aligned: lower profile samples were on the
natural sources line while upper part samples were on the
petrol-Pb sources line.

Fig. 6 Lead stable isotope ratios
(208Pb/206Pb vs. 206Pb/207Pb) in
samples from the northern margin
(DR1), center (DR5), and
southern margin (DR7) of Dora
Pond, together with isotopic
signatures of potential Pb sources.
1 Erel et al. (1997), 2 Teutsch
et al. (2001), 3 Erel et al. (2006), 4
Erel et al. (2007), 5 Díaz-
Somoano et al. (2009); see Zohar
et al. (2014) for details

Fig. 5 Depth profiles of leach Pb
stable isotopes ratio (206Pb/207Pb)
from the northern margin (DR1),
the center (DR5), and the
southern margin (DR7) of Dora
Pond

J Soils Sediments (2017) 17:2165–2176 2171



4 Discussion

4.1 Sedimentation effect on 210Pb activity

Different inventories of excess 210Pb activity were found in
the center (DR5) and in the southern margin (DR7) of the
small pond (Fig. 2). Variability in 210Pb inventory among sites
within the same watershed can result from differences in min-
eralogy, grain size, organic content, and accumulation history
of the 210Pb carrying particles (e.g., Guevara et al. 2003). The
sediment profiles in the two locations indeed differ in their
physical features. The uniform dominance of the particles
<100 μm and the 210Pb decay trend in the DR5 center core
reflects a quiescence depositional environment. This resulted
in the formation of a regular exponential decay trend and a
dated metal profile, which could be well correlated with re-
gional historical records (Zohar et al. 2014).

In the heterogeneous southern margin sediment DR7 profile,
excess 210Pb generally decayed within the upper 19 cm,
representing ca. 150 years (Fig. 2). However, in these layers
where the excess 210Pb activity was expected to wane due to
time-dependent decay, the 210Pb profile implied leaching down
of 210Pb into sediment constituents which served as a sink. The
irregularity of the 210Pb activity profile appears to be impacted by
discontinuous sedimentation processes, including the size and
nature of the accumulating particles (e.g., He and Walling
1996). Normally, higher 210Pb levels would be associated with
fine-grained sediment (of relatively high particle surface area)
and lower levels of 210Pb activity with sandy layers (of relatively
low particle surface area). However, the excess 210Pb activity
correlation with the fine texture (specifically, the <100 μm frac-
tion) in the southern DR7 core was especially low in the whole
profile (r2 = 0.05) as well as at the fine particle-rich depth range
(9–23 cm; r2 = 0.15). On the other hand, the excess 210Pb activity
had a high correlation (r2 = 0.89; Fig. 7) with the fine OM in the
lower part of the profile (9–23 cm) but exhibited a low correla-
tion with fine OM both in the whole profile and in the upper
sandy part (r2 = 0.002 and 0.07 (Fig. 7), respectively); this is
because the 210Pb influx is continuous, while OM accumulation
could have been impacted by changes in the sedimentary envi-
ronment. Similarly, a high correlation (r = 0.90) between 210Pb
flux and OM content was also found by Guevara et al. (2003) in
upper sediment layers of three lakes. Positive correlation between
OM content and metal concentration levels within a sediment
profile can evolve from leaching down of dissolved organic car-
bon (DOC), formed during degradation of buried OM, which
may mobilize fine particles or metal complexes (e.g., Richards
et al. 1998; Biester et al. 2012; and references therein). A similar
impact of sedimentary features on displacement of isotopic time
tracers was reported by Ciszewski et al. (2008). In order to sup-
port the radiometric dating, it should be complemented with
available non-radiogenic time markers, such as historical records
(Kirchner 2011). Indeed, Ciszewski et al. (2008) resolved the

uncertainty by comparing their radiometric dating results to the
local history of river pollution and sediment deposition. Thus, in
this research, geographical, sedimentary, and geochemical evi-
dence of known chronology was further compared and related to
the potentially tentative dating of the southern DR7 core
(Table S1, Electronic Supplementary Material).

