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A comparative study of sulphide mine-tailings fiom two sites near Silver City in 

southwest New Mexico has shown the need for environmental monitoring in a geologicai 

conte*. The Cypnis-Pinos Altos and Cleveland deposits consia of Cu and Zn skarn 

minerakation in the P i o s  Altos Mountains of New Mexico. Plimary ore minerals in both 

deposits include chalcopyrite, sphalaite and galena. The Cypnis-Pifios Altos Mine ceased 

operation in 1995 and the Cleveland Mill closed in 1950. The deposits have similar 

mineralogical characteristics; however, the taihgs are different in tetms of age, degree of 

oxidation and method of disposal. 

The Cyprus-Püios Altos t a g s  (CPAr) are storeci in a hed, bermed impoundrnent. They 

are dominantly water-saturated and there are no secondazy phases. The grains are not 

cemented and show no evidence of primary-minera1 dissolution. The geochemical data show 

a predominantly primary signature- The tailings-pond water is neutrai to stightiy alkaiine (pH 

nom 7 to 8.3), partiy as a result of processing methods. 

The Cleveland mill taihgs (Cm) were deposited in a valley at the headwaters of an 

ephemeral stream. They are highly oxidized and dierentialy cemented. They have 

undergone numerous wet/dry cycles, resulting in extensive oxidation. Secondary minerals 

predominate, and consist mainiy of jarosite, goethite, hematite, and Fe oxyhydroxides and 

oxyhydrosulphates. The pH of the strearn drainhg the C m  is as low as 2.15. Maximum 

metal contents in the stream immediately downstream fiom the tailings are 53 05 ppm Zn, 454 

ppm Cu, 1.16 ppm Pb, 17.5 ppm Cd, 1.4 ppm As, and 0.0 1 ppm Hg. 

The Cyptus-puios Altos and the Cleveland deposits had similar primary rnineralogical 

assemblages and geochemical signatures. Because of differences in style of deposition and 

time since deposition of the taiiings, present metal-residence sites dfler substantiaüy. The 

advanced age and weii-drained nature of the CMT have promotcd extensive oxidation and 

dissolution of primazy phases- In contrast, the satwated condition of the CPAT and the short 

time since th& deposition have r d t e d  in Mted aiteration of pMiary minerals. Thus, the 

CPAT may be viewed as an analogue for the CMT early in its weathering history. 

Average Pb concentrations in taüings are 12 times higher than average Cd 



concentrations, but average dissolved Pb concentrations in the meam are up to 12 times 

lower than dissolved Cd concentrations. This relationship indicates that while Pb is relatively 

immobile, Cd is easily mobilized out ofthe tailings in dissotved foms. Low mobility of Pb 

within the tailings and low concentrations ofPb in acidic drainage indicate that this element 

may be l es  ofa threat to the &onment than other, more mobile, toxic elements (e.g., Cd) 

that are present in lower concentrations in taiüngs. Zn is highly mobile, due to relatively high 

solubility of Zn sulphate. Results of mechanical transport of sedient downstrearn is an 

important rnechanism in mobilùing As fiom the taihgs, whüe chemical transport appears 

minimal. Thus, an understandimg of mineralogy of tailings and the solubilities of secondary 

rninerals is necessary to accurately predict the toxicity of sulphide mine-wastes. 
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CHAPTER 1 

INTRODUCTORY REMARKS 

1.1 Introduction 

Growing public concem about metal contamination at and around mine-tailings sites has 

indicated the importance of understanding nahiral processes that control the mobüity of these 

metals. Aqueous transport of metds is govemed by bdamental chernical processes; 

understanding these processes is necessary to predict and modo@ how metals move through 

the environment. In addition to their potential environrnental impact, mine-tailings may 

provide future sources of additional revenue through reprocessing. A comparative 

mineralogical and geochemical study of sulphide mine-tailings f?om the Cyprus-PüIos Altos 

mine-tailings (CPAT) and Cleveland mill tailings (CM) in southwest New Mexico (Fig. 1.1) 

has shown that a geological perspective on this environmental problem is necessary. Mine- 

tailings mineralogy is cornplex, multi-phase and controls the mobility of metals in and out of 

the tailings environment. Mineralogy and geochemistry of tailings is a fùnction of the type 

of deposit, grade of ore, proportion of sulphides, and bunering capacity of the tailings, as weii 

as local and regional climate (temperature and precipitation). 

Mineralogid studies of mine-tailings are important for developing environrnental 

remediaîion plans because most ore minerals are veiy sensitive to changes in environrnental 

conditions, especially temperahrre, humidity, pH and E h  Elements released by oxidation and 

dissolution of primary ore minerais may be incorporateci into secondary minerals by 

precipitation, sorption, or ion exchange, or they may be removed fiom the taihgs in solution, 



i Albuquerque 

Figure 1.1: Location map of the Cleveland and Cypnis-Piiios Aitos mines and the Deming 
d l .  

thereby contaminating surface and groundwater. Wtth a thorough understanding of the 

chemical reactions and mineral transformations that occur in tahgs, dong with knowledge 

of the mineralogy and mineral chemistry of the primary assemblage, it is possible to predict 

the toxicity of mine-tailings and their ef3uents. This is the first step in preventing mobilization 

of metals in our environment and in effectively remediating existing sites. 



3 

13 me Stu- 
The Cypms-PÜios Altos and Cleveland deposits have similar gross mineralogicd 

characteristics; however, the taiiings are dEerent in terms of age, degree of oxidation and 

style of disposal. Over haifa million tonnes of tailings fiom the Cyprus-Pinos Altos mine 

have been deposited at the Deming mül since 1990. The tailings were deposited in a 

polyethylene-lined, bemed hpoundment, beginning in 1992 (Fig. 1.2); pnor to 1992, the 

tailings were deposited in an uniined pond. The principal elements extracted were Cu, Fe and 

Zn, with Au and Ag as by-products. Table 1.1 shows the average head grades and tailings 

grades. The PUios Altos mine and mill ceased operation in 1995. 

Tabk 1.1 Head and tailings grades for the Cyprus-Pifios Altos mine in 1995. 

Element Ore Grade1 Taüings Grade 

Cu 5 %  0.15 % 

The CMT were depoded in a d e y  at the headwaters of an ephemeral stream at the mil1 

site (Fig. 1.3). The Cleveland mine was actively mined fiom 19 15 to 1945 and penodicdy 

rnined fiom 1945 to 1950, at which time the mine was closed (Souk, 1948; Anderson, 



Figure 1.2: Cypms-Puios Altos tailings impoundment in 1995: (A) polyethylene-lined 
benned tailings impoundment with dry and water-saturated tailings; (B) water-fiiled 
impoundment with broad t a h g s  cone developed at the spout; the mil1 is in the background. 
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1957); the site has since ken abandond. The mine is located approxhately 500 m northeast 

of the mill site. The main taifings pile has a total volume of  22,900 m3 (U.S. EPA, 1993) and 

is subdMded hto the east pile ( C m )  and west pile (CMTW). At the Cleveland mine, the 

principal elements e x m i c d  were Zn, Cu, and Pb, with Au and Ag as by-products. Table 

1.2 shows the range ofhead grades from 1915-1945, and the average taiiings grades as o f  

1995. The U.S. Environmental Protection Agency has declareci the Cleveland mül tailings a 

Supemind site in 1989 due to the ocaurence o f  high concentrations of As in the tailings, and 

its generation of acidic metal-rich drainage. 

Table 1.2 Range of head grades fiom 1915- 1945 and average taillligs grades 
f?om 1995 for the Cleveland mine. 

Element Ore Grade' Tailiogs Grad8 

CU 0-2 - 0.563 % 0.061 % 

Fe not available 17.21 % 

Pb 0,517 - 2.2 % 0.0058 % 

Zn 8.9 - 14.9 % 0.12 % 

Ag 46 - 13 1 @tome 53.7 &tonne 

' Samples collectecl in 1995 

1.3 Tiilma: niinrnlpéerl- 

Accordhg to the classification of Jambor and Owens (1993), tailings minerals are divided 

into four categone: primaiyy secundaryy tertiary, and quaternary. Prirnary rninerals are t hose 

that have b e n  finely cnished, mill-processed and deposited in the taiiings pile, but 



Figure 1.3: Cleveland mill-taillligs in 1995 with the (A) east pile and (B) west pile following 
the wet season; basai wet mark in (A) is the ephemeral Stream drainllig the tailuigs (mill-vdey 
tributary. 
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remain unaltered. Secondary minerais are formed within the impoundment by chernical 

weathering reactions. Tdary minerals form during the dryùig of tailings sarnples once they 

have been removed nom the impoundment, typicaiiy by precipitatiori firom pore water. 

