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a b s t r a c t

Anthropogenic influences on trace element profiles in dated sediments from estuaries have been often
documented, with the vast majority of studies focusing on a short list of high-abundance trace elements.
Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) provides a new approach
that minimizes sample preparation and contamination while yielding data on a much larger list of ele-
ments simultaneously. We present concentrations and enrichment factor profiles for 22 elements at a
locality that is 50 km southeast of Baltimore, the principal industrial city on Chesapeake Bay. Samples
representing deposition over almost the entire 20th century were obtained from two archived cores col-
lected 20 years apart. The following elements exhibit profiles consistent with a strong anthropogenic
influence, i.e. enrichment after 1920 followed by decline after ca.1980, possibly reflecting increased reg-
ulatory efforts: Mn, Co, Cu, Zn, Ag, Cd, In, Sn, Sb, Te, Tl, Pb and Bi. As expected, the redox-sensitive ele-
ments: Mo, Re and U have similar profiles to one another. Previously, the potentially hazardous
elements, Ag, In, Sb, Te, Tl and Bi, have been measured only rarely in estuarine sediments and never in
Chesapeake Bay. Our discovery that their profiles track those of well-known pollutants underscores a
need to investigate their sources, transport and biogeochemical behavior. Several rarely determined trace
elements, Ga, Ge and Nb, exhibit trendless profiles, as do the major elements, Ti and Fe.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The goal of this investigation is to harness the analytical power
of Laser Ablation ICP-MS to explore the behavior of a large suite of
trace elements in Chesapeake Bay sediment cores. The cores cover
the 20th century and can provide useful historic information about
anthropogenic effects and redox conditions in the Bay.

Chesapeake Bay is the largest estuary in the United States and
one of the largest in the world. It was the first estuary in the United
States to be occupied permanently by Europeans. Chesapeake Bay
has been adversely affected by over-fishing and pollution from a
variety of sources such as manufacturing plants, agricultural run-
off and atmospheric deposition of contaminants from sources such
as inland coal-fired power-plants. The extensive efforts to restore
the Bay such as the ‘‘Save the Bay” initiative have had limited
success.

Numerous other authors have explored concentrations of trace
elements in Chesapeake Bay. Those concerned with pollution and
remediation have focused on a rather narrow list of elements:
e.g. Cr, Ni, Cu, Zn, As, Cd, Hg and Pb, (Helz et al., 1975; Helz,
1976; Sinex and Helz, 1981, 1982; Riedel et al., 1997, 1999; Riedel
All rights reserved.
and Sanders, 1998; Beyer et al., 1998; Lawson and Mason, 2001;
Lawson et al., 2001; Zheng et al., 2003; Mason et al., 2004). Those
concerned with redox conditions (Miller, 1992; Colodner et al.,
1993; Shaw et al., 1994; Adelson, 1997; Adelson et al., 2001) have
focused on Mo, Re and U.

The power of LA-ICP-MS affords an opportunity to greatly ex-
pand these lists of trace elements. In LA-ICP-MS, a laser beam is fo-
cused onto a sample and material is removed through a series of
photochemical, photothermal and physiochemical processes,
which results in the formation of a nanosecond plasma jet above
the sample followed by condensation of submicron-sized particles
and transport of these particles to the plasma torch of the mass
spectrometer. These particles are introduced into the torch where
they are disassociated into atoms and turned into ions, which are
then introduced into the orifice of the mass spectrometer; there
positive ions are separated from electrons and then mass-sepa-
rated and counted.

From its inception, LA-ICP-MS has been used to characterize
geological materials such as rocks, minerals and mineral inclusions
(Gray, 1985; Darke et al., 1989; Balaram et al., 1990), soils and sed-
iments (Crain et al., 1992; Durrant and Ward, 1993; Baker et al.,
1999; Lee et al., 2003; Rauch et al., 2006) and ice cores (Reinhardt
et al., 2001, 2003). LA-ICP-MS has been used to determine mercury
in sediments from Minamata Bay, Japan, with a precision of about
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5% (Tao et al., 2002). Lake sediment cores have been analyzed using
the spatial resolution capabilities of LA-ICP-MS (Rauch et al., 2006).
In that work, two core sections were analyzed to produce concen-
tration profiles for Al, Si, Fe, S, As, Cu and Zn at a resolution of
0.25 mm. Such detailed resolution was possible because the layer-
ing of the accumulated sediments was preserved by freeze-coring.

In this work we describe a LA-ICP-MS method for the analyses
of Chesapeake Bay sediments.

2. Experimental section

2.1. Samples and sampling sites

Three standard reference materials (SRM) were employed in
this work. NIST 610 consists of 61 certified trace elements in a plug
of polished glass and is widely used during analysis of geological
materials. Details about this SRM can be obtained from the NIST
website (Reed, 1992). SCo-1 is a Cody Shale powder from Natrona
County, Wyoming and MAG-1 is a marine mud powder from the
Wilkinson Basin of the Gulf of Maine (Schultz et al., 1976). Both
of these materials were prepared by the US Geological Survey in
a similar fashion which involved mechanical crushing until 80%
of the material could pass through a 200-mesh screen (Flanagan,
1967). The reference values used for all three SRMs were obtained
from the online database GeoReM (Jochum et al., 2005; Jochum,
2008; Jochum and Willbold, 2006). NIST610 and SCo-1 were used
solely to evaluate accuracy and precision while MAG-1 was used
to calculate final concentrations as described below (Dolor, 2009).

All Chesapeake materials studied were archived samples. Sam-
ple localities are depicted in Fig. 1. Core 55 (38�48.5’N; 76�23.5”W),
is a gravity core collected in July 1979 by the Maryland Geological
Survey in a water depth of 25 m (Helz et al., 1985a, 1985b; Adel-
son, 1997; Adelson et al., 2001). A mass accumulation rate of
0.41 g cm�2 y�1 was determined by Helz et al. (1985b) using excess
210Pb and 239,240Pu (after excluding a homogeneous layer deposited
during Hurricane Agnes). An X-ray radiograph of the core as well as
mathematical modeling of the 210Pb and 239,240Pu profiles (Officer
et al., 1984) reveals no evidence of turbation. The sediment con-
sists predominantly (>70%) of clay-sized particles (<4 lm) with
the rest being silt-sized material (<63 lm).

Core RD (38�53.2’N; 76�23.5”W), is a piston core collected in
November 1998 by the US Geological Survey. It was collected in
a water depth of 26.5 m and was located 9.2 km north of core 55.
Both core sites lie in the Bay’s deep central trough which contains
fine-grained mud. Owing to seasonal anoxia in this trough, the sed-
iments are minimally disturbed by burrowing organisms. Based on
excess 210Pb, as confirmed by 137Cs, 14C, total Pb and ragweed pol-
len, the mass accumulation rate in core RD declines from
1.21 g cm�2 y�1 in the top 75 cm to 0.78 g cm�2 y�1 at the deepest
level for which we have analyses (Zimmerman and Canuel, 2002).

In order to evaluate external influences on compositions of sed-
iments at these sites, a number of samples from sites around the
Bay were also analyzed. Three samples (Susq 8–10 cm, 28–30 cm
and 44–46 cm with 210Pb ages of 1977, 1972 and 1968.5, respec-
tively) from a core in the Conowingo reservoir (39�57.0’N;
76�23”W) in the Susquehanna River were analyzed to characterize
material entering the Bay from the watershed (Cantillo, 1982; Helz
et al., 1985a).

Baltimore Harbor samples (B’more Harbor H, M and N; Sinex
and Helz, 1982) were collected May/June 1981. Baltimore harbor
has been intensely contaminated by industrial activities, and these
cores in particular contain extremely high Cr and Zn
concentrations.

Sediments obtained with a clamshell sampler on a traverse
from shallow to deep water near cores 55 and RD (Water depths
3.4 m, 6.7 m and 26.2 m) were analyzed to see if there is an effect
of water-depth on sediment composition. These samples were col-
lected on June 2, 1977 (Sinex, 1981; Sinex and Helz, 1981; Helz
et al., 1985a).

Core PC-6 (38�32.66’N; 76�23.14”W) was collected about 30 km
south of core 55 in 20 m water depth (Helz et al., 2000; Adelson
et al., 2001). These samples were from horizons deposited before
the 18th century (as determined from pollen evidence). They were
analyzed to obtain further information on the background levels of
the elements of interest before eutrophication and industrial
pollution.

A Miocene shore deposit was also analyzed (Fairhaven unit of
the Calvert Formation). One of the major sources of sediment to
northern Chesapeake Bay is erosion of unconsolidated sediments
of the Atlantic Coastal Plain (Biggs, 1970; Schubel, 1968) This sam-
ple is rich in redox-sensitive elements, probably due to a period of
high productivity along the Atlantic Coast approximately 15 mil-
lion years ago (Ferri, 1977; Helz et al., 2000).

All samples except those from core RD were dried (110 oC) and
then crushed with a mullite mortar and pestle to eliminate clumps
formed during drying. Subsequently, samples were stored in glass
bottles at room temperature. Core RD samples were stored frozen
until needed and then dried, crushed and packaged in polyethylene
bags.

2.2. Procedures

Most previous authors have incorporated binding agents into
powdered samples prior to pressing them into pellets for Laser
Ablation (Crain et al., 1992; Denoyer, 1992; Williams and Jarvis,
1993; Morrison et al., 1995; Lee et al., 2003; Rauch et al., 2006).
Binding agents can create high blanks. Additionally, using a bind-
ing agent dilutes the sample (Denoyer, 1992; Rauch et al., 2006).
In this work we avoided binding agents and their associated ana-
lytical issues, relying on the �3% organic matter inherent in our
samples to provide sufficient binding during pelletization. Other
authors have done this and reported precise and accurate results
(Durrant and Ward, 1993; Tao et al., 2002).

To make 9 mm circular pellets, approximately 50 mg of a sam-
ple was inserted into a die (316 stainless steel) that is commonly
used to make KBr pellets for infrared spectroscopy. The die was
placed into a workbench clamp and tightened with a wrench. This
formed pellets robust enough to remain whole during ablation. Be-
tween samples the die was cleaned with deionized water followed
by acetone to accelerate drying.

The LA-ICP-MS instrument included a New Wave Nd-YAG (Neo-
dymium doped: Yttrium aluminum garnet; Nd:Y3Al5O12) laser and
a Thermo ELEMENT2 double focusing magnetic sector field ICP-MS
(Brenan et al., 2005). An ultraviolet laser was used since it pro-
duced less elemental fractionation than infrared lasers (Cromwell
and Arrowsmith, 1995). The output of the Nd:YAG laser (1064
nm) was frequency quintupled (to 213 nm) using non-linear crys-
tals. Typical laser settings are outlined in Table 1.

