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ABSTRACT

This study identifies the probable sources of Pb pollution in the perennial reach of

,208pb/204pb 206pb/204pb and 207pb24'0Aravaipa Creek using	 /	 Pb ratios, 87 Sr/86Sr isotope

ratios, total metals analysis, metals ratios and sequential extractions. Comparison of

these data in local ores, minewaste, crystal specimens, and streambed sediments

establishes two Pb isotopic ratio groupings. Pb isotope ratios show one source, the

flotation mill at Klondyke, Arizona, is a major contributor to Pb in the perennial reach,

and are consistent with mines from the reduced end of the deposit as sources of ores

processed on-site. Differences between ephemeral and perennial reach Sr ratios is

consistent with in-stream Sr/Ca re-equilibration. Sequential extraction data reveal

carbonate grain coatings as the controlling phase for Pb fate in streambed sediments.

Spatial trends of metals, Pb and Sr isotope ratios, and sequential extraction data are

consistent with atmospheric deposition as the probable mechanism for offsite Pb

transport.
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1. INTRODUCTION

There are numerous active, inactive, and abandoned metals extraction facilities in

the Western U.S. Often located near readily-accessible surface water sources, such sites

have contributed to pollution of an estimated 320 km of surface water systems in Arizona

(Frisch-Gleason, 1995). Aravaipa Creek, located in Graham County, Southeast Arizona,

is one such system. The creek is composed of three distinct reaches: an ephemeral reach

extending from the Southeast end of Aravaipa Valley through the town of Klondyke, a

perennial reach that begins before the intersection with Turkey Creek and flows through

the Aravaipa Wilderness Area, and a second ephemeral reach downstream of the

wilderness area that ultimately connects Aravaipa Creek to the San Pedro River (Fig. 1-

1). The ephemeral reaches experience subsurface flow in all but the most significant or

prolonged rains, when the main creek channel may flood.

Elevated levels of Pb, Cd and As found in fish in the perennial reach have

implicated potential sources in the ephemeral reach (King and Martinez, 1998), a region

historically known as the Aravaipa Mining District. The district contains several

abandoned Pb/Zn mines, piles of mine waste and tailings from local Pb mining

operations, and encompasses most of the Lower Aravaipa Creek Drainage: Arizona

Townships 5, 6 and & 7 South; Ranges 19, 20 and 21 East.

10



Figure 1-1 The Aravaipa basin

The physical distance (12 kilometers) between the affected reach of the creek and

potential contamination sources is a unique aspect of the Pb contamination problem in

Aravaipa Creek. In cases where the source of extraneous Pb is not a significant airborne

deposition mechanism (Spencer et. al, 1995; Petit et. al, 1984; Aberg et. al, 2001) the

physical mobility of Pb is limited and the conditions under which Pb is typically

mobilized are very specific. The semi-arid, largely ephemeral nature of the Aravaipa

Basin makes steady, continuous surface water transport of Pb in bulk form an unlikely

11
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option. Any means of continuous, significant physical transport of Pb-rich material from

potential sources to the perennial reach is not obvious in either case.

Explanations for the chemical release of Pb into district waterways are similarly

implausible. Solubilization is often implicit in many metals transport models, especially

in areas affected by acid mine drainage. Pb is generally transported as a solute in low pH

solutions or as organo-Pb complexes in high pH solutions (Kendall & McDonnell, 1998).

That is, even if a potentially Pb-rich source rock (e.g.-feldspar) reacts with water, unless

pH is low (<3), or dissolved organic carbon (DOC) is high, Pb will not be mobilized.

Neither of these conditions prevails in the Aravaipa Basin. While pH values for monsoon

rains have not been measured in the district, typical monsoon rainwater pH values (5.5 —

6, Morel, 1993) are lower than that of the groundwater (for this study, the average pH

value was 8.3) that is the dominant contributor to Aravaipa's perennial reach.

pH values below 3 in the upper Klondyke tailings (SCS Engineers, 1998), a

possible source of perennial reach contaminants, have been measured as recently as 1998.

While a pH of less than 3 is adequate for mobilization of Pb from the tailings (Krauskopf

and Bird, 1995), pH values in the surrounding ephemeral streambed sediments rise

sharply (pH > 7, Corley, 1998) immediately outside the area covered by the tailings, and

are not conducive to keeping Pb in soluble form.

The dominance of Pb and Zn sulfides in district ores itself does not favor

solubilization. Metal sulfides typically exhibit very low solubility (Krauskopf and Bird,

1995); they must first either be made soluble under the aforementioned low pH

conditions or undergo some degree of oxidation in order to promote the release of Pb to
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the environment. Oxidizing conditions may be satisfied in a tailings pile or minewaste

via any number of proposed pathways. One such path slightly modified from that

proposed by Krauskopf and Bird (1995) involves equilibrium with CO2, which dissolves

Pb sulfide (galena) and allows 02 to react with H2S, producing acidity:

H20 4- CO2 ---* H2CO3

PbS + 2H2CO3 ---+ Pb 2+ + 2HCO3 - + H2S

H2S + 202 -- SO4 2- + 2H+

Pb2+ + HCO3 - - ----> PbCO3 + H +

Carbonates are ubiquitous in the surrounding landscape, and tailings and minewaste are

plentiful in the district, yet even if the Pb released during oxidation of Pb sulfides in

exposed mine workings could remain in solution during rare flood events for the journey

of 12 kilometers to the perennial reach, once there re-equilibration and precipitation

would be expected to occur.

The presence of other phases in the contaminated sediment is also significant, and

may provide controls on Pb mobility, as Pb is readily substituted onto the surface of

amorphous Fe and Mn oxy-hydroxides (Lind and Anderson, 1992).

In summary, if Pb were somehow initially made soluble and transported to the

perennial reach, or even if it were transported there in bulk, free Pb in the aqueous phase

is unexpected, not just because of the pH in the perennial reach, but also because of the

generally insoluble nature of Pb sulfides, the predominant form of Pb ore processed in the

district. Conditions favor the presence of Pb in the perennial reach as Pb-rich, bulk

material, in particulate form.



14

Finally, there is no consensus as to how the Pb in Aravaipa Creek has entered the

food chain. Since biotic Pb uptake in Aravaipa has been implied from metals

concentrations in whole-body digestion studies of fish (Desert Sucker (Catostomus

clarki), Sonora sucker (Catostomus insignis), and Yellow bullhead (ktalurus natalis),

King and Martinez, 1998) whose primary prey is insect larvae, the connection between

prey and substrate begs further investigation. Several of the species of insects

documented in Aravaipa Creek are those whose larvae undergo a "scraper" stage (Table

1-1). This is a developmental stage characterized by direct ingestion ("scraping") of

mineral and organic detritus directly from the surface of periphyton communities

(Wetzel, 2001).



Table 1-1 List of Possible Aravaipa Creek scraper bug larvae a

(Adapted from Wetzel, 2001)

Mineral Scraper taxa b
(herbivores: algae and associated attached microflora to living and nonliving
substrates)
Ephemeroptera (mayflies): Heptageniidae, Baetidae, Ephemerellidae
Trichoptera (caddisflies): Glossosomatidae, Helicopsychidae, Molannidae,
Odontoceridae, Goreridae
Lepidoptera (moths): Pyralididae
Coleoptera (aquatic beetles): Elmidae, Psephenidae
Diptera (flies/mosquitoes/midges): Chironomidae, Tabanidae

Organic Scraper taxa
(herbivores: algae and associated attached microflora)
Ephemeroptera (mayflies): Caenidae, Leptophlebiidae, Heptageniidae, Baetidae
Hemiptera (true bugs): Corixidae
Trichoptera (caddisflies): Leptoceridae
Diptera (flies/mosquitoes/midges): Chironomidae

a General particle size range of food: <10 3 11m
b Subdivisions based on feeding mechanism

Several recent studies have been undertaken to determine the degree of

susceptibility of freshwater invertebrates to metals toxicity (Mize and Deacon, 2002;

Cain et al., 1992; Cain and Luoma, 1998). Such studies have shown direct relationships

between metals concentrations in streambed sediment and toxicity to scraper-phase

invertebrates. Pb uptake in scraper phase larvae has been documented in these studies,

most often in particulate phases in undigested gut matter and in body surface

contamination (Cain and Luoma, 1998). Aravaipa's periphyton communities may have

access to Pb-rich sediment that serves as a substrate, thereby making metals available to

the scraper population and, subsequently, to the fish.

15
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This study is primarily concerned with the transport and fate of Pb in the lower

Aravaipa drainage. It seeks to address the following aspects of the Aravaipa Creek Pb

contamination problem:

1) Can Pb and Sr isotope signatures in potential contaminant sources in the

ephemeral reach be reasonably distinguished?

2) If the significant Pb sources can be identified, can their respective

contributions be quantified?

3) What is the role of the other metals present in significant quantity in

district sediments (specifically: Fe, Mn, Cu and Zn) with respect to Pb

fate and offsite Pb transport.

4) Can offsite Pb transport pathway(s) be reasonably distinguished?

To address these questions, a variety of methods were used to characterize

sediments and waste rock in the lower Aravaipa basin.



2. BACKGROUND

GEOLOGY OF THE ARAVAIPA MINING DISTRICT

The Aravaipa Mining District is roughly defined by the southwest-facing slopes

of the Santa Teresa Mountains, their adjacent foothills, and the floodplain of Aravaipa

Creek between the town of Klondyke, Arizona and its confluence with Turkey Creek

(Fig. 1-1). The Santa Teresa Mountains are the dominant geologic feature of the district:

An alkali granite batholith of Cretaceous-Tertiary age (-65ma) with scant zones of

secondary mineralization in slips associated with cooling of the original granitic magma

(Ross, 1925). The batholith is bounded on the southwest by a high-angle noimal fault;

the east face of the range is exposed by a low-angle detachment fault. The Santa Teresa

granite intrudes the pre-Cambrian Pinal schist and granitic gneiss around its southern rim,

and much younger rocks to the north and west. These younger rocks consist of isolated

outcrops of Cambrian (-560-504ma) quartzite, the Tornado and Martin limestones of

Carboniferous and Devonian age (-408ma), Cretaceous sandstones and conglomerates,

Cretaceous andesites (extrusives), and Cretaceous rhyolites (intrusives) derived from the

batholith itself. It is these younger formations that have provided the bulk of the district's

economic mineral deposits.

Deformation is intense in the contact zone between the Santa Teresa granite and

the surrounding country rock; much of the intruded rock is shattered and brecciated. The

swarm of rhyolite porphyry dikes forming this distinct boundary is extremely narrow (-1

mile wide) but is laterally continuous for at least 11 miles along the mountain front,

17
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striking roughly NW-SE. The width of each individual dike is extremely variable, from

less than one foot to a few hundreds of feet. The mineralized zones in the dikes are

narrow, making these dikes and the silicified breccias they often enclose the most densely

mineralized, and most heavily mined, parts of the district.

The minerals in the Aravaipa district are a mixture of hypogene and supergene

Pb/Zn ores and are, geologically speaking, formed at relatively low temperatures. They

are believed to have originated in large part from Santa Teresa magmatic fluids late in the

emplacement process (Ross, 1925). There is a change in the degree of mineral oxidation

along the strike of the mineralized zone, from Pb and Zn sulfides in the Northwest to

progressively more oxidized Pb carbonates and Pb fluorides in the Southeast. Perhaps

nowhere is this contrast more apparent than at the Grand Reef mine in the Southern part

of the district (Fig. 3-1), where six new species of Pb fluoride mineral have been

identified, and galena halos are commonly found on oxidized Pb minerals (Jones, 1980).

A condensed listing of the major mineral species found at some of the mines named in

this study is in Table 2-1.



Table 2-1 Listing of major mineral species for area mines

Grand Reef Mine (after Jones, 1980)

Azurite (Cu(CO3)2(011)2)
Caledonite (Cu2Pb5(SO4)3(CO3)(OH)6)
Cerrusite (PbCO3)
Creedite (Ca3Al2F4(OH,F)6SO4 • 2H20)
Covellite (CuS)
Fluorite (Ca F2)
Galena (PbS)
Gearksutite (CaA1(OH)F4(F120))
Leadhillite (Pb4(CO3)2(OH) 2(SO4))
Linarite (PbCu(SO4) (OH)2)
Laurelite (Pb(F,C1,0H) 2 )

Also reported but not described: olivenite, silver, brochantite, quartz, cuprite,
hematite, aurichalcite, chrysocolla, halotrichite, boothite, natrolite, Mn-oxides,
tenorite, chalcocite, barite, chalcopyrite, acanthite, tetrahedrite, malachite.

Iron Cap Mine (after Wilson,1988) 

Quartz (SiO2)
Galena (PbS)
Sphalerite (ZnS)
Babingtonite (Ca2(Fe,Mn)(Si50140H))
Johannsenite (CaMn(Si02)06)
Manganaxinite (Ca2Mn+2Al2BSi4015(OH))
Manganbabingtonite (Ca2(Fe+2 ,Mn)Fe+3 Si50 1 4(OH))

Also reported but not described: chalcocite, chalcopyrite, covellite, pyrite,
sphalerite, hedenbergite, andradite, aragonite, calcite, creedite, epidote,
fluorite, gypsum, hematite, ilvaite, magnetite, nekoite, thaumasite.