Quatemary minerais form as re!suit ofsurface oxidation of the tailuigs samples during storage 

f ier nzmoval nom the impoundment, once the samples have dried. 

1.4 Mec- of O- . 

Sulphide-bearing mine-taiiings consthte an environmental problem due to their 

suscepti'biiity to oxidation. The mechanisnu of oxidation are dominated by the presence of 

(1) oxygen and water, or (2) S-oxidizing bacteria The oxidation of pyrite can foIiow a 

nurnber ofpathways dependhg on the pH and Eh of the environment (Ptacek and Blowes, 

1994; McIntosh et al., 1997). as in this two-step reaction sequence where S is oxidized 

(reaaion l), followed by Fe2+ (reaction 2): 

FeS, (s) + 7 O, + 2 H20 - 2 Fe2+ So4 + 2 H2so4 (1) 
pyrite 

At pH > 4, ~ e *  will precipitate as Fe hydroxides (reaction 3). oxyhydroxides and 

oxyhydrosulphates (Ptacek and Blowes, 1994; McIntosh al., 1997): 

However, at pH < 4, Fe3+ remains in solution and enhances the oxidation of pyrite: 

14 ~ e *  + FeS, (s) + 8 H20 - 15 Fe2' + 2~0:- + 16 H? 
pyrfte Ah4D 

(4)- 
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Thus reaction 4 produces much more acid then reactions 1 and 2. Acid mine-drainage 

(AMD) is characterized by low pK high sulphate concentrations, and the presence of 

dissolvexi metals, particdady Fe ( M d  et al., 1994). Therefore, to minimize pyrite oxidation 

and AMD generation, the pH must be maintained above 4 for better AMD control. 

The presence of S s x i d ' i g  bacteria such as Thioaocilus thioom'clarzr and Thiobacilus 

f e ~ ~ ~  (Suzukï et al., 1994; Gould et ai., 1994). contribute to the production of AMD. 

The CMT acidic drainage may be due to these bacteria, whereas the neutrai pond waters of 

the CPAT do not seem to contain these bacteria; both these hypotheses are verined in this 

study by labofatory experiments. Reaction 5 shows the general oxidizing reactions promoted 

by these bacteria (Gould et al., 1994; Mchtosh et al., 1997)): 

These oxidation reactions are m-tten in terms of pyrite oxidation, as it is the moa 

conmion sulphide minera1 in mine-Wgs. Other sulphides present in the mine-tailings, such 

as pyrrhotite , sphalente, chalcopyrite, and galena, may also be oxidized by IniobuciiZzis 

thiomi&as and ïhiobaciLItls f e ~ 0 c u n O c u n ~  (Greenway, 1996; Boulet, 1995; Spence, 1994). 

The most acid-producing reaction is that involving pyrrhotite oxidation. 

The acid-neutraluuig capacity of taüings is govemed by a series of buffér reaaions 

described by Ptacek and Blowes (1994). The first buffering reaction is the dissolution of 

calcite, which maintains the tailings pore water at a pH between 6 and 7- Once the calcite 

r a a v e  in the taiüngs is consumed, the pH of pore water drops to approximately 5.5; at this 

pH, the dominant buffering reaction is the dissolution of siderite (FeCO,). Once the siderite 

reserves are consumed, the pH of the pore water drops again to between 4 and 4.5, where 
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alurninum hydroxides (e-g., AI(OW3) are consumed as the dominant buffering reaction. At 

this stage, remaining silicates are dissolved completely with the exception of quartz. As the 

aiuminum hydroxides are consumed, the pH drops below 3 .O where the dissolution of iron 

hydroxides (Fe(0H)J is the dominant bufEering reaction. 

1.5 Previous Worb 

Earfy taiüngs studies were related to mine waste dumped into local nvers, lakes and 

coastal ùilets; this method oftailings disposal was thought to be the "ideal tailings pond" 

(Thompson, 1975). In fàct, these taüings ponds caused many problems for local aquatic Me. 

Thompson (1975) studied the e f f i s  of Cu-tailings disposal in a wastal iniet on Vancouver 

Island, British Columbia on benthic organisms and Cu reluise. The results of that study 

showed that there had been a denease in benthic organism population, and Cu release fiom 

the tailings by organism perturbation was low. Thompson (1975) concluded that the effects 

of tailings disposal in natural water systems were primarily physical in nature, where the 

blanket of tailings overtop the natural sediment reduced benthic food supply drarnatically. 

Releese of Cu into the water was low, although some benthic and burrowing organisms had 

a tendency to ingest Cu. 

Lesaca (1975) monitored transition-metal concentrations (Fe, Ni Cu, Hg) in natural 

waters that were used as tailings disposal sites in the Philippines. This shidy found that the 

siltation effect of tailings afkcted the ecology of the aquatic environment, and that water 

quality degradation has negahly impacted agricultural areas and the fishing industry. 

Such pioneering stuclies as those by Thompson (1975) and Lesaca (1975) set many studies 
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in motion to determine the e f f i  of mim-taihgs on rivers, lakes, wetlands and c o a d  

regions. As a mult of these sorts ofstudies, many laws and guidelines are now in place to 

regulate and, in many cases, prevent such activities. 

Much of the cumnt literatwe on minetaiiings Mneralogy and geochemistry has been 

published in the last decade. The implementation of the MEND (Mne Environment Neutrai 

Drainage) program in Canada shows that the Canadian rnining community is aware of and 

wüling to work on the environmentai problems plaguing the mining uidustry. This resulted 

in many studies and research projects on mine-tailings dynamics. 

From 1986 to 1994, a series of reports h m  the Canadian Centre for Minerai and Energy 

Technology (CANMET) d e n  done on minetailuigs impoundments, includiig the Waite 

Amulet mine-tailings in Québec (Petruk and Pinard, 1986; Jambor, 1986, 1987). These 

reports documented mineralogid variations in alteration products with depth in the tailings, 

and the character and depth of oxidation in the tailings. The results ofthese studies helped 

to id- the "typical" oxidized-tailings minerals such as goethite, lepidocrocite, ferrihydrite, 

jarosite and gypsum (Jambor, 1986); Jambor (1987) observed a distinct separation between 

oxid;rPA/unsaturated zones above the water table and unoxidiied/sanirated zones below the 

water table. 

Another CANMET shidy was done on the Heath Steele old tailings irnpoundment in New 

Brunswick focusing on tailings characteridon in tenns of mkeralogical variations (Jambor 

and Blowes, 1989) and minera1 dissolution (Jambor et al., 1992). Observations by Jambor 

and Blowes (1989) are sirnilar to those of Jarnbor (1987) in his study on Waite Amulet; they 

docurnented abundant Fe oxidesloxyhydroxides in the oxidized zone, and minimal 
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alteration/dissolution in the unoxidized zone. Jambor et al. (1992) documented strong 

evidence for silicate- and carbonate-minerai dissolution in the low-pH zone (vadose zone) of 

the impoundment. 

Other than mheraiogical studies, studies on different aspects of mine-tailings include: 

acid-mine drainage (Taylor and Wheeler, 1994; Scharer et al., 1994; Orava and Swider, 

1996; Alpers et al., 1994; Blowes and Ptacek. 1994; Bel and Buiiock 1996), pore-water 

chemistry (Kaün et al., 1992; McGregor, 1994; Al et al., 1994) , tailings physical hydrology 

(Robertson, 1994). taiüngs impoundment modeIlhg and remediai engineering (Frind and 

Molson, 1994; Barbour et al.. 1996). and tailings microbiology (Gould et al., 1994; Suailci 

et al., 1994). 

The southwest part of New Mexico has been an important mining district; many mines 

have been abandoned while others are stiü in operation. This minllig district has been active 

for over a century, during a t h e  when mine wastes were disposed of carelessly (Le., without 

any attempt to protect the environment). The Hanover taiüngs and BuiEog tailings sites, 

located in the same CO- as the Clevehd site, have received attention due to their oxidiied 

nature and potential for acid generation @aker, 1993; Walder et ai., 1994). The BuWog site 

has since been remediated by consolidation of di tailings piles into a single pile, gradimg of 

dopes, and topsoil coverage and sding (Baker. 1993). 