The ablation cell of the laser system was flushed with helium,
which has been found to enhance sensitivity compared to argon
(Eggins et al., 1998; Gunther and Heinrich, 1999; Bleiner and Gun-
ther, 2001; Brenan et al., 2005). Laser power output was evaluated
daily during tuning and was not changed throughout the course of
the day. This value was usually 45% (equivalent to �2 J cm�2). Tun-
ing to optimize instrument output was performed by monitoring
43Ca, 238U, 232Th and 232Th16O while ablating NIST 610. Desired val-
ues were Ca P 50,000 counts per second (cps), U P 150,000 cps,
and ThO/Th 6 0.03. Table 1 also summarizes typical instrument
parameters.

Spot size, ablation frequency and power output of the laser sys-
tem was adjusted to ensure that the power density remained at
optimal values of between 1.5 and 2.5 J cm�2. This photon fluence



Fig. 1. Map showing location of samples.
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produces sufficient energy to ensure effective photon-material
coupling during ablation. Laser line widths of 100 lm were used
for MAG-1, SCo-1 and samples, while widths of 15 lm were used
for NIST 610. In the first two cases, larger line widths were used be-
cause of weak signals from low concentrations of Re, Te, and Ag. In
preliminary experiments an ablation frequency of 8 Hz was used,
but this required 40 lm line widths for NIST 610 in order to obtain
Table 1
LA-ICP-MS operating conditions.

ELEMENT2 ICP-MS
Rf power 1200 W
Cooling gas (Ar) flow rate 16 L/min
Auxiliary gas (Ar) flow rate 0.8–1.2 L/min
Sample gas (Ar) flow rate 0.6–1.0 L/min
Additional 1 (He) flow rate 1.06–1.10 L/min
Monitoring ions Refer to Table 2
Acquisition type Peak hopping
Samples per peak 1
Sample time for most elements* 10 ms
*Sample time for Re and Te 40 ms

Laser Ablation
LA system New wave Nd-YAG
Wavelength 213 nm
Scan method Translational line
Ablation frequency 20 Hz
Power density 1.5–2.5 J cm�2

Measurement delay 25 s
Spot size 15 and 100 lm
Stage translation speed 10 lm/s
sufficient signal for all elements, and we expected to need at least
250 lm spot sizes for MAG-1, SCo-1 and sediment samples.
Increasing the ablation frequency from 8 to 20 Hz produced
satisfactory results, and further experiments with different line
widths and frequencies were not undertaken.

The particular isotopes analyzed (Table 2) were chosen on the
basis of prior knowledge of isobaric interferences, as well as a
Table 2
Isotopes analyzed via LA-ICP-MS.

Isotope Isotopic
mass

Isotopic
abundance

Isotope Isotopic
mass

Isotopic
abundance

S 33 0.75 Mo 95 15.90
CaO 43 0.14 Mo 97 9.60
Ti 49 5.50 Ag 107 51.80
V 51 100.00 Cd 111 12.80
Mn 55 100.00 In 115 95.70
Fe 57 2.14 Sn 118 24.10
Co 59 100.00 Sb 121 57.21
Ni 60 26.10 Sb 123 42.79
Cu 63 69.20 Te 125 7.00
Zn 66 27.90 W 184 30.70
Ga 69 60.10 Re 185 37.40
Ge 72 27.40 Re 187 62.60
As 75 100.00 Tl 205 70.50
Se 77 7.60 Pb 208 52.40
Nb 93 100.00 Bi 209 100.00

U 238 99.30
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desire to reduce differences in signal size between major and min-
or elements of interest. For major components (Ti and Fe) one of
the less abundant isotopes was selected. For elements where more
than one isotope was analyzed (Mo, Sb and Re), the abundance cor-
rected concentrations were averaged. This was possible because
there was good agreement between the abundance corrected con-
centrations for these elements.

Each analysis consisted of 20–40 s with the laser on with the
shutter closed to obtain a background signal, followed by 70-90 s
with the shutter open to collect the ablation signal (Fig. 2). Hori-
zontal translation of the sample stage (at a rate of 10 lm s�1) dur-
ing sampling resulted in a track that was approximately 1.5 mm
long. A 50–70 s steady plateau of counts was extracted from the
ablation signal to determine element concentrations (Lundstrom
et al., 2006).

The method of data analysis used in this work requires prior
knowledge of the concentration of one element in both the sam-
ples and the calibration materials (SRM’s). This internal standard
is used to correct for variations in ablation efficiency. A common
practice has been to create an internal standard by adding a
swamping concentration of one element to each sample. We
wished to avoid such sample amendments and therefore, used nat-
ural Mn concentrations, which were measured in the fine-grained
sediments and SRMs via ICP-MS analyses as described in Section
2.3. Manganese occurs in sediments largely as Mn-oxyhydroxide
grain coatings and thus tends to be evenly dispersed in sediments.
Fig. 2 demonstrates that the Mn signal, although subject to fluctu-
ations, displays no irregularities suggestive of spatial heterogene-
ities that are large at the scale of a 100 lm laser beam.

For solution analyses a Finnigan Element 2 ICP-MS instrument,
interfaced with a cyclonic spray chamber was used to determine
the internal standard, Mn, in bulk sediment samples. Approxi-
mately 0.2 g of each sediment sample was digested via the open-
vessel digestion method (Langmyhr, 1967; Van-Loon, 1985) using
Trace Metal Grade or better purity acids. A seven-point external
calibration curve was used and both samples and standards were
spiked with a 3 ppb yttrium internal standard to monitor analyti-
cal-drift (Dolor, 2005).

2.3. Data analysis

Raw counts per second data from the LA-ICP-MS instrument
were imported into the LAMTRACE program (Brenan et al., 2003;
Coedo et al., 2004; Wheeler et al., 2006). This program calculates
the concentration of element, X, in the sample (CX,SAM) relative to
the literature value of the concentration of X in the standard refer-
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Fig. 2. Time-resolved LA-ICP-MS spectra illustrating background vs. signal levels
and uniformity of counts in a Chesapeake Bay sample. Each analysis consisted of
20–40 s with the laser on and the shutter closed to obtain a background signal,
followed by 70–90 s with the shutter open to collect the ablation signal. While the
shutter was opened, the laser traversed 1.0 mm � 0.1 mm = 0.1 mm2 of area on the
sample surface.
ence material (CX,SRM(LIT)) (Longerich et al., 1996). In our work,
MAG-1 was the SRM. The internal standard, Mn, is employed to
correct for ablation efficiency differences between the sample
and standard.

Eqs. (1)–(3) outline the calculations performed by LAMTRACE.
The background corrected signal from element X in the sample
(IX,SAM) was calculated by subtracting the mean signal obtained

before the laser impinged on the sample from the mean signal
obtained while the sample was being ablated (see Fig. 2). The
background corrected signal of Mn in the sample (IMn,SAM) was
calculated in the same manner. Because the concentration of Mn
in the sample (CMn,SAM) is known, a provisional value for the
concentration of X in the sample (C*

X,SAM) can be obtained:

C�X;SAM=CMn;SAM ¼ IX;SAM=IMn;SAM ð1Þ

C*
X,SAM would be a correct determination of the concentration of X

in the sample only if the instrumental efficiency for both X and
Mn were identical, which need not be true.

An instrumental efficiency correction is applied by making use
of an SRM. First, a provisional value of the concentration of X in
the SRM is determined just as the equivalent quantity was deter-
mined in the sample:

C�X;SRM=CMn;SRM ¼ IX;SRM=IMn;SRM ð2Þ

Then the true concentration of X in the sample (CX,SAM) is calculated
by assuming that the ratio of true to provisional concentrations is
the same in the sample and the SRM. The true concentration of X
in the SRM is taken to be the certified or recommended value ob-
tained from the literature:

CX;SAM=C�X;SAM ¼ CX;SRMðLITÞ=C�X;SRM ð3Þ

Inherent in this approach is an assumption that relative instrumen-
tal efficiency for X and Mn in the sample and the SRM are the same.
Therefore, the sample and SRM should have similar physical and
chemical properties. This requirement dictated the choice of
MAG-1, a fine-grained marine sediment, as the SRM.
3. Results and discussion

We present the concentrations of the elements in Table 3. The
uncertainties shown are standard deviations of four replicate anal-
yses obtained from different laser tracks over the same sample
pellet.

In Fig. 3 we present some method comparisons based on pre-
viously published independent analyses of the same samples ana-
lyzed in this work. The vertical axis indicates results obtained by
different operators at different times using several single-element
methods; the horizontal axis indicates our results obtained simul-
taneously by Laser Ablation. The alternate methods were: Mn and
Zn, Direct-Current Plasma Emission Spectroscopy (Cantillo, 1982,
1984); Pb, Atomic Absorption Spectroscopy (Zimmerman, 2000;
Marcantonio et al., 2002); Cu, Flame Atomic Absorption Spectros-
copy; and Mo, Isotope Dilution ICP-MS (Adelson, 1997; Adelson
et al., 2001). Fig. 3 illustrates the impressive dynamic range of
LA-ICP-MS. Concentrations spanning three orders of magnitude
were determined simultaneously and agreed reasonably with re-
sults from diverse single-element methods. Except for Mo, devia-
tions of points from the 1:1 line appear to be non-systematic,
suggesting that they arise simply from random error in one or
both methods being compared. The Mo points appear to lie along
a line with a slope of 1.12, implying that the isotope dilution
method is determining on average 12% more Mo than our LA-
ICP-MS method. This kind of deviation could be caused by a sys-
tematic error in determining the Mo concentration by one of
these methods.



Table 3
Concentrations of elements ± 1st standard deviation from four replicate LA-ICP-MS analyses on the same sample pellet. Mn values were determined by solution ICP-MS on a
digested sub-sample of the sediment.