Sinn Feinn Mine (after Wilson,1988)

Quartz (SiO 2)
Galena (PbS)
Calcite (CaCO3)
Sphalerite (ZnS)

19

Also reported but not described: Fe/Mn oxides, specularite, cerrusite, copper
stain.



HYDROLOGY OF THE ARAVAIPA BASIN

The Aravaipa basin, an area of roughly 386 mi2 (SCS Engineers, 1998) is drained

by Aravaipa Creek, an ephemeral creek adhering roughly to the axis of Aravaipa Valley.

The dimensions of the main channel are highly variable and at several points along its

length the channel accepts tributaries from both the Santa Teresa Mountains and the

Galiuro Mountains. Mesquite riparian systems form the broad transitional area along-

drainage from the agriculture-dominated upper basin to the cottonwood riparian forest of

the perennial reach.

There is subsurface flow to the northwest in the main channel in all but the

wettest of years. Winter storms may account for the majority of overland flow events in

the main channel, when soil saturation is at a maximum (SCS Engineers, 1998). Laurel

Canyon drains the western slope of the Santa Teresa Mountains, and so may experience

more localized, frequent flooding during summer monsoons.

As with most Basin and Range valleys in southern Arizona, valley fill consists of

locally derived boulders, cobble, and gravels of varying consistency to bedrock depth,

which may vary significantly. In the Aravaipa basin, bedrock approaches the surface

upstream of the junction of Aravaipa Creek and Turkey Creek such that groundwater is

forced to the surface. This groundwater is the primary contributor to flow in the

perennial reach, roughly defined by the length of Aravaipa Canyon, a slot canyon incised

into the Galiuro Mountains. Perennial flow ends at the canyon's western terminus, where

Aravaipa Creek effectively enters the San Pedro River basin. It is from this end of the

20
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creek that most flow data are gathered by a USGS gauging station near Mammoth,

Arizona, and from which most flood frequencies are inferred (Figure 2-1).

Figure 2-1, a graph of flood frequency data from the USGS gauging station

closest to the Klondyke site (near the western terminus of Aravaipa Creek, near

Mammoth, Arizona - available on the USGS website:

http://waterdata.usgs.gov/az/nwis/peak?site no=09473000&agency cd=USGS&format=

gif) gives a return period ranging from ten to thirteen years for floods between 10-20x10 3

cfs. Though these data are from a gauging station on the opposite side of Aravaipa

Canyon from the Klondyke tailings, it has been inferred from calculations adjusted to

channel morphology near Klondyke that floods of this magnitude have a 50 year return

period (SCS Engineers, 1998).
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Figure 2 -1 Flood frequency data for the USGS gauging station near Mammoth,
Arizona

PRODUCTION HISTORY

There is little available history on the Aravaipa Mining District, an area that, in

many ways, is still as remote today as it was one hundred years ago. This is in large part

due to the lack of adequate regional infrastructure, still a major factor in limiting access

to the district. Mining was intermittent and has been poorly documented since the
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earliest recorded claims. Researching the claims and production history of the district,

one is inevitably confronted with large gaps in the data, corresponding to either periods

of relative quiescence in Pb/Zn production or, as was often the case, periods of time when

the mining inspector was simply denied access to the facilities.

The earliest record of mining activity in the area comes from Ross (1925), who

documents John W. Mackay's purchase (from the original locators) of the principal

claims in the district in the late 1890's. The site of the Grand Reef mine was the most

obvious prospect and it was developed first, under Mackay, to a depth of —300 ft.

Extensive exploration of the Grand Reef was continued until his death in 1902. There is

no recorded activity from this time until 1915, when an unspecified local mill was built

and shipped the first ore from the district.

In 1919 the Aravaipa Leasing Company first leased, and then took over, the

Grand Reef and a considerable portion of the other active claims in the district. Under

their short-lived ownership, however, there was more importance placed on exploration

than on production, and very little ore was actualy shipped out. The company pulled out

of the area by 1921.

Following another period of apparent quiescence between 1921-1924, Lewis

Douglas' Grand Central Mining Company bought up a majority of the district, built the

first local flotation mill that, at its peak, processed 90 tons of ore per day, and shipped an

estimated 3.5 million pounds of Pb and 1.2 million pounds of Zn from this operation.

The location of this mill is not specified in the literature, but at this point in Southeast

Arizona's history there was still plenty of available surface water, and therefore several
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possibilities for processing sites, in the area. Data from the National Uranium Resources

Evaluation Program (NURE) geochemical atlas for this region show several points of

elevated concentration of various metals, potentially from past milling/flotation

operations, with no corresponding structures presently on the ground (Grossman, 1998).

Between 1929-1931, under unspecified ownership, and again from 1939-1941,

under the Grand Reef Mining Corporation, mining continued until the Athletic Mining

Company bought out most of the local claims and forbade access to its operation in 1942.

It was during this period that the Head Center Mine supposedly became the region's

biggest producer (Fig. 1-1). Most of the ores shipped were oxidized, nonsulfide finals

relatively low in Zn (Wilson, 1950) and were only suitable for Pb smelting.

In 1948 the Athletic Mining Company built a flotation concentrator, with a

capacity of —100 tons per day, near the town of Klondyke, Arizona. This facility

represented a technological advancement for ore processing in the district, allowing for

greater extraction efficiency and resulting in the production of finer-grained tailings at

Klondyke. Relative to the "stamper" technology used at the Grand Reef mine, where ore

was mechanically crushed and dropped from separation towers, a greater percentage of

metal could be successfully extracted from ore at the Klondyke site.

Ore processing at Klondyke continued until 1957, when large-scale shipment of

ore from the district again ceased, and local mining activity finally declined. Sporadic

prospecting in Aravaipa continued, with some minor exploration in the Santa Teresa

Mountains, until the late 1960s. By then, however, the remoteness of the area and the
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increasing cost-to-profit ratio implicit in working Aravaipa's comparatively small Pb/Zn

deposits had conspired to keep large-scale production unfeasible.

Altogether, between 1901 and 1971 (the most productive 70 year period) mining

and ore processing operations in the district resulted in 34.5 x 10 6 lbs of Pb, 27.8 x 10 6

lbs of Zn, and 2 x 106 lbs of Cu shipped (Keith et al., 1983). The well-known, but little-

monitored, Klondyke operation resulted in the deposition of approximately 100,000

metric tons of flotation tailings from the processing of ores containing primarily galena,

sphalerite and chalcopyrite, but also minor amounts of chalcocite and covellite.

As of this writing there are no more than a few hundred year-round residents of

Aravaipa Valley. They are mostly subsistence ranchers; a small number are federal or

state employees. Although the mining industry is no longer a major presence in the

Aravaipa District, the Nature Conservancy's purchase of nearby Aravaipa Canyon now

brings year-round tourist traffic through the district.

Early in 1993, the U.S. Fish and Wildlife Service lodged a complaint regarding

erosion of tailings at the Klondyke mill site into the adjacent creek bed after a major

flood event. Arizona Department of Environmental Quality (ADEQ) personnel then

began a sampling campaign at the site. Additional samples were collected during July,

October, and December of 1997 and were analyzed for total metals (SCS Engineers,

1998). Samples taken from the upper 10-15 cm of the tailings (and surrounding soils)

yielded levels of Pb and As in excess of the Arizona Non-Residential Soil Remediation

Levels of 2,000 and 10 m/g, respectively. Sb, Cd, and Pb exceeded the Arizona

Minimum Groundwater Protection Limits of 35 .ig/g, 29 i_tg/g, and 290 [tg/g,
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respectively. Based on the Resource Conservation and Recovery Act Toxicity

Characteristics Leaching Procedure regulatory limit of 5 mg/L for both Pb and Cd, the

Klondyke tailings were characterized as hazardous waste, and the Klondyke mill site was

subsequently placed on the WQARF (Water Quality Account Revolving Fund) registry in

September of 1998. Included in this designation are the two flotation tailings piles (an

"Upper" and "Lower", based on their placement with respect to flow direction in the

main channel), the soil between and adjacent to them, and an area extending 15 m into

the main channel of Aravaipa Creek directly adjacent to the tailings.

The downstream ("Lower") tailings pile is currently approximately 26,000 m3 in

volume, ranges in height from 0 to 7.3 m, and covers an area of about 1.3 ha (-180 m x

75 m) (Corley, pers. comm.). The upstream ("Upper") tailings pile is 64 m upstream

from the Lower tailings, contains roughly 27,500 m 3 of flotation tailings, ranges in height

from 0.6 to 4.5 m, and covers an area of about 0.74 ha (-74m x 100m) (Corley, pers.

comm.). The owner of the site altered its topography with a bulldozer in 1999. Table 2-2

shows on-site metals concentrations prior to this alteration, obtained using the same

methods as in this report.

While many of the documented changes at the Klondyke site over the past decade

have been significant and readily visible, it was not until the work of King and Martinez

(1998) that there began to be some appreciation for the potential impact of metals release

on local biota.



Table 2-2 Klondyke tailings metal concentrations in pg/g (Corley,1998)

Upper tailings
Pb Fe Mn Cu Znsample ID

la 850 37,900 2000 600 1560
lb 900 45,050 2460 660 2010
2a 1080 50,130 2620 3420 10,850
2b 1820 59,040 2770 3480 10,430
3a 380 34,040 2830 680 1600
3b 300 67,670 1700 495 6910
4a 335 42,620 8300 445 19,030
4b 400 29,960 36 470 2,030

Lower tailings
Pb Fe Mn Cu Znsample ID

6a 490 23,210 3,320 2,860 9,290
6b 315 27,860 3,960 3,070 6,630
7a 465 19,330 4,020 2,110 9,140
7b 585 21,320 430 1,880 755
8a 485 19,880 4,930 2,520 9,740
8b 600 19,630 4,510 2,210 9,120

Based on results from the 1993 Arizona Priority Pollutants Sampling Program

Report, King and Martinez undertook a sampling study of their own, collecting fish from

each end of Aravaipa Canyon and analyzing whole-body samples for As, Cd, Pb and Hg.

For comparing local pollutant occurrence to national averages, King and Martinez used

percentile figures from Schmitt and Brumbaugh's 1990 National Contaminant

Biomonitoring Program (NCBP) and found that, though most metals concentrations in

fish were below the generally accepted toxic thresholds, almost all concentrations

exceeded the NCBP 85th percentile (King and Martinez, 1998). This despite the fact

that, as mentioned before, the data were based on digested whole body samples and not

on analysis of fish liver, kidney, or brain tissue, the parts of the fish that tend to bear the

greatest concentrations under a metals load and that would have the most immediate

effect on its health.
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The King and Martinez report indirectly implicated the Klondyke Tailings as the

likely source of the bioavailable metals in Aravaipa Creek, and aqueous transport due to

major flood events was inferred to be the transport mechanism. The history of the

surrounding area, however, and the abundance of uncontained, abandoned minewaste,

processing facilities and workings (some of which dwarf those at Klondyke) throughout

the district do not make Klondyke the only choice as a metals source.



3. MATERIALS AND METHODS

SITE SELECTION

Figure 3-1 shows sample locations for this study. Sample sites met the following

criteria:

• The site must have been located in a part of the district known to house

Pb/Zn ore-processing facilities.

• The site must have been located in a significant tributary drainage of

Aravaipa Creek.

• Pb isotopic values of site minerals or minewaste must have been assumed

to represent a potential end-member for the study. Hence, samples with

different chemistry across the length of the ore body were collected.

Global positioning satellite (GPS) readings were acquired at most, but not all, sample

collection sites and are given in Tables 3-1 and 3-2. No GPS readings were taken for

Laurel Canyon composites or Aravaipa Creek perennial reach samples.
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Figure 3 -1 Minewaste/tailings, ore and streambed sediment sample sites



Table 3-1 GPS figures for mine/minewaste locations

Head Center: LAT — 32° 58' 41"
LONG— 110 0 20' 23"
ELEV. — 1,592 m

Iron Cap: LAT — 32° 58' 42"
LONG— 110° 19' 48"
ELEV. — 1,672 m

Grand Reef: LAT — 32° 53' 00"
LONG— 110° 19' 05"
ELEV. — 1,262 m

Table 3 -2 GPS figures/approximate area & volume for Klondyke Tailings

Upper tailings: LAT — 32° 51' 0.040"
LONG— 110° 20' 34.1"
APPROX.VOLUME — 27,500m 3a

APPROX. AREA — 0.74 ha a

Lower tailings: LAT — 32° 51' 5.47"
LONG— 110° 20' 37.2"
APPROX. VOLUME — 26,000 m3a

APPROX. AREA — 1.3 ha a
'Corley, 1998, unpublished data

31



SAMPLE LOCATION AND COLLECTION METHODS

Grand Reef Pb oxide mineral samples included linarite (PbCuSO4(OH)2),

cerussite (PbCO3), and caledonite (Cu2Pb5(SO4)3(CO3)(OH)6) crystal specimens from the

University of Arizona's Flandrau Science Center Mineral Museum. These samples were

crushed from the main crystal with a vise and kept in sealed plastic containers for storage.

Samples of Klondyke tailings were collected in November 1998 and stored at 4°C

after subsamples of the uncomposited shallow cores (15 cm x 5 cm diameter) were

analyzed for total concentrations of five metals (Table 2-2). Shallow cores were

collected from three sites on the upper tailings (core #1: 34 m from the west edge, 34 m

from the south edge; cores #2,3 and 4: 25 m from the west edge, halfway point north to

south; core #5: 8 m from northeast edge) and from two sites on the lower tailings (core

#6: 8 m from the west edge, 38 m from the south edge; cores #7 and 8: 14 m from the

west edge, 80 m from the south edge). In the current study, the individual cores were

composited and homogenized. In Table 3-3 these samples are listed as KTU for core #2,

KTL for core #8, or as KTU# and KTL# with "#" referring to the original core.