Walder et ai. (1994) did an element mobility study on the BuEog, Hanover and 

Cleveland tailinp. In contrast to the results ofthis study for the Cleveland site, their results 

concluded that pre-mining alteration was the pMias, cause of alteration of sulphides, notably 

pyrite, and the acid-neutralizing potential of the tailings was positive (Le., AMD would not 
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ocau). Walder (l993a, 1993b) suggested that the chernical variations with depth at BuWog 

and Hanover were the result of variations in ore recovery rather than oxidation and ieaching 

of m d s .  Baker (1993) studied the Hanover and BWog sites with regard to metal mobility 

in s o b  and taiiings. The results of her study showed that element mobüity by dissolved 

aqueous transport is low for these sites, and that windblown partidates are the dominant 

form of metal distriution into the local environment. 

Studies on the Cleveland site started in 1989 with the declaration of the site as a U.S. 

EPA Supernuid site. A remedial investigation (RI) report was done to assess the health and 

s a f i  of the site and degree of groundwater contamination caused by AMD, and to propose 

remediation methods. The RI conduded that (1) the site would have some long-terrn effects 

on human health, but these effkcts are strongly dependent on the exposure time of the 

individuai to the tailings; (2) groundwater contamktion is low to non-existent, and does not 

affect nearby welis; (3) remedial mesures should be taken, the most acceptable and cost 

effective being off-site reprocessing/recycling of metals, followed by off-site 

stabiionlsolidification ofthe taiiings and off-site disposai and capping (U.S. EPA, 1993). 

Bench-scale treatability studies were done to see ifreprocessin~recycling of metals is 

effective (Ecology and Environment, 1993a). and to identi@ the best method of 

stabilization~solidincation (Ecology and Environment, 1993 b). Reprocessing was found to 

be ineffective due to the abundance of Fe oxide/oxyhydroxides (US EPA, 1994). No 

method of sîabiion~solidification was proposad, but the use of a cement-based agent was 

recornmended due to its acid-neutfalization potential (Ecology and Environment, 1993b; U.S. 

EPA, 1994). 
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Despite the feast'bility studies on the Cleveland site, no deciosion has been reached as to 

what the fuhre of the site wül be, and to this day, the taiiings remain untreated. However, 

some attempts have been made to nauralia the AMD by the construction ofa iimestone dam 

downstream, and the emplacement of sediment traps to minimïze mechanical transport of 

tailings downstream. The CPA tailings have not been studied previously. 

1.6 -ose of Sm& 

The objectives of this study are as foliows: (1) to identifjr residence sites of transition 

metals in minerals and in the taiiings Unpoundment, and relate minerai transformations that 

occur during weathering to the generation and composition of acidic drainage; (2) to 

compare the two sites in tenns of minera1 reactions and geochemical signatures; (3) to 

investigate the processes which control metal mobility in mine-tailings and nearby drainage 

waters. 

1.7 ContnbuBMg of ais Stndv . 

The approach taken in this study is, in some aspects unique, and has not been previously 

attempted for minetailings studies. For example, the mobility of met& from their primary 

host to secondary host is predicted using variation d i a m ,  a fonn of geochemical 

representation often used in igneous and metamorphic petrology. The reasons for this 

approach is two-hld: (1) the tailings were too dry to use the conventional approach of pore- 

water chdstry examination; (2) no literature discusses element mobility in a s e m i a d  

environment; therefore, a a e r e n t  approach had to be taken to study this problem. 



CHAP'ïER 2 

GEOGRAPHICAL AND GEOLOGICAL SE'ITING 

2.1 

The Pinos Akos mïxÜng district, Grant County, New Mexico, contains many mines, mod 

of which were active in the mid-1800s to mid-19ûûfsS This historic mining district is centered 

on the Piiios Ahos Mountains, approxïmately 12 km north of Siiver City Both the Cleveland 

and Cypnis-Piiios Altos deposits occur in the PUios Altos mining district. In 1860, the first 

mining camp, Birchville, thrived; it was named after it's discoverer/founder, Mr. Buch 

(Wootton, 1940), and was later renamed Piiios Altos, as it remains today. PUios Altos was 

a prominent Au-minhg town due to the occurrence of rich placer deposits. Two years 

foilowing the first dirovery, Au was discovered and mined (Liidgren et al., 19 10). Aithough 

Au was the primary metal mine4 Ag, Cu and Pb were mined by at lest 1903 (Lindgren et 

al., 1910). With the discovery of lirnestone-replacement ore bodies, Zn started to be mined 

and recovered after 1910, at which t h e  the h g  products of Pb and Zn became as popular 

as Au in this district (Las@ and Wootton, 1933). The Clevetand deposit had been discovered 

by 19 10, but active mining at this site onLy started in 191 5 for Pb, Zn, C y Au and Ag Qaige, 

19 10; Soulé, 1948). The Cleveland deposit was Mned intennittently fkom 1 9 1 5 to 1 950, at 

which tirne the site was abandoned. A miii for the Cleveland ore was built 500 m f'iorn the 

mine, and the tailings were depsitecl at the mül site. In 1915, the Püios Altos mine reported 

having orerecovery dficulties (Bush, 1915), and was closed shortly after. 

In 1971, the Exxon Company, USA, prospectecl undiscovered deposits in the old PUios 
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Altos mining district WcKnight and Fellows, 1978). DriMhg at Piiios Altos encountered Pb- 

Zn muieralization. * mine opened, but closed a few years later. in 1990, this mine was re- 

opened, and the resultam tailings (which are the tailings sarnpled for this study) were stored 

in the new CPA tailings impoundment in Demhg. 

2.2 

The mineral deposits of the PUios Altos minhg district are located in a contact 

metamorphic/metasomatic aureole surroundhg the Pinos Altos granodiorite stock (Fig. 2.1; 

McKnight and Feliows, 1978). The Pinos Altos stock makes up the majority of the PUios 

Altos mountah peaks. The Pifios Altos Mountains are underlain by a faulted, est-dipping 

Pennsylvanian-age sequence of quartnte and Limestone (Ecology and Environment, 1993~). 

DuMg the Laramide orogeny in the Late Cretaceous, compressional tectonics resulted in the 

emplacement of the Püios Altos granodiorite stock and many diorite porphyry dikes and siiis 

in contact with PennsyL.*an sediments ( Paige, 1910; McKnight and Fellows, 1978; North 

and McLemore, 1986). This intnrsion resulted in the formation of two types of deposits: (1) 

fissure fiiiing in intnisive rocks; (2) m i n d  replacement in limestone (Paige, 19 IO), occurring 

mostly in the Oswaldo Limestone Formation of the Magdalena Group. The Cyprus-Piilos 

Altos deposit is located in the higher-temperature Cu-rich zone of alteration (Fig. 2.1; 

McKnight and Feliows, 1978) which contains both types of muleraikation, and is classified 

as a Cu s h  The Cleveland deposit is located in the lower-temperature Zn-Pb-Ag zone of 

alteration (Fig. 2.1); it consists of ody mineral-replacement bodies in impure, shaley 

hestone, and is classified as a Zn skam (Bush, 1915; North and McLemore, 1986). In both 
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depot& the rnost comrnon ore minerais are chaicopyrite, sphalente, galena, pyrite and minor 

smithsonite (a supergene altedon produd of hydrothennal sulphide rnineralization). Au and 

Ag o d  maïniy as fissure fillings in the Cypius-Piiios Altos deposit, and as by-products 

in the Cleveland deposit. Common gangue minerais in both deposits include quartz, calcite, 

gamet, magnaite, hematite, epidote, hedenbergite, woilastonite and diopside (Noah and 

McLemore, 1986; Walder et al., 1994). 

2.3 O Site C'koiogy 

The limestone formations underiying the Cleveland mil1 and mill-vdey tributary are 

Pennsylvanian-age Oswaldo and Colorado Formations. A nonheast trending west-dipping 

fault can be traced through the centre of the main tailings pile, parde1 to the walls of the 

vdey. The West pile overlies the Beartooth QuactPte and the east tailings overly the 

Oswaldo Liestone Formation. Downstream @om the rnill, Little Walnut Creek strearn bed 

is underlain by the Colorado Limestone Formation, the groundwater aquifer for local 

domestic wells downstream (Ecology and Environment, 1993~). 