Depth
(cm)

Year Ti (%) Mn (lg/g) Fe (%) Co
(lg/g)

Cu
(lg/g)

Zn
(lg/g)

Ga
(lg/g)

Ge
(lg/g)

Nb
(lg/g)

Mo
(lg/g)

Ag
(lg/g)

Cd
(lg/g)

CORE 55
�1 1978.6 0.43 ± 0.08 540 ± 40 3.8 ± 0.6 21 ± 4 44 ± 9 180 ± 40 15 ± 3 1.9 ± 0.6 11 ± 3 4.3 ± 1.4 0.37 ± 0.05 0.68 ± 0.22
�9 1970 0.42 ± 0.04 720 ± 50 3.9 ± 0.4 20 ± 2 47 ± 7 220 ± 40 15 ± 1 1.8 ± 0.2 11 ± 2 2.7 ± 0.3 0.46 ± 0.06 1.09 ± 0.30
�11 1967.8 0.44 ± 0.02 940 ± 70 4.3 ± 0.1 26 ± 1 48 ± 2 240 ± 10 17 ± 1 2.0 ± 0.1 13 ± 3 2.3 ± 0.3 0.64 ± 0.01 0.79 ± 0.21
�13 1965.6 0.42 ± 0.02 820 ± 60 4.2 ± 0.4 25 ± 3 49 ± 2 240 ± 10 14 ± 1 1.9 ± 0.1 11 ± 1 4.4 ± ± 0.9 0.66 ± 0.06 1.09 ± 0.04
�17 1964 0.47 ± 0.06 790 ± 60 4.8 ± 0.1 26 ± 1 57 ± 2 265 ± 10 15 ± 1 1.9 ± 0.1 11 ± 2 1.5 ± 0.1 0.72 ± 0.06 1.02 ± 0.22
�21 1963.1 0.43 ± 0.02 870 ± 60 4.7 ± 0.2 31 ± ± 2 60 ± 3 280 ± 10 20 ± 1 2.2 ± 0.1 11 ± 1 1.7 ± 0.2 0.85 ± 0.09 0.91 ± 0.05
�27 1956.8 0.43 ± 0.01 840 ± 60 3.9 ± 0.2 19 ± 1 45 ± 2 220 ± 10 16 ± 1 2.0 ± 0.3 10 ± 1 1.8 ± 0.1 0.38 ± 0.01 1.74 ± 0.16
�33 1950.8 0.47 ± 0.05 810 ± 60 3.8 ± 0.2 21 ± 1 49 ± 4 230 ± 10 16 ± 1 2.0 ± 0.1 11 ± 1 2.1 ± 0.6 0.48 ± 0.09 1.41 ± 0.26
�45 1940.1 0.41 ± 0.01 980 ± 70 4.1 ± 0.2 21 ± 1 49 ± 1 210 ± 10 16 ± 1 2.0 ± 0.1 10 ± 1 2.4 ± 0.1 0.16 ± 0.02 1.10 ± 0.12
�51 1935.1 0.45 ± 0.02 730 ± 50 4.2 ± 0.2 22 ± 1 49 ± 1 200 ± 10 19 ± 1 1.9 ± 0.1 11 ± 1 1.4 ± 0.2 0.17 ± 0.01 0.75 ± 0.06
�55 1931.8 0.46 ± 0.06 650 ± 50 3.7 ± 0.2 17 ± 1 35 ± 1 180 ± 10 15 ± 1 1.6 ± 0.2 12 ± 1 1.5 ± 0.2 0.13 ± 0.01 0.42 ± 0.07
�59 1928.7 0.47 ± 0.05 710 ± 50 4.1 ± 0.3 20 ± 2 45 ± 5 190 ± 20 17 ± 1 2.0 ± 0.1 12 ± 1 2.2 ± 0.2 0.15 ± 0.02 0.66 ± 0.17
�69 1921 0.51 ± 0.14 700 ± 50 3.9 ± 0.2 14 ± 1 29 ± 1 110 ± 10 17 ± 1 2.0 ± 0.2 12 ± 3 1.3 ± 0.1 0.09 ± 0.01 0.39 ± 0.12
�77 1916.9 0.48 ± 0.09 720 ± 50 4.4 ± 0.1 15 ± 1 29 ± 1 120 ± 10 17 ± 1 1.9 ± 0.1 12 ± 2 1.3 ± 0.1 0.08 ± 0.01 0.28 ± 0.02
�95 1906.7 0.40 ± 0.02 430 ± 30 3.9 ± 0.2 14 ± 1 26 ± 2 100 ± 10 16 ± 1 2.3 ± 1.2 10 ± 1 1.1 ± 0.3 0.07 ± 0.04 0.25 ± 0.03
�97 1905.8 0.43 ± 0.04 550 ± 40 4.1 ± 0.2 13 ± 1 26 ± 2 100 ± 10 15 ± 1 1.7 ± 0.1 9 ± 1 1.7 ± 0.1 0.10 ± 0.05 0.24 ± 0.02
�101 1904 0.45 ± 0.09 530 ± 40 4.0 ± 0.1 15 ± 4 26 ± 3 100 ± 20 15 ± 1 1.8 ± 0.2 10 ± 2 1.4 ± 0.4 0.08 ± 0.02 0.40 ± 0.19

CORE RD
�5 1997.8 0.40 ± 0.05 600 ± 40 3.6 ± 0.2 18 ± 1 35 ± 2 153 ± 6 10 ± 1 1.7 ± 0.1 10 ± 1 2.3 ± 0.4 0.22 ± 0.04 0.59 ± 0.18
�7 1997.3 0.39 ± 0.04 590 ± 40 3.7 ± 0.2 18 ± 1 35 ± 1 157 ± 6 10 ± 1 1.8 ± 0.1 9 ± 1 2.2 ± 0.4 0.24 ± 0.03 0.64 ± 0.05
�19 1994.6 0.44 ± 0.05 980 ± 70 4.2 ± 0.3 18 ± 1 39 ± 2 180 ± 8 11 ± 1 1.8 ± 0.1 11 ± 3 1.9 ± 0.1 0.32 ± 0.10 0.63 ± 0.16
�29 1992.3 0.51 ± 0.16 840 ± 60 4.8 ± 0.6 22 ± 1 52 ± 5 200 ± 20 10 ± 1 2.1 ± 0.2 12 ± 2 7.0 ± 1.9 0.33 ± 0.08 0.79 ± 0.20
�35 1990.9 0.42 ± 0.05 830 ± 60 4.0 ± 0.3 23 ± 1 42 ± 2 230 ± 10 15 ± 1 1.7 ± 0.1 10 ± 1 2.4 ± 0.3 0.51 ± 0.11 1.31 ± 0.48
�39 1989.8 0.46 ± 0.14 940 ± 70 4.1 ± 0.3 21 ± 2 42 ± 3 210 ± 10 16 ± 2 1.9 ± 0.1 11 ± 2 2.0 ± 0.2 0.45 ± 0.08 0.94 ± 0.34
�47 1987.8 0.42 ± 0.03 990 ± 70 4.2 ± 0.2 23 ± 1 46 ± 3 240 ± 20 9 ± 1 1.6 ± 0.1 11 ± 1 2.3 ± 0.1 0.65 ± 0.31 0.83 ± 0.09
�53 1986.2 0.45 ± 0.02 1220 ± 90 4.8 ± 0.2 38 ± 3 56 ± 2 370 ± 30 10 ± 1 2.0 ± 0.2 11 ± 1 1.6 ± 0.1 0.74 ± 0.06 1.39 ± 0.76
�59 1984.7 0.47 ± 0.03 1210 ± 90 4.7 ± 0.2 30 ± 2 51 ± 4 320 ± 30 12 ± 1 2.2 ± 0.1 11 ± 1 1.5 ± 0.1 0.88 ± 0.05 1.04 ± 0.13
�82.5 1972 0.37 ± 0.07 690 ± 50 3.4 ± 0.2 19 ± 2 39 ± 3 230 ± 20 9 ± 1 1.6 ± 0.1 8 ± 2 1.8 ± 0.2 0.52 ± 0.17 1.09 ± 0.23
�122.5 1944.5 0.44 ± 0.08 750 ± 50 4.0 ± 0.1 23 ± 1 50 ± 5 250 ± 10 10 ± 1 1.9 ± 0.1 10 ± 1 2.1 ± 0.3 0.33 ± 0.12 1.00 ± 0.19

Chesapeake Bay Sites
Susq. 8–10cm 0.94 ± 0.17 2700 ± 200 7.5 ± 0.3 69 ± 2 101 ± 3 470 ± 40 33 ± 1 3.2 ± 0.2 24 ± 3 2.0 ± 0.2 1.9 ± 0.4 1.9 ± 0.3
Susq 28–30cm 0.37 ± 0.07 1800 ± 130 3.4 ± 0.2 42 ± 3 53 ± 8 270 ± 40 15 ± 1 1.6 ± 0.2 9 ± 2 1.5 ± 0.3 1.2 ± 0.3 1.07 ± 0.01
Susq. 44–46cm 0.56 ± 0.07 1800 ± 130 5.7 ± 0.2 55 ± 6 102 ± 8 470 ± 60 24 ± 1 2.5 ± 0.1 14 ± 2 2.8 ± 1.3 2.1 ± 0.1 1.2 ± 0.2
Fairhaven 0.36 ± 0.08 110 ± 10 2.4 ± 0.3 4 ± 1 17 ± 4 140 ± 10 9 ± 2 1.5 ± 0.1 9 ± 2 13 ± 2 0.44 ± 0.05 10 ± 1.5
B’More Harbor H 0.58 ± 0.04 650 ± 50 10 ± 1 36 ± 14 500 ± 100 1800 ± 400 17 ± 1 4.2 ± 0.4 18 ± 1 8.5 ± 1.4 2.5 ± 1 9 ± 7
B’More Harbor M 0.48 ± 0.03 4800 ± 400 7.4 ± 0.3 21 ± 2 1800 ± 200 900 ± 150 20 ± 1 2.5 ± 0.2 9 ± 1 5.9 ± 1 7.2 ± 4 7.7 ± 2
B’More Harbor N 0.54 ± 0.07 860 ± 60 6.8 ± 0.6 30 ± 4 730 ± 80 1000 ± 100 21 ± 2 2.9 ± 0.2 14 ± 2 3.2 ± 0.2 4.1 ± 0.2 6.8 ± 0.8
PC368 0cm 0.43 ± 0.08 520 ± 40 3.9 ± 0.1 13 ± 1 18 ± 3 75 ± 10 15 ± 1 1.6 ± 0.2 9 ± 1 1.8 ± 0.3 0.07 ± 0.01 0.17 ± 0.05
PC423 57cn 0.59 ± 0.15 510 ± 40 4.1 ± 0.2 15 ± 1 18 ± 1 84 ± 7 16 ± 2 1.7 ± 0.2 14 ± 3 4.1 ± 0.7 0.07 ± 0.03 0.19 ± 0.04
PC484 114cm 0.44 ± 0.12 510 ± 40 3.7 ± 0.1 13 ± 1 14 ± 1 77 ± 2 15 ± 1 1.5 ± 0.1 10 ± 2 1.8 ± 0.2 0.11 ± 0.09 0.11 ± 0.05
Water-depth 3.4 0.46 ± 0.05 3000 ± 200 6.3 ± 0.4 39 ± 1 62 ± 2 490 ± 20 19 ± 1 2.6 ± 0.1 13 ± 1 1.9 ± 0.1 0.88 ± 0.02 1.37 ± 0.13
Water-depth 6.7 0.48 ± 0.15 2200 ± 200 5.7 ± 1 48 ± 8 80 ± 20 500 ± 100 19 ± 4 2.5 ± 0.6 14 ± 4 2.4 ± 0.5 1.7 ± 0.4 0.94 ± 0.32
Water-depth