Ephemeral reach streambed and tailings samples were collected with a plastic

scoop where possible, or by hammering or otherwise inserting 15 cm long, 5 cm diameter

PVC tubing into the substrate for shallow core samples. These samples were kept in 5

gallon buckets.

The Laurel Canyon transect corresponds to the canyon drainage bounded on the

northeast by the Grand Reef mine, and on the southwest by the junction of the canyon
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and the main channel of Aravaipa Creek. Laurel Canyon Site 1 samples were taken from

a bend in the canyon drainage approximately 25m Southeast of where it crosses the jeep

trail, approximately 0.3 km up the canyon (NE) from the Klondyke Road. Laurel Canyon

Site 2 samples were collected approximately 0.5 km further up the canyon (again NE,

toward the Grand Reef mine) from where Site 1 samples were taken.

Galena samples were collected from minewaste at the entrance to adits of the

mines listed, and were kept in sealed plastic bags until immediately prior to digestion.

All galenas were sliced directly from the hand sample with an exacto knife. In the

interest of minimizing potential contamination, a fresh blade was used for each galena

sample.

Individual samples (8 at each of 4 sites) of Aravaipa Creek perennial reach

sediment were collected with a plastic scoop and composited in 5 gallon buckets. These

were collected approximately 10 m (2 samples) and 25 m upstream of the east entrance to

Aravaipa Wilderness Area (75 m upstream of the confluence with Turkey Creek). The

fourth sample was collected approximately 1.5 km upstream of the other sites. The three

samples analyzed are designated with the prefix "ACPR" and are listed in Table 3-3.

Surface water and seep water samples were collected with 60 mL plastic syringes,

filtered through a 0.45 micron filter into 50 mL polypropylene test tubes and kept

refrigerated until analysis. Surface water sample sites are shown in Figure 3-2 and 3-3.

Tables 3-3 and 3-4 list all solid samples and all surface water samples analyzed.
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Table 3-3 List of all solid samples analyzed

Sample ID Description
Grand Reef minewaste

GRCB3	 canyon floor
GRCH2	 channel at base of main tailings
GRA02	 tailings on NW wall of canyon,
GRPU2	 upper tailings
GRPMC2	 middle tailings, coarse
GRPMF2	 middle tailings, fine
GRPL2	 lower tailings
GR3YT2	 "yellow" tailings
GR4DT2	 "darker" tailings
GR5W2	 sediment from beneath willow tree, SW end of site

Grand Reef oxide minerals
CER1A	 cerrusite
LIN1A	 linarite
CALI A	 caledonite

Laurel Canyon sediments
LC1B	 composite from lower canyon
LC1C	 composite from lower canyon
LC2A	 composite from upper canyon

Klondyke Tailings
KTU	 upper tailings
KTU1	 upper tailings
KTU4	 upper tailings
KTU5	 upper tailings
KTL	 lower tailings
KTL6	 lower tailings
KTL7	 lower tailings

Aravaipa Creek perennial reach sediments
ACPR1	 composite from east entrance of wilderness area
ACPR3	 composite from east entrance of wilderness area
ACPR4	 composite from east entrance of wilderness area

Aravaipa Creek ephemeral reach/upstream sediments
USS1	 composite taken 10 km. upstream from tailings
USS2	 composite taken 30 m. downstream from Four Mile

Canyon Road crossing
USS3	 composite taken 100 m. upstream from tailings
HS	 composite taken 1.25 km. downstream from tailings

Galenas
SF1A	 Sinn Feinn mine grab sample
IC1A	 Iron Cap mine grab sample
GR1A	 Grand Reef grab sample



Table 3-4 Surface water samples analyzed

Surface water Sample ID Description 
AC-1	 Aravaipa creek perennial reach
AC-2	 Aravaipa creek perennial reach
AC-3	 Aravaipa creek perennial reach
AC-4	 Aravaipa creek perennial reach
GR-1	 Grand Reef pool
GR-2	 Grand Reef seep
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TOTAL METALS ANALYSIS BY FLAME ATOMIC ABSORPTION
SPECTROSCOPY (FAAS)

INITIAL PREPARATION OF SAMPLES
Minewaste samples were screened through a 1.18 mm metal sieve, dried in a

convection oven at —100°C for >24 hours, and transferred to sealed plastic containers for

storage.

Streambed sediment samples from the ephemeral and perennial reach were cone-

mixed in 5-gallon plastic buckets, dried in a convection oven at —100°C for >24 hours,

screened through a 1.18 mm metal sieve and transferred to sealed plastic containers for

storage.

Both galena and Grand Reef oxide crystal samples were assumed pure and so

were not processed prior to digestion in aqua regia.

PREPARATION OF AQUA REGIA, DILUENT AND STANDARDS
For dissolution of samples, aqua regia (a 3:1 volumetric mixture of trace-metal-

grade HC1:HNO 3 prepared in volumetric flasks) was used. Diluent for FAAS analysis of

both samples and standard solutions was a dilute solution of 2% (by volume) trace-metal-

grade HNO3 in reagent grade water.

Metals concentration standards for FAAS analyses were made gravimetrically. A

250 mL HDPE bottle was placed on a scale and left to equilibrate. The scale was then

zeroed. Since the average AA metal standard consists of —1000 mg/L in a dilute acid, a

unit density was assumed. The requisite proportions of the factory standard and reagent
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grade water were then pipetted into the bottles while on the scale to produce a mixture

whose metal concentration was at the upper end of the respective linear range for that

metal. All subsequent standard concentrations were then diluted down from this original

batch. Standard concentrations for each metal were as follows:

Table 3-5 Atomic Absorption Metal Standard Concentrations (mg/L)

element concentrations (mg./L)
Pb 1 4 7 11 15
Fe 0.1 0.5 1.5 2 5
Mn 0.1 0.25 0.5 1 2
Cu 0.1 0.75 1.5 3 5
Zn 0.05 0.1 0.5 1

Linear detection range for each metal on the FAAS was determined using the

"Standard Conditions" section of the Perkin Elmer "Analytical Methods for the Perkin

Elmer 3100" manual. FAAS detection limits for each of these metals are given by the

lowest standard concentrations in the above table.

SAMPLE DIGESTION

Initial digestion steps for FAAS total metals analysis were performed by first

measuring 10-20 mg of sample into 30 mL Teflon centrifuge tubes. 25 mL of aqua regia

was then pipetted into the tubes and samples were left to dissolve for >24 hours. The

resulting supernatants were used as stock solutions for both FAAS and Multiple Collector

Inductively Coupled Mass Spectrometry (MC-ICP-MS) analysis. The proportions given
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were used in the interest of first obtaining Pb concentrations; target Pb concentration for

these initial dilutions was 10 mg/L.

As a starting point for dilutions of unprocessed galena ore and oxidized mineral

hand samples, expected percent-Pb figures were calculated from the mineral formulas

under the assumption that the mineral phase was pure. Expected percent-Pb figures from

processed tailings samples and streambed sediments were based on concentrations taken

from local NURE geochemical atlas data (Grossman, 1998) and predetermined metals

concentrations in the Klondyke tailings (Corley, University of Arizona, personal

communication) during a 1998 preliminary site study.

FAAS ANALYSIS
Total metals concentrations for all samples were determined using a Perkin Elmer

3100 flame atomic absorption spectrometer (FAAS). Concentrations of all elements

except Pb were determined using a multi-element hollow cathode lamp. Pb concentration

analysis was performed with a cathode lamp for Pb alone. Appropriate slit width,

wavelength setting and lamp energy were all determined using the corresponding

recommendations for each element as per the "Standard Conditions" section of the Perkin

Elmer "Analytical Methods for the Perkin Elmer 3100" manual.

The machine was first zeroed using reagent grade water, aspiration rate was

adjusted and a sensitivity check done. Once sensitivity was established and optimized, an

initial standard calibration curve was run. Samples were then analyzed and a second

standard calibration curve was run in order to check for drift. Where drift was



determined likely to have occurred, the whole process of adjustment, initial calibration

curve, sample remeasure, and final calibration curve was repeated.

DILUTION CALCULATIONS AND MASS FRACTIONS
Target dilutions for FAAS analysis of Pb concentrations in galenas and Pb oxides

were based on mineral formulas with the assumption that the mineral phase was pure.

Target dilutions for FAAS analysis of Fe, Mn, Cu and Zn concentrations were based on

local data from the NURE geochemical atlas (Grossman, 1998) and previously

determined concentrations obtained by Corley (1998) in the tailings at Klondyke. Where

initial metals concentration assumptions proved inaccurate, these dilutions were refined

iteratively until solution metals concentrations fell within the relevant linear ranges for

these metals on the FAAS. Concentrations of these metals in the initial digestions and

their respective mass fractions in the samples were then back-calculated from these

numbers. A sample calculation, beginning with an initial FAAS metal concentration,

would be:

( [metal]supernatant)
	

=	 ( [Metal] FAAS so l , n)X(VOILIMe FAAS sol'n)

(VOlUMesupematant ptpetted)

For dilutions that failed to come within linear range on the first try, subsequent

dilutions were made from the first, analyzed by FAAS, and the above calculation would

be carried out twice: Once for the second dilution, and a final calculation for the metal

concentration in the aqua regia supernatant.

40



41

To determine mass fraction of a given metal for a sample, a sample calculation

would be:

( [metal]supernatant)X(VOlUMeT,supernatant)
= mass fractionmetal

(MaSST,solid sample)

Pb ISOTOPE RATIO DETERMINATION BY MULTIPLE-COLLECTOR
INDUCTIVELY COUPLED MASS-SPECTROMETER ANALYSIS (MC-ICP-MS)

INITIAL PREPARATION STEPS
Target concentration for initial dilutions of all mass spectrometer samples was

—200-300 ppb Pb in a dilute solution of trace-metal-grade HNO3 . For those samples

slated for ICPMS analysis, aliquots of aqua regia supernatant were gravimetrically

diluted down to 250 ppb using the same dilute (2% by volume) HNO3 solution used as

diluent in the FAAS analysis. Teflon jars (with volumes of 3 and 5 mL) were left to soak

in an acid bath (1:3 HNO 3 : H20 by volume) for several weeks and were then air-dried in

an acrylic clean-box. 2.5 and 5 mL aliquots of the 250 ppb dilutions were then pipetted

into these Teflon jars.

All samples were then air-dried on an aluminum foil-covered hot plate, set to

45°C, in the clean-box. On one wall of the box an air filter was installed, and on the

opposite side 1/4" air holes in the acrylic served to ventilate the drying samples. The box

was put into a hood while samples evaporated, uncovered, to dryness. All samples were

then redissolved in dilute (<1% by volume) trace metal-grade HNO3 for a total of either 5



mL or 2.5 mL sample volume. When it became evident that nearly all samples would

have to undergo column chemistry in order to be refined, samples were taken to dryness

again in the clean-box.

COLUMN CHEMISTRY
For minewaste, ephemeral and perennial streambed sediment, and oxidized Pb

mineral samples, a column refinement step was used to minimize potential sources of

interference during MC-ICP-MS analysis. For these samples, 1 mL and 2 mL shrink-fit

Teflon columns were loaded with ElChrom Srspec® resin which had been stored in

dilute trace metal-grade HNO3 for several weeks. As a preliminary cleansing step, the

resin was washed by eluting 8M HC1 through the loaded columns.

The samples were redissolved in 0.5 mL of trace metal-grade 8M HNO3 , capped,

and briefly heated in the same Teflon jars they were dried in. The jars were lightly

shaken occasionally in order to insure complete dissolution.

As a second cleansing step, 0.1M trace metal-grade HNO3 was eluted through the

columns in order to release any excess Sr that may have been latent in the resin. 8M

trace metal-grade HNO3 was then eluted through the columns in order to equilibrate them

with the sample solutions.

The newly dissolved samples were removed from the hot plate, left briefly to

cool, and loaded onto the columns by pipette. Before the Sr collection step, the columns

were rinsed with 1 mL of 3M trace metal-grade HNO3 , then with 1 mL of 2M trace

metal-grade HNO3 in order to facilitate a gradual release of Sr from the samples.
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Samples slated for Sr mass spectrometry analysis (see Sr Isotope Analysis section, p. 36)

were then collected from the selected columns in Teflon vials by eluding first 0.3 mL,

and then 1 mL, of 0.1M trace metal-grade HNO 3 through them. These Sr samples were

acidified by adding 10 i.it of trace metal-grade HC104 to the vials, and they were

evaporated to dryness on a hot plate.

All columns were rinsed twice with 0.5 mL of 2M trace metal-grade HC1 in

preparation for the Pb collection step. Collection vials were then placed under all

columns as first 1 mL, then 0.5 mL, of 8M trace metal-grade HC1 was eluted through

them. These samples were slated for Pb mass spectrometry analysis.

Samples that consisted only of galena required no column chemistry. All samples

were spiked with Tl and analyzed on a Micromass® Isoprobe© Inductively Coupled

Plasma Mass Spectrometer for Pb ratios.

