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2. Methods
2a. Study Site

We collected wet deposition samples at Piney Dam, elevation 780 m, which is located in northeastern
Garrett County, Maryland (Figure 1).  Our throughfall and stream water samples were collected in a 255-
hectare (ha) watershed of an unnamed tributary to Herrington Creek referred to as HCWS, (39o 27’

 55’’ N,
79o 25’ 55” W) located in southwestern Garrett County, near Oakland, Maryland (Figure 1).  HCWS is
approximately 55 km southeast of Piney Dam.

Figure 1.  Location of Piney Dam and HCWS in Garrett County, Maryland
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The climate in Garrett County is humid continental, with mild summers and cold winters.  Daily average
(1930-1990) maximum temperature is 27oC and temperatures above 32oC occur on average of only 3 days
each year.  Daily average minimum temperature is -9oC; the lowest recorded temperature is -40oC.
Annual average precipitation (1930-1990) is 1110 mm; about 40 % of the total annual precipitation
occurs as snow (Stone and Matthews 1974; Price et al. 1996).

HCWS is on the Allegheny Plateau of the Appalachian physiographic Province.  This watershed has an
east-west aspect, gently sloping topography with elevations ranging from 744 to 790 m, and is drained by
a second-order stream.  This watershed is completely forested, containing an aggrading second-growth
forest dominated by black cherry (Prunus serotina Ehrh.), red maple (Acer rubrum L.) and white oak
(Quercus alba L.).  Upland soils in HCWS are inceptisols of the Dekalb (Typic Dystrocrochrepts) soil
series and ultisols of the Gilpin (Typic Hapludults) soil series (Stone and Matthews 1974).  Soils adjacent
to the stream are ultisols of the Brinkerton (Typic Fragiaquults) and Andover (Typic Fragiaquults) soil
series (Stone and Matthews 1974).  Soil surveys conducted within 60 m of the stream (Price et al. 1996)
indicate that these soils are acidic, with low cation exchange capacity, base saturation, and extractable
Ca+2 concentrations (Table 1).

Table 1. Soil characteristics of ultisols within 60 m of the stream in the HCWS

Horizon Depth (cm)
Organic

Matter (%) Soil pH
CEC

meq 100g-1
Base

Saturation (%)
Extractable Ca+2

(meq 100g-1)

A 0  to 4 7 3.85 14 12 0.67

B     4  to 9 4 4.05 14 8 0.37

2b. Sampling Procedures

2b-1. Wet Deposition

Wet deposition samples were collected using an automated wet-only MIC-B collector (MIC Corporation,
Richmond Hill, Ontario, Canada).  We modified a commercially available MIC-B to sample precipitation
simultaneously for major ions, selected trace metals, and mercury using suitable sampling equipment
(Landis and Keeler 1997).  This modification has been rigorously tested and shown to have no artifacts
associated with the collection of major ions, mercury, and trace metals (Landis and Keeler 1997; Mason
et al. 1997a).

Our MIC-B had 4 sampling ports; 1 for major ions, 2 for trace metals and 1 for mercury.  The major ion
collection system consisted of a 20-cm diameter high-density polyethylene (HDPE) funnel attached to a
2-liter HDPE bottle.  The trace metal collection system consisted of duplicate, 14.3-cm diameter low
density polyethylene (LDPE) funnels attached to 1-liter HDPE bottles by means of a threaded (i.e.,
watertight) LDPE coupling.  The mercury collection system consisted of a 20-cm diameter glass funnel
attached to a 1-liter FEP Teflon bottle.  All sample bottles were located inside the insulated lower unit of
the MIC-B.  This lower unit contained a thermostatically controlled ceramic heater to melt snow and sleet
that entered the collection funnels.

We collected precipitation samples on a daily basis (around 9:00 am) from June 1, 1996 to June 4, 1997
using ultra-clean sampling techniques (Tramontono et al. 1987).  Briefly, field personnel approached the
MIC-B from the downwind direction and used trace metal free gloves to remove samples from the MIC-
B.  After removal from the MIC-B, sample bottles were capped and double bagged for transport to the
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Appalachian Laboratory (AL).  Field personnel then changed into a second pair of clean gloves before
installing the clean sampling funnels and bottles.  Bottles were removed within 24 hours of each
precipitation event and collection funnels were changed once each week (Tuesday).

