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Study Design
Reconnaissance sampling of water, sediment, and biota by the U.S. Geological Survey (USGS) began in 1999 in the Greenhorn Creek drainage. During the first field season, sampling was done at several different mine sites and adjacent areas affected by historical mining activity.  Based on preliminary data from the initial sampling, follow-up sampling took place during 2000 and 2001 at a number of the locations to confirm anomalously high concentrations of water, sediment, and biota; also, some mine sites in the study area were visited for the first time during 2000 and 2001.  Results of additional follow-up sampling that took place during 2002 will be published separately from this report.
Sample Locations
The locations of sampling sites in the Greenhorn Creek drainage are displayed in Figure 2.  Descriptions of each sampling site are given in Appendix 1 (Table A1-1).  More detailed maps of the Greenhorn Creek drainage (Figs. 3–5) include “Map ID” numbers (such as “BY20”) which can be used to track information in data tables. Symbol colors in Figures 2–5 are keyed to specific areas within the Greenhorn Creek drainage, on the basis of sub-watersheds, stream segments, and mining districts.  Symbol shapes in Figures 2–5 indicate the type of water body or mining feature that was sampled, including ground sluice, tunnel sluice, pit lake or wetland, and stream.  The same definitions of symbol color and shape are used in many of the plots described in the Results section.
[PLEASE NOTE: The map in Fig. 2 will be interactive in the final version of this report (.pdf format). Pointing the cursor on a part of the map will link to more detailed maps (Figs. 3, 4, and 5).  On Figs. 3, 4, and 5, pointing and clicking on a sampling site will bring up a draw-down menu with links to tables with data for that site.]
Samples were collected from a total of 40 sampling locations for this study during 1999–2001.  A total of 49 water-quality samples were taken at 27 of the sampling stations.  Ten sediment samples for laboratory analysis were taken at eight different locations.  In addition, visible elemental mercury was assessed at 14 sites using a field panning method.   A total of 194 invertebrate samples were taken at 31 different sites, and 69 frog samples were taken at 19 different sites in the study area.
Constituents Analyzed

Constituents analyzed in water samples included mercury in four forms:  (a) total mercury in unfiltered water, (b) total mercury in filtered water, (c) monomethylmercury in unfiltered water, and (d) monomethylmercury in filtered water. [For the remainder of this report the term “methylmercury” (abbreviated as “methyl Hg” and “MeHg”) is used instead of “monomethylmercury,” with recognition that other methylated forms of mercury such as dimethylmercury may be present but are not included in reported “methylmercury” analyses.]  Water filtration was done with a Gelman capsule filter (0.45 micrometers nominal pore diameter).  (Trade names are used for identification purposes only and do not constitute endorsement by the U.S. Geological Survey.)  Mercury forms (a) through (c) were analyzed in nearly all of the 49 water-quality samples, however form (d), filtered methylmercury, was analyzed in only 12 of the samples.  Unstable water-quality parameters measured in the field included pH, temperature, specific conductance, and dissolved oxygen.  Alkalinity (a proxy for dissolved bicarbonate) was analyzed by titration on a filtered subsample, usually within 48 hours of collection (stored chilled until analysis).  Major cations and trace elements were analyzed both in filtered and unfiltered samples. Major anions (sulfate and chloride) were analyzed in filtered samples only. Nutrients (five forms of nitrogen and three forms of phosphorous) were analyzed in a combination of filtered and unfiltered samples.  Organic carbon was analyzed in filtered and particulate forms. Stable isotopes of hydrogen and oxygen were analyzed in unfiltered water and stable isotopes of sulfur and oxygen were analyzed in dissolved sulfate. Concentration of total suspended sediment was determined in the water samples along with the percentage of sand in the suspended sediment, which was used to compute the concentration of suspended silt and clay (< 0.063 millimeter).
Sediment samples submitted to the laboratory were analyzed for concentrations of total mercury and methylmercury.  In nearly all cases, the concentrations are reported on a dry basis. However, the total mercury concentration in one sediment sample is reported on a wet basis because the moisture content was not determined.  The sediment samples analyzed in the field for visible mercury by panning methods were analyzed on a wet basis.
 Invertebrate taxa collected included Hemiptera (Gerridae, Belostomatidae), Coleoptera (Dytiscidae), Plecoptera (Perlidae), Megaloptera (Corydalidae), Odonata (Aeshnidae, Cordulegastridae, Gomphidae, Libellulidae) and Gastropoda (Arionidae).  Insects were identified using taxonomic keys of Merritt and Cummins (1996) and McCaffrey (1981).  All invertebrates were analyzed for MeHg; some of the invertebrate samples were analyzed for THg as well, so that the ratio MeHg/THg could be assessed. Previous studies have shown that values of MeHg/THg in invertebrates can vary from 20–90%, depending on functional feeding strategies, with predatory invertebrates generally having higher values (Slotton and others, 1997;  Tremblay and Lucotte, 1997; Hall and others 1998; Mason and others 2000; Schwarzbach and others 2002).
Three species of postmeamorphic frogs were collected in this study:  bullfrogs (Rana catesbeiana), foothill yellow-legged frogs (Rana boylii), and Pacific treefrogs (Hyla regilla).  Frogs were identified using descriptions by Stebbins (1985).  Frog samples were analyzed for total mercury after cleaning and removal of gut contents. It has been shown in other studies that the mercury in frog tissue is largely in the form of MeHg (R. Hothem, unpublished data).
Methods