MC-1CP-MS TI spiking
Samples slated for MC-ICP-MS analysis were spiked with a commercially

available, 1000 ppm, ICP-MS standard Tl solution in order to correct for potential Pb

isotopic fractionation during ionization, and to provide an internal analysis standard as Pb

has no invariate isotopic pair. Prior to MC-ICP-MS analysis, stock solutions of all

samples were made by diluting down to 20 ppb with reagent grade water, for a total of 10

mL solution, in 15 mL Falcon® tubes. Total Pb concentrations for each sample were

verified by analyzing aliquots of each sample on the ICP-MS and checking the voltage

registered by the multiple Faraday cups.



2 mL aliquots of each sample were then removed to a second Falcon® tube to be

spiked with a solution of 150 ppb Tl in reagent grade water. Tl spike amounts for each

sample, in !IL Tl/sample, were calculated using a predetermined calibration factor of

0.45x10 -9 g Tl/volt/mL (Chesley, University of Arizona, pers.comm.). Multiplying this

number by 2 (for the 2 mL aliquots to be run) gave ng Ti needed for each sample. An

estimate of the volume of Ti spiking solution needed for each sample was given by

dividing by 0.18. After the first two samples did not produce the expected voltage,

however, spiking technique was refined further by changing this number until it was

determined that a factor of 0.23 worked best.

MC-ICP-MS STANDARDS
Standard reference materials used for MC-ICP-MS analysis included National

Institute of Standards and Technology (NIST) SRM 981, a liquid standard, and BCR 2, a

rock standard of Columbia River flood basalt. Standard reference materials were cross-

calibrated using data obtained from the same standards by isotope geochemistry facilities

at the University of Queensland, Brisbane, AUS (Collerson et al., 2002).

OPERATING CONDITIONS
After spiking, sample solutions were aspired into the MC-ICP-MS using a Cetac®

Aridus© desolvating nebulizer. On-peak-zero correction of sample signals (after

Collerson, et al. 2002) was performed for each sample using the ion signal from dilute

2% trace metal-grade HNO3 as background eluent, and then subtracting that signal from
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the signal obtained from the sample. Memory effects on the MC-ICP-MS were

minimized by a flushing sequence of reagent grade water, isopropyl alcohol, and 2%

trace metal-grade HNO3 .

Sr ISOTOPE ANALYSIS

After separation on Sr-spec® resin (see Column Chemistry, p. 33) Sr ratios for

selected samples were obtained by Thermal Ionization Mass Spectrometry (TEVIS)

according to the procedures described in Chesley et al. 2002.

SEQUENTIAL EXTRACTION OF STREAMBED SEDIMENT SAMPLES

In the interest of determining what proportion of total Pb is bound to what mineral

phase in Aravaipa district perennial and ephemeral streambed sediments, a sequential

extraction protocol was designed for the specific conditions presented by this study.

Extraction procedures were performed on triplicate splits of all samples. While based on

the Pb sequential extraction protocol of Leinz et al. (2000), the extraction steps are

merely operational definitions and are designated as follows:

I) Water-soluble Pb — the fraction of total Pb that is considered readily soluble in water.

2) Ion-exchangeable Pb — the fraction of Pb that may exchange with cations on the

surface of soils, loose clay particles or other negatively charged surfaces associated with

soil minerals.

3) Carbonate phase-bound Pb — the fraction of Pb that may be easily dissolved in weak

acids. Pb carbonates are ubiquitous throughout the district and, in many mines, comprise
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the dominant form of Pb ore. This phase was of particular interest in Laurel Canyon

sediments because the predominantly Pb oxide/Pb carbonate minewastes at Grand Reef

drain down Laurel Canyon (Fig. 3-1).

4) Pb bound to amorphous Fe/Mn oxy-hydroxides — the fraction of total Pb that, with

other metals, may be adsorbed to the surface sites provided by amorphous Fe/Mn oxy-

hydroxides. Assumed to be more of an influence on transport and bioavailability in

Aravaipa Creek perennial reach sediments because of Fe availability and biologically-

mediated redox chemistry.

SEQUENTIAL EXTRACTION PROTOCOL
For the extraction of Water-soluble Pb, 1 gram of sediment sample was measured

into a 30 mL HDPE centrifuge tube and extracted with 25 mL reagent grade water for 2

hours at room temperature. Samples were then centrifuged at 14,500 rpm for 5 minutes.

The extractant was filtered into 25 mL HDPE bottles, each of which were then spiked

with 30 p.L, trace metal-grade HNO 3 , and saved for FAAS metals concentration analysis.

Before addition of the next extractant, all samples were weighed in order to determine

how much extractant from the previous step was still left in the tube. This gave some

idea of how much Pb may still have been left in solution, and that amount was then

accounted for in subsequent extraction steps.

For the extraction of Ion-exchangeable Pb, the residue from step 1 was spiked

with 25 mL of 1 M sodium acetate and placed on a horizontal shaker table for 1 hour at

room temperature. Samples were then centrifuged at 14,500 rpm for 5 minutes. The
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extractant was filtered into 25 mL HDPE bottles, each of which were then spiked with 30

IlL trace metal-grade HNO3, and saved for FAAS metals concentration analysis. As in

step 1, all samples were weighed after filtration and the amount of residual extractant

noted.

For the extraction of carbonate phase-bound Pb, the residue from step 2 was

spiked with 25 mL of 1 M sodium acetate that had been buffered to pH 5 with acetic acid.

After spiking, samples were placed on a horizontal shaker table for 2 hours at room

temperature. Samples were then centrifuged at 14,500 rpm for 5 minutes. The extractant

was filtered into 25 mL HDPE bottles, each of which were then spiked with 30 uL trace

metal-grade HNO3 , and saved for FAAS metals concentration analysis. As in step 2, all

samples were weighed after filtration and the amount of residual extractant noted.

For the extraction of Pb bound to amorphous Fe/Mn oxy-hydroxides, the residue

from step 3 was spiked with 25 mL of 0.25 M hydroxylamine hydrochloride in 0.25 M

trace metal-grade HC1, and extracted for 30 minutes in a water bath set to 50° C.

Samples were then left to settle at room temperature for 1 hour. The extractant was

filtered into 25 mL HDPE bottles, each of which were then spiked with 30 uL trace

metal-grade HNO3, and saved for FAAS metals concentration analysis. As in step 3, all

samples were weighed after filtration and the amount of residual extractant noted.

This protocol differs from its predecessors in the use of 1 gram of sediment, rather

than 0.25 g, and in the exclusion of two more extraction steps: One for extraction of Pb

bound to crystalline Fe/Mn oxy-hydroxides, and one for extraction of sulfide phase

bound-Pb. Because previous versions of this protocol were designed to extract Pb from
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samples with a greater mass fraction of Pb (Leinz et al. 2000, and Church et al. 1993), the

amount of sample was changed in the interest of trying to insure a significant Pb signal in

the resulting FAAS analytes.

The last two extraction steps were excluded because, for the purposes of transport

by solubilization, the point is moot: If no significant fraction of total Pb comes out in the

first four steps, then solubility is automatically a non-issue in the pH range of waters to

which these sediments would be exposed (rain z 5.8, perennial creek surface water z

8.3).

Likewise with availability of Pb-rich substrate to periphyton in the perennial

reach: If no significant fraction of total Pb comes out in the first four extraction steps,

then the only possible phases containing the majority of total Pb are crystalline phases,

and whether a biofilm/periphyton community uses a crystalline Fe/Mn oxy-hydroxide or

a Pb sulfide as substrate is immaterial; bulk transport from ephemeral to perennial reach

would therefore be implicit.

SURFACE WATER METALS ANALYSIS
Surface water samples were analyzed for Fe, Mn, Co, Ni, Cu, Zn, As and Pb

concentrations at the ICP-MS facility (Agilent, Model 7500A ICP-MS) of the University

of Arizona College of Pharmacy, Analytical Section of the Hazard Identification Core of

the NIEHS-supported Superfund Basic Research Program.



4. RESULTS

Comprehensive tables of all data are included in Appendix B and the enclosed

CD-ROM. This includes information such as dilution calculations involved in sample

preparation.

TOTAL METALS CONCENTRATION RESULTS IN TAILINGS AND
SEDIMENTS

Fe
Fe concentrations in Grand Reef tailings range from 12.6x10 3 to 60.0x103 1.tg/g.

Klondyke tailings samples show a more restricted range, from 9.9x10 3 to 39.0x103 [Ig/g.

Most Fe concentrations in perennial reach samples are in the upper part of this range,

between 36.6x10 3 and 37.8x103 lAg/g, though one sample showed a concentration of

6.50x10 3 ttg/g. Laurel Canyon sediments show the lowest average Fe fraction, from

3.41x10 3 to 4.63x10 3 ptg/g. No Fe concentration data for galenas or Grand Reef oxide

minerals was collected.

Mn
Mn concentration values in perennial reach sediments are from 6.00x102 to

9.60x102 pg/g. The concentration range for Mn in the Klondyke tailings is 26.5 lgig to

7.0x103 iig/g. In Grand Reef tailings, Mn varies from being below the FAAS detection

limit to 3.40x10 3 ilg/g. Laurel Canyon sediments exhibit the lowest range of Mn values

for all samples: from 520 to 800 g/g. No Mn concentration data for galenas or Grand

Reef oxide minerals was collected.
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Pb
Grand Reef tailings samples yield a Pb concentration range of 6.50x10 3 to

48.3x10 3 tig/g. Laurel Canyon sample values range from 690 to 984 vtg/g. Klondyke

tailings range from 490 to 5.40x10 3 [tg/g. Pb concentration in perennial reach samples is

approximately consistent at 44.0 tig/g.

For the galena samples and Grand Reef Pb oxides, Pb concentration values are

approximately in keeping with those predicted by the mineral formulas. Of twelve splits

from these six samples, only two (LIN1A, a linarite and IC1A, a galena) show

concentrations in excess of that predicted by the mineral formula, most likely due to

errors in calculation or pipetting technique.

Pb concentrations in the Aravaipa Creek ephemeral reach upstream of Klondyke

range from 30.2 lig/g to 43.8 lg/g.

Cu
Cu concentrations are highest in Grand Reef minewaste samples, from 1.27x10 3

to 11.1x103 pg/g. Cu values from the Klondyke tailings are between 200 and 3.46x10 3

pg/g. Cu values from Laurel Canyon sediments are 160 and 190 !leg. A Cu

concentration data point for the Aravaipa Creek perennial reach yields 85 [tg/g.

Zn
The lowest Grand Reef minewaste Zn concentration is 357 pg/g in the material

from the middle pad, a platform-like pile of minewaste in the center of the Grand Reef

site that once housed some processing apparatus on its flat top. The highest Zn value for

Grand Reef is 33.2x10 3 ilg/g, also from the middle pad. Zn concentrations in Klondyke
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tailings are 0.3x103 and 11.4x10 3 [ig/g. Laurel Canyon values were 260 and 380 !Ag/g. A

Zn concentration value of 90 _ig/g was obtained for one perennial reach sample.

Total metals concentrations for all samples taken in the course of this study are

listed in Table 4-1.
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Table 4-1 Metals concentrations for all study samples ( * denotes either no data
or a concentration below the FAAS detection limit)

Grouping Sample Fe Mn Pb Cu Zn

Grand Reef
minewaste Liq u_gLq Ljg/g uq/q uq/g

GRCB3 22,400.00 400.00 11,600.00 3,065.30 5,773.09
GRCH2 23,400.00 800.00 6,700.00 1,266.82 848.46
G RA02 22,800.00 200.00 17,200.00 2,943.15 11,842.29
GRPU2 20,000.00 0.00 48,300.00 4,409.40 14,214.68

GRPMC2 60,000.00 0.00 29,500.00 5,606.33 33,201.82
GRPMF2 12,600.00 200.00 6,500.00 1,198.15 356.69
GRPL2 25,800.00 1,800.00 18,500.00 2,971.64 4,959.09

GR3YT2 40,000.00 0.00 43,600.00 11,130.00 12,814.80
GR4DT2 36,400.00 3,400.00 14,100.00 5,610.00 12,814.80
GR5W2 30,000.00 2,000.00 39,300.00 7,560.00 16,065.00

Grand Reef oxide
minerals

CER1A 666,716.99
LIN1A 601,270.83
CAL1A 89,412.96

Laurel Canyon
sediments

LC1 B 520.00 900.00
LC1 C 4,626.00 800.00 690.48 190.00 380.00
LC2A 3,416.00 700.00 983.76 160.00 260.00

Klondyke Tailings
KTU 39,000.00 3,000.00 758.63 2,640.00 7,592.90

KTU1 35,291.60 2,135.80 4,621.10 791.90 2,078.71
KTU4 16,116.76 26.52 835.04 450.87 298.23
KTU5 9,901.44 441.66 1,117.96 199.43 1,297.61
KTL 27,360.00 7,000.00 489.83 3,460.00 11,317.50

KTL6 30,260.04 4,544.64 5,382.50 1,744.70 7,389.05
KTL7 18,094.14 5,143.81 5,439.69 2,944.64 11,379.41

Ara vaipa Creek
perennial reach
sediments

ACPR1 6,472.00 600.00 109.65 85.00 90.00
ACPR3 37,789.65 671.00 44.00
ACPR4 36,651.55 965.00 43.80

Aravaipa Creek
ephemeral
reach/upstream
sediments

USS1 30.25
USS2 38.56
USS3 43.85

HS 766.12 136.54 88.49
Galenas

SF1A 535,043.43
!CIA 1,017,058.71

GR1A 578,285.65
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METALS RATIOS RESULTS

To remove concentration dependence, metals concentration ratios, based on

normalization of target analyte concentrations to the concentrations of metals common to

all samples, have proven to be a simple and effective method to analyze trends in prior

studies (e.g. Reheis et al., 2002; Cerling and Spalding, 1982). Metals concentration ratios

for samples in this study, based on normalization with respect to total Fe or total Mn

concentrations, are shown in Table 4-2. Mean values and standard deviations are listed

for those sample groupings consisting of three or more samples.