Upon arrival at AL, precipitation samples were weighed and processed for subsequent chemical analyses.
A 50-ml sub-sample of the major ion sample was used to measure pH and conductivity and the remainder
of the sample was spiked with chloroform (500 uL 250 ml-1) and stored at 4oC until analyzed.  Samples
for trace metal analysis were acidified to 0.4% (v/v) with high-purity HCl under a Class 100 clean bench,
and were stored at 4o C until shipment to UDEL.  Samples for mercury analysis were frozen until
shipment to CBL.

2b-2. Throughfall

Throughfall samples for major ions, trace metals and mercury were collected at 3 sites in HCWS; 1 site
on each side slope, approximately 50 m from the stream, and the other site in the valley bottom, 10 m
from the stream.  During the snow-free season (April-October), throughfall samples for major ions were
collected using 20-cm diameter funnels attached to 1-liter amber colored HDPE bottles.  Funnels were
mounted 1 m above the forest floor on permanent posts.  Throughfall samples for Hg were collected using
10-cm diameter polycarbonate funnels attached to 1-liter FEP Teflon bottles that were supported by 1-m
tall cylindrical PVC tubes.  The suitability of our polycarbonate funnel was tested at CBL (Mason et al.
1997a) and has been used by others (Guentzel et al. 1995).  Throughfall samples for trace metals were
collected using LDPE funnels (approximately 860 cm2  with 8-cm tall extended vertical sides) attached to
a 4-liter LDPE bottle by a watertight LDPE coupling, with an effective opening of 1 cm to minimize
evaporation and exclude large debris.  The trace metal funnel/bottle assembly was attached to a cedar-
post, which was buried so that the funnel would collect throughfall 1 m above the forest floor.

During the snow season (November - April), throughfall samples for major ions and mercury were
collected in rigorously cleaned HDPE bags (10 mil thickness) supported by 50-cm diameter plastic cans
that were attached to the 1-m tall permanent posts.  Trace metal samples were collected in a 30.5-cm
diameter HDPE bucket, which was nestled in a second bucket that was attached to the top of a cedar post
at an approximate height of 1 m.  To compare these two types of throughfall collectors, both were
deployed simultaneously, side-by-side, for 3 weeks at the start of the snow season.  The results of this
comparison are discussed in Section 2e (Quality Assurance) and presented in Table 4.

Throughfall samples were collected weekly on Tuesday morning (at approximately 10:30 am) from May
28, 1996 to June 4, 1997.  While using gloves and clean forceps, the field personnel removed large debris
(leaf/plant litter, insects, etc.) from the throughfall collection funnels and then rinsed the funnels with 50
mL of deionized water, in order to transfer residual material adhering to the funnel into the sample bottle.
The collection bottle was then detached, capped, double-bagged in clean plastic bags, and returned to the
AL laboratory for processing.  A new funnel/bottle assembly was deployed each week (on Tuesday).
Inside a Class 100 clean bench at AL, throughfall samples for trace metals analysis were acidified to 0.4%
(v/v) with high-purity HCl and stored at 4oC until shipment to UDEL.  Throughfall mercury samples were
frozen at AL until shipment to CBL.  Throughfall samples for major ions were filtered (0.45 um), spiked
with chloroform, and stored at 4oC.

2b-3. Stream Water

Grab samples of stream water for major ion analyses were collected, using standard EPA protocols
(Anonymous 1987).  Stream water samples were collected weekly (Tuesday) on the same day we
collected throughfall samples.  Samples for closed pH were collected in sterile 60-ml nylon B-D syringes
fitted with one-way stopcocks.  Samples for conductivity and acid neutralizing capacity (ANC) were
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collected in acid washed 1-liter HDPE bottles.  Samples for dissolved major ions were filtered in the field
into acid washed 250-ml HPDE bottles.  All samples for major ion analyses were analyzed at AL within
the required holding times (Anonymous 1987).