Methods of field sampling and sample preservation are described in Appendix 2.  Laboratory methods of chemical analysis are documented in Appendix 3.  
Quality Assurance and Quality Control

Quality assurance and quality control information is provided in Appendix 4.
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Appendix 1. Locations and Characteristics of Sampling Stations, Greenhorn Creek Drainage
Descriptions of the 40 sampling stations for this report can be found in Table A1-1. The table lists the spatial coordinates (latitude, longitude, and elevation) as well as a narrative description of each site location. In addition, information is provided on site ownership, alternate names for the mines, and the mining district.

During this investigation a number of tunnels were located, some of which are not mapped on USGS 7.5-minute topographic quadrangles.  Most (if not all) of these tunnels were constructed during the period of hydraulic mining activity for the purpose of draining water and tailings from the hydraulic mine pits. In many cases, gold recovery was practiced within the tunnels, in which case the tunnels are referred to as “tunnel sluices.”  Table A1-2 lists the locations and characteristics of the tunnels that were encountered in the Greenhorn Creek drainage during this study.  
The map in Figure A1-1 shows the locations of the mine tunnels described in Table A1-2.  Also shown on the map are the locations of hydraulic mine pits, as mapped by Yeend (1974), and the distribution of lands managed by the U.S.D.A. Forest Service and the Bureau of Land Management (from CAGIS database, Bureau of Reclamation)
Figures A1-2 through A1-19 are photographs of some of the sampling stations in the Greenhorn Creek drainage. All of the photographs were taken during 1999–2003 with the exception of Figure A1-7 which is a historical photograph of the Boston mine operation (circa 1880?).

[Please note: The final version of this report will be in .pdf format. An additional map will be included that will have clickable links to the photographs in figures A1-2 through A1-20.]

Appendix 2. Field Methods of Sample Collection and Preservation 
Special cleaning and sampling techniques were used during all stages of sample collection to prevent sample contamination. All containers and equipment used for water, sediment, were extensively cleaned in 5 percent hydrochloric acid and rinsed in ultrapure, deionized water (18 megaohm-cm) prior to use.  Specific sampling and preservation methods for each type of sampling are described below.

Water 

Water samples were collected in Teflon or fluorinated plastic containers and then transferred to a Teflon-lined churn for splitting. (Use of commercial product names is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey.) Filtration was done in the field using Gelman capsule filters of 0.45 micrometer pore size. Filtered and unfiltered water samples for analysis of total Hg were stored in acid-washed glass bottles and preserved using a potassium dichromate–nitric acid solution. Filtered and unfiltered water samples for analysis of monomethylmercury (hereinafter referred to as MeHg) were stored in Teflon bottles and preserved either by freezing on dry ice or by a hydrochloric acid solution.