For Grand Reef and Klondyke samples, Pb/Fe, Zn/Fe and Cu/Fe show a more

restricted range of values (0.018 to 2.415, 0.018 to 0.710, and 0.020 to 0.278,

respectively) than do Pb/Mn, Zn/Mn and Cu/Mn (0.070 to 32.5, 0.973 to 59.2, and 0.370

to 17.0, respectively). Samples whose Pb, Zn and Cu concentrations are normalized with

respect to Mn vary on the order of, or greater than, one order of magnitude (0.23 to 17).

An example of the latter would be the metals ratio results for the Klondyke tailings,

Means are greater than standard deviations for Pb/Fe, Zn/Fe and Cu/Fe in Grand

Reef minewaste and Klondyke tailings samples. The opposite is true for Pb/Mn and

Zn/Mn at these two sites, however, and standard deviations are greater than means for

Cu/Mn values at Klondyke.
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Table 4-2 Metals ratio results (* denotes either no data or below FAAS detection limit)

Grand Reef
minewaste

sample Pb/Fe Pb/Mn Zn/Fe Zn/Mn Cu/Fe Cu/Mn

GRCB3 0.518 29.000 0.258 14.433 0.137 7.663
GRCH2 0.286 8.375 0.036 1.061 0.054 1.584
GRA02 0.754 86.000 0.519 59.211 0.129 14.716
GRPU2 2.415 0.711 0.220

GRPMC2 0.492 0.553 0.093
GRPM F2 0.516 32.500 0.028 1.783 0.095 5.991
GRPL2 0.717 10.278 0.192 2.755 0.115 1.651

GR3YT2 1.090 0.320 0.278
GR4DT2 0.387 4.147 0.352 3.769 0.154 1.650
GR5W2 1.310 19.650 0.536 8.033 0.252 3.780

mean 0.849 27.136 0.351 13.006 0.153 5.291
1 std. dey. 0.635 28.041 0.229 20.900 0.074 4.787
Laurel
Canyon
sediments

LC1 B * 1.731 * * *
LC1 C 0.149 0.863 0.082 0.475 0.041 0.238
LC2A 0.288 1.405 0.076 0.371 0.047 0.229

Klondyke
Tailings

KTU 0.019 0.253 0.195 2.531 0.068 0.880
KTU1 0.131 2.164 0.059 0.973 0.022 0.371
KTU4 0.052 31.491 0.019 11.247 0.028 17.003
KTU5 0.113 2.531 0.131 2.938 0.020 0.452
KTL 0.018 0.070 0.414 1.617 0.126 0.494

KTL6 0.178 1.184 0.244 1.626 0.058 0.384
KTL7 0.301 1.058 0.629 2.212 0.163 0.572

mean 0.116 5.536 0.241 3.306 0.069 2.879
1 std. dey. 0.101 11.481 0.215 3.561 0.055 6.230
Aravaipa
Creek
perennial
reach

ACPR1 0.0169 0.1828 0.0139 0.1500 0.0131 0.1417
ACPR3 0.0012 0.0656
ACPR4 0.0012 0.0454

mean 0.0064 0.0979
1 std. dey. 0.0091 0.0742
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Pb ISOTOPE RESULTS

Because the mass difference between Pb isotopes is not significant enough for

them to fractionate by purely mechanical means (Chesley, University of Arizona, and

Church, USGS, pers. comm.) Pb retains the isotopic ratios of its source rock and, as such,

is often used as a point source indicator (Mackenzie et al., 2002; Kober et al., 1999;

Church et al., 1993). Table 4-3 shows Pb isotopic ratios for selected samples.

Table 4 -3 Pb isotope ratios for selected samples

samp le
zospbempb 207pb/204pb 206p b1204p b 207p b/206p b 208p bi206p b

2 sig abs err

Klondyke tailings/NW
mines

IC1A 38.94624 15.61974 18.96365 0.82367 2.05373 0.00004

SF1A 38.90100 15.62463 19.03108 0.82102 2.04411 0.00003

KTU 38.85544 15.60954 18.95251 0.82364 2.05022 0,00002

KTL 38.88629 15.62199 18.97561 0.82325 2.04923 0.00003

Grand Reef/Laurel
Cyn. sediments

LC2A 38.60324 15.56985 18.64710 0.83497 2.07018 0.00004

GR3Y12 38.57659 15.56179 18.64012 0.83484 2.06950 0.00003

GR4DT2 38.63001 15.56886 18.68343 0.83331 2.06764 0.00003

GR5W2 38.72105 15.59806 18.70629 0.83385 2.06996 0.00003

LC1C 38.55254 15.54978 18.62648 0.83482 2.06977 0.00003

LIN1A 38.59451 15.58286 18.57736 0.83881 2.07750 0.00003

CER1A 38.51278 15.55809 18.54475 0.83894 2.07673 0.00003

GR1A 38.60181 15.58589 18.56579 0.83947 2.07914 0.00003

Perennial reach

ACPR4 38.81366 15.63681 18.90224 0.82723 2.05334 0.00003

ACPR3 38.78757 15.62180 18.90106 0.82652 2.05217 0.00003

All corresponding errors are within 2 ,5 and are listed in Table 4-3. Errors are

shown on all figures and are smaller than symbols. Figures 4-1 and 4-2, graphs of

20
8Pb/2

0
4Pb vs. 206Pb/204Pb and 207Pb/204Pb vs. 206

Pb/
204

Pb, show simple relationships, and

best illustrate the contributions of end-members to perennial reach Pb.
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Figure 4-2 Pb isotope ratios (207pb/204pb vs. -
2°6 PID/2°4 1HD) for samples collected

Pb isotope ratios for samples from the Klondyke tailings and the mines in the

northwest part of the ore system are substantially different than those of the samples from
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the Grand Reef mine and Laurel Canyon sediments. The Pb isotope ratios for the

perennial reach samples lie close to those measured for the Klondyke tailings.

A plot of 208pb/204pb vs. 206pb/204Pb (Figure 4-1) shows a slightly different pattern

than a plot of 207 Pb/206 Pb vs. 02 8p, '206
D/ Pb. The former suggests that the Pb isotope ratios

in Aravaipa Creek perennial sediments are a mix between Klondyke tailings and Grand

Reef samples, albeit with a much greater contribution from Klondyke. The latter

suggests that the Pb isotope ratios in Aravaipa Creek perennial sediments cluster with

those from Klondyke.

Linear regression of the data on a plot of 2o7pb/2o6pb vs. 208p. ,206Pb, the higher

concentration radiogenic Pb components of all isotope samples, yields an R2 of 0.9801.
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Figure 4-3 207 pbp06pb vs. zospb/206—.
VD the ratios of purely rad iogenic Pb in

samples selected for Pb isotope analysis
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This approach has been used in previous studies (Elberling et al., 2002) to illustrate

mixing relationships, and may diminish potential data noise due to large differences in

concentration between certain isotopes of Pb.

Mixing relationship graphs of selected Pb isotopic ratios plotted against inverse

Pb concentration (Figures 4-4 and 4-5) also help to simplify the relative contributions of

end members to perennial reach Pb, and show that the only factor preventing a linear

relationship between end members and perennial reach samples is concentration.

Figure 4-4 02 6p , ,204Pb vs. 1/Pb shows concentration of Pb distinguishes
perennial reach sediments from other samples
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Sr ISOTOPE RESULTS

Of the four samples analyzed for 87Sr/86Sr only one, a cerrusite (PbCO3) sample

from the Grand Reef mine, yielded no detectable Sr whatsoever. Samples of Laurel

Canyon streambed composite and Klondyke Tailings are closely grouped, showing ratios

of 0.714971 ± 0.000025 and 0.714622 ± 0.000022, respectively. A composite sample

from the perennial reach yielded 87Sr/86Sr — 0.711387 ± 0.000019, significantly different

from the other samples. As differences in the third decimal place are considered

significant in Sr isotope analysis, errors in the sixth decimal place are given. Further

analysis was not possible due to instrument failure.

SEQUENTIAL EXTRACTION RESULTS

Pb

Pb distribution between phases in the region upstream of the Klondyke site is

remarkably consistent. A total of between 46.4 and 53.4 mg of Pb was released per kg of

sample in the upstream samples, yielding 0.046 to 0.056 total mg of Pb released from

upstream samples. Of the Pb released, the majority (42 to 49%) is bound in the carbonate

phase. A slightly lesser percentage, from 38 to 45%, is realized in the ion exchangeable

fraction. Water soluble Pb, and that bound to amorphous Fe/Mn oxy-hydroxides, account

for significantly less of the mass fraction of upstream Pb, both phases accounting for

between 3 to 10% of Pb extracted (Figure 4-6).
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Pb phase distribution for the zinc "hotspot" (as determined from NURE data,

Grossman, 1998, and total metals data from this study) and Laurel Canyon, and between

Klondyke and the perennial reach are also similar. 179.5 to 269.7 mg of Pb was released

per kg of hotspot sample, with a total of 0.171 to 0.291 mg of Pb released per sample.

Carbonate-bound Pb at the hotspot averages 56% of extracted Pb. 32 to 37% of this Pb

extracted is in amorphous Fe/Mn oxy-hydroxide form, 7 to 13% is ion exchangeable, and

roughly 2% is water soluble. In Laurel Canyon, 497.7 to 559.4 mg of Pb was released

per kg of sample at the site furthest from Grand Reef; 942.0 to 1883.0 total mg of Pb per

kg of sample was released at the closer site. An average of 1.41 total mg was released

near Grand Reef, and an average total of 0.54 mg per sample was released further down-

drainage. The majority of Pb in both cases is bound in the carbonate phase, with a

decrease in percent of Pb extracted from approximately 74% to an average of 56% down

the canyon. The percentage of Pb bound to amorphous Fe/Mn oxy-hydroxides increases

from an average of 20% to 58%, while ion exchangeable and water soluble phases do not

appreciably change and represent 3 to 7% and 1 to 3% of total Pb extracted, respectively.

A total of 0.07 mg of Pb was released from each perennial reach sample, yielding

an average of 75.0 mg of Pb released per kg of sample. Roughly 50% of extracted Pb

from the perennial reach samples is in the carbonate phase. 26 to 30% of extracted Pb in

the perennial reach is ion exchangeable and, as with the upstream samples, roughly 10%

of extracted Pb is equally water soluble and bound to amorphous Fe/Mn oxy-hydroxides.

The mg Pb released/kg sediment sample for each step are shown in Figure 4-6. Error

bars represent one standard deviation.
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Figure 4-6 Phase distribution for Pb in analyzed samples

Zn
Between 0.007 to 0.011 total mg of Zn was released from upstream samples,

comprising from 7.0 to 11.2 mg of Zn released per kg of sample. The greatest amount,

30 to 38% of Zn extracted from upstream samples, was in the carbonate phase.

Comparable amounts of Zn, 20 to 36% and 20 to 31% of upstream Zn extracted, were

released in the ion-exchangeable and amorphous oxide fractions, respectively. Water

soluble Zn in the upstream transect accounts for 7 to 15% of extracted Zn. One

apparently outlying sample yielded 62% carbonate phase Zn, 14% bound to amorphous

Fe/Mn oxy-hydroxides, and 4% water soluble Zn.

In Laurel Canyon, an average total of 0.06 mg Zn was released per sample at the

site furthest from Grand Reef; an average of 0.15 mg total was released from the sample
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at the proximal site. Total mg Zn released per kg of sample was 62.0 to 143.0 at the

distal and proximal sites, respectively. The majority of Zn in Laurel Canyon, 68 to 91%,

is bound to amorphous Fe/Mn oxy-hydroxides. From 7 to 22% of Zn extracted in the

Laurel Canyon transect is in the carbonate phase. The smallest fractions, 1 to 9% of

Laurel Canyon Zn, are water soluble, and 1 to 5% is ion exchangeable. An average total

of 0.25 mg Zn was released from the hotspot samples, between Klondyke and the

perennial reach, yielding between 140.0 to 313.0 mg Zn released per kg of sample. Zn

phase distribution in the hotspot is also dominated by the amorphous Fe/Mn oxy-

hydroxide phase: 59 to 74% of extracted hotspot Zn is bound to amorphous oxy-

hydroxides, 23 to 38% is in carbonate form, and equal amounts of extracted Zn, 1 to 2%,

is both water soluble and ion exchangeable.

An average of 33.0 mg Zn released per kg of sample was recorded for the

perennial reach. A total of 0.03 mg Zn was consistently released from these samples.

Perennial reach Zn is dominantly ion exchangeable, averaging 71% of the extracted total.

Carbonate bound Zn is the next most prominent phase, from 9 to 16% of that extracted.