4.2 Urbanization effects on sedimentation

Sediments that accumulated in the margins of Dora Pond record-
ed urbanization effects in the watershed and its surroundings.
Thus, the marginal sediments may provide a unique case for
examining effects of urban anthropogenic processes on natural
sedimentary environments. Construction activities around the
pond enhanced surface erosion of the local destabilized sand
dunes or contributed extrinsic sand which was employed in the
construction sites, resulting in significant amounts of sand
transported to the pond’s margins. The insignificant amounts of
sand in the center of the pond (DR5) indicate negligible transport
of coarse grains from the ponds margins, eliminating the possi-
bility of sediment focusing towards the center, in agreement with
the relatively plain nature of the pond’s bottom (Koyumdjisky
et al. 1988). The significant sand inputs in the margins were
reflected in high accumulation rates compared to the center of
the pond (DR5). In the DR7 southern margin, the maximum
accumulation rate attained in the upper sandy layer was dated
to the early 1990s, when the nearest neighborhood to the south of
the pond (Giv’at Ha’Irusim) was constructed (Fig. 1 and Fig. S1,
Electronic Supplementary Material). In the center (DR5), the

Fig. 7 Lead vs. fine OM content in DR7 core. Upper profile: 0–8 cm
(with poor correlation, r2 = 0.07). Lower profile: 9–23 cm
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maximum accumulation rate, attained in the 1970s, was signifi-
cantly lower. Moreover, the first appearance of sand in the south-
ern margin was dated to the mid-1970s (Table S1, Electronic
Supplementary Material), when construction activity took place
at the southernmost tip of the watershed (Kiryat Nordau
neighborhood, Fig. 1 and Fig. S1, Electronic Supplementary
Material). This implies the feasible impact of relatively distant
sand dunes in the watershed due to disturbances by construction,
resulting in runoff and material transport to the pond. Sand de-
livery to the southern margin of the pond continued thereafter, as
indicated by the continuous sandy upper DR7 profile.

It follows that the sandy layers predominating depth of
19 cm, and upwards in DR1 northern core, originated from
construction activity in the northern part of the watershed. The
building of the Ne’ot Shaked neighborhood, starting in the late
1950s and continuing until the late 2000s, is probably the
cause of the continuous input of sand to the north of the pond
(Fig. 1 and Fig. S1, Electronic Supplementary Material).

The OM features in the marginal profiles also appear to be
affected by the urbanization in the watershed. Both profiles in-
clude buried fine and coarse OM below sand layers that has been
shown to correlate with the neighborhoods’ development within
the watershed. A combination of urbanization and sedimentation
effects could result in longer dry seasons in the pond’s margins,
leading to retardation in OM decomposition. For example, the
installation of drainage systems in the residential areas would
result in smaller amounts of water arriving to the pond, primarily
affecting the marginal perimeter. Additionally, the low water
holding capacity of sand (Richards et al. 2000) results in exten-
sive loss of water from sandy profiles.

4.3 Sedimentation effects on metal distribution

Apparently, the accumulation of the marginal sediments was
affected by urbanization in the watershed, which in turn im-
pacted the metals’ unusual depth distribution. Both marginal
cores displayed non-chronological patterns of metal profiles.
High levels of trace metals and post-1992 European petrol-Pb
isotopic signature were concentrated in deep layers of fine
particles and substantial CPOM, while the younger, sandy
layers above attained isotopic traces of pre-1992 American
leaded petrol. This unique pattern is in contrast to the consis-
tent pollution record found in the center of the pond, DR5 core
(Zohar et al. 2014). Typically, concentration increases from
background levels in historical pollution records (Heim and
Schwarzbauer 2013) are attributed to the human activity since
the beginning of the industrial revolution (e.g., Bookman et al.
2008; Vane et al. 2011). Specifically, the marginal metal leach
concentration profiles were inconsistent with the regional his-
tory of metal emissions (Zohar et al. 2014). The only parts
consistent with chronology are the topmost anthropogenic
sediments and the lowermost natural layer. In the upper few
centimeters, the relatively low Pb concentrations and the low

206Pb/207Pb ratio values indicate that Pb is probably predom-
inated by post-1992 unleaded European petrol (mostly attrib-
uted to the late 1990s exposure), also confirmed by the mixing
model analysis (Fig. S2, Electronic Supplementary Material).
This is consistent with the use of unleaded petrol in recent
decades (Teutsch et al. 2001; Zohar et al. 2014). The deepest
sediment (22.5 cm) is older than the mid-nineteenth century
(Table S1, Electronic SupplementaryMaterial) and consistent-
ly attained low trace metal concentrations and a Pb isotopic
signature of natural sources (Fig. 6). Restricting the geochem-
ical end-members in the mixing model at the bottom layer to
only natural sources reveals the natural soil proportion was
approximately 75% (similar to the overall run, Fig. S2,
Electronic Supplementary Material) and the remaining 25%
due to Saharan dust. These proportions may have interesting
significance for understanding pedogenetic processes, poten-
tially elucidating the Saharan dust contribution to the forma-
tion of clay soils in the Coastal Plain of Israel (Yaalon and
Ganor 1973; Gvirtzman and Wieder 2001).