The Cyp~s-Pinos Altos mine is located near the town of Pinos Altos on the eastem slope 

of the P ios  Altos Mountains. The Cyprus-Puios Altos ore was transporteci to the t o m  of 

Deming, New Mexico, for mil1 processing (Fig. 1.1). These taüings were deposited in a 

polyethylene-iined benned irnpoundment. The Püios Altos taihgs impoundment is Iocated 

on flat-lying unconsoiidated Quatemary alluvium. 



Figure 2.1: Gedogical map of  northeastern part of the Grant County muiing district, New 
Mexico (mod'ied fiom McKnight and Feiiows, 1978). 

2.4 

The ciimate of southwestern New Mexico around Grant County is variable, but is 

classified as semi-arid because evaporation exceeds precipitation in most meas (Trauger, 

1972). In the desert lowlands where Deming is located, the chate is closer to arid; there is 

a strong southwest-prevailing wind direction Precipitation occun mostly during the surnmer 
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months as evening thundershowers; annual precipitation averages 40 cm (Baker, 1993). The 

CPAT impoundment is located in the flat, and, Chihuahuan desert lowland. The Cleveland 

mine and mil1 site (Fig. 2.2) is located 3 km West of Puios Altos, in the semi-arid, mountain 

woodland on the western flank of the Puios Altos Mountains. 

East Tailings Pile 

West Tailings Pile 

f Reservoir water simple 

0 100 200 Note: Sample CMM(D7 

I 6 Wter ffow direction location is not shown 

Figure 2.2: Cleveland mill-tailings site with strearn-water sarnple locations (modiied 
Ecology and Environment, 1993~). 

fiom 



CaAPTER 3 

METHODOLOGY 

3.1 Sa0Lple Ch- 

Two trips were taken to the study sites. In Febmq 1995, Adnenne Larocque and Jin 

Stimac collected tailings and water samples, took photographs and made observations at both 

sites. These samples are the subjea of this thesis. During a retum trip in November 1996, 

Adrienne Larocque and 1 collecteci taüings and waters samples at the CMT site for fiirther 

snidy at a later date. Photographs were taken and obsenations were made, some of which 

are presented in this thesis. 

In Februaiy 1995, one third of the CPAT impoundment had tailurgs exposed above the 

pond water levei; the müi closed in August 1995 as additional tailings were deposited. At the 

time of the visit in Novernber 1996, the miU was dosed and the impoundment was two thirds 

to three quarters W. A sprinkler system was set up to help evaporation of the remaining 

pond water mg. 3.1). A strong southwesterly wind blew over the t&gs hpoundment; this 

caused the dry tailings to be blown out of the impoundment and deposited downwind, 

preferddly around vegetation (Fig. 3.1). During the first vis& the polyethylene Iùiing was 

in good condition; during the second visit, the h g  was extensively tom in several places 

dong the edges (Fig. 3.2). 

Samples ofthe tailings and the surroundhg waters were coliected at both sites in February 

1995. Taihgs samples were chosen according to differences in grain size, water saturation, 

colour and cementation. At the Cypnis-PUios Altos taiiings impoundment, a 



Figure 3.1: Cypnis-PEos Altos tailings impoundment in 1996 with sprinkler system to 
accelerate evaporation of pond water (whitish area as dong the far wd); and windblown 
tailings coilecting around vegetation outside of the impoundment (foregound). 

Figure 3.2: Tom polyethylene lining of the Cypnis-Piaos Altos tailings impoundment in 
1996. 
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vertical sequence of six tailings sarnples (PAT003 to PATOOI) was coUected at 15 cm 

vertical intervais (Table 3.1) ushg a hand-held auger. Surface tailings also were coilected, 

as was tailings pond water. Due to the physicaliy unstable nature of much of the subaenal 

tailings material, sanaplhg was restricted to a s m d  region of the impoundment for safiety 

reasons. At the Cleveland mU-taiüngs impoundment (Fig. 2.2). a sequence of four tailings 

sarnples ( ~ 0 0 1  to CMT004; Table 3.1) was taken h m  an erosional trench which exposed 

the taillligs stratigraphy. Surfâce samples dso were coiiected fiom both the east (CMT00 1 

to CMTûû7) and west (CMT008 to CMTO11, CMT013) piles. One Stream-sediment sample 

was coiiected (CMTOl2). Water sarnples were coiiected at various locations dong the min- 

valley tniutary which drains the tailings piles and ernpties ïnto Littie Walnut Creek. 

Upstream fiom this confluence, Littie Walnut Creek has been dammed to form a reservoir 

(Fig. 2.2). 

Table 3.1 Vertical sequence depth to samples. 

Dry and slightly moist tailings samples were collected in resedable plastic bags. Moist and 

mer-saturated taüings and strearn-sediment samples were collected in 1 L Nalgene bottles. 

CPAT Depth in 
Sample vertid 

# sequence 
(cm) 

PATOO3 4 
PAT004 25 
PATOOS 40 
PAT006 55 
PAT007 70 
PATOOS 85 

CMT Depth in 
Sample verticai 

# sequence 
(cm) 

CMTOOl O 
CMT002 11 
CMT003 14 
CMTOM 46 
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Water samples were nItered through 0.45 pm-pore fiiter paper in a magnetic holder and 

collecteci in a side-am 0ask The 0ask was ~ s e d  with the first volume of filtrate in order to 

"precontaminaten the fiask. The second volume of filtrate was stored in 125 m .  Nalgene 

botties. At the time of collection, the temperature and pH of the waters were measured using 

a pWtemperature meter. M e r  filtering, the waters were acidifiai to a pH between 1.5 to 2 

with concentrated M c  acid to prwent any dissolved metals nom precipita~g. 

3.2 -le Pnpaptipn 

Taihgs samples were dned in covered mtch siasJessiasJes Once dry, a 60-mL volume of each 

bulk tailings sarnple was crushed to a fine powder using a tungsten-carbide crucible and ring 

grinder. Selected dry unaushed CPAT samples @AT001 to PATOO8) were sieved using 

stainless steel sieves numbers 5 (> 4 mm), 10 (4-2 mm), 18 (2-1 mm), 35 (1-0.5 mm), 60 

(0.5-0.25), 120 (0.25-0.125 mm), and 230 (O. 125-0.062 mm) for grain size analysis. CMT 

was not sieved due to the variable degree of cementation of the grains. BuUc powdered 

samples were mounted on giass slides by the acetone-slurry method for X-ray diflJaction 

analysis (XRD). Water sarnples were fiitered again Umnediately before ICP analysis. 

BuIk samples were mounted on stubs for dg-electron microscope (SEM) analysis. 

Samples of bulk taüings also were impregnated with epoxy and made into polished thin- 

sections. Highly-cemented samples were cut perpendicular to the l a y e ~ g  w i t b  the sample. 

Caution was taken during the slide preparation to pnvent water contact with deticate and 

soluble secondary- and tertieiy- minerai assemblages; oil-based produas were used as coohg 

agents during cutting. 



3.3 A- o f  T- Water S- . . 

33.1 1 - 
At the University ofManitoba, samples of acidic drainage, reservoir water and tailings 

pond water (CMW 01 to CMW 02 for CMT Stream water; P A W  01 and PATW 02 for 

CPAT pond water) were analyzed with a Liberty 2000 inductively- coupled plasma (ICP) 

emission spectrometer for dissolveci met& (Ag, As, Cd, Cu, Fe, Hg, Pb, total S, Se and Zn). 

Detection limits for each element are iistd in Appendix A 

3.3.2 M l l e  . . 

Crushed bulk samples (minimum of 2 g) were sent to Activation Laboratories in Ancaster, 

Ontario, for geochdcal andysis. A total of 46 elements was analyzed in each sample using 

a comb' ion  of instrumentai neutron-activation analysis (INAA) and ICP methods (Actlabs 

package 1H). Detection Limits are listed in Appendix B. Sulphide (S), sulphate (SO,) and 

carbonate (as evolved CO9 were determined by Leco combustion, using an infiared detector 

(Actlabs package 4F). Stnicturdy-bound water and residual moisture @&O+ and H,O, 

respectively; Rollinson, 1993) was determineci by gravimetry. The geochemical resdts aided 

in the identification of mineral phases by Iimithg the XRD peak search to minerals and 

inorganic phases containing particular elements. 

3.3.3 

Two methods of X-ray difhdon were used to help identify the rninerals in each sample. 