26.2
0.42 ± 0.09 1000 ± 70 4.1 ± 0.9 28 ± 4 50 ± 10 290 ± 40 15 ± 4 2.2 ± 0.6 11 ± 2 2.2 ± 0.8 0.89 ± 0.18 0.77 ± 0.18

Depth (cm) Year In (lg/g) Sn (lg/g) Sb (lg/g) Te (lg/g) W (lg/g) Re (ng/g)* Tl (lg/g) Pb (lg/g) Bi (lg/g) U (lg/g)

CORE 55
�1 1978.6 0.18 ± 0.03 4.6 ± 0.8 0.93 ± 0.19 0.08 ± 0.02 1.45 ± 0.34 8 ± 3 0.87 ± 0.17 45 ± 7 0.37 ± 0.08 5.9 ± 2.2
�9 1970 0.19 ± 0.01 4.8 ± 0.7 1.02 ± 0.10 0.10 ± 0.01 1.62 ± 0.10 6 ± 3 0.90 ± 0.10 50 ± 5 0.35 ± 0.04 4.7 ± 0.5
�11 1967.8 0.23 ± 0.02 5.9 ± 0.2 1.17 ± 0.04 0.13 ± 0.01 1.82 ± 0.29 20 ± 9 0.88 ± 0.08 56 ± 3 0.42 ± 0.02 4.2 ± 0.8
�13 1965.6 0.24 ± 0.04 5.7 ± 0.3 1.09 ± 0.09 0.12 ± 0.04 1.67 ± 0.21 4 ± 3 1.02 ± 0.08 63 ± 5 0.45 ± 0.03 4.9 ± 0.6
�17 1964 0.24 ± 0.04 6.2 ± 1.2 1.18 ± 0.13 0.13 ± 0.01 1.65 ± 0.07 11 ± 2 0.97 ± 0.04 67 ± 3 0.46 ± 0.01 5.1 ± 0.2
�21 1963.1 0.22 ± 0.01 6.6 ± 0.5 1.13 ± 0.10 0.10 ± 0.01 1.84 ± 0.14 12 ± 34 0.86 ± 0.07 59 ± 2 0.41 ± 0.02 3.4 ± 0.4
�27 1956.8 0.17 ± 0.01 4.1 ± 0.3 0.84 ± 0.06 0.12 ± 0.01 1.27 ± 0.16 2.0 ± 0.2 0.96 ± 0.06 44 ± 2 0.31 ± 0.02 3.2 ± 0.2
�33 1950.8 0.18 ± 0.01 4.4 ± 0.2 0.86 ± 0.11 0.13 ± 0.02 1.23 ± 0.06 4 ± 3 0.85 ± 0.08 46 ± 4 0.33 ± 0.03 3.1 ± 0.6
�45 1940.1 0.22 ± 0.03 6.3 ± 0.2 1.4 ± 1 0.11 ± 0.01 1.23 ± 0.02 22 ± 13 0.93 ± 0.04 55 ± 1 0.38 ± 0.01 4.8 ± 0.7
�51 1935.1 0.21 ± 0.01 5.8 ± 0.4 0.81 ± 0.06 0.15 ± 0.01 1.27 ± 0.07 0.8 ± 0.4 0.73 ± 0.03 42 ± 2 0.37 ± 0.01 2.7 ± 0.1
�55 1931.8 0.18 ± 0.01 4.4 ± 0.1 0.82 ± 0.05 0.10 ± 0.02 1.13 ± 0.10 1.1 ± 0.2 0.55 ± 0.01 32 ± 1 0.30 ± 0.01 2.6 ± 0.2
�59 1928.7 0.21 ± 0.01 5.6 ± 0.3 0.82 ± 0.03 0.12 ± 0.02 1.16 ± 0.11 3 ± 02 0.67 ± 0.05 42 ± 5 0.39 ± 0.03 3.3 ± 0.5
�69 1921 0.16 ± 0.01 2.9 ± 0.2 0.46 ± 0.03 0.04 ± 0.02 1.25 ± 0.24 4 ± 5 0.59 ± 0.03 25 ± 2 0.27 ± 0.03 3.0 ± 0.8
�77 1916.9 0.17 ± 0.01 3.2 ± 0.1 0.65 ± 0.15 0.04 ± 0.01 1.41 ± 0.16 2.7 ± 0.5 0.64 ± 0.03 24 ± 2 0.28 ± 0.01 2.7 ± 0.2
�95 1906.7 0.17 ± 0.05 2.7 ± 0.3 0.44 ± 0.03 0.03 ± 0.02 1.11 ± 0.07 3 ± 3 0.54 ± 0.03 21 ± 1 0.28 ± 0.03 2.8 ± 0.4
�97 1905.8 0.15 ± 0.06 2.7 ± 0.4 0.44 ± 0.05 0.03 ± 0.01 1.14 ± 0.15 5 ± 3 0.58 ± 0.04 20 ± 2 0.24 ± 0.02 2.6 ± 0.3
�101 1904 0.13 ± 0.02 2.6 ± 0.2 0.52 ± 0.22 0.04 ± 0.01 1.20 ± ± 0.27 5 ± 4 0.65 ± ± 0.21 20 ± 2 0.23 ± 0.02 2.3 ± 0.2
CORE RD
�5 1997.8 0.15 ± 0.01 4.0 ± 0.5 0.82 ± 0.35 0.07 ± 0.01 1.54 ± 0.39 6 ± 3 0.86 ± 0.03 40 ± 2 0.31 ± 0.02 2.8 ± 0.3
�7 1997.3 0.21 ± 0.05 7 ± 5 0.74 ± 0.10 0.05 ± 0.01 1.41 ± 0.15 30 ± 20 0.80 ± 0.03 39 ± 3 0.29 ± 0.02 2.6 ± 0.1
�19 1994.6 0.20 ± 0.04 6 ± 2 0.84 ± 0.09 0.09 ± 0.01 1.89 ± 0.89 20 ± 10 0.82 ± 0.04 45 ± 3 0.32 ± 0.02 2.5 ± 0.2
�29 1992.3 0.23 ± 0.05 5.2 ± 0.5 1.0 ± 0.1 0.08 ± 0.01 1.53 ± 0.20 6 ± 2 1.01 ± 0.10 64 ± 4 0.39 ± 0.03 5.6 ± 1.1
�35 1990.9 0.17 ± 0.01 4.7 ± 0.3 0.87 ± 0.09 0.09 ± 0.01 1.31 ± 0.09 5 ± 1 0.79 ± 0.04 67 ± 10 0.37 ± 0.02 3.2 ± 0.9

(continued on next page)
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Table 3 (continued)

Depth (cm) Year In (lg/g) Sn (lg/g) Sb (lg/g) Te (lg/g) W (lg/g) Re (ng/g)* Tl (lg/g) Pb (lg/g) Bi (lg/g) U (lg/g)

�39 1989.8 0.17 ± 0.02 4.8 ± 0.5 0.88 ± 0.09 0.10 ± 0.01 1.39 ± 0.23 8 ± 2 0.78 ± 0.07 58 ± 8 0.36 ± 0.02 2.8 ± 0.5
�47 1987.8 0.19 ± 0.01 5.1 ± 0.3 1.15 ± 0.06 0.12 ± 0.01 1.36 ± 0.13 5.6 ± 0.3 0.81 ± 0.04 60 ± 7 0.38 ± 0.02 2.9 ± 0.2
�53 1986.2 0.21 ± 0.01 6.2 ± 0.6 1.49 ± 0.35 0.13 ± 0.01 1.53 ± 0.06 20 ± 10 0.92 ± 0.07 63 ± 4 0.48 ± 0.03 3.0 ± 0.1
�59 1984.7 0.24 ± 0.02 6.6 ± 0.5 1.32 ± 0.05 0.17 ± 0.01 1.62 ± 0.10 7 ± 1 0.82 ± 0.05 65 ± 6 0.43 ± 0.02 2.8 ± 0.2
�82.5 1972 0.16 ± 0.01 4.2 ± 0.4 0.78 ± 0.06 0.12 ± 0.01 1.11 ± 0.10 16. ± 3 0.66 ± 0.05 50 ± 2 0.31 ± 0.02 2.7 ± 0.2
�122.5 1944.5 0.23 ± 0.01 5.5 ± 0.3 1.03 ± 0.05 0.15 ± 0.01 1.19 ± 0.05 17 ± 7 0.76 ± 0.02 57 ± 5 0.37 ± 0.01 2.5 ± 0.1