Above the bottom layers of the southern DR7 core, an
abrupt increase in the trace metal levels and a decrease in Pb
isotopic compositions were recorded in the layers dated be-
tween 1960 to mid-1980s. Both the 208Pb/206Pb vs.
206Pb/207Pb data (Fig. 6) and the mixing model results
(Fig. S2, Electronic Supplementary Material) indicate a sig-
nificant contribution of the post-1992 European end-member
in this metal elevated section. Moreover, the sensitivity anal-
ysis of the mixing model for this depth range indicates that
European petrol-Pb was the predominating end-member in all
cases of tested variability. Yet, until 1992, only American
petrol-Pb was in use in Israel. The sediment section previous-
ly, dated to ca. 1985 to 1992, encompasses the period of max-
imum (American) petrol-Pb emissions in Israel, peaking in
1988 (Teutsch 1999; Zohar et al. 2014), consistent with the
Pb isotopic ratio signature (Fig. 6 and Fig. S2, Electronic
Supplementary Material). However, Pb concentrations in this
sediment section were lower than in the metal enriched section
below it. Although not dated, the northern core (DR1) exhib-
ited similar trends as the southern core (DR7). In the upper
part of the profile, metal concentrations were relatively low
and sequences of natural and petrol sources governed Pb iso-
topic composition. Yet, in the deeper profile, fine particles and
high content of CPOM were associated with significantly el-
evated metal concentrations and strong isotopic signature of
European petrol-Pb.

The peculiar metal concentration profiles and the
non-chronological distribution of Pb isotopic composition point
to post-depositional metal mobilization in the margins of the
pond. Trace metals seem to leach downwards through the sandy
upper layers into the deeper fine particles and organic-rich layers,
where theyweremore strongly sequestered. Similarly, Ciszewski
et al. (2008) reported downward migration of polluting metals
through heterogenic sediment profiles, to pre-industrial
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fine-grained layers. Likewise, trace metal mobility observed in
river sediments was attributed to sediment type and mineralogy
(Slowik et al. 2010; Gonzalez-Fernandez et al. 2011). Indeed,
significant correlations between cation exchange capacity, clay
or OM content, and metal content in floodplains, soils, and wet-
lands are often reported (see review by Du Laing et al. 2009).
Conversely, sandy soils are less prone to retain metals (Rieuwert
et al. 1998 and references therein; Balasoiu et al. 2001). Hence,
higher metal mobility is expected with an increase of the sandy
fraction. In the southern DR7 core, trace metal content decreased
concurrently as the fraction of the >100 μm increased in the
sediment profile from 13 to 6 cm. Interestingly, the major con-
centration change occurred where the coarse fraction content fell
below 50% (depth 8.5 to 7.5 cm), similar to that of Balasoiu et al.
(2001). Organic matter content in soils may play a major role in
metal retention (Balasoiu et al. 2001). The increased fine and
coarse OM content in deeper layers has probably contributed to
sequestering leaching metals from upper sandy layers. However,
the presence of coarse roots and seeds may impose light packing
of the hosting sediment, contributing to further metal migration
by trickling down of fine particles and leaching DOC
(Temminghoff et al. 1997; Richards et al. 1998; Biester et al.
2012) as was suggested above for 210Pb. Also in the southern
DR7 core, the correlation of leach Pb concentrations and fine
OM is 0.60 for the whole profile (Fig. 7), while the correlation
with fine particles was similar (r2 = 0.55) only in a limited depth
range (8.5–14.5 cm). These results are consistent with the high
correlations of fine OM and 210Pb in the lower part of the profile
(Fig. 7), emphasizing the greater role of OM in governing Pb
redistribution (and likewise other trace metals) in the southern
marginal DR7 profile of the pond. An exception is at depth of
16.5 cm where the maximum fine OM (10.4%) was strongly
correlated with 210Pb but less so with leach Pb (see also
Fig. 2). While 210Pb is geogenic, the stable Pb isotopes originate
mostly in the petrol air pollution. Thus, different sources may
result in different fluxes and different distribution in the sediment
profile. In the upper sand-dominated 12 cm of the northern mar-
gin (DR1), the fine OM content was not detectable and leach Pb
concentrations had an r2 correlation of 0.58 with the fine parti-
cles. Below 12 cm, where fine particles and OM content grew
significantly, leach Pb concentrations were correlated with both
parameters (r2 about 0.87).