Stream water was sampled for trace elements on a weekly basis coinciding with throughfall sample
collection.  Manual grab samples were collected by immersing a 4-liter FEP Teflon-lined bottle in the
stream (after 3 rinses), upstream from potentially contaminating equipment (stream height gauge and
ISCO strainer).  Upon retrieval to AL, samples were filtered under a Class 100 clean bench using a
peristaltic pump, acid-washed Teflon  tubing and a 0.45 µm pore size Gelman Groundwater capsule filter
(Gelman Sciences, Ann Arbor, MI).  The filtrate for trace metal analysis was acidified to 0.4% (v/v) with
high purity HCl and stored at 4oC until transport to UDEL.  The filtrate for mercury analysis was frozen
until transport to CBL.

Storm-flow sampling for trace elements was carried out using an ISCO Model 3700 automated sequential
sampler (ISCO Environmental Division, Lincoln, NE), which was manually started at the onset of a each
major runoff event along with another sampler for major ions that was operated by Dr. Keith Eshleman.
The ISCO sampler was specially modified for trace element sampling as follows:  samples were pumped
directly from the stream through a polyethylene strainer (to exclude large leaf litter and other debris),
which was in turn attached to 9.5-mm I.D. Teflon® tubing.  The intake tubing was attached to silicon
tubing at the inlet of the peristaltic pump; at the pump outlet, another length of Teflon® tubing was
attached to the distributor arm of the ISCO sampler.  Samples were pumped sequentially into 800-mL
polypropylene bottles after a programmed rinse of the sample lines.  All tubing and bottles were pre-
cleaned using the acid-washing procedures as described elsewhere (Tramontono et al. 1987).  Samples for
mercury were pumped into 800-ml glass bottles.

In contrast to the weekly grab samples, filtration of the storm-flow stream samples required the retention
of the particulate phases for trace element analysis.  Because the particulate phase trace element
concentrations were anticipated to be quite small in relation to our analytical detection limits, the ISCO
sampler was programmed to collect 2 parallel trace element samples for each interval.  The storm-flow
samples were frozen at AL, and subsequently transported to the UDEL laboratory for processing.  Upon
receipt at UDEL, the samples were thawed and both sample splits were immediately filtered through a
single, pre-cleaned, tared, 0.45 µm polycarbonate filter (Nuclepore® Corp., Sunnyvale, California).  The
filters and particulate samples were dried at 80oC, re-weighed to determine the total suspended solids
concentration, and transferred to Teflon® digestion vessels.  The digestion procedure consisted of
successive heatings with increasing amounts of concentrated acids.  The final digestate of HNO3:HCl:HF
(approximate ratio 10:5:2) was brought to a final volume of 40 mL with saturated boric acid solution (to
neutralize the free F- which is destructive to the ICP sampling train).
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2c. Flux Calculations

2c-1. Wet Deposition

To estimate wet deposition rates to HCWS, volume-weighted concentrations from Piney Dam were
multiplied by the precipitation volume measured at HCWS.  This approach accounts for regional
variations in precipitation amounts between HCWS and Piney Dam, but assumes that the concentrations
at Piney Dam were similar to those reported for other sites in the region.  The validity of this assumption
is discussed below.

2c-2. Throughfall Deposition

To estimate throughfall deposition to HCWS, volume-weighted average (n=3) throughfall concentrations
were multiplied by the average weekly throughfall amounts (n=15) measured in HCWS.  These weekly
rates were summed over the seasons and year to give seasonal and annual throughfall deposition rates,
respectively.

2c-3. Stream Water Export

Stream water export of major ions was calculated on a weekly basis and summed over the year to estimate
the annual watershed export rates.  Weekly major ion export was the product of the average major ion
concentration for two consecutive sampling periods and the average of the continuous discharge divided
by the watershed area.  Dr. Eshleman (personnel communication) provided the continuous stream water
discharge data for our 1996-97 sampling period.  This export calculation method produces a very accurate
estimate of major ion export from forested watersheds (Swistock et al. 1997).