Chesapeake Bay Sites
Susq. 8–10cm 0.34 ± 0.05 9.3 ± 0.3 1.81 ± 0.10 0.11 ± 0.01 5.02 ± 0.39 4 ± 1 1.04 ± 0.04 76 ± 1 0.63 ± 0.06 4.8 ± 0.4
Susq 28–30cm 0.18 ± 0.02 5.0 ± 0.5 0.98 ± 0.12 0.04 ± 0.01 3.29 ± 0.74 2 ± 1 0.53 ± 0.05 44 ± 7 0.41 ± 0.08 3.2 ± 0.7
Susq. 44–46cm 0.34 ± 0.03 9.6 ± 1.3 2.09 ± 0.34 0.07 ± 0.01 4.00 ± 0.72 3 ± 1 0.88 ± 0.09 65 ± 5 0.77 ± 0.34 4.7 ± 0.3
Fairhaven 0.11 ± 0.02 1.9 ± 0.2 1.08 ± 0.2 0.13 ± 0.04 0.74 ± 0.11 15 ± 2 0.66 ± 0.14 10 ± 2 0.14 ± 0.01 9.7 ± 3.4
B’More Harbor H 1.7 ± 0.2 105 ± 18 10 ± 4 9 ± 2 3.72 ± 0.31 4 ± 2 0.78 ± 0.11 320 ± 30 1.54 ± 0.13 8.0 ± 0.7
B’More Harbor M 0.70 ± 0.09 37 ± 4 17 ± 3 75 ± 22 1.73 ± 0.13 2 ± 1 1.04 ± 0.08 640 ± 80 5.1 ± 1.2 6.1 ± 0.8
B’More Harbor N 0.72 ± 0.12 37 ± 2 8 ± 2 14 ± 2 3.36 ± 0.41 4 ± 1 0.96 ± 0.04 370 ± 30 1.44 ± 0.10 6.0 ± 0.7
PC368 0cm 0.13 ± 0.01 2.3 ± 0.3 0.44 ± 0.06 0.11 ± 0.07 0.95 ± 0.06 16 ± 7 0.48 ± 0.02 19 ± 2 0.26 ± 0.03 2.6 ± 0.4
PC423 57cn 0.15 ± 0.04 2.8 ± 0.6 0.57 ± 0.07 0.05 ± 0.02 1.34 ± 0.32 11 ± 1 0.53 ± 0.06 16 ± 1 0.22 ± 0.09 3.9 ± 0.8
PC484 114cm 0.16 ± 0.03 2.4 ± 0.3 0.43 ± 0.10 0.04 ± 0.01 0.92 ± 0.13 4 ± 2 0.46 ± 0.02 16 ± 2 0.21 ± 0.03 2.7 ± 0.4
Water-depth 3.4 0.29 ± 0.02 8.7 ± 1.8 2.1 ± 0.2 0.24 ± 0.01 2.67 ± 0.10 7 ± 2 0.73 ± 0.06 77 ± 2 0.55 ± 0.04 3.7 ± 0.2
Water-depth 6.7 0.33 ± 0.08 9.1 ± 2.1 2.0 ± 0.5 0.24 ± 0.06 2.38 ± 0.57 3 ± 1 0.81 ± 0.17 80 ± 20 0.59 ± 0.14 4.1 ± 1.0
Water-depth 26.2 0.22 ± 0.05 5.5 ± 1.3 1.2 ± 0.4 0.13 ± 0.04 1.51 ± 0.39 2 ± 1 0.68 ± 0.14 48 ± 6 0.35 ± 0.08 2.7 ± 0.5
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Fig. 3. Good agreement between independent determinations of five elements.
Alternate methods: Mn and Zn, direct-current plasma emission spectroscopy; Pb,
atomic absorption spectroscopy; Cu, flame atomic absorption spectroscopy; and
Mo, isotope dilution ICP-MS. See text for sources of alternate method data.

Table 4
Average element concentrations (lg/g) in the three deepest samples in core 55 and
comparison to median values in shale. Median shale values are from Hu and Gao
(2008) except those marked by an asterisk which are from Turekian and Wedepohl
(1961).

Element Deep core
55

Median
shale

Element Deep
core 55

Median
shale

Ti 4300 4375 Mo 1.4 0.48(2.6*)
V 117 110 Ag 0.082 0.07*

Mn 505 620 Cd 0.3 0.063(13*)
Fe 40,100 42,000 In 0.15 0.073
Co 14 14 Sn 2.7 3.3
Ni 73 36(68*) Sb 0.47 0.75
Cu 26 27 Te 0.032 0.039
Zn 98 71 W 1.6 2.22
Ga 15 20 Re 0.004
Ge 1.9 1.9 Tl 0.59 0.84
As 13 4.4(13*) Pb 20 19.3
Se 0.85 0.6* Bi 0.25 0.37
Nb 9.5 15 U 2.6 2.88

M.K. Dolor et al. / Marine Pollution Bulletin 59 (2009) 182–192 187
An important implication of Fig. 3 is that our use of Mn as an
internal standard is not generating systematic errors in the LA-
ICP-MS data. Such errors would infect the LA-ICP-MS results for
all elements in the figure. It would be improbable that such errors
could be compensated by offsetting systematic errors in the vari-
ous independent methods against which LA-ICP-MS results are
compared in Fig. 3.

To facilitate comparisons among the large number of element
concentrations that have been determined in Chesapeake Bay sed-
iments and related samples, we present analytical results graphi-
cally in terms of enrichment factors (EFs). Enrichment factors
have the advantage of putting all elements on a common scale,
representing the proportionate departure of each element in a
sample from a reference composition.

Element concentrations are double-normalized when generat-
ing an EF. The first normalization is to a major component of the
fine-grained fraction of the sediment. Iron or aluminum are
common choices and have been shown to be equally suitable (Das-
kalakis and O’Connor, 1995). In this work, Fe is used for normaliza-
tion; Al was not determined owing to analytical complications
arising from its high abundance. The purpose of this first normali-
zation is to compensate for variable dilution of samples by sand-
sized particles. Such large particles, typically of quartz, tend to di-
lute both Fe and trace elements but have much less effect on X/Fe
ratios.

The second normalization is to the X/Fe ratio in a reference
material:

EF ¼
ðX=FeÞsample

ðX=FeÞREF
ð4Þ

This second normalization is simply a scaling factor that makes
EF = 1 for all elements if their X/Fe ratios are the same as in the ref-
erence material. As reference values, we will use average (X/Fe) ra-
tios in the three oldest samples from Core 55 (94–96 cm, 96–98 cm
and 100–102 cm). Sediments in these samples were deposited near
the beginning of the 20th century. In Table 4, we give the reference
concentrations for each element and compare them to the corre-
sponding median values in fine-grained sediments or average shale.

For the most part, our reference composition, determined by
our LA-ICP-MS method, resembles median values of fine-grained
sediments. Exceptions include Mo and Cd, which are more abun-
dant in our reference composition than in fine-grained sediments
as determined by Hu and Gao (2008) but not relative to average
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shale as determined by Turekian and Wedepohl (1961) (see paren-
thetical values in Table 4).

In Fig. 4, results are presented for Cu, Zn, Cd and Pb, the most
commonly determined industrial pollutants. Four replicate analy-
ses on different parts of each pressed sediment pellet are repre-
sented by small closed symbols; average values are represented
by larger open symbols. Except in the case of Cd, the replicate
determinations agree so well that most of the closed points lie
within the open symbols. The vertical line in each graph denotes
an enrichment factor of 1. After 1920, all four elements are en-
riched relative the early 20th century reference composition, but
a slight decrease in enrichment seems to occur after 1980. The four
elements in Fig. 4 are all enriched in Baltimore Harbor and the Sus-
quehanna River, but not in the pre-European settlement samples of
PC6. The considerable enrichment of these elements in the Harbor
is most likely due to historical smelting operations in Baltimore
(Mason et al., 2004). These elements have been found to be associ-
ated with smelting operations at other locations (Buchauer, 1973;
Hong et al., 1996; Du et al., 2008). Additionally, Pb and Cd pig-
ments would have been used in paint manufacturing, an important
industry in Baltimore. Only Cd is strongly enriched in the Miocene
Fairhaven sample. All the profiles shown in the graphs indicate
that there is good agreement between cores 55 and RD.

Lead is a major indicator of anthropogenic influence in the
Chesapeake Bay. The Pb profile presented here agrees with others
from this region as well as others around the US and indicates that
Pb concentrations began to decrease very soon after the decrease
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ar
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1 10
*CdEF

 Core RD
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PbEF
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CuEF

uC EF ZnEF CdEF PbEF 

Susq 8-10 cm  2.06 2.50 3.46 1.98 
Susq 28-30 cm  2.40 3.24 4.40 2.55 
Susq. 44-46 cm  2.77 3.34 2.88 2.25 
Fairhaven  1.09 4.84 59.61 0.84 

B'more Harbor H  6.89 6.84 12.45 5.78 
B'more Harbor M  38.45 5.01 14.46 17.01 
B'more Harbor N  16.52 6.28 14.00 10.71 
PC6 369 cm  0.72 0.78 0.61 0.99 
PC6 424 cm  0.66 0.82 0.64 0.77 
PC6 482 cm 0.57 0.85 0.43 0.86 

Water-depth 3.4 m  1.51 3.11 3.03 2.40 
Water-depth 6.7 m  2.06 3.50 2.30 2.75 
Water-depth 26.2 m 1.95 2.88 2.61 2.26 

Fig. 4. Enrichment factors (Eq. (4)) for four commonly determined industrial
pollutants: Cu, Zn, Cd, Pb. The table gives corresponding EF values for samples from
potential sediment sources: Susq, Susquehanna River sediments from Conowingo
Reservoir; Fairhaven, unlithified Miocene seacliff material that is undergoing wave
erosion; B’more Harbor, sediments from Baltimore Harbor; PC6, deep samples from
below the oak/ragweed pollen horizon that marks the onset of European land
clearance. The Water-depth samples are surface sediments taken from shallow to
deep water near the site of cores RD and 55. Sample localities are given in Fig. 1.
in the use of leaded gasoline in the late 1970’s (Edgington and Rob-
bins, 1976; Lantzy and Mackenzie, 1979; Heit et al., 1981; Eisenr-
eich et al., 1986; Alexander and Smith, 1988; Graney et al., 1995;
Marcantonio et al., 2002; Lima et al., 2005).

In Fig. 5, results are presented for some rarely determined ele-
ments: In, Sn, Sb, Te and Bi. To our knowledge, these elements have
never been determined previously in Chesapeake Bay sediments.
Like the commonly determined pollutants, these elements all show
enrichment after 1920 and a slight decrease after 1980. All of these
elements, except Te, have been used increasingly in recent decades
as substitutes for Pb because they are less toxic (Hou et al., 2005).
These elements are strongly enriched in the Harbor and only
mildly enriched in the Susquehanna sediments. As discussed be-
low, all of these elements are potentially hazardous in the environ-
ment. Our results provide evidence that these elements are
pollutants in Chesapeake Bay and their concentrations should be
monitored along with the more commonly determined elements
presented in Fig. 4.

Indium is produced during zinc ore processing and is used in a
wide range of electronic industries such as semi-conductor and
optoelectronic manufacturing (USGS, 2005). Indium is frequently
associated with mineral deposits of Zn, Cu, Mn, Sn and Pb which
points to its geochemical similarities to these elements (Poledniok,
2007). Indium has been found to be toxic to embryos in animal
experiments (Nakajima et al., 2000; Hou et al., 2005).