Using a PhiEps X-ray generator with a Wy-automated PW 1710 X-ray powder system, 
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continuous scans nom 3" to 70" were done on di the CPAT sarnples and selected CMT 

sampies (excludes CMTO13). The resulting diflkactograms (Appendk C) were entered into 

a computer and a mineralogical search was done ushg PEAKSEARCH Micro Powder- 

difnacton Search Match sbfhmre (VDSM) to iden* the major crystaüine phases present 

in the simples. The CMT sarnples gave poor search results due to the nature of the mherals 

and the limitations imposed by the continuous-scan method. Selected CMT samples were re- 

analyzed using a sep-scan on the sarne XRD instrument. The step-scan conditions used 

were: starting angle of 103 finishing angle of 70°, step increments of 0. 1°, and counting-the 

intenral of three seconds. The step-scan method provides better peak resolution, and 

therefore identified phases which were not found in the results of the continuous-scan 

analysis. The criteria for a positive mineral identification was a hi& similarity index (> 60). 

a maximum of 3 to 9 lines missing in the pattern (depending on the intensity of the h e s  and 

total number of lines for a given pattern), and a compatible relative intensity. 

In an attempt to ident* individual minerals in the CMT, the Gandolfi XRD method was 

used. A pin-head size portion of a single phase was isolated from a sarnple and mounted on 

a glass fibre. The mount was then installed and centered in a 114 mm Gandoffi camera and 

exposed to X-rays for 4 hours. Once the X-ray sensitive f ïh  was developed, the difliaction 

hes were measured and th& relative intensity detennined. This information was entered into 

the computer and analyzsd by the PEAKSEARCH software. The Galdoffi camera was used 

only on one separated phase due to the arnount of time needed to do each sample. 
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33.4 meral A- 

Mineral analysis was done both quantitatively using a Cameca SX50 elecuon- 

microprobe(EMP) and qualitativeIy using a Cambridge Instrument Stereoscan 120 SEM . 

Selected grain-mounts and thin-sections were observed by SEM, and EDX spectra were used 

to identify the major elements present, and subsequently to help determine the minerals 

present. Selected grains in th-séctlCons were quantitatively analyzed using an electron 

microprobe (Appendk D). Primary sulphides were quantitatively anaiyzed fiom ore and 

tailuigs sarnples; secondary phases were unstable under the electron beam, and were therefore 

not analyzed quantitative@. The standards used for EMP andysis were pyrite (2FeSJ for Fe 

and S; sphalerite (2211s) for Zn and S; chalcopyrite (2CuFeSd for Fe, Cu and S; cobaltite 

(4Cobalt) for Co, Cd and As; and chromite (4Chromite) for Cr. The analyses were all done 

with an accelerating voltage of 20 kV and beam current of 20 nA 

3.4 Bac-1-Clrowth Procedm 

AU ecosystems consist of an integral assortment of bacterial species that live together and 

are dependent on each other for swiva; this interdependence makes the isolation of a single 

bacteriai species very dieSailt. To isolate certain bacterial species, a medium is designed to 

op- the growth conditions of a certain bacterium (e.g pEX, temperature, nutrïents). This 

allows preferential growth of a certain species of bactena. 

Bacteria have been known to thrive in tailuigs aMronrnents, and are comrnody the cause 

of AMD (Gould a al., 1994). To verify if there are any active bacteria in the CPAT and 

CMT, two dEerent growth media, one for each site, had to be used, due to the dinerent pH 
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of the two sites. The growth medium used to inoculate CMTOl2 is designed to o p t e e  the 

growth conditions of T. ferrooridms and T. t h ioox iw  (Suzuki et al., 1990). Therefore, 

ifevidence of bacterid growth is seen in the flasks inoculated with this growth medium, this 

indicates that ïhiobaci1Jtls f e m - k  and Thiobcrcilllus t h i ~ ~  are present. In 

contrast, the growth medium used to honilate PATOOl has a higher pH, and would optunite 

the growth of mesophiles (i-e., bacteria with a pH range of 6.0-8.0; Gould et al., 1994). 

Some of these mesophiles niay include î%iobaciJhrs thioparus, Thiohcillus denitri~cans, and 

î7iiobacillus novelIus wuenen et al., 1992; Gould a ai., 1 994). 

One water-saturateci sample fkom each site was used to check for the presence of bacteria 

The CPAT sample PATOOl included tailings and water (mostly effluent water); the CMT 

sample chosen was CMT012. Sample CMTOl2 is a saturated stream-sediment sample; due 

to the low water-content of the CMT, the stream-sediment sample was the only water- 

saturated sample from this site. 

A portion of CMTOl2 was inodated to see ifthere were any bacteria present. A growth 

medium describeci by Suaiki et al. (1990) was used, and wnsists of 0.2 g (NHJ2S0,, 0.1 g 

K2HP04 and 0.4 g MgS0,-7H,O, diluted with deionized water to a total volume of 1L; 

concentrateci HCI was added to adjust the pH to 2.3. 90 mL of growth medium was added 

to three edynmeyer flasks and capped with a foam stopper. 

The erlynmeyer flasks and medium were put in an autoclave in order to sterilize the 

bottles and liquid medium. In order to minimize airborne bacterial contamination, aseptic 

techniques were used; each tirne the foam stopper was removed, the fiask was fiameci, both 

before and after the addition or removal of a substance, and the flask was held at an angle. 
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A bulk Fe solution was made by dissolving 10 g FeS0,-EI,O in a 250-mL beaker of 

deionizad mer; the pH was then adjusted to 2.3 by adding 10 mL of 95% H,SO,. The Fe 

solution was £iiter sterilized (Swuki et al., 1990) to remove any bacteria present in the 

components making up the Fe sdutio~, and then s t o d  in a sîerilized Naigene bottîe. In each 

ertynmeyer flask, 10 rnL of the Fe solution was added to the medium, giving a h a 1  volume 

of 100 mL. Ushg a metal spahila, a s m d  amount (- 1-2 g) of C m 0  12 sediment and water 

was added to each erlynmeyer, and then let sit at room temperature for six weeks. 

To inoculate PAT001, a di&rent medium was used due to the neutral pH of the sample 

water. The medium used for the CPAT sample is commonly used for the growth of bacteria 

on magnetite (Brown a ai., 1997). The growth medium consists of 5 g ammonium citrate, 

0.5 g K P O , ,  0.5 g MgS0,-7H,O, and 0.2 g CaCIf2H20 dissolved in 1L of water, the pH 

was adjusted to 6.8. The Fe solution consisteci of 1 g FeCI, dissolveci in 250 mL of deionized 

water. Three erlynmeyer flasks were prepared with 90 mL+ of medium and 10 mL of Fe 

solution, and sterilired in the autoclave. A srnd sample ( - 1-2 g) oftailings and water fkom 

PATOOl was added to the sterilized medium, and lef3 to sit at roorn temperature for six 

weeks. The same precautions for airborne contamination were taken. 

During the six weeks of incubation, aü tlasks were occasionaiiy agitated and observations 

were made. At the end of six weeks, al PATOOl flaskp showed evidence ofbacterial growth, 

whereas the CMTOlZ did not. To verif;/ if the bacteria in PATOOl were acidophile (i.e., 

bacteria that thrive at pH < 4), and include ~iobac i l l s  ferrooxictPts and Thiobaci1ll.s 

thi-&ns, approximately 2 mL of the liquid in a inoculateci PATOO 1 flask was transferred 

into two of the inactive CMT012 inoculate flasks; the thkd ChîT012 flask was not re- 
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inoculated and was kept as a control. The re-inoculated ChîTO12 flash were left at room 

tempeniare for two weeks; periodicd shaking and obsenrations were made. 

Prior to inoculation and penodically d u ~ g  inocdation, a drop of each sample was 

observed under the microscope in oii immersion at a magnification of 1000 to look for the 

presence of any bacteria 



CaAPTER 4 

CYPRUSP~OS ALTOS MINETAILLNGS RESULTS 

4.1 Mine- 

The Cypnis-Pinos Altos taiiings (CPAT) have a bufFgrey colour and are dominantly 

water-saturated, except near the effluent spouts where dry to slightly mois taihgs form a 

broad cane. During processing, ore h m  the Cypnis-Püios Altos mine was crushed to a very 

fine sand size where 65 percent of the grallis were 125 pn in diameter and 100 percent of 

the grains were i 1 mm in diameter. The primary sulphide-tailings mineralogy (Table 4.1) 

consists of pyrite, chaicopyrite, sphaierite, and gaiena; McKnight and Fellows (1978) also 

identified bomïte, arsenopyrite and tetrahedrite. Gangue minerals include calcite, quartz, 

magnetite, grossular, diopside, and andradite; North and McLemore (1986) also identified 

wollastonite and hedenbergite. Of the primary-mineral assemblage, calcite, quartz 

Table 4.1 Cyprus-Piiios Altos tailings primary mineraiogy. 