2d. Analytical Methods

2d-1. Major Ions

Major ion concentrations in our water samples were analyzed according to EPA laboratory methods
appropriate for monitoring surface water quality in acid deposition studies (Anonymous 1987).  Closed
(for stream water) and open pH (for wet deposition and throughfall) were measured with an Orion (Model
611) pH meter, using a two point (4 and 7) calibration, and quality control check (QCCS) solutions (pH =
4 and/or 5) to verify calibration.  Stream water ANC was measured using the acidimetric Gran titration
technique with electrometric pH detection, along with 50 ueq L-1 QCCS.  Specific conductance
(conductivity) was measured with a pipette cell (Model G01, Rosemount Analytical) and a YSI (Yellow
Springs Incorporated) Model 32 meter with temperature compensation to 25o C and checked with 14.7, 74
and 147 uS cm-1 standards.  All major ions, except Ca+2 and Mg+2 in precipitation and throughfall, were
measured using a Dionex DX-500 ion chromatograph, equipped with electronic conductivity suppressor
and a computer-based data acquisition system.  Calcium and Mg+2 were analyzed by ion-coupled plasma
atomic emission spectrophotometry.

2d-2. Trace Metals

Atmospheric deposition (wet-only and throughfall) and stream samples were analyzed for Al, Cd, Cu, Cr,
Fe, Mn, Ni, Pb, and Zn using a Perkin Elmer 3300 Atomic Absorption Spectrophotometer, equipped with
a 600 HGA graphite furnace (GFAAS) as described by Tramontano et al. (1987) and Scudlark et al.
(1992).  This instrument was equipped with deuterium background correction, and a L'vov platform was
utilized to maximize temperature stability.  For Al analysis, due to acidification with HCl, the char/ash
step was limited to 170oC to prevent volatilization of AlCl3 (b.p. 185o C).  Citric acid was used as a matrix
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modifier for Al and Fe to increase analytical sensitivity.  The standard analyte injection was 60 µL for all
elements except for Zn (10 µL).  Multiple injections were used for Cr, Ni and Pb, increasing the volume
of analyte to 120-180 mL and thus, augmenting the sensitivity 2-3 times.

The metalloids As and Se are typically present in precipitation and surface waters at concentrations
several orders of magnitude lower than the detection limits which are attainable using commercially
available hydride/AA systems.  Accurate quantification of these elements requires the application of non-
traditional analytical methods (Andreae, 1977 and Cutter, 1986) that involve selective hydride generation,
preconcentration by cryogenic trapping, and fractional volatilization.  A hydrogen/air flame is employed
to reduce the As and Se hydrides to their atomic state, which are then quantified using atomic absorption
spectrometry.

The concentrations of most elements in suspended sediment digests were sufficient for direct analysis by
ICP-OES (Inductively-Coupled Plasma-Optical Emission Spectroscopy).  For this purpose, a Jobin-Yvon
Model 70 Plus sequential spectrometer was employed, operated at a power setting of 1000W and a
nebulization rate of 2 ml/min.  For several elements (As, Se, Pb and Cd), the digestate concentrations
required analysis by more sensitive techniques, such as GFAAS (Pb and Cd) and hydride/AA (As and
Se), as described below.  Due to a NO3

- interference with the metalloid analyses, it was necessary to
evaporate to dryness the digestate remaining after ICP-OES, and bring it back to volume with 0.4% high-
purity HCl.