Sediment 

Sediment samples were colleted with polycarbonate, Teflon, or stainless steel instruments, and transferred to Teflon or acid-washed glass containers using an acid-cleaned stainless steel spatula. Sediment samples for analysis of total Hg, major elements, and trace metals were immediately stored on wet ice and chilled until analysis. Sediment samples for analysis of MeHg were immediately stored on dry ice and frozen until analysis.

Biota 

Invertebrates and amphibians were collected using dip nets and (or) by hand. Captured invertebrates and frogs were temporarily stored with native water in Zip-Lock bags. Invertebrates were typically analyzed as composite of multiple individuals to obtain a minimum of one gram of biomass. In some cases, however, samples weighing less than one gram were analyzed. Prior to initial processing, samples were held on dry ice or wet ice. Initial processing of invertebrate samples proceeded within 24 hours of collection. Samples were thoroughly rinsed with deionized water and patted dry using a disposable paper towel. Invertebrates were passively depurated 4-24 hours. Composites of similar size/age individuals (visually estimated) were placed in chemically cleaned, certified jars. 
Frogs were held on dry ice or wet ice. The samples were stored in freezers for 1 to 3 months before dissecting out the gastrointestinal (G.I.) tract. After excising the G.I. tract, frog carcasses were placed in certified, chemically cleaned jars and held in freezers until sent to the analytical laboratory. Usually individual frog samples were sent for analysis, but, in a few cases, composites of frogs were sent.

Invertebrate samples were analyzed primarily for MeHg; in some cases, however, samples were analyzed for both Hg and MeHg. Frogs were analyzed only for Hg.

Appendix 3. Laboratory Methods of Chemical Analysis 
Water and Sediment 

Analysis of total mercury in water and sediment was done by the USGS research laboratory in Boulder, Colorado, under the direction of Dr. Howard E. Taylor, using cold-vapor atomic fluorescence spectroscopy (CVAFS). Details regarding the method and related quality-assurance procedures are described by Alpers and others (2000). Results of quality-assurance and quality-control are described in Appendix 1 of Alpers and others (2000).

Analysis of methylmercury in water and sediment and some analyses of total merecury were done at the USGS Wisconsin District Mercury Laboratory (WDML) in Middleton, Wisconsin, under the direction of Dr. David P. Krabbenhoft.  Methymercury in water was analyzed using ethylation-distillation CVAFS methods described by Olson and DeWild (1999) and by DeWild and others (2002).  Analysis of methylmercury in sediment was done using ethylation-extraction CVAFS methods. 


Analysis of major elements and trace metals in water and sediment were done by inductively coupled plasma (ICP) analysis using atomic emission spectroscopy (ICP-AES) and mass spectrometry (ICP-MS).  Major anions in filtered water (chloride and sulfate) were analyzed by ion chromatography at the Boulder NRP laboratory.  Dissolved and particulate organic carbon and nutrients were analyzed by the USGS National Water Quality Laboratory (NWQL) in Denver, Colorado.  The specifics of the nutrient analyses are described by Alpers and others (2000).

Biota 

Analysis of Hg and MeHg in biological samples was done at the Trace Element Research Laboratory (TERL) at Texas A&M University in College Station, Texas, under the direction of Dr. Robert Taylor. Before samples are analyzed for Hg by cold-vapor atomic absorption spectroscopy (CVAAS), the Hg is converted to the Hg 2+ form. Mercury was digested by a modified version of EPA methods 245.5 and 245.6. Tissue samples were analyzed either freeze dried or on a wet basis. Tissue samples were homogenized in the original sample containers, either after freeze drying or by using a Tekmar Tissumizer, and then subsampled. Samples were digested with nitric acid, sulfuric acid, potassium permanganate, and potassium persulfate in polypropylene tubes in a water bath at 90–95 ºC. Before analysis, hydroxylamine hydrochloride was added to reduce excess permanganate, and the samples were brought to volume using distilled-deionized water.

In the CVAFS procedure for determination of Hg, divalent mercury (Hg2+) in aqueous samples (digests of water, tissue or sediment samples) is reduced to the elemental state (Hg0) by a strong reducing agent (stannous chloride). Gaseous Hg0 enters the sweep gas and is introduced into an atomic absorption cell, where light produced by a Hg vapor lamp is absorbed by the free Hg atoms. Mercury in the sample is determined by comparing light absorption of the sample with that of external calibration standards.