Major Suiphide Ore 
Minetab 

m o t  Ore Mlaerrils Major Non-rulphide 
Guitue 

wollasbcitc 
hedenbergite 
hematiîe 

and pyrite are dominant, also m a h g  up the majority of the coarser grain-sue fraction. 

Petrographic analysis of the tailings shows that these tailings are littie altered, lacking any 



cvidence of significant dissolution of prirnary rninerals. A lime slurry was added to the 

taiiings during processing to maintain a neutral to slightiy aikaline pH. The aikaiine nature of 

the tailings pond water is above the pH needed for the dissolution of calcite (Ptacek and 

Blowes, 1994). The absence of calcite-buffering reactions is supported by the presence of 

pristine calcite grains with angular grain boundaries (Fig. 4.1). 

Figure 4.1: Faise-colour backscattered-electron (BSE) scanning-electron-microscope 
(SEM) image of calcite in CPAT. The calcite has smooth cleavage edges, indicating that 
calcite dissolution is not occurrïng. 

Secondary minerals are absent in these tailings. Tertiary minerals occur throughout the 

d ried taiiing s samples, mostly as p recipitates coating prirnary-mineral su fiaces. The oniy 

tedary mineral identifiai is gypsum, which occurs mainly as microscopie rosettes in fractures 
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and ai corners of the grains, or as radiating clusters of crystals dong grain edges (Fig. 4.2). 

Gypsum occasionally coats entire grains. Quatemary minerals have not been identified. 

Figure 4.2: Secondary-electron (SE) image oftertiary gypsum rosettes on the d a c e  of 
diopside corn CPAT. 

4.2 Geoche- 

Table 4.2 summarkes compositional data for tailings and ore concentrate fkom the 

Cypcus-Puios Altos deposit. Sulphide S contents in the CPAT range from 1.10 to 2.44 wt. 

%. Sulphate contents range from below detection (c 0.01 wt. %) to 0.95 wt. %. 

StructuraUy-bound water content @O+) ranges fkom 0.75 wt. % to 1.84 wt. %. Carbonate 

values range fiom 4.9 to 1 1.1 wt. %. So lid-p hase tailings metal concentrations range nom 

715 to 9702 ppm (parts per million) for Cu, 197.5 to 1060.5 ppm for Zn, 1 1 1 to 948 



Table 4.2 Geochemical data for CPA tailings and concentrate. 

E h c d a  Al At Au A, Ca Cd Cu Fe K Na Pb Sb Zn S m. CQJ 11 

Unüa wî.% ppn ppb ppm wî.Yo ppm ppm wî.% W.% M./. ppm ppm ppm M.% w&% % W.% 

Emrr M.01 fO.05 fl fl fQ.00S 1 i l  M.01 M.01 #),O1 î l  1 M.5 M.01 M,001 +0,001 M.01 

PATH1 239 8.30 215 110 16.800 4.1 2228 12.10 

' mil! concentrate 
Deteciion limits are listed in Appendix 8, 



ppm for Pb, 6.1 to 15.8 ppm for Ag, and 90 to 823 ppb @arts per billion) for Au. 

A verticai sequence of six tailings sarnples @AT003 to PATOOI) was coiiected at IS cm 

intervais- The tailings in the range in grain-size nom couse to medium sand; they are 

grey-brown to brown in colour, and are progressively more water-saturated with increasing 

depth in the section- Geochemicai deptl1-profiles are shown in Figure 4.3. Similar trends can 

be observeci for sulphide S, Ag, Cd, Cu, As, Pb, Sb, Fe and Zn, where the upper-most interval 

is enriched in these elements and concentrations dmease in abundance with depth. In 

contrast, the CO, SO, and Al depth-profile shows the reverse trend, ùicreasing with depth- 

The amounts of nnicturaliy-bond water @JI+) approach detection limits throughout the 

section- 

Geochemical variation diagrams for metals in the CPAT are shown in Figures 4.4 and 

4.5; for the metal species plotted, positive linear correlations exist. Best-fit lines were 

derived using a lhear regression. The variation diagrams in Figures 4.6 and 4.7 d show 

negative correlations with the exception of Figures 4.6E and 4.7E, which have a positive 

correlation. In Figure 45F, all the samples, with the exception of one, plot below the 

oxidation line in the unoxidiid field- Figures 4.5.4.6 and 4.7 have mixing lines plotted for 

common minerais. For example, in Figure 4.54 the m h g  line shows the relationship 

between a pyrite-rich and pyrite-poor assemblage; this will be hereafter referred to as the 

pyrite line. In Figure 4.5, the CPAT assemblage fds above the pyrite line, and below the 

sphalente, covellite, chaicopyrite, galena, arsenopyrite, and tenantite iines. In Figure 4.6, 

the CPAT assemblage has a low sulphate content overail, and f d s  above the jarosite, 

rozenite, and gypsum lines, but below the goslarite, chalcanthite and galena hes.  In Figure 
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Figure 4.3: Solid-phase geochemical depth-profdes of a vertical section through the upper 
metre of the Cyprus-Pinos Altos tailings; error bars are plotted for mors which exceed the 
size of the data point marker. 



Figure 4.4: Variation diagrams for CPAT geochemical results. Arrows point to the value 
for ore concentrate fiom the Cypms-Pios Altos mine. Error bars are srnalier than the data 
point markers (therefore not visible). Correlation coefficients (r) for these plots are as 
follows: (A) 1.000 (P); (B) 0.999; ( C ) 0.927; @) 0.860; (E) 0.950; 0 0.904; (G) 0.994; 
and (H) 0.947. 



Figure 4.5: Metai concentrations in CPAT plotted as a function of sulphide S. Solid lines 
are mixing lines and deshed lines are the best-fit lines for the assemblage; arrows point to the 
value for the ore concaitrate from the CPA mu. The mking lines in D and E are plotted on 
the secondary y-axis. Error bars are smaller than the data point markers (therefore not 
visible). Correlation coefficients (r) for the best-fit lines are: (A) 0.953; (B) 0.999; (C ) 
1.000; @) 0.842; (E) (a) 0.462 and @) 0.993; and (F) no best-fit line d m .  



Figure 4.6: Element concentrations in CPAT plotted as a fiindon of SO,. Solid lines are 
mixing lines and dashed iines are the best-fit lines for the assemblage; arrows point to the 
d u e  for the ore concentrate fkom the CPA d l .  The mixing lines in C and D are plotted on 
the secondary y-axis. Error bars are smalier than the data point markers (therefore not 
visible). Correlation coefficients (r) for the best-fit lines are: (A) -0.41; (B) -0.302; (C ) - 
0.279; (D) -0.339; ~d (E) 0.238. 



Figure 4.7: Element concentrations in CPAT plotted as a fùnction of CO, (carbonate). 
Solid lines are mineral mixing lines and dashed lines are the best-fit lines for the assemblage. 
The mixing lines in B, C and D are plottexi on the secondary axis. Error bars are smder than 
the data point markers (thetefore not viable). Cornkition coefficients (r) for the best-fit lines 
are: (A) -0.891; (B) -0.79; (C ) -0.79; @) -0.752; and (E) 0.741. 
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4.7, the assemblage falis above the siderite and calcite line, and below the smithsonite, 

malachite and cerussite lines. 

4.3 Pond - Water Che- 

At the time of sampiing, water in the CPAT taüuigs pond was neutral to slightly alkaline 

(pH of7.00 to 8.27). Water in the impoundment consisted m d y  of miil-derived effluents, 

rather than rah water. Dissolved-metal concentrations were as foiiows: 0.03 ppm As, 0.01 

ppm Fe, 0.04 ppm Pb, 51 ppm S, 0.01 ppm Se and 0.07 ppm Zn; Ag, Cd, Cu and Hg 

concentrations were ail below detection (Appendix A). 