Standard GFAAS calibration curves included an analytical blank and at least three standards.
Additionally, the standard additions method was used on one sample every 15 samples to verify the
calibration curve.  Analytical standards were prepared gravimetrically from certified standards, which
were prepared in turn from pure metal dissolution (SPEX Industries, Inc.).  Externally certified reference
samples were regularly included in analytical sessions to verify the accuracy of the calibration curve.
Replicate samples were run on separate days to verify true analytical reproducibility (which includes but
is not limited to instrument reproducibility).  Reproducibility of less than 10% variation was deemed
acceptable.  Standard curves for the metalloid determinations included a blank and at least four standards.
Large volume events (about 30% of all analyses) were analyzed by the method of standard additions.
Samples were run at least in triplicate and 5-10% of the samples were replicated on a second day to
establish reproducibility.  The calibration was verified utilizing certified reference solutions.  The
analytical techniques and detection limits (D.L.= 3X std. dev. of analytical blank) for all metals are
summarized in Table 2.
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Table 2. Analytical techniques and detection limits for the trace elements analyzed in this study

Constituent Technique Detection Limit

Al (Aluminum) particulate ICP-OES 3.0 µg/g
Al, dissolved GFAAS 0.12 µg/L

As, (Arsenic), particulate Hydride, AAS 0.10 µg/g
As, dissolved Hydride, AAS 0.007 µg/L

Cd (Cadmium), particulate GFAAS 0.10 µg/g
Cd, dissolved GFAAS 0.006 µg/L

Cr (Chromium), particulate ICP-OES 3.0 µg/g
Cr, dissolved GFAAS 0.1 µg/L

Cu (Copper), particulate ICP-OES 3.0 µg/g
Cu, dissolved GFAAS 0.12 µg/L

Fe (Iron), particulate ICP-OES 2.0 µg/g
Fe, dissolved GFAAS 0.05 µg/L

Pb (Lead), particulate GFAAS 3.0 µg/g
Pb, dissolved GFAAS 0.12 µg/L

Mn (Manganese), particulate ICP-OES 3.0 µg/g
Mn, dissolved GFAAS 0.1 µg/L

Ni (Nickel), particulate ICP-OES 3.0 µg/g
Ni, dissolved GFAAS 0.12 µg/L

Se (Selenium), particulate Hydride, AAS 0.22 µg/g
Se, dissolved Hydride, AAS 0.005 µg/L

Zn (Zinc), particulate ICP-OES 3.0 µg/g
Zn, dissolved GFAAS 0.14 µg/L

GFAAS = Graphite Furnace Atomic Absorption Spectroscopy
ICP-OES = Inductively Coupled Plasma- Optical Emission Spectroscopy

*Detection limits for particulate analyses are calculated assuming 0.1 g dry weight of particulate and dilution to 25
mLs; however, actual detection limits vary with the mass of particulate (sediment) collected.

2d-3. Mercury

Samples were frozen and stored until transport to CBL via overnight delivery.  Prior to analysis, samples
were thawed in a laminar flow hood.  Samples were analyzed in a cleanroom for total Hg and Hg
speciation using standard techniques (Mason et al. 1992; Bloom and Fitzgerald 1988; Bloom 1989; EPA
1995).  Total Hg was measured after bromine monochloride (BrCl) oxidation of samples (0.5 mL of 2N
BrCl added; Bloom and Crecelius 1983).  After oxidation for at least 30 minutes, samples were pre-
reduced with hydroxylamine hydrochloride to remove excess oxidant which can damage gold columns.
The samples were then reduced by addition of 1 mL of 10% tin chloride solution and purged to remove
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elemental Hg to a gold trap.  The amount of Hg on the gold trap was determined by two-stage gold
amalgamation cold vapor atomic fluorescence spectroscopy (CVAFS; Bloom and Fitzgerald 1988).
Speciation measurements (reactive, methylmercury) were made, where possible, on event samples
(Mason et al. 1997b).  Reactive Hg was measured on unacidified samples using tin chloride reduction,
gold trapping and CVAFS.  Methylmercury was measured directly on samples using derivitization with
sodium tetraethylborate, chromatographic separation and CVAFS (Bloom 1989; Mason et al. 1992).

2e. Quality Assurance

2e-1. Major Ions

For quality assurance and quality control (QA/QC) purposes, we analyzed blanks and replicate samples,
and participated in blind inter-laboratory comparisons.  In addition, we calculated ion balances and
conductivity checks (measured vs. calculated) for all water samples.  Wet deposition and stream water
samples with ion balances greater than 15% were reanalyzed, and those that did not meet our 15% criteria
the second time were not included in our data analysis.  All of our stream water samples meet these
criteria; however, 5 precipitation samples did not meet these criteria and were not included in our results
(Castro and Morgan 2000).  Most of our throughfall samples did not meet these criteria because they
contained significant quantities of organic acids, particularly during the leaf-out season, but these data
were included in our work.