Tin is mainly mined from cassiterite (SnO2) deposits and has
many uses in alloys, electrical/electronic applications as well as
in glass-making (USGS, 2005). One particularly relevant modern
SnEF SbEF

Core RD
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TeEF BiEF
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iBeTbSnSnI
Susq 8-10cm  1.18 1.82 1.92 1.80 1.34 
Susq 28-30cm  1.39 2.17 2.30 1.47 1.93 
Susq 44-46cm  1.58 2.50 2.95 1.60 2.19 
Fairhaven  1.26 1.17 3.67 6.98 0.96 

B'more Harbor H  4.11 14.67 7.64 102.88 2.33 
B'more Harbor M  2.47 7.38 18.29 1059.82 11.08 
B'more Harbor N  2.81 8.19 9.21 266.54 3.41 
PC6 369cm  0.87 0.87 0.92 3.65 1.07 
PC6 424cm  0.98 1.01 1.10 1.60 0.84 
PC6 482cm 1.12 0.96 0.95 1.19 0.90 

Water-depth 3.4 m  1.22 2.05 2.60 4.65 1.40 
Water-depth 6.7 m  1.53 2.34 2.82 5.18 1.65 
Water-depth 26.2 m 1.37 1.96 2.35 4.01 1.36 
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Fig. 5. Enrichment factors (Eq. (4)) for rarely determined industrial pollutants: In,
Sn, Sb, Te, Bi. The table gives corresponding EF values for samples from potential
sediment sources (see Fig. 4 for details).
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Susq 8-10cm  2.62 2.70 12.76 0.94 
Susq 28-30cm  3.87 3.58 17.99 1.07 
Susq. 44-46cm  2.35 2.83 18.15 1.06 

Fairhaven  0.33 0.51 9.44 1.92 

B'more Harbor H  0.45 1.00 11.81 0.50 
B'more Harbor M  0.48 0.83 48.88 0.96 
B'more Harbor N  0.96 1.32 30.34 0.96 

PC6 369cm  1.00 0.97 0.89 0.85 
PC6 424cm  0.92 1.03 0.85 0.88 
PC6 482cm 1.01 1.04 1.45 0.85 

Water-depth 3.4 m  3.50 1.82 6.70 0.79 
Water-depth 6.7 m  2.87 2.48 15.42 0.96 
Water-depth 26.2 m 1.81 2.00 10.22 1.13 

Fig. 6. Enrichment factors (Eq. (4)) for elements which appear to be industrially
enhanced but not from a Harbor source: Mn, Co, Ag, Tl. The table gives
corresponding EF values for samples from potential sediment sources (see Fig. 4
for details).
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source of Sn in the Chesapeake Bay is marine paint since organotin
compounds are used as anti-fouling agents (Beaumont and Budd,
1984; Antizar-Ladislao, 2008). Historically, Sn was used in canning
foods, a major industry in Baltimore after about 1860.

Antimony has been used for centuries as a medicine and in cos-
metics. It is used as a hardener in lead for storage batteries and in
flame-retardant formulations (USGS, 2005). Antimony is one of the
pollutants from coal-fired power plants (Klein et al., 1975) and de-
spite its known toxicity, its geochemical behavior in sediments has
not been extensively studied (Chen et al., 2003; Hou et al., 2005).
One key finding is that it is associated with iron and manganese
hydroxides and is thus released under reducing conditions in sed-
iments (Chen et al., 2003). This is of particular importance in the
Chesapeake Bay where seasonal anoxia occurs.

Tellurium is produced as a by-product of copper processing
(USGS, 2005), a major industry in Baltimore from the early 19th
to the middle 20th centuries. Tellurium is used in semiconductor
materials, a wide range of electronics and metallurgy (D’Ulivo,
1997). Tellurium affects the nervous system and produces sele-
nium-deficiency symptoms (Sadeh, 1987). Organisms transform
inorganic Te to organotellurium compounds which are volatile
and can be more easily released (Sadeh, 1987; D’Ulivo, 1997). Tel-
lurium has not received as much attention as two of its periodic ta-
ble neighbors As and Se, but our results show that it is among the
most highly enriched elements in Chesapeake Bay sediments, so
the origin of this contamination should be further investigated.

Bismuth is a by-product of lead-ore processing. It is used in sol-
ders, a variety of alloys, additives, medications and in atomic re-
search (USGS, 2005). Like Sb, Bi is released during the combustion
of fossil fuels (Karlsson et al., 2007). Very little environmental mon-
itoring of bismuth has been done because its inorganic form exhib-
its low toxicity; however, organobismuth compounds such as
triphenylbismuth are toxic (Arata et al., 2002; Dopp et al., 2004).
Bismuth causes disorders of the kidneys, liver and nervous system
(Winship, 1983; Dipalma, 1988; Hou et al., 2005).

In Fig. 6 results are presented for Mn, Co, Ag and Tl. Once more
these elements follow the pattern of industrial pollutants and are
enriched after 1920. It is somewhat surprising to find Mn included
here. Profiles of Mn in sediments usually are controlled by diagen-
esis. However, in Chesapeake Bay, diagenetically active Mn tends
to be refluxed out of the reduced, deep-channel sediments and
deposited in shallower sediments that are exposed to toxic water
throughout the year (Helz et al. 1985a). This effect can be seen in
Fig. 6 in the data taken at three water depths; at the shallowest
site, Mn is 3-fold enriched relative to our deep water reference
composition. As a consequence of refluxing, deep channel sites
accumulate Mn in forms that are less active diagenetically. Possi-
bly, the modest Mn enrichment after 1920 in Fig. 6 reflects con-
tamination of the Bay with diagenetically refractory Mn.

Silver is highly enriched in all the supplementary samples in
Fig. 6 except PC6. Silver has been found to cycle with lead and cop-
per in coastal waters (Sanudo-Wilhelmy and Flegal, 1992). Our re-
sults are consistent with these findings since Ag is enriched in the
same samples and to a similar degree that Cu and Pb are. Notably,
Tl is enriched only in the Fairhaven sample and seems to be de-
pleted in Baltimore Harbor, so it is curious that Tl displays a profile
that we associate with industrial contaminants; however, faintly.

In Fig. 7, results are presented for the redox-sensitive elements
Mo, Re and U and the possible redox-sensitive element W. These
elements are only modestly enriched, if at all, in the Susquehanna
and Harbor sediments. In this respect, their distributions contrast
with distributions of most of the other elements discussed up to
this point. Mo, Re and U are all strongly enriched in the Miocene
Fairhaven unit, which resembles black shales in composition. Ero-
sion of the unlithified Fairhaven formation may have supplied en-
riched sediments to the PC-6 site prior to European settlement,
accounting for the modest enrichment of those samples (Adelson
et al. 2001).

Tungsten is directly below molybdenum in Group VIB and these
two elements form analogous thio-compounds i.e. thiomolybdates
and thiotungstates. Since Mo has been established as a redox-sensi-
tive element due to the formation of particle-reactive thiomolyb-
dates (Helz et al., 1996) we hypothesized that W would exhibit
similar behavior. However, the profile presented here illustrates
that W does not follow Mo. In fact, in the Susquehanna and depth-
traverse sediments, W closely mirrors Mn (Bednar et al., 2008).

Rhenium is the least abundant of the elements determined in
this survey (Table 4), and owing to analytical uncertainty its indi-
vidual determinations (small, closed symbols) are the most scat-
tered relative to mean values (open symbols). It is questionable
whether useful historical information about Re deposition can be
inferred from the data.

The Mo mean values also appear to be greatly scattered, but in
contrast to Re, we believe that the Mo scatter reflects actual fluctu-
ations in the Mo deposition rate, not analytical uncertainty. To
illustrate this, in Fig. 8 we plot three independent determinations
of Mo and corresponding determinations of Cu. We have connected
the mean values of these independent determinations with line
segments. It is apparent that the highly variable vertical Mo profile
is affirmed by all three sets of data. This excludes analytical error as
a source of the variation. Furthermore there is a marked contrast
between the profiles of Mo and Cu. Whereas Cu, representative
of industrial pollutants, rises to a steady level of enrichment be-
tween 1920 and 1980, Mo fluctuates between high and low enrich-
ment in the same period. Adelson et al. (2001) have attributed this
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Fig. 7. Enrichment factors (Eq. (4)) for redox-sensitive elements: Mo, Re, U, (W).
The table gives corresponding EF values for samples from potential sediment
sources (see Fig. 4 for details).
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Fig. 9. Enrichment factors (Eq. (4)) for unperturbed elements: Ti, Ga, Ge, Nb. The
table gives corresponding EF values for samples from potential sediment sources
(see Fig. 4 for details).
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to fluctuations in redox conditions in Chesapeake Bay related to
year-to-year variations in river flow. The pronounced minimum
in the Mo profile in the 1960’s occurred during a period of multi-
year drought. Drought deters seasonal anoxia and consequent Mo
enrichment (Adelson et al., 2001).

Fig. 9 contains results for Ti, Ga, Ge and Nb. Except for Ti, these
data are also believed to represent the first determinations of these
elements in Chesapeake Bay. These elements display negligible
temporal trends in their deposition history and are neither sub-
stantially enriched nor depleted relative to our reference composi-
tion. Geochemically, Nb tends to occur as a minor constituent in Ti
minerals, so the similar behavior of these two elements is not sur-
prising. Ga and Ge tend to associate with their more abundant co-
horts in the periodic table, Al and Si, respectively.

4. Conclusions and perspectives

Excluding the redox-sensitive elements in Fig. 7, all the ele-
ments generally have EFs near one in the pre-European samples
from PC-6. However, in the case of Fig. 4 (Cu, Zn, Cd and Pb), EFs
are consistently less than one for the pre-European samples. Our
early 20th century reference sediments (Table 3) may have been
already somewhat enriched in these four elements relative to the
pre-European sediments. This result would be consistent with der-
ivation of these elements from smelting. The Baltimore Copper
Smelting Company was formed around 1850, and for several dec-
ades, it and its allied companies operated within Baltimore the
largest copper smelter in the United States.

Our work on trace element contaminants in Chesapeake Bay is
continuing. It is already clear, though, that Laser Ablation ICP-MS is
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going to be a very valuable tool in this effort. For many of the ele-
ments discussed here, no previous determinations have been made
in Chesapeake Bay sediments and few determinations have been
made in estuaries anywhere. This is one of the first demonstrations
of LA-ICP-MS as a tool to perform a survey of anthropogenic im-
pacts on modern sediments and suggests that the suite of elements
monitored by environmental agencies should be broadened.

Acknowledgements

We thank Dr. Elizabeth Canuel and Beth W. Lerberg (VIMS) for
supplying Core RD samples. We also thank Dr. Richard Ash
(Department of Geology, UMD), Dr. Fritz Riedel and Nise Butera
(SERC) for assistance with analytical methods. Partial support
was provided by Grant EAR-0229387 from the US National Science
Foundation. Additional support was provided by Grant OCE-
9521190 from the National Science Foundation to E. Canuel for col-
lection of Core RD samples and background information.