Smaller fractions were released from the amorphous oxide and water soluble phases, 10

to 12%, and 4%, respectively. The mg Zn released per kg sediment sample is shown in

Figure 4-7. Error bars represent one standard deviation.
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Figure 4-7 Phase distribution for Zn in analyzed samples

Fe
A total of 0.15 to 0.30 mg of Fe was released in upstream samples, with 3.07 to

7.03 mg Fe released per kg of sample. The largest Fe fraction, 51 to 79% of all Fe

released, was in the amorphous Fe/Mn oxy-hydroxide phase. Of the remaining fraction,

12 to 47% of released Fe was water soluble, and 1 to 6% was either in the carbonate

phase or ion exchangeable.

A similarly wide range of values exists for hotspot and Laurel Canyon samples.

An average of 0.14 mg Fe total was released from hotspot samples, with an average 3.43

mg Fe released per kg of sample. Similar to the upstreram samples, 51 to 72% of hotspot

Fe was in amorphous Fe/Mn oxy-hydroxide form, with the next most significant fraction,

23 to 43%, being water soluble. Between 1 to 5% was either carbonate bound or ion
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exchangeable. At the site closest to Grand Reef, an average of 0.13 mg Fe total was

released from each sample, with an average 3.21 mg Fe released per kg of sample. A

wide range, 37 to 79%, of Fe released at this closer site was in amorphous Fe/Mn oxy-

hydroxide form; 12 to 51% was water soluble, and 3 to 7% was either ion exchangeable

or carbonate-bound. At the distal site, average total Fe released was 0.17 mg, with an

average 4.06 mg Fe released per kg of sample. The largest fraction, 44 to 70% of Fe at

this site, was associated with amorphous Fe/Mn oxy-hydroxides, 19 to 49% was water

soluble, and 3 to 6% was either ion exchangeable or carbonate-bound.

Fe phase distribution profiles for perennial reach samples are internally

consistent. 0.21 mg was the average total Fe released for these samples; 5.10 was the

average mg Fe released per kg of perennial reach sample. The most significant fraction,

60 to 67% of perennial reach Fe, was in the amorphous Fe/Mn oxy-hydroxide phase, with

the next most significant fraction of Fe, 19 to 25%, released in water soluble form. 13%

of perennial Fe released was carbonate-bound, and 2% was ion exchangeable. The mg Fe

released per kg sediment sample is shown in Figure 4-8. Error bars represent one

standard deviation.
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Figure 4-8 Phase distribution for Fe in analyzed samples

Mn
Mn phase distribution profiles for ephemeral reach samples are internally

consistent. An average value of 0.16 mg was the total released for all upstream samples.

Between 3.40 and 5.28 mg was the range for mg Mn released per kg of sample. The

overwhelming majority of upstream Mn released, 85 to 93%, was associated with

amorphous Fe/Mn oxy-hydroxides, 5 to 10 % was carbonate-bound, 1 to 3% was ion

exchangeable, and only 1% was water soluble.

Mn profiles in the hotspot followed similar trends. The average value for total

Mn released for these samples was 0.16 mg per sample. The average mg Mn released per

kg of sample was 3.86. Of this, 87 to 91% of hotspot Mn was in amorphous Fe/Mn oxy-

hydroxide form, 5 to 9% was carbonate-bound, 2% was ion exchangeable and 1 to 2%

was water soluble.
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Laurel Canyon samples went from an average 0.21 mg total mass of Mn released,

at the site closest to Grand Reef, to 0.29 mg at the distal site. Average mg Mn released

per kg of sample shows a similar trend in the canyon, from 5.08 near Grand Reef to 6.90

mg/kg of sample at the distal site. As with the hotspot, 83 to 96% of the extracted Mn in

Laurel Canyon was associated with amorphous Fe/Mn oxy-hydroxides, 3 to 9% of Laurel

Canyon Mn extracted was in the carbonate phase. Only 1 to 6% was ion exchangeable,

and 1 to 3% was water soluble.

Mn phase distribution in perennial reach samples differs significantly from these.

The average total mg released for perennial reach samples was 0.24 mg, yielding an

average 5.78 mg of Mn released per kg of sample. Mn was almost equally divided

between the amorphous Fe/Mn oxy-hydroxide and carbonate phases in the perennial

reach, yielding 54% and 42% of perennial reach Mn extracted, respectively.The

remainder was distributed in the ion exchangeable (3%) and water soluble (2%) phases.

The mg Mn released per kg sediment sample is shown in Figure 4-9. Error bars represent

one standard deviation.
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SURFACE WATER METALS CONCENTRATION RESULTS

Pb concentrations in surface water samples range from 0.2 to 7.0 Kg/L. Zn

concentrations range from 4.0 to 14.0 Hg/L, though one sample from the perennial reach

yielded 215.0m/L. As values are between 0.3 and 2.5 p.g/L, below the federal

concentration limit for this metal, but the higher values are found in the perennial reach

samples and not at Grand Reef. Cu concentrations are between 1.0 and 6.0 jig/L. Fe

values range from 66.3 to 131.0 jig/L. As expected, Pb concentrations in all surface water

samples are several orders of magnitude lower than those in both perennial and

ephemeral reach sediments, and are significantly lower than any minewaste or tailings

sample taken in this study. With the exception of one apparent outlying Zn

concentration, concentrations of other metals analyzed are of a similar nature.

Table 4-4 lists metals concentration data for all surface water samples. See

Figures 3-2 and 3-3 for locations. Although Co and Ni were analyzed, they were below

detection in all samples.

Table 4-4 Surface water metals concentrations in pg/L (* denotes below
detection)

sample Fe Mn Pb Cu Zn As
AC-1 131 9 5 1 4 2
AC-2 78 * 0.2 * * 2
AC-3 81 * 0.5 * 215 2
AC-4 109 * 0.6 * * 2
GR-1 66 * 2 6 14 0.3
GR-2 128 * 7 4 7 0.2



5. DISCUSSION

Metals Concentrations

Grand Reef minewaste samples yield the highest concentrations of Pb, Zn and Cu.

Average concentrations of Pb, Zn and Cu in Grand Reef minewastes are 23.53x10 3 ug/g,

11.29x103 ug/g, and 4,576 jig/g, respectively. Average concentration for Fe is 29.34x103

.tg/g. Mn is above the detection limit for seven of the ten Grand Reef samples, and the

average concentration for these is 1,257 ug/g. No apparent correlation exists between

concentration and grain size of the original waste pile for any of the metals analyzed at

Grand Reef. Concentration data for these metals is shown in Table 5-1.

Table 5-1 Metals concentrations in Grand Reef minewastes in pg/g (where 0
implies below detection limit)

Sample Fe Mn Pb Cu Zn

uglg. uglg. Li Lg. uglg. uglg.
GRCB3 22,400 400 11,600 3,065 5,773
GRCH2 23,400 800 6,700 1,267 848
GRA02 22,800 200 17,200 2,943 11,842
GRPU2 20,000 0 48,300 4,409 14,215

GRPMC2 60,000 0 29,500 5,606 33,202
GRPMF2 12,600 200 6,500 1,198 357
GRPL2 25,800 1,800 18,500 2,972 4,959

GR3YT2 40,000 0 43,600 11,130 12,815
GR4DT2 36,400 3,400 14,100 5,610 12,815
GR5W2 30,000 2,000 39,300 7,560 16,065

Because Laurel Canyon is the obvious pathway for Grand Reef minewastes to

enter the Aravaipa Creek main channel during a flow event, streambed composite

samples were collected in the dry canyon bottom at two intermediate points (LC1 and
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LC2) between the mine and Laurel Canyon's confluence with Aravaipa Creek. Within

the Laurel Canyon transect, metals concentration data show a general decrease with

distance away from Grand Reef for all metals (Figure 5-1). Total Pb shows the most

pronounced attenuation, diminishing by more than 98% between its highest value at the

mine and LC1 (the site the furthest from Grand Reef). Because the Grand Reef Pb signal

shows such attenuation before the confluence of Laurel Canyon and Aravaipa Creek, it is

unlikely that flood-borne Grand Reef minewastes are a significant contributor to Pb in the

perennial reach.	
GR5W2

GR4DT2

Figure 5-1 Metals concentrations in Laurel Canyon sediments and
representative samples of Grand Reef minewaste (in pg/g)
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The surface area of the Klondyke Tailings is smaller than the Grand Reef

minewastes and, expectedly (owing to the increased efficiency of flotation-processing

operations at Klondyke) metals concentrations in samples from the Klondyke site average

significantly lower values than those at Grand Reef. Metals concentrations data in

Klondyke Tailings (Table 2-2) from a site assessment by Corley (pers. comm.) are in

approximate keeping with those found in this study (Figure 5-2).

Average Pb, Zn and Cu concentrations found at Klondyke are 2,663 ug/g, 9,455

lig/g and 3,050 ug/g, respectively. Fe and Mn concentrations at Klondyke average 33,180

ug/g and 5,000 ug/g. Still, however, except for Fe and Mn, metals concentrations in

Klondyke Tailings samples show consistently higher mass fractions when compared with

regional NURE (Grossman, 1998) data averages. Regional NURE averages for Pb, Zn

and Cu are 548 pg/g, 1,804 ug/g and 222 tg/g, respectively (Grossman, 1998).

Elevated Zn and Cu concentrations of 26.28x10 3 ug/g and 2,226 ug/g noted by

NURE (Grossman, 1998) in the bed of Aravaipa Creek, 1.25 km down-drainage from the

Klondyke Tailings, do not correspond to any current metals-processing facilities on the

ground. This "hotspot" site does, however, lie in the drainage path of what appears to be

a defunct holding pond 1.6 km North of the Klondyke Road. Metals analysis of a sample

taken 20 m SW of the road near this site yielded total Zn and Cu concentrations of 88 and

136 ug/g, respectively, but since access to the exact site listed by NURE was not possible

there is no way to accurately verify the NURE data.
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Figure 5-2 Metals concentrations in Klondyke Tailings (in pg/g)

Samples taken from a streambed transect upstream of the Klondyke site show an

increase in total Pb, from 30 to 43 pg/g, with increasing proximity to the site. An

increase in total Pb as the tailings are approached from upstream is in disagreement with

data for this area reported by SCS (1998), though the transect does include the region

near Aravaipa's intersection with Fourmile Canyon, an area close to the center of

Klondyke that occasionally receives drainage from the local landfill. Because of the

increase in upstream sample Pb concentration with increased proximity to the Klondyke

73



74

tailings, and because this concentration range is similar to that found in perennial reach

sediments, aerial transport of tailings material is implied.

Metals concentrations in the perennial reach of Aravaipa Creek (Figure 5-3) show

the relative mass fraction dominance of Fe and Mn over the other metals analyzed, in

most cases by at least one order of magnitude. With the exception of one sample,

perennial reach Pb concentrations correlate closely with those in samples from the

upstream transect. Based on the range of Pb concentrations in this upstream transect, 35

i.tg/g Pb may be indicative of a "background" Pb concentration level for the lower

Aravaipa Creek drainage.
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Figure 5-3 Metals concentrations in Aravaipa Creek sediments (in pg/g)
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Metals ratios

Review of the mean values for Pb/Fe, Zn/Fe and Cu/Fe ratios might lead to the

conclusion that there are some differences between sample groups. Due to the scatter of

values, however, there are no significant differences between samples of Grand Reef

minewaste, Klondyke tailings, and samples from Laurel Canyon when consideration is

given to the large standard deviations.

Normalization by Mn concentrations yields means for Grand Reef and Klondyke

samples that differ for Pb and Cu, but not as significantly for Zn. Zn/Mn and Cu/Mn

values for Laurel Canyon are different from those derived from samples at the Grand

Reef and Klondyke, but the average Pb/Mn value from Klondyke and Laurel Canyon are

essentially the same.

Since metals ratios in Aravaipa Creek perennial reach samples vary widely and

show no discernible signature from any of the potential source areas in this study. This,

combined with the variation in ratios within sites and the fact that there are overlapping

values between ratios in potential source regions, suggests that this data is of little use in

connecting metals loads in the perennial reach with a particular source area.
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Pb Isotope Ratios

Pb isotope data show a distinct difference along the strike of the Aravaipa District

lodes. The Pb isotope data shows two distinct end-members: one described by the

minerals and minewaste from the Grand Reef mine at the Southeast quadrant of the

rhyolite-bound Pb/Zn deposits (an area especially rich in Pb oxide minerals, but still

containing economically viable amounts of galena) and one with source rock of isotopic

composition similar to the Northwest mines.

208pb/204pb , 207pb/204pb and 206p, '204Pb values for the Grand Reef Mine and

Laurel Canyon samples (2oapb/zo_apb = 38.513 to 38.721, 207	 04Pb/2- Pb = 15.550 to 15.598,

206
Pb/

204
Pb = 18.544 to 18.706) are remarkable not just for their spread in this study but

for the fact that they include a galena sample (GR1A) as well as Pb oxides. This area of

the Aravaipa District is notable for its mixed hypogene/supergene deposits, and it is

possible that the coexistence of such minerals has allowed for the partial alteration or

replacement of galena. Comparing the Pb isotopic ratios for samples from this sector

with those from the perennial reach, it is evident that the Grand Reef is again effectively

excluded as a perennial reach Pb source. The total metals data are supported in this

regard.

The same data for the Northwest sector and Klondyke Tailings show higher

208pb/204pb , 207pb/204pb and 206,-., '204Pb values (208
Pb/204Pb = 38.855 to 38.946,

207Pb/--
20

4Pb = 15.610 to 15.625, 206
Pb/204Pb = 18.952 to 19.031). The 208pb/204pb vs.