4.4 B B  - 
The inoculation of the PATOOI sarnple gave positive results. Within two weeks, the 

medium becarne slightly cloudy, indicative of bacterial growth. Mer the third week, an 

orange precipitate had formed around part of the Mn of the flask and the medium was much 

more cloudy. There were some whitish filaments floating in the media which were probably 

dead bacterial cells. The pH increased to 8.63, fkom 6.8. By the fifth week, the water was 

very cloudy and brownish in colour, and the taiüngs had changed tiom their original buf£-grey 

colour to a msty brown colour; more orange precipitate wated the w d s  of the flask (Fig. 

4.8). ObseMng the liquid medium under a microscope in oil immersion at a magnification 

of 1000, an abundance ofbacteria were seen swimming m o u d  DifEerent shapes of bactena 

were visible, including bacilli, cocci and spinIlium- 



Figure 4.8: (A) CPAT bacterial growth flask experirnent; (B) the cloudy liquid, brown 
colour of the tailings, and orange precipitate on the walls of the flask aîi indicative of bacterial 
growth. 
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4.5 aieve Anal* 

The CPAT sieve analyses are plotted in a hinogram (Fig. 4.9) and as depth profiles (Fig. 

4.10; Appendx F). The histograrns for surficial samples PATOOl and PAT002 show 

distributions compatible with ripple crdtrough grain-size sorting; PATOO 1 is a sample of 

a ripple aest, and PAT002 is a sample of a ripple trough. The PATOOl dominant grain-size 

is 125 to 62 pm, and PAT002 dominant grain-sue is 500 to 250 pm. The vertical section 

(PAT003-PAT008) histograms showed the same grain-size distribution through the section; 

the dominant grain-size is 250 to 125 pm. In generd, the tailùigs conskt 65% of grains s 

125 pm in diameter, and 100% of grains s 1 mm in diameter. Depth profiles of difFerent 

grain sizes show no correlation with chemistry (Fig. 4.3). 

Figure 4.9: CPAT sieve result histograms showing grain size distribution. 



Figure 4.10: CPAT normalized sieve results plotted as depth profiles for samples PAT003 
to PATOOS. 



CaAPTER 5 

CLEVELAND MILL-TAILINGS RESULTS 

5.1 Mi- 

The east piie of the = is dark brown, whereas the west piie is dorninantly rusty orange- 

yellow. The mineralogy ofeach side reflects the orebody zone that was being mined at the 

tirne. No tailings fkom other mine sites were deposited at this site (US. EPA, 1993). The 

appearance of the tailings are dependent on the time of year: during the wet winter-spring 

months the tailings are well flushed and generaiiy more moist (Fig. 1.3); during the dner 

summer-fàil months, the tailings are drier and have many surficial blooms (Fig- 5.1 and 5.2). 

The resuits ofwet-dry cycles are visible at a small scale with the formation of dessication 

cracks on the surface of grains (Fig- 5.3). During the November 1996 Msit, the CMTE pile 

in particular had a darker brown colour with many white blooms, giWig the tailings an 

imdescent appearance Vig- 5.1A). In November 1996, the CMTW pile had much more 

spotty colour (Fig. 5. lB), whereas in Febniary 1995, the colour was more uniform. 

The prirnary-mineral assemblage of these taüings has been alrnost completely dissolved 

m i n d s  include pyrite, sphalerite, chalcopyrite, and minor galwia and arsenopyrite; gangue 

minerals include quartz, calcite, grossular, andradite, magnetite, hematite, and diopside 

(Paige, 1910; Walder et ai., 1994). Although it hm not been observed in these sarnples, 

McKnight and Fellows (1978) have reported ternantite in the Cypms-Piilos Altos deposit. 

This mineral also may 



Figure 5.1: Cleveland mil1 (A) east and (B) West tailings piles in 1996 during the dry season. 



Figure 5.2: Whitish suficiai blooms on the west CMT d a c e .  

Figure 5.3: SEM of dessication cracks of a secondary precipitate on the surface of a 
primary mineral. 
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be present in the C m ,  and is of environmental concem because it contains As. Table S. 1 

summarizes the Cleveland mine ore (CMO) and tailings mineralogy. 

pyrite, ChalCopyrite, sphalaite, gaiena, menopyrite, tetrahedrite-tennantite, cakite, quaré. 

grossular, mdradite, mapetite, hematite, diopside, hedenbergite, woliastonite, siderite, 

hematite, maghemite, native sulfia, angiesite, rosasite, dver sulphate, hydrateci lead 

Table 5.1 Cieveland Mis-Tailingj Mineralogy- 

. I 

carbonate, chalcocite, malachite, lcpidocrocite, ferribydnte, shwertmanuite, epsomite, 

. 

chalcantbite, boyleite 

I 

The most abundant primary minerals which still ocair in the taiîings are pyrite and quartz; 

. . 
7 

* minecals in parentheses are uncertain as to their classification; 
Chexnical fonnulae of secondary, tertiary and quatemary minerais are given in Appendix E. 

sphaiente and chahpyrite also are present, but in vecy s d  quantities. Most calcite has been 

dissolved as a result ofbufliering reactions; however, some is still present at the extreme base 

of the CMTE tailings in the unoxidized zones (Fig. 5.4). Most prirnary minerals, patîcularly 

sulphide minerais, have been either completely or padally dissolved or replaced, resulting in 

skeletal or zoned grains- Pyrite and sphalerite grains show weii-developed complex alteration 

pattenis. Highly-fmtured sulphide graiiiJ have a ske ld  appearatlce where there is abundant 





Figure 5.5: Fals-wlour BSE image of an extensively altered pyrite: (1) Fe-depleted grain 
with a weii-developed (2) three-layer rim of hematite, Zn-bearing Fe oxyhydrosulphate and 
a thin rim oftertiary gypsum The brighter regions within the grain represent remnant pyrite; 
the dark centre is a cavity wsed by grain pfucking d u ~ g  slide preparation (3) Quartz grain 
with a complex coating of precipitates; (4) mainly Fe-rich gypsum; (5) Zn-bearing Fe- 
oxy hydrosulp hate. 

alteration product m a h g  up the grain. Less-fiactured sulphide grains have a mned 

appearance, with a core of primary sulphide and a series of alteration rims. The innermost 

zone ofaltered pyrite commonly consists ofspdar  hematite and Fe oxyhydrosulphates Fig. 

5.5). The middle zone commonly consists of Zn-bearing Fe-oxyhydrosulphates/sulphates. 

The outermost zone consists of gypsum and jarosite. The oxidation of sphalerite also results 

in a layered ~d of secondary minerals (Fig. 5.6). The innermost zone consists of native S, 



Figure 5.6: Photornicrograph of altered sphalerite with an (1) unaltered core. (2) an inner 
alteration Nn of native S and (3) an outer Mi of a hydrous Fe-sulphate; field of Mew is 1.7 
mm; plane-polarized light. 

and the outermost rim consists of a multi-layer rim of hydrous Fe-sulphates. The oxidation 

products of chalcopyrite are similar to those of pyrite. except that there are Cu and Zn 

irnpurities in the Fe-sulphates. 

Prhary quartz is coated cornmoniy with layas of Zn-bearing hydrous or non-hydrous Fe- 

sulphates, secondary and tertiary gypsum, and jarosite (Fig. 5.5). Secondary gypsum 

commonly has Fe a d o r  Zn impurities The grain is often cemented to surrounding particles 

by secondary and tertiacy gypsum. Secondary minerals are abundant in the taiüngs, giving 

them their distinct Nsty colour. Microscopie examhtion of the secondary rninerals revealed 

distinct coloua of material. This f a r e  dong with EDX spectra and XRD, has been used 
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to develop a "colour index" which identifies the dominant mineral in each sample. Five colour 

caîegories have been defined: rnetallic grey, yeiiowish-brown (Munseli hue 5YR 4/6), bnght 

orange (approximately MunseU hue 5YR 6/8), reddish-brown (Munseii hue 7.5YR 3/6), 

Figure 5.7: False-colour BSE image of altered pyrite with an alteration rim of hematite. 

bright yeiiow (MunseU hue 2.5YR 818) and straw yeiîow @fumeiî hue lOYR 8/6; Jambor, 