References

Adelson, J.M., 1997. The evaluation of geochemical indicators of anoxia in the
Chesapeake Bay. Ph.D. Dissertation, University of Maryland, College Park,
MD. p. 214.

Adelson, J.M., Helz, G.R., Miller, C.V., 2001. Reconstructing the rise of recent coastal
anoxia; molybdenum in Chesapeake Bay sediments. Geochimica et
Cosmochimica Acta 65 (2), 237–252.

Alexander, R.B., Smith, R.A., 1988. Trends in lead concentrations in major United-
States rivers and their relation to historical changes in gasoline lead
consumption. Water Resources Bulletin 24 (3), 557–569.

Antizar-Ladislao, B., 2008. Environmental levels, toxicity and human exposure to
tributyltin (TBT)-contaminated marine environment. A review. Environment
International 34 (2), 292–308.

Arata, T. et al., 2002. Cytotoxic effects of triphenylbismuth on rat thymocytes:
comparisons with bismuth chloride and triphenyltin chloride. Environmental
Toxicology 17 (5), 472–477.

Baker, S.A., Bi, M., Aucelio, R.Q., Smith, B.W., Winefordner, J.D., 1999. Analysis of soil
and sediment samples by laser ablation inductively coupled plasma mass
spectrometry. Journal of Analytical Atomic Spectrometry 14 (1), 19–26.

Balaram, V., Manikyamba, C., Ramesh, S.L., Saxena, V.K., 1990. Determination of
rare-earth elements in Japanese rock standards by inductively coupled plasma-
mass spectrometry. Atomic Spectroscopy 11 (1), 19–23.

Beaumont, A.R., Budd, M.D., 1984. High mortality of the larvae of the common
mussel at low concentrations of tributyltin. Marine Pollution Bulletin 15 (11),
402–405.

Bednar, A.J., Jones, W.T., Boyd, R.E., Ringelberg, D.B., Larson, S.L., 2008. Geochemical
parameters influencing tungsten mobility in soils. Journal of Environmental
Quality 37 (1), 229–233.

Beyer, W.N., Day, D., Morton, A., Pachepsky, Y., 1998. Relation of lead exposure to
sediment ingestion in mute swans on the Chesapeake Bay, USA. Environmental
Toxicology and Chemistry 17 (11), 2298–2301.

Biggs, R.B., 1970. Sources and distribution of suspended sediment in Northern
Chesapeake-Bay. Marine Geology 9 (3), 187–201.

Bleiner, D., Gunther, D., 2001. Theoretical description and experimental observation
of aerosol transport processes in laser ablation inductively coupled plasma
mass spectrometry. Journal of Analytical Atomic Spectrometry 16 (5), 449–456.

Brenan, J.M., McDonough, W.F., Ash, R., 2005. An experimental study of the
solubility and partitioning of iridium, osmium and gold between olivine and
silicate melt. Earth and Planetary Science Letters 237 (3–4), 855–872.

Brenan, J.M., McDonough, W.F., Dalpe, C., 2003. Experimental constraints on the
partitioning of rhenium and some platinum-group elements between olivine
and silicate melt. Earth and Planetary Science Letters 212 (1–2), 135–150.

Buchauer, M.J., 1973. Contamination of soil and vegetation near a zinc smelter by
zinc, cadmium, copper, and lead. Environmental Science & Technology 7 (2),
131–135.

Cantillo, A.Y., 1982. Trace element deposition histories in the Chesapeake Bay. Ph.D.
Dissertation, University of Maryland, College Park, MD. p. 298.

Cantillo, A.Y., Sinex, S.A., Helz, G.R., 1984. Elemental analysis of estuarine sediments
by lithium metaborate fusion and direct-current plasma emission-
spectrometry. Analytical Chemistry 56 (1), 33–37.

Chen, Y.W., Deng, T.L., Filella, M., Belzile, N., 2003. Distribution and early diagenesis
of antimony species in sediments and porewaters of freshwater lakes.
Environmental Science & Technology 37 (6), 1163–1168.

Coedo, A.G., Padilla, I., Dorado, M.T., 2004. Comparison of laser ablation and dried
solution aerosol as sampling systems in inductively coupled plasma mass
spectrometry. Applied Spectroscopy 58 (12), 1481–1487.

Colodner, D. et al., 1993. The geochemical cycle of rhenium – a reconnaissance.
Earth and Planetary Science Letters 117 (1–2), 205–221.

Crain, J., Hansel, J., Troxel, J.E., 1992. Determining regulated metals in soil.
Spectroscopy 7 (5), 40–46.
Cromwell, E.F., Arrowsmith, P., 1995. Semiquantitative analysis with laser-ablation
inductively-coupled plasma-mass spectrometry. Analytical Chemistry 67 (1),
131–138.

D’Ulivo, A., 1997. Determination of selenium and tellurium in environmental
samples. Analyst 122 (12), 117R–144R.

Darke, S.A., Long, S.E., Pickford, C.J., Tyson, J.F., 1989. Laser Ablation system for solid
sample analysis by inductively coupled plasma atomic emission-spectrometry.
Journal of Analytical Atomic Spectrometry 4 (8), 715–719.

Daskalakis, K.D., O’Connor, T.P., 1995. Normalization and elemental sediment
contamination in the coastal United States. Environmental Science &
Technology 29 (2), 470–477.

Denoyer, E.R., 1992. Semiquantitative analysis of environmental materials by laser
sampling inductively coupled plasma mass-spectrometry. Journal of Analytical
Atomic Spectrometry 7 (8), 1187–1193.

Dipalma, J.R., 1988. Bismuth toxicity. American Family Physician 38 (5), 244–246.
Dolor, M.K., 2005. The mechanism of rhenium fixation in reducing sediments. M.S.

Thesis, University of Maryland, College Park, MD. p. 119.
Dolor, M.K., 2009. Investigation of rhenium’s biogeochemistry. Ph.D. Dissertation,

University of Maryland, College Park, MD.
Dopp, E., Hartmann, L.M., Florea, A.M., Rettenmeier, A.W., Hirner, A.V., 2004.

Environmental distribution, analysis, and toxicity of organometal(loid)
compounds. Critical Reviews in Toxicology 34 (3), 301–333.

Du, P., Xue, N.D., Liu, L., Li, F.S., 2008. Distribution of Cd, Pb, Zn and Cu and their
chemical speciation’s in soils from a peri-smelter area in northeast China.
Environmental Geology 55 (1), 205–213.

Durrant, S.F., Ward, N.I., 1993. Rapid multielemental analysis of Chinese reference
soils by laser ablation inductively coupled plasma-source mass-spectrometry.
Fresenius Journal of Analytical Chemistry 345 (7), 512–517.

Edgington, D.N., Robbins, J.A., 1976. Records of lead deposition in Lake-Michigan
sediments since 1800. Environmental Science & Technology 10 (3), 266–
274.

Eggins, S.M., Kinsley, L.P.J., Shelley, J.M.G., 1998. Deposition and element
fractionation processes during atmospheric pressure laser sampling for
analysis by ICP-MS. Applied Surface Science 129, 278–286.

Eisenreich, S.J., Metzer, N.A., Urban, N.R., Robbins, J.A., 1986. Response of
atmospheric lead to decreased use of lead in gasoline. Environmental Science
& Technology 20 (2), 171–174.

Ferri, K.L., 1977. Input of trace metals to mid-Chesapekae Bay from shore erosions.
M.S. Thesis, University of Maryland, College Park, MD. p. 80.

Flanagan, F.J., 1967. US geological survey silicate rock standards. Geochimica et
Cosmochimica Acta 31 (3), 289–308.

Graney, J.R. et al., 1995. Isotopic record of lead pollution in Lake-sediments from the
Northeastern United States. Geochimica et Cosmochimica Acta 59 (9), 1715–
1728.

Gray, A.L., 1985. Solid sample introduction by Laser Ablation for inductively coupled
plasma source-mass spectrometry. Analyst 110 (5), 551–556.

Gunther, D., Heinrich, C.A., 1999. Enhanced sensitivity in laser ablation-ICP mass
spectrometry using helium-argon mixtures as aerosol carrier - plenary lecture.
Journal of Analytical Atomic Spectrometry 14 (9), 1363–1368.

Heit, M., Tan, Y., Klusek, C., Burke, J.C., 1981. Anthropogenic trace-elements and
polycyclic aromatic hydrocarbon levels in sediment cores from 2 lakes in the
Adirondack acid lake region. Water Air and Soil Pollution 15 (4), 441–464.

Helz, G.R., 1976. Trace-element inventory for Northern Chesapeake Bay with
emphasis on influence of man. Geochimica et Cosmochimica Acta 40 (6), 573–
580.

Helz, G.R. et al., 2000. Osmium isotopes demonstrate distal transport of
contaminated sediments in Chesapeake Bay. Environmental Science &
Technology 34 (12), 2528–2534.

Helz, G.R., Huggett, R.J., Hill, J.M., 1975. Behavior of Mn, Fe, Cu, Zn, Cd and Pb
discharged from a wastewater treatment plant into an estuarine environment.
Water Research 9 (7), 631–636.

Helz, G.R. et al., 1996. Mechanism of molybdenum removal from the sea and its
concentration in black shales: EXAFS evidence. Geochimica et Cosmochimica
Acta 60 (19), 3631–3642.

Helz, G.R., Sinex, S.A., Ferri, K.L., Nichols, M., 1985a. Processes controlling Fe, Mn and
Zn in sediments of Northern Chesapeake Bay. Estuarine Coastal and Shelf
Science 21 (1), 1–16.

Helz, G.R., Setlock, G.H., Cantillo, A.Y., Moore, W.S., 1985b. Processes controlling the
regional distribution of Pb-210, Ra-226 and anthropogenic zinc in estuarine
sediments. Earth and Planetary Science Letters 76 (1–2), 23–34.

Hong, S.M., Candelone, J.P., Patterson, C.C., Boutron, C.F., 1996. History of ancient
copper smelting pollution during Roman and medieval times recorded in
Greenland ice. Science 272 (5259), 246–249.

Hou, A., Takamatsu, T., Koshikawa, M.K., Hosomi, M., 2005. Migration of silver,
indium, tin, antimony, and bismuth and variations in their chemical fractions
on addition to uncontaminated soils. Soil Science 170 (8), 624–639.