The procedure for determination of MeHg measures the sum of all organo-mercury species extracted into the solvent. Samples are analyzed either wet or after freeze-drying. Homogenized aliquots are extracted into an organic solvent with potassium bromide and copper sulfate added to improve partitioning between phases. The organic phase is digested in combusted glass vials, using nitric and sulfuric acids and potassium permanganate, to convert all mercury species to ionic mercury and to remove traces of organic solvent that would otherwise affect the measurement. Analysis is based upon the cold vapor atomic absorption spectroscopy (CVAAS) method, although CVAFS can be used when lower detection limits are required.

Moisture content was determined by weight loss upon freeze drying, and is expressed as weight percentage of the original wet sample. Depending upon sample size, either the whole sample or a representative aliquot was frozen and then dried under vacuum until a constant weight is attained. Samples were prepared and dried using plastic materials to minimize potential contamination artifacts.

Appendix 4.  Quality Assurance and Quality Control 

Water and Sediment 

A variety of measurements and analyses were used to determine the quality of the data associated with this study. Quality assurance and quality control (QA-QC) measures include field and laboratory blank samples, standard reference materials (where available), spike recoveries, and replicate samples. Alpers and others (2000) described the application of these QA-QC measures in a project assessing metals transport in the Sacramento River Basin, in which similar methods of sample collection, preparation, and analysis were used.

Trace metals and major cations were analyzed by inductively coupled plasma (ICP) methods with each analysis consisting of a minimum of four replicate instrumental measurements. Each filtered and unfiltered sample was collected in duplicate and analyzed in triplicate. Statistical analysis of the triplicate analyses was performed and the analyses were accepted if the standard deviation was within standard tolerances of precision (generally less than 15 percent of the amount present). The error tolerance is increased for analyses close to the detection limit for a given analyte.  Median detection limits for trace elements analyzed by ICP-MS are given in table A4-1.  
With each batch of samples run by ICP for trace element and major cations, several standard reference materials are run as unknowns as part of the quality assurance/quality control program.  Plots of reported (published) values in relation to observed values for certified standard reference materials and USGS standard reference water samples (SRWS) are shown in figures A4-1 through A1-6.  The number of times each standard was analyzed during the period 1999–2001 is indicated on each figure; in most cases the standards were run several hundred times during the study period.  In all cases there is excellent agreement between reported and observed values for the standards.  The regression coefficients from correlation plots of observed versus reported values for the analysis of standard reference materials for 21 selected trace elements range from 0.9881 for manganese to 1.000 for beryllium and antimony (Table A4-2).
Data for spikes on blanks samples are shown in figure A4-8 for the elements arsenic, beryllium, copper, and zinc for analyses performed during the period July 2000 through August 2001. In nearly all cases, the spike recovery was between 80 % and 120% of the expected amount.  Data for spikes of mercury (5 ng/L) into blanks are given in figure A4-9.  Nearly all results fall in the range of 80 to 120% recovery.  Spikes for trace elements onto unknown samples are shown in Figure A4-10 for four trace elements and in Figure A4-11 for mercury.  Again, in nearly all cases, the spike recoveries are in an acceptable range of 80-120 percent of the expected values.  
Because replicate split samples are routinely analyzed as separate unknowns, and each replicate is analyzed in triplicate, plots of replicate 1 versus replicate 2 give a good idea of analytical variability as well as possible contamination issues regarding bottles and sample splitting equipment.  The plots in figures A4-12 through A4-14 demonstrate that there are very few outliers for replicate analyses of the 18 elements shown for all analyses done by the Taylor laboratory during the study period.  Similar plots of replicate analyses for the specific samples considered in this report are shown in figure A4-15 for unfiltered mercury and figure A4-16 for mercury in filtered water.  A single outlier is evident on each of these plots.  As discussed in the text, the suspect values identified by these plots were not used in calculating average values for each site or the site median values for each analyte.