206p, ,204Pb data, and the 207pb/204pb vs. 206pb/204p,  in particular, suggest that a majority
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of the ores processed at Klondyke were Pb sulfides, and likely have their source in the

mines of the Northwest sector: mines such as the Iron Cap and Sinn Fein. This is

consistent with what little is known of the historical record, insomuch as ores from the

Grand Reef and nearby Dogwater mines were known to have been processed at or near

their points of extraction, and not at Klondyke.

208pb/204pb and 2o7p, ,2o4n/ Pb ratios for the Aravaipa Creek perennial reach samples

are tightly grouped. While the 208
Pb/204Pb data suggest that the Pb in the perennial reach

sediments is a mixture of end-members (albeit with a dominant contribution from the

Klondyke Tailings) the 207p,ix '204Pb ratios point to Klondyke alone as the source of

perennial reach Pb.

Pb isotopic signatures for galena samples from the Northwest mines end member

agree more with the "Boundary Zone Arizona subprovince" present-day Pb isotopic

signatures of Cretaceous-Tertiary plutons proposed by Bouse et al. (1999) (208pb/204pb =

38.82 to 40.54, 207pb/204pb __= 15.58 to 15.99, 206
 
Ph/2°4Pb = 18.19 to 19.93), and oxidized

end-member samples fall within the "Southern SE Arizona subprovince" (208pb/204pb =

38.23 to 38.75, 207p, oi /204Pb --= 15.52 to 15.61, 206MD/204Pb = 18.03 to 18.99).

Mixing relationship graphs of 2o6pb/2o4pb and 207p, D/ ,206Pb versus inverse Pb

concentration for all samples (Figures 4-4 and 4-5) shows a linear trend broken only by

perennial reach samples. That continuity of the linear trend is broken only by x-axis

values of perennial reach samples demonstrates that Pb concentration is the only thing

keeping these samples off of a near-perfect, continuous mixing series between end
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members. Note that Grand Reef minewaste is included in these graphs as well, and that

once again the contrast in efficiency of processing technology between sites is illustrated.

Though the mechanisms responsible for oxidation and the difference in isotopic

ratios between Pb minerals derived from one ore body are still poorly understood, Pb

isotopic ratios in samples from these district mines serve as distinct Pb source signatures.

Postscript: notes on possible Pb isotope fractionation mechanisms

The Grand Reef mineral suite is typical of a primary replacement deposit, wherein

the original sulfide products are first dissolved by hydrothermal solutions, then replaced

with another generation of minerals whose constituents are present in that solution as it

evolves. However, justifying the co-existence of hypogene (those minerals precipitated

by magmatic waters) and supergene (those minerals precipitated by meteoric waters)

minerals, particularly in a complex, spatially condensed mineralogic setting like that at

Aravaipa, has been difficult to reconcile. Four potential explanations for the difference in

Pb isotope signatures in Aravaipa District ores are herein discussed.

The explanation of Ross (1925) describes a water table descending through a

mineralized, granitic body altering mineralogy as it goes by exposing the mineralized

zones above it to more oxidized waters and eventually to the surface by erosion.

Krauskopf and Bird (1995) present a related model for supergene enrichment of porphyry

copper deposits that has been corroborated by industry, with the same mineral suites

found repeatedly in predictable sequences in deposits that are not contiguous. Supergene

enrichment patterns in Pb sulfide deposits, however, have not proven so easy to

categorize. Tectonically this model might make sense, since the Santa Teresa complex is



80

a type-example extensional terrain, and had to have risen isostatically through a thinning,

sediment-laden crust as it cooled. This would have exposed the batholith to progressively

more oxic waters. The chemistry involved in this explanation, however, does not account

for the ease with which meteoric or surface-derived waters could dissolve Pb sulfides (a

point stressed by Krauskopf and Bird, 1995) and precipitate minerals like cerrusite and

leadhillite in economically lucrative amounts. Nor does it account for the presence of

minor amounts of wulfenite, a mineral often associated with primary precipitation from

magmatic fluids, in veins in the Grand Reef and in the Dogwater Mine, % of a mile to the

south.

Given the complex conditions under which district minerals were deposited,

another explanation for the observed fractionation may be not so much that the sources of

the precipitating waters differed but that the paths taken by the original hydrothermal

fluid originating in, or heated by, the Santa Teresa pluton may have differed. Under this

explanation, Pb in the Grand Reef minerals and Pb in the Northwest mines are not

originally from the same ore body, yet they may still be a product of the same

hydrothermal fluids. In this model, Pb in the Northwest mines is "native" Pb sourced in

the original magmatic waters of the cooling Santa Teresa pluton, while Pb from the

Grand Reef oxides was originally present in the predominantly carbonate country rock

and was hydrothermally dissolved and re-precipitated in the carbonate lattice.

Also, while there is no consensus as to whether oxidation-reduction gradients are

able to preferentially mobilize isotopes of Pb, such gradients have been observed to have

a significant effect on the solubility of radioactive "parent" elements that ultimately
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produce Pb. The preferential dissolution of parent elements may induce an effect that

mimics true Pb isotopic fractionation. 234u/238 u (both parent elements of 206Pb) ratios in

groundwater depend not only on the greater solubility of 234U, but also to a large extent

on fracture surface area per volume of interstitial water and the differences between

oxidation-reduction conditions in the recharge zone and those existing in aquifers at

depth (Clark and Fritz, 1997). It is plausible that the difference in Pb isotopic ratios

across the Aravaipa ores could reflect the gradual evolution of hydrothermal waters

circulated by the cooling Santa Teresa pluton, and could in part be the result of

increasingly oxic water (and therefore increased availability of U6+ , the more soluble U

species) being made available for magmatic heating and recirculation through the

sediment column.

Finally, appreciable Pb/Zn sulfide deposits have been documented in areas far

removed from any magmatic source. Studies done on the Pb/Zn belt in Missouri (cited in

Krauskopf and Bird, 1995) have attributed Pb/Zn ore deposition to horizontal migration

of connate fluids driven by pressure from a growing, overlying sediment stack, through

carbonate strata. In this explanation, Pb from country rock may be scavenged and

preferentially reprecipitated in down-flow areas. If applied to the Aravaipa deposits, Pb

isotopic differences could also be explained by accounting for one end-member signature

as a result of Pb deposited by hydrothermal fluids, while the other end-member might

represent Pb minerals deposited by pressure-driven, horizontally migrating fluids that

would have depleted the country rock of "native" Pb and redistributed it further away

from the source of pressure such as, in this case, an intrusive body.



For any number of potential reasons, an isotopic difference between Pb from

different mine sources is clearly observable.

Sr Isotope Ratios

87 Sr/86 Sr ratios, by contrast, do not show an appreciable difference across the

length of the district's ore deposits. The atomic radius of Sr is close to that of Ca, for

which it often substitutes in crystal lattices, thus Sr is often intimately associated with the

carbonate phases of minerals in a source water area. In the case of K-rich ("alkali")

granite, K/Rb chemistry indirectly controls that of Sr since Rb may substitute for K in the

feldspar lattice, where it then decays to 875r. Sr isotopic ratios are often used as an

indicator of rock-water interaction, although the exact date when this occurred may not

be known with certainty because the Sr isotope ratios in any given rock may be altered

from their original value by interaction with magmatic or other hydrothermal fluids after

diagenesis.

87 Sr/86Sr ratios in streambed composite samples from Laurel Canyon and the

Klondyke Tailings are closely grouped. The average 87 Sr/86 Sr ratio for these samples is

0.714797, with an average error of .000024. The lower 87Sr/86 Sr ratio for the one

perennial reach sample analyzed is 0.711387 ± .000019, indicating that some alteration,

such as exchange with groundwater, has occurred in the stream. The higher 87Sr/86 Sr

ratio in the ephemeral reach may be interpreted as a byproduct of K/Rb substitution and

Rb decay, which manifest as an elevated 87Sr signal. Sr ratios for all samples in this

study indicate post-diagenetic alteration (Ruiz, pers. comm.), which is consistent with the

abundance of volcanic and intrusive rocks in the study area. These values, as with the
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ranges of Pb isotope data values, confirm that all ore and minewaste samples analyzed in

this study are from local sources. It is notable that, although none of the ores processed

at the Klondyke site were known to be Pb carbonate ores, there is still a Sr signal

attainable from tailings samples. It is recognized that, for future studies, additional Sr

ratio analyses would be requisite to validate these observations, particularly Sr ratios in

carbonate phase grain coatings as well as whole rock digestions.

Sequential Extraction of Streambed Sediments

Lind and Anderson (1992) found that, despite the greater affinity of most trace

metals for amorphous Fe oxy-hydroxides, amorphous Mn oxy-hydroxides dominated

trace metal distribution, due to their greater abundance. Total mass of Mn extracted in all

four steps is on average slightly greater than that of Fe, but the percentage of total Fe

extracted was not only consistently greater in the amorphous oxy-hydroxide phase, it was

greater in the total (aqua regia) digestions as well, showing that though there are

comparable concentrations of Mn and Fe in surface coatings, Fe concentrations in the

actual sediments is much greater. This is consistent with generally accepted elemental

abundance ratios for Fe:Mn.

Metal cation exchange from solution to carbonate surfaces has been modeled

with varying degrees of success (Davis et. al, 1987; Fuller and Davis, 1987). There is

evidence that this process is typically fast and is related to the rate of water exchange

(Stumm, 1992), but for most of the samples in this study there is, for most of the year, no

water available to facilitate such an exchange. So, for those ephemeral reach samples

with significant fractions of carbonate-adsorbed metal cations, extracted abundance can



be seen as a function of infrequent, episodic adsorption to carbonate grain coatings over

periods of years.

Pb
An increased mass fraction of Pb in the amorphous Fe/Mn oxy-hydroxide phase is

visible in the Laurel Canyon transect with proximity to the perennial reach and is, in this

regard, similar to Pb phase distribution trends in other mining-affected drainages in the

Southwest US (Lind and Anderson, 1992). Carbonate phase-bound Pb, however, still

represents the majority of extractable Pb in this transect. Considering that the sequential

extraction procedure targets sediment grain coatings; the Pb phase distribution for this

transect can be explained as Pb scavenging by carbonate grain coatings. The implication

of these results is that further work should include Pb isotope ratio analysis on carbonate

grain coatings.

A similarly simplistic explanation is also tempting for Pb phase distribution in the

hotspot at the mouth of Laurel Canyon: as simply Grand Reef minewaste that was

washed down the canyon and deposited. This scenario is less likely, however, not just

because the sequential extraction procedure does not attack mineral phases, but in light of

the total metals data as well; recall that the total Pb signal from the Grand Reef is

significantly attenuated before the intersection with Aravaipa Creek and that total Pb

increases again at the hotspot. Further isotopic analysis is needed to resolve the source of

Pb in the hotspot samples.

For perennial reach, aqueous phase adsorption of metal cations and rapid re-

equilibration with dominant-phase grain coatings are constantly ongoing processes. This
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is illustrated by comparing the extraction results with the Pb isotope data, which confirm

Klondyke as the primary source of perennial reach Pb, but primarily in a carbonate-bound

phase. Since the ore processed at Klondyke was not Pb carbonate ore, adsorption to

carbonate phase sediment grain coatings must be an important control on the fate of Pb

throughout the Aravaipa system This lends further weight to the importance of looking at

Pb isotope ratios in the carbonate coatings.

Sorption of Klondyke Pb to a carbonate phase must therefore occur after

deposition in the perennial reach. This is confirmed, too, by the Sr data, which describes

a perennial reach Sr isotopic signature different from all ephemeral samples, including

Klondyke. As trace metal concentrations in Aravaipa Creek water are nominal, and trace

metal adsorption to carbonate particles in the water column has been found to be

relatively insignificant (Morel and Hering, 1993), an argument for bulk transport to the

perennial reach and subsequent interaction and incorporation into a second carbonate

phase in the sediment column begins to take shape. In sum, carbonate-phase grain

coatings control the mobility of Pb in the Aravaipa basin, with Pb passing from one

carbonate coating to another upon contact with the perennial reach.

Zn
While carbonate-phase sediment grain coatings control Pb mobility in the

majority of study samples, the same can not be said for Zn. Amorphous Fe/Mn oxy-

hydroxides control Zn phase distribution in the ephemeral areas of this study most

affected by mining activity. This is consistent with observations made in other mining-

affected streams in the Southwest (Lind and Hem, 1993), but in the main channel of
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Aravaipa Creek just upstream of Klondyke Zn partitions evenly between ion-

exchangeable, carbonate, and water soluble/amorphous Fe/Mn oxy-hydroxide phases.

An increased affinity of Zn for exchange sites provided by clay and soil minerals is

evident in the perennial reach, where ion-exchangeable Zn accounts for up to 75% of

extracted Zn. To a first approximation this may be due to the affinity of metals such as

Zn for the aluminol and silanol groups on the edge surfaces of clays (Stumm, 1992), but

this explanation is complicated by the relatively low adsorption affinity of Zn compared

with other divalent metal cations (Sposito, 1989), at least in soil solutions. One major

difference between the perennial sites and others in this study is the current availability of

water, and the greater presence of ion exchange Zn in the perennial reach may be due to

hydration of clays, where electroneutrality of water in the clay lattice is maintained by

inclusion of metal cations (Morel and Hering, 1993), or by greater availability of sorption

sites on the oxides bound to the inner layers of clays. While a hydration dependence is

implied, and both are plausible explanations, the actual mechanism is not discernible

from this data.