2e-2. Trace Metals

Due to their typically low ambient concentrations and high potential for contamination, the accurate
quantification of trace elements in precipitation and surface waters requires strict adherence to a rigorous
QA program.  The QA program for trace metals encompassed all components of this study, from the
initial site selection to final data validation.  Essential elements of the QA program for trace elements
included:  a) rigorous application of “ultra-clean” sampling and handling techniques, including the
exclusive use of acid-washed plasticware for all sampling (funnels, couplers, sample bottles, collection
buckets, pipette tips); b) conducting and evaluating procedural blanks on a regular basis; c) use of
externally certified analytical reference solutions; d) collecting and independently analyzing multiple
sample splits for wet-only precipitation, throughfall and stream intensives; e) for canopy throughfall, side-
by-side sampling using differing collector types, during selected overlap periods; and f) conducting
replicate analysis using redundant analytical techniques when possible.

It has been shown that most contamination associated with accurately quantifying trace elements in
precipitation is associated with field deployment and sampling (Scudlark et al. 1992).  Thus, conducting
and evaluating operational blanks on a regular basis is the most critical component in our QA program.
Three types of additive, diagnostic operative blanks were routinely collected in conjunction with
precipitation and throughfall sampling:  process blank, laboratory blank, and field blank.  Data from these
blanks were interpreted to quantify the background trace element contribution from materials and
methods accurately, and to identify and remedy any source of severe contamination.  Additionally, all
sampling equipment was tested to determine the potential trace metal contamination of each step along
the sampling chain.  A total of 4 sets of blanks were conducted in conjunction with precipitation
sampling.  A comparison of the contribution of the various blanks relative to the average composition of
samples (Figure 2) indicates that for most elements, the background contamination is minor (≤20%).  The
contribution from materials, reagents and handling, as reflected by the process and laboratory blanks, is
generally very small (<10%), with the exception of the laboratory blank for Ni (which we suspect
represents random contamination).
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Figure 2. Relative blank contributions for trace elements in (a) wet-only precipitation, (b) canopy
throughfall, and (c) stream water, expressed as a weight percent in the volume-weighted mean in
samples
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A similar comparison of blank levels can be made for throughfall sampling (Figure 2b).  This comparison
indicates that the blank levels are generally quite low (< 5%), with the apparent exception of Cr, Cd and
Ni.  In reality, the absolute concentrations in the throughfall blanks for all elements were comparable to
the precipitation blanks.  However, for Cr, Cd and Ni, the throughfall concentrations were actually lower
than precipitation, thus magnifying their relative blank contribution (Figure 2b).

For the stream grab samples, 1 field blank and 3 laboratory blanks were conducted.  An examination of
blank levels (Figure 2c) indicates minor, and in some instances (Cu, Mn, Ni and Pb) negligible (<1%),
blank contamination.  As with precipitation and throughfall sampling, most of the contamination appears
to result from field operations and handling, with materials and reagents providing only a minor
contribution.  The notable exception is Cr, where the absolute blank levels are consistently low, but the
relative contribution is more a reflection of the average stream concentration (about ½ that in
precipitation).

As previously described, sampling of throughfall during winter required switching from a funnel to a
bucket-style collector.  During three weekly intervals during the spring (sample dates ending 4/14, 4/22
and 5/6/97), both the funnel and bucket-type throughfall samplers were deployed simultaneously, with
each bucket located within a few feet of the corresponding funnel collector.  In Table 3, the mean,
standard deviation, and relative standard deviation of the throughfall fluxes based on the co-located
collection devices is compared.  Although this comparison is fairly limited (N=3), there does not appear
to be a statistical difference between collector types (i.e., the relative difference in mean concentrations
between collector types is less than the variability observed between replicate collectors of the same
(type), nor does there appear to be any systematic bias (i.e., one collector type does not consistently yield
greater or lesser concentrations than the other).  The notable exception is for crustally-derived (Al and
Fe), where the funnel inexplicably yielded somewhat greater (20-25%) concentrations than the bucket
collector.