Hu, Z.C., Gao, S., 2008. Upper crustal abundances of trace elements: a revision and
update. Chemical Geology 253 (3–4), 205–221.

Jochum, K.P., 2008. GeoReM: geological and environmental reference materials
<http://georem.mpch-mainz.gwdg.de/>. GWDG.

Jochum, K.P. et al., 2005. GeoReM: a new geochemical database for reference
materials and isotopic standards. Geostandards and Geoanalytical Research 29
(3), 333–338.

Jochum, K.P., Willbold, M., 2006. Reference materials in geoanalytical research –
review for 2004 and 2005. Geostandards and Geoanalytical Research 30 (3),
143–156.

http://georem.mpch-mainz.gwdg.de/


192 M.K. Dolor et al. / Marine Pollution Bulletin 59 (2009) 182–192
Karlsson, S., Duker, A., Grahn, E., 2007. Sediment chronologies of As, Bi, and Ga in
Sweden – impact of industrialisation. Journal of Environmental Science and
Health Part a – Toxic/Hazardous Substances & Environmental Engineering 42
(2), 155–164.

Klein, D.H. et al., 1975. Pathways of 37 trace-elements through coal-fired power-
plant. Environmental Science & Technology 9 (10), 973–979.

Langmyhr, F.J., 1967. Removal of hydrofluoric acid by evaporation in presence of
sulfuric or perchloric acids. Analytica Chimica Acta 39 (4), 516–518.

Lantzy, R.J., Mackenzie, F.T., 1979. Atmospheric trace-metals – global cycles and
assessment of mans impact. Geochimica et Cosmochimica Acta 43 (4), 511–525.

Lawson, N.M., Mason, R.P., 2001. Concentration of mercury, methylmercury,
cadmium, lead, arsenic, and selenium in the rain and stream water of two
contrasting watersheds in Western Maryland. Water Research 35 (17), 4039–
4052.

Lawson, N.M., Mason, R.P., Laporte, J.M., 2001. The fate and transport of mercury,
methylmercury, and other trace metals in Chesapeake Bay tributaries. Water
Research 35 (2), 501–515.

Lee, Y.L., Chang, C.C., Jiang, S.J., 2003. Laser ablation inductively coupled plasma
mass spectrometry for the determination of trace elements in soil.
Spectrochimica Acta Part B – Atomic Spectroscopy 58 (3), 523–530.

Lima, A.L. et al., 2005. High-resolution historical records from Pettaquamscutt River
basin sediments: 1. Pb-210 and varve chronologies validate record of Cs-137
released by the Chernobyl accident. Geochimica et Cosmochimica Acta 69 (7),
1803–1812.

Longerich, H.P., Jackson, S.E., Gunther, D., 1996. Laser ablation inductively coupled
plasma mass spectrometric transient signal data acquisition and analyte
concentration calculation. Journal of Analytical Atomic Spectrometry 11 (9),
899–904.

Lundstrom, C.C., Sutton, A.L., Chaussidon, M., McDonough, W.F., Ash, R., 2006. Trace
element partitioning between type BCAI melts and melilite and spinel:
implications for trace element distribution during CAI formation. Geochimica
et Cosmochimica Acta 70 (13), 3421–3435.

Marcantonio, F., Zimmerman, A., Xu, Y.F., Canuel, E., 2002. A Pb isotope record of
mid-Atlantic US atmospheric Pb emissions in Chesapeake Bay sediments.
Marine Chemistry 77 (2–3), 123–132.

Mason, R.P., Kim, E.H., Cornwell, J., 2004. Metal accumulation in Baltimore Harbor:
current and past inputs. Applied Geochemistry 19 (11), 1801–1825.

Miller, C.V., 1992. Sedimentary molybdenum: a geochemical indicator of anoxia in
Chesapeake Bay. Ph.D. Dissertation, University of Maryland, College Park, MD. p.
245.

Morrison, C.A., Lambert, D.D., Morrison, R.J.S., Ahlers, W.W., Nicholls, I.A., 1995.
Laser-ablation inductively-coupled plasma-mass spectrometry – an
investigation of elemental responses and matrix effects in the analysis of
geostandard materials. Chemical Geology 119 (1–4), 13–29.

Nakajima, M. et al., 2000. Comparative developmental toxicity study of indium in
rats and mice. Teratogenesis Carcinogenesis and Mutagenesis 20 (4), 219–227.

Officer, C.B., Lynch, D.R., Setlock, G.H., Helz, G.R., 1984. Recent sedimentation rates
in Chesapeake Bay. In: Kennedy, V.S. (Ed.), The Estuary as a filter. Academic
Press, Orlando, Fl, pp. 131–158.

Poledniok, J., 2007. A sensitive spectrophotometric method for determination of
trace quantities of indium in soil. Water Air and Soil Pollution 186 (1–4), 343–
349.

Rauch, S., Hemond, H.F., Brabander, D.J., 2006. High spatial resolution analysis of
lake sediment cores by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS). Limnology and Oceanography-Methods 4, 268–274.

Reed, W.P., 1992. Certificate of analysis, standards reference materials, 610, 611
<https://srmors.nist.gov/view_cert.cfm?srm=610> (accessed 26.02.07).

Reinhardt, H. et al., 2003. Application of LA-ICP-MS in polar ice core studies.
Analytical and Bioanalytical Chemistry 375 (8), 1265–1275.

Reinhardt, H. et al., 2001. Laser ablation inductively coupled plasma mass
spectrometry: a new tool for trace element analysis in ice cores. Fresenius
Journal of Analytical Chemistry 370 (5), 629–636.
Riedel, G.F., Sanders, J.G., 1998. Trace element speciation and behavior in the tidal
Delaware River. Estuaries 21 (1), 78–90.

Riedel, G.F., Sanders, J.G., Osman, R.W., 1997. Biogeochemical control on the flux of
trace elements from estuarine sediments: water column oxygen concentrations
and benthic infauna. Estuarine Coastal and Shelf Science 44 (1), 23–38.

Riedel, G.F., Sanders, J.G., Osman, R.W., 1999. Biogeochemical control on the flux of
trace elements from estuarine sediments: effects of seasonal and short-term
hypoxia. Marine Environmental Research 47 (4), 349–372.

Sadeh, T., 1987. Biological and biochemical aspects of tellurium derivatives. In:
Patai, S. (Ed.), The Chemistry of Organic Selenium and Tellurium Compounds.
John Wiley & Sons Ltd., Chichester, pp. 367–376.

Sanudo-Wilhelmy, S.A., Flegal, A.R., 1992. Anthropogenic silver in the Southern
California Bight – a new tracer of sewage in coastal waters. Environmental
Science & Technology 26 (11), 2147–2151.

Schubel, J.R., 1968. Turbidity maximum of Northern Chesapeake Bay. Science 161
(3845), 1013–1015.

Schultz, L.G., Tourtelot, H.A., Flanagan, F.J., 1976. Descriptions and analyses of eight
new USGS rock standards: Cody Shale SCo-1 from Natrona County, Wyoming.
In: G.S.p. paper (Ed.), US Govt. Print. Off., pp. 21–23.

Shaw, T.J., Sholkovitz, E.R., Klinkhammer, G., 1994. Redox dynamics in the
Chesapeake Bay – the effect on sediment–water uranium exchange.
Geochimica et Cosmochimica Acta 58 (14), 2985–2995.

Sinex, S.A., 1981. Trace element geochemistry of modern sediments from
Chesapeake Bay. Ph.D. Dissertation, University of Maryland, College Park, MD.
p. 190.

Sinex, S.A., Helz, G.R., 1981. Regional geochemistry of trace-elements in Chesapeake
Bay sediments. Environmental Geology 3 (6), 315–323.

Sinex, S.A., Helz, G.R., 1982. Entrapment of zinc and other trace-elements in a
rapidly flushed industrialized harbor. Environmental Science & Technology 16
(11), 820–825.

Tao, G.H., Fujikawa, Y., Mitsui, M., Yamada, R., 2002. Determination of mercury in
sediment samples by laser ablation inductively coupled plasma mass
spectrometry. Journal of Analytical Atomic Spectrometry 17 (5), 560–562.

Turekian, K.K., Wedepohl, K.H., 1961. Distribution of the elements in some major
units of the earths crust. Geological Society of America Bulletin 72 (2), 175–191.

USGS, 2005. Statistics and information on the worldwide supply, demand, and flow
of minerals and materials essential to the US economy, the national security,
and protection of the environment. <http://minerals.usgs.gov/minerals/pubs/
commodity/>. US Geological Survey.

Van-Loon, J.C., 1985. Selected Methods of Trace Metal Analysis: Biological and
Environmental Samples. John Wiley & Sons, New York. p. 357.

Wheeler, K.T., Walker, D., Fei, Y.W., Minarik, W.G., McDonough, W.F., 2006.
Experimental partitioning of uranium between liquid iron sulfide and liquid
silicate: implications for radioactivity in the earth’s core. Geochimica et
Cosmochimica Acta 70 (6), 1537–1547.

Williams, J.G., Jarvis, K.E., 1993. Preliminary assessment of laser ablation inductively
coupled plasma mass-spectrometry for quantitative multielement
determination in silicates. Journal of Analytical Atomic Spectrometry 8 (1),
25–34.

Winship, K.A., 1983. Toxicity of bismuth salts. Adverse Drug Reactions and
Toxicological Reviews 2 (2), 103–121.

Zheng, Y., Weinman, B., Cronin, T., Fleisher, M.Q., Anderson, R.F., 2003. A rapid
procedure for the determination of thorium, uranium, cadmium and
molybdenum in small sediment samples by inductively coupled plasma-mass
spectrometry: application in Chesapeake Bay. Applied Geochemistry 18 (4),
539–549.

Zimmerman, A., 2000. Organic matter composition of sediments and the history of
eutrophication and anoxia in the mesohaline Chesapeake Bay. Ph.D.
Dissertation, College of William and Mary. p. 237.

Zimmerman, A.R., Canuel, E.A., 2002. Sediment geochemical records of
eutrophication in the mesohaline Chesapeake Bay. Limnology and
Oceanography 47 (4), 1084–1093.

https://srmors.nist.gov/view_cert.cfm?srm=610
http://minerals.usgs.gov/minerals/pubs/commodity/
http://minerals.usgs.gov/minerals/pubs/commodity/

	Sediment profiles of less commonly determined elements measured by Laser Ablation ICP-MS
	Introduction
	Experimental section
	Samples and sampling sites
	Procedures
	Data analysis

	Results and discussion
	Conclusions and perspectives
	Acknowledgements
	References