Fe
Fe phase distribution profiles are uniform for all ephemeral transect samples, and

reflect the dominance of amorphous Fe/Mn oxy-hydroxide phases in controlling

ephemeral reach Fe chemistry. This is expected from previous studies of trace metal

retardation by Fe and Mn oxides (Lind and Anderson, 1992; Lind and Hem, 1993). What

is unexpected is the fraction of extracted Fe that is water-soluble. Second in extracted

mass fraction only to the Fe and Mn oxides, water-soluble Fe averaged roughly 25% and,
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in some triplicates, up to 50% of extracted Fe. This trend is independent of sediment

water content since it does not vary between reaches.

Fe(III) is the more stable form in oxic environments, but is less soluble than

Fe(II). That such a significant fraction of Fe is coming off in water-soluble form

contradicts the Mn data because increased solubility implies the presence of the reduced

Fe species (Fell)) which should follow Mn(IV) reduction to Mn(II). The extraction data

for Mn, however, indicate that no major fraction of extracted Mn is water soluble. Mn is

typically reduced to the more stable aqueous species, Mn(Il), before Fe(III) so the fact

that Fe is solubilized before Mn implies an enhanced solubility "effect" (or, if you prefer:

enhanced reduction "effect") of Fe(III) to the exclusion of Mn. One possible explanation

for this would be the presence of Fe(III) sorbed to colloids that had not been filtered out

during the extraction process. An Fe(III) phase diagram (Langmuir, 1997) confirms that,

at the log [Fe(III)] observed in the water solubility step (-10 -1 M), and at the pH of

reagent grade water (-5), the solubility product of Fe(III) (amorphous oxy-hydroxide) is

exceeded. This is likely Fe(Ill) sorbed to colloidal particles that have passed through the

0.45 [tin filter used post-extraction, and underscores the fallibility of some aspects of the

sequential extraction procedure.

Mn
Mn phase distribution profiles are consistent throughout the ephemeral reach,

regardless of whether or not the sampled sub-area was mining-affected. The majority of

extractable Mn, averaging roughly 90%, is found in amorphous oxy-hydroxide form. Mn

bound to carbonate phase coatings comprises the next most significant fraction of
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extractable Mn, between 5 to 10% of the total. In the perennial reach, however, in excess

of 50% of extractable Mn is in amorphous oxy-hydroxide form and roughly 40%, a

similarly significant amount, is carbonate bound.

The adsorption of metals such as Mn to carbonate surfaces in systems open to the

atmosphere often follows solid solution chemistry and is directly proportional to pH,

primarily as a function of carbonate surface charge (Stumm, 1992). It is possible that

increased pH in the perennial reach is contributing to an increased negative surface

charge on available carbonate phase coatings, thereby increasing the efficiency with

which divalent metal cations such as Mn2+ can sorb to carbonate surfaces.

Though a precipitate fluorescence test under short-wave ultraviolet light did not

indicate the presence of rhodochrosite (MnCO 3) in carbonate phase extractant,

fluorescence may not be a reliable indicator of the presence of this mineral (Shirley

Wetmore, Curator, Flandrau Science Center Mineral Museum, University of Arizona,

pers. comm.). Any ratio of the solubility products of rhodochrosite (-log K = 9.3) and

calcite (- log K = 8.35) does not equal unity (Stumm and Morgan, 1981; Krauskopf and

Bird, 1995), so it is likely that a non-ideal solid solution reaction series exists between

Mn and Ca carbonates in the perennial reach (Klein and Hurlbut, 1985).

In sum, unlike other mining-affected basins in the southwest US (Pinal Creek,

Arizona) results from sequential extractions of streambed sediments suggest that

carbonate phase grain coatings, and not amorphous Fe/Mn oxy-hydroxides, control the

fate of Pb in the Aravaipa system, regardless of hydrology. The only other heavy metal

analyzed in the extraction procedure, Zn, does not follow Pb in this regard and is
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controlled by these amorphous oxy-hydroxides only within mining-affected areas. In the

main channel of the creek Zn is more evenly distributed between phases, but in the

perennial reach a hydration effect may make more Zn available in the ion-exchangeable

phase.

The extraction results also illustrate that aqueous transport of Fe in the Aravaipa

creek basin is possibly controlled by sorption of Fe(III) to colloidal particles of 0.44im

diameter or less. Extraction results for Mn indicate the hydrated, amorphous form is

ubiquitous in the ephemeral reach, and the existence of a non-ideal solid solution series

with CaCO3 in the perennial reach.

Surface Water Metals Concentrations

Metals concentrations of surface water samples in this study, regardless of

proximity to minewaste or ore-processing sites, are in the low ppb range with only one

apparent outlying Zn value. This is expected since the average surface water pH (8.3) is

not conducive to solubilization of Pb (Krauskopf and Bird, 1995), and supports a Pb

transport mechanism from the ephemeral to the perennial reach that does not involve

solubilization.
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6. CONCLUSION
Total metals analysis may be useful in constraining metals fate and transport, but

metals ratios are not useful in discriminating between contributions of individual sites to

metals contamination in the Aravaipa system. Metals ratios in tailings and minewaste

samples prove too erratic and inconsistent to be of any use in determining the source of

metals in perennial reach sediments.

Pb isotope analysis is an effective technique for discrimination between sources

of Pb in this mixed ephemeral/perennial system and their respective contributions to

perennial reach Pb contamination. Metals concentrations and sequential extraction

experiments help constrain the controlling phases and factors in contaminant transport

from sites.

Pb isotope ratios from the Aravaipa District describe two sources of Pb: One

from the mixed oxide/sulfide and one from the purely sulfide end of the Pb/Zn deposits in

the Santa Teresa ore system. The contribution of each end-member to Pb contamination

in the perennial reach could theoretically be determined from mixing relationships, but is

in this case unnecessary since only one source of perennial reach Pb is implicated.

Pb contamination in both ephemeral and perennial waterways of the Lower

Aravaipa Creek Drainage has resulted from prior Pb/Zn ore mining activity and the

sustained presence of associated minewastes in the Aravaipa District. Pb isotope ratios

present in Aravaipa Creek perennial reach sediment Pb match those at the Klondyke

tailings WQARF site, and imply that Pb from the tailings has migrated into the Aravaipa

Canyon Wilderness Area perennial reach, where it may be concentrating in the food
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chain. This is supported by the total metals data, which effectively exclude Grand Reef

as a significant contributor to streambed sediment metal levels outside of Laurel Canyon.

Relative to the Grand Reef site, the areal extent of, and metals concentrations in,

the Klondyke Tailings are smaller, yet some feature of the tailings has clearly resulted in

their contents being more available for transport to the perennial reach. It was initially

assumed that the primary mechanism for Pb transport to the perennial reach was

monsoon-generated flood events (SCS Enigineers, 1998; King and Martinez, 1998), and

that the placement of the Klondyke Tailings immediately adjacent to the creek bed made

this possible. At first glance this scenario is supported by the metals concentration data

from Laurel Canyon, where a minewaste contribution to streambed sediments is

discernible in the canyon floor for a distance of up to 4 km down-drainage from the

source. In that case, however, aqueous transport of Pb-rich minewaste down the canyon

via flood events is favored because of the less efficient ore-processing methods used at

Grand Reef, which has left Pb-rich particulates in coarser (therefore heavier) form. A

flood transport mechanism for the Klondyke tailings seems less likely to be a continuous

source of Pb-rich material when one considers the 50 year return period of floods in this

semi-arid basin. Rather, flooding could be a periodic offsite transport mechanism for Pb

from the tailings, as is the case in Laurel Canyon.

In light of the hydrologic data, the fact that the total Grand Reef Pb signal is

significantly reduced well before the intersection of Laurel Canyon with the main channel

of Aravaipa Creek (a fraction of the distance between Klondyke and the perennial reach),

and the fact that even samples taken in the main channel of the creek upstream from
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Klondyke show an increase in total Pb with proximity to the site, it is likely that flooding

does not provide a continuous supply of tailings material to the perennial reach of

Aravaipa Creek.

The difference between "stamper" ore processing technology at the Grand Reef

site and flotation separation, which allows for processing into finer particles, at Klondyke

may have allowed for aerial transport of Klondyke tailings to the perennial reach.

Similar findings in the Animas River basin in Colorado, where Pb bearing the isotopic

signature of creek-side mine tailings has been found in iron bogs well above flood stage

levels, suggest that wind is a viable transport mechanism (Church, USGS, pers. comm.).

Though flood transport from the Klondyke site may be significant for within distances of

a few km downstream, at greater distances wind transport of Pb-rich, finer-grained

tailings may become more important (Bindler et al., 2001; Aberg et al., 2001).

These conclusions point the way for future research: establishing aerial patterns of

Pb deposition out from and around the Klondyke site in order to establish the validity of

an aerial transport mechanism. In addition, more work needs to be done to establish the

importance of carbonate grain coatings on Pb fate in the stream. If the majority of the Pb

is in this dynamic phase, this may explain the bioavailability of Pb.
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APPENDIX B Description of material available on CD-ROM

The enclosed CD-ROM contains all data on which this study is based. Data are

organized into the following three folders: total metals analysis, sequential extraction

data, and isotope data.

Total metals analysis

The contents of the "total metals analysis" folder are as follows:

"Aravaipa minerals and ores": an EXCEL spreadsheet containing dilution tables for the

determination of total metals concentrations by FAAS in district sulfide and carbonate

ores. Because the dilutions this early in the study were not made gravimetrically, this file

contains a worksheet with dilution calculations that have been corrected for potential

errors due to pipetting technique.

"GR tailings FeCuZn": an EXCEL spreadsheet containing dilution tables for the

determination of total Fe, Cu and Zn concentrations by FAAS in Grand Reef tailings. As

with most of the other enclosed EXCEL spreadsheets, final metals mass fractions are

given in red font.

"GR tailings Mn": an EXCEL spreadsheet containing dilution tables for the

determination of total Mn concentration by FAAS in Grand Reef tailings. The original

file was lost; the data in this file were entered by hand from the laboratory notebook,

hence there are no calculation operations visible in the spreadsheet, only raw numbers.

"GR tailings Pb": an EXCEL spreadsheet containing dilution tables for the determination

of total Pb concentration by FAAS in Grand Reef tailings. Since approximate mass
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fractions of Pb were not known, the enclosed worksheets reflect an iterative approach to

the dilution process.

"Klondyke tailings": an EXCEL spreadsheet containing dilution tables for the

determination of total Pb, Cu, Zn, Fe and Mn concentrations by FAAS in Klondyke

tailings.

"Streambed composites": an EXCEL spreadsheet containing dilution tables for the

determination of total Pb, Cu, Zn, Fe and Mn concentrations by FAAS in Laurel Canyon

and Aravaipa Creek perennial reach samples, as well as Cu and Zn concentrations in the

"hotspot" near the junction of Laurel Canyon and the main channel of Aravaipa Creek.

"Surface water metals": an EXCEL spreadsheet containing surface water Fe, Mn, Pb, Co,

Cu, Ni, Zn and As concentration data, as determined by the University of Arizona

College of Pharmacy ICP-MS facility.

"Total metals": an EXCEL master spreadsheet containing FAAS-determined Fe, Mn, Pb,

Cu and Zn concentration data for all solid samples analyzed, as well as metals ratio

spreadsheets and some basic figures.

Sequential extraction data

The contents of the "sequential extraction data" folder are as follows:

"Sequential extractions": an EXCEL file containing FAAS-determined Fe, Mn, Pb and

Zn concentration data for the water-soluble, ion-exchangeable, CaCO3 — bound, and

amorphous Fe/Mn oxy-hydroxide-bound phases of these elements in ephemeral and
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perermial reach sediments. There are additional tables of extraction value averages and

standard deviations enclosed.

"Extract figures": an EXCEL file containing bar graph representations of mg metal

released/kg sediment for the water-soluble, ion-exchangeable, CaCO3 — bound, and

amorphous Fe/Mn oxy-hydroxide-bound phases of Fe, Mn, Pb and Zn. Error bars

represent one standard deviation.

"Feseqexpies": an EXCEL file containing pie chart representations of the percent of the

total amount of Fe released in each of the aforementioned phases.

"Mnseqexpies": an EXCEL file containing pie chart representations of the percent of the

total amount of Mn released in each of the aforementioned phases.

"Znseqexpies": an EXCEL file containing pie chart representations of the percent of the

total amount of Zn released in each of the aforementioned phases.

Isotope data

The contents of the "isotope data" folder are as follows:

"ICPMS dilution schemes": an EXCEL file containing dilution tables for samples of

Grand Reef tailings, Grand Reef galenas, Iron Cap galena, Sinn Fein galena, Klondyke

tailings, the upstream transect, Laurel Canyon sediment, and oxidized Pb minerals.

Although these dilutions were made at an early point in the study and are not done

gravimetrically, the calculations include correction factors for potential errors due to

pipetting technique. When Pb concentrations were verified by MC-ICP-MS, calculated

concentrations were different from MC-ICP-MS observed concentrations by <1%.
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"Pb isotope data": an EXCEL file containing tabular and graphic representation of all Pb

isotopic ratio data for samples in this study.

"Sr data": an EXCEL file containing 87 Sr/86 5r ratio data for samples in this study.
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