Table 3. A comparison of mean, standard deviation and relative standard deviation (RSD) of
throughfall fluxes (10-5 g m-2 week-1), based on co-located, weekly-integrated funnel and bucket-style
samplers

Al As Cd Cr Cu Fe Mn Ni Pb Se Zn

Funnel
Mean
(n=9)

99.5 0.335 .171 0.20 1.30 107.0 111.1 0.47 1.26 0.579 13.4

Standard
Deviation

±23.7 ±0.099 ±0.046 ±0.03 ±0.15 ±12.1 ±43.4 ±0.13 ±0.13 ±0.090 ±1.8

CV 24% 30% 27% 15% 12% 11% 39% 28% 10% 16% 13%

Bucket
Mean
(n=9)

78.6 0.304 0.149 0.23 1.33 80.9 105.9 0.39 1.27 0.648 13.4

Standard
Deviation

±14.9 ±0.056 ±0.028 ±0.03 ±0.27 ±11.3 ±38.8 ±0.11 ±0.22 ±0.077 ±3.6

CV 19% 18% 19% 13% 20% 14% 37% 28% 17% 12% 27%
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2e-3. Mercury

Laboratory blanks and matrix spike additions were performed routinely during analysis, at a frequency of
at least 10%, but typically more frequently.  Samples were analyzed in duplicate if sample volume was
sufficient.  Duplicates were typically within 15%, and for the results reported here, the average value of
duplicates is reported.  Each day a standard curve was derived using two independent methods.  First, at
the beginning of the day, a calibration curve (r>0.99) was derived using a gaseous elemental Hg standard
to determine that the analyzer was performing to QA standards (Mason and Sullivan 1997).  After
suitable blanks were obtained at the beginning of each batch run, liquid standard additions were analyzed
to confirm that the analytical system was giving suitable recovery (80-120%).  During the day, liquid
standards were injected so that a calibration curve based on liquid standards could be generated.
Comparison of the gaseous and liquid standard curves gave an indication of overall precision of the
measurements.  If there was a significant difference between the two standard curves, the reason for the
discrepancy was sought and the situation rectified.  In this project, no significant differences (>20%) were
found between the two standards that compromised the reported data.  Typically, problems with analysis
were identified before any samples were run, or if samples were run, re-analysis was possible.  Because of
the sensitivity of the instrument - typical daily detection limits are around 0.1 ng/L - rain samples could
be analyzed for total Hg with small volume (>20 mL) given that concentrations were generally above 5
ng/L.  These rigorous analytical protocols are required as there are no standard reference materials that
can be used for system checking.  Our laboratory participates in laboratory intercalibration experiments
when possible for Hg and MMHg.  To date, our results have been within the agreement of the method (±
20%).  Our methods have received QA/QC approval of the USEPA under the auspices of the Lake
Michigan Mass Balance project, including site visits by USEPA QA/QC personnel (Mason and Sullivan
1997).
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A comparison of the total mercury concentration measured in throughfall samples is shown in Figure 3.
Throughfall samples, because of larger particulate material, are the least homogenous of the samples
analyzed.  This comparison gives a “worst-case” scenario of the analytical precision.  Overall, the
duplication is excellent except for the occasional outlier.  Additionally, a comparison of the samples
collected by different funnels located at different places in HCWS shows that overall, there is good
agreement between the funnels (Figure 4), and thus the throughfall deposition collected is representative
of the throughfall in this region.  The data reported in subsequent figures is an average of the three
different funnel collections, and each value for an individual funnel is likely an average of duplicate
analysis.

Figure 3. Comparison of laboratory duplicates for mercury in throughfall
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Figure 4. Comparison of total mercury concentrations between our three sampling locations in HCWS
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