The profiles of the various trace metals in the margins
usually presented similar trends, including highly mobile Zn
and relatively immobile Pb (Martin and Coughtrey 1982; Han
et al. 2003; Fonseca et al. 2011). Only limited impact is attrib-
uted here to different percolation rates, which could evolve
from a different response of each metal to the soil features
such as texture (Du Laing et al. 2009), OM content, pH, and
competition by other metals (Fonseca et al. 2011). While
displaying a similar trend as the other trace metals, Zn con-
centrations in the deep layers were exceptionally high. This is
attributed to high atmospheric fluxes of Zn in recent decades

(Rauch and Pacyna 2009), as found for the center of Dora
Pond, DR5 core (Zohar et al. 2014).

Lead migration velocity through the DR7 profile may be
roughly assessed by a compilation of various data. Layer of 4–
5 cm was dated to 1993–1996, just after the first introduction
of the leaded European petrol-Pb which is easily distinguished
from the American petrol-Pb (Erel et al. 1997; Teutsch et al.
2001). Results from themixingmodel indicate that by the time
of sampling in 2011, the leaded European petrol-Pb had pen-
etrated to a depth of 19 cm. That yields a maximal migration
velocity of ca. 0.78 cm year−1. Similarly, values up to
0.7 cm year−1 were obtained for Israeli soils in other studies
(Erel et al. 1997; Teutsch 1999; Teutsch et al. 2001). American
petrol-Pb displayed less displacement, possibly since it was
already occluded in small clay aggregates upon deposition or
prior to it. Yet, even with minor migration, the signature of the
regionally substantial emissions of the American petrol-Pb in
the late 1980s was not observed in the southern sediment
(DR7) as it was in the center of the pond (DR5), since it was
probably overshadowed by the later inputs of migrating
European petrol-Pb. In the late 1980s–early 1990s, construc-
tion and urbanization edged closest to the southern margin of
the pond (Fig. 1 and Fig. S1, Electronic Supplementary
Material), concurrent with the first introduction of European
petrol-Pb in Israel. Similarly, the populated area to the north of
the watershed doubled since the 1990s (Fig. 1 and Fig. S1,
Electronic Supplementary Material), limiting the signature of
the vast American petrol-Pb emissions in the late 1980s in the
receiving deep layers in the northern margin sediment (DR1).
The high proximity of residential areas and traffic passage
could result in substantial Pb fluxes within soils and sedi-
ments, higher than background values of regional atmospheric
pollution (Walraven et al. 2014). Thus, the local and very
proximate inputs of the European petrol-Pb overwhelmed
the regional 1980s’ inputs in the margins of Dora Pond.

The heterogeneous composition of the sediment from the
margins of Dora Pond enables continuous post-depositional
mobilization of trace metals, mostly in the wet season,
resulting in a dynamic metal status in the profiles.

5 Conclusions

Sediment cores from the Dora Pond located in the populated
Israeli Coastal Plain demonstrate effects of urban develop-
ment on aquatic environments. This relict pond recorded the
urban development in its watershed as construction-related
erosion enhanced sand transport to the margins of the pond,
burying earlier fine sediment and disturbing OM accumula-
tion and decomposition. This in turn affected metal accumu-
lation and re-distribution in the marginal sediments. Recent
anthropogenic markers were found in the deep fine-grained
layers, pointing to trace metal migration through the sandy top
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layers and subsequent sequestration within the lower clayey
and organic-rich layers. These unique marginal profiles are
inconsistent with both increasing pollution record at the top
of typical modern sedimentary profiles and those displayed by
the sediment from the center of the pond (DR5). Thus, the
case of Dora Pond demonstrates that human development
and land cover change may not only disturb the surface and
enhance erosion but can also affect pollution pathways in the
environment.
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