Quantitative analysis was done to determine total Hg in both filtered and unfiltered samples. Precision and accuracy criteria were evaluated by analyzing field and laboratory blank samples, standard reference materials (at least 30 % frequency of total samples analyzed), spike addition recovery analysis, and replicate sample analysis. All sample analyses were done at least in triplicate.  In most cases, each sample was sent to the laboratory in two replicate bottles designated as replicates “1 of 2” and “2 of 2”.  The method detection limit (MDL) for the total mercury analyses is 0.4 nanograms per liter (ng/L).  
Data for total mercury in field blanks are given in Table A4-3.  Source water used for blanks taken in late November 1999 had total mercury concentrations of 2.1 to 3.3 ng/L, which are anomalously high. This makes it somewhat difficult to evaluate the results of 3.8 and <0.6 ng/L total mercury from replicate equipment blanks taken December 1, 1999 from a Teflon-lined churn.  Nine subsequent equipment and process blanks taken during January and February, 2000 had a median total mercury concentration of 0.5 ng/L, just above the method detection limit, and a range from < 0.4 ng/L to 1.6 ng/L.  For comparison, the medians of site averaged values for unfiltered and filtered Hg-T in this study were 14.6 ng/L and 2.8 ng/L, respectively.  Several values for filtered Hg-T in field samples are reported as less than the method detection limit of 0.4 ng/L (Table 2). Given that some of the total mercury blank values are in the same concentration range as some of the filtered samples, these lower-levels values must be interpreted with caution. It is possible that the reported values of total mercury in the range of < 0.4 ng/L to 3.0 ng/L (especially in filtered samples) were affected by contamination of equipment or the deionized water used to clean the equipment. However, the extensive rinsing that is done with native water, both of the equipment and the bottles prior to sample collection, is likely to make the influence of any such contamination extremely minor. 
Methods of QA-QC during analysis of methylmercury in water were described by De Wild and others (2002). Analyses of water samples were done in batches of 11 samples plus three laboratory blanks, a matrix spike, and a matrix spike duplicate. The reported values for MeHg concentration are blank-corrected as described by De Wild and others (2002). The method detection limit for MeHg in water, defined using standard protocol (U.S. Environmental Protection Agency, 1990), is 0.04 ng/L. Daily detection limits were computed for each batch of samples. In cases where the daily detection limit is greater than the method detection limit, and the measured sample value is greater than the method detection limit but less than the daily detection limit, the measured value is considered an estimate and is flagged with data quality code “E” in the data tables.

Concentrations of methylmercury in blanks analyzed during this study are given in Table A4-4.  In all six equipment and process blanks taken during the study period, mthyl mercury wss below the method detection limit of 0.04 ng/L.  The single filtered blank run for MeHg have a value of 0.04 ng/L, right at the detection limit.   This result raises the possibility that the filtering process may cause an extremely low level of methylmercury contamination of the filtrate.  As with total mercury, because of the extensive rinsing of equipment and sampling bottles that is done as part of the routine sampling protocol, the effect of such possible contamination is thought to be minor.  Because of the reconnaissance nature of the present study, the levels of total mercury and methylmercury detected in the various blanks do not have any bearing on the outcome of the present study.
Figure A4-17 displays the relation between specific conductance and the sum of equivalent change based on analyses of major cations (Cl – and SO4 2-) plus bicarbonate alkalinity (as HCO3-).  Theoretically, the relation in Figure A4-17 should be a straight line.  Five of the samples in Figure A4-17 appear to be outliers, which indicates that one of the analyses or measurements involved is likely to be incorrect.   Additional analysis such as aqueous speciation and charge balance could help to resolve which specific data are most suspect for these five samples.
Blank values for trace metals and major cations are given in Table A4-3 (unfiltered blanks) and Table A4-4 (filtered blanks). Blank values for most elements are in a concentration range considerably lower than the range of values of the unknown samples (Tables 4A and 4B).  
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As part of QA-QC procedures, a standard number of replicates, blank, and spikes were analyzed with each instrument run. All QA-QC objectives were achieved during the instrument runs by the Trace Element Research Laboratory (TERL) that are reported here. See the Patuxent Analytical Control Facility (PACF) web site for details on acceptance criteria for quality assurance of samples. (http://www.pwrc.usgs.gov/pacf/)
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