1994). The dominant phases making up the samples corresponding to this index are specuiar 

hematite (Fe,03), goethite (a-FeûOH), lepidocrocite (y-FeOOEI), ferrihydrite 

(SFe,03=9H,0), schwertmannite (F~0,(OH)6S04), and jarosite ~t+(0H)6(s04)3,  

respectiveIy. The presence of an iron oxide with the formula Fe&, in direct contact with 

altered pyrite, was confinneci by EMP analysis (Fig. 5.7); however, the exact phase (hematite 



Figure 5.8: 
secondary gypsum aggregates cemented by ~n-bearing natrojarosite (iighter regions), (2) 
secondary precipitate of Zn- and Cu-bearing natrojarosite, and (3) tertiary gypsum. 

versus maghernite) is uncertain 1t WIely is hematite, as this has been found to be a product 

of pyrite oxidation in coal wastes; maghernite is a product of magnetite alteration (Jambor, 

1994). Gypsum and various Fe-oxyhydrmides and sulphates also make up a minor portion 

ofthe secondary phases. These phases result from the oxidation of sulphides. They coat the 

remaining primary minerals and dif5erentiai.i~ cernent thern. At various intervals throughout 

the tailings, these secondary minerals have cemented the tailings to fonn hardpan and 

encrusted layen (Fig. 5.8). Secondary gypsurn occurs throughout as a cementing minerai, 

and as massive irregular clumps coated with a thin layer of Feoxyhydroxides. Secondary 

gypsum commoniy has traces of Fe and Zn, iikely as inclusions. Iarosite occurs as smaii 

clusters of acicular crystais (- Spm long), or as continuous coatings on grains as bands of 



Figure 5.9: False-coloured BSE image of(1) feathery secondary jarosite and (2) Zn-bearing 
Fe hydrous sulphate coating (3) quartz. 

fine, feathery radiating crystals (Fig. 5.9). Secondary minerals identified by the 

PEAKSEARCH program are listed in Table 5.1. 

Secondary minerals exhiit many dEerent textures. Most of these minerals occur as 

extremeiy fine-grained particles @ig. S. lOA), or as continuous precipitated layers (Fig. 

5.10B). Occasionaliy, they occur in more delicate forms such as acicular needles $ig. 

5. lOC), fine surfcial lacy networks (Figure 5.10D). or as smaii deiicate boxworks (Figure 

5.10E). Figure 5.10F shows the texture of an dtered pyrite, where the alteration rim has a 

distinct needle-üke appearance; the rim consists of hematite. 

Most of the samples were d q  when collected; however, precipitation of minerals fkom 



Figure 5.10: SEM of secondary mineral textures in the C M .  (A) Very he-grained 
goethite. (B) Thick Fe-oqhydroxide precipitate on altered pyrite. (C ) Acicular crystals of 
secondary hydrated Fasulphate. @) SEM of delicate lacy precipitate of native S. O 
Boxwork of secondaiy mineral, possibly goethite or lepidocrocite. (F) Surficial texture of 
altered pyrite, needle-like texture is a cross between hematite and an extremely S-depleted 
pyrite. (continued on following pages) 



Figure 5 _ 1 O continued 



Fimire 5. LO continued 



Figure 5.11: False-colour BSE image of(1) stubby tectiary gypsum crystals surroundmg (2) 
quartz. 

residual pore waters formed tertîary hydrous sulphates in some samples (Table 5.1). The 

most abundant tertiary mineral is gypsum. Tertiary gypsum is clean and occurs as smaü white 

blooms in cracks and corners; it fonns either radiating clusters of acicular crystals (similar to 

Fig. 4.2), or clumps of smail stubby crystals (Fig. 5.1 1). Melantente (FeS0,--0) was 

identified in the CMTE; it occurs as clear pale-blue nlifonn ctystafs, 0.1 to 1 cm long. A 

quateniary mineral identifid is rozenite FeSOi4E&O); rozenite has been previously identified 

as a taiijngs quaternary minera1 (Jambor, 1994). Other possible quatemary minerals include 

szomolnokit e (FeS 04*H20) and bianchite ((Zn,Fe)S04-6w). 



Table 5.2 Geochemical data for CM tailings and ore. 
Ekmciti Al  AC A r  AB Ca Cd Cu Fe K Na Pb Sb Zn S SO, CO, iI,O* 
Urlb pm ppb ppm wî.% ppm ppm wî.W M W  ppm ppm ppm wî.Ye W .  W . % * %  

:Tm2 0.52 32.30 8 85 7.710 3.8 979 9,95 0.22 0.01 408 14.0 821.0 13,90 30,000 0,015 9.55 
T0030.30 41.90 170 72 8.430 4.9 1259 9.23 0,22 0.02 535 17,O 1505,S 13.4 31,800 0,051 10,47 
,TûW 031 33.70 12 66 6.400 195,s 5442 13,OO 0,17 0.01 412 14.0 41212 16.80 30,300 2,290 8.24 
lTWS 039 139.7 22 3.7 9.720 1.4 2308 2.06 0,33 0.02 1533 41.0 201.5 10.70 29,500 O 1043 
TM6 0.59 51.60 O 120 6.210 76.9 16173 14.70 O,l4 O 427 19.0 223563 15.20 O 0,339 5.69 
IT007 0.68 45.80 7 86 9.135 36.4 31738 12.60 0,08 O 378 16.0 '7777.0 17.10 32,400 0,417 10.02 
ITm 0.33 61,60 327 31 0.750 1 1,7 4231 3230 0.04 O 60 1 19,O lS600.0 15.10 25,900 O 10.46 
ITûû9 0,37 80.75 15 42 1,403 11.2 1374 3130 0.07 0.01 888 240 14475.5 I4,00 4,780 0,018 5.82 
iTOt0 0.22 7-10 O 36 0,155 38,O 2 20,lO 0,Ol O 133 2,90 16473,O NA NA NA NA 
lTOII 0.36 61,40 40 44 1.600 3.5 933 36,80 0,04 O 531 15.0 12428,O 1230 23,700 0,007 9.13 
N012' 0,84 25.45 9 190 5,340 1 1 , O  741 10.10 0.32 0,08 406 17.0 4068,5 S,8I 1S.500 0.011 8,56 
NO13 0.41 56.70 187 46 3,200 1.9 1202 36.20 0.10 0,Ol 718 18.0 10720,O 4,51 11,100 0,015 3.95 
10-1' 0.12 58.20 O 98 0.140 823.5 12666 21.20 0.02 O 360 13.0 141000,O 24.00 13.500 1,35.000 0.40 

L = not availablc; ' ore sample; + stream sedimenc; West tailing samples: CMTOO I to CMT007; east tailings samples: CMTûû8 to CMTO I l ,  CMT013; 
Detection limita are listed in Appendix B. 



Solid-phase metal and cornplex-ion concentrations Vary greatly in these tailings: 0.0 

(below detection) to 32.4 wt. % sulphide S, 4.51 to 17.10 wt. % SO,, 0.00 to 2.96 wt. % 

COa 701 to 31738 ppmCu, 451 to 31738 ppmCu, 451 to 41212 ppmZn, 133 to 1533 ppm 

Pb, 7.1 to 139.7 Ag, and O to 347 ppb Au. Ore sarnple (CMO-1) metal concentrations fd 

below the highest concentration in the tailhgs, with the exception of Zn and sulphide S. 

Table 5.2 summarizes all the solid-phase CM tailings and ore geochemical results in this 

study. Lower concentrations of As were measured in this study (3 -7-1 90 ppm) than reported 

by prewious worken (e.g., 276 ppm reported by Ecology and Environment (1993a), 366 pprn 

reported by Ecology and Environment (1993b)). The highest levels observed in this study 

corne ftom a stream-sediment sarnple downstrearn from the CMT in the miil-valley triiutaiy. 

Arsenic concentrations in the Stream water were below detection Limits (c 0.003 pprn). 

Table 5.3 CMT sample descriptions for depth-profiles. 

Sample # Color Texture Depth (cm) 
(Munsell hue) 

CMTOO 1 msty orange 
(IOYR 5/8) 

mostly loose grains, O -  10 
slightly cemented 

CMTOOZ yeliow-green with dark rusty loose with smd  10 - 13 
orange base cemented grains 
(10YR 6/6) 

CMTOO3 msty brown-orange 100s with small 13 - 46 
(approx. 7.5 YR 5/6) cemented grains 

CMTOOL) dark grey-brown with unoxîdized higldy cemented with 46 - 50 
pyrite and siîicates ~condary minerals 
(7.5 YR 3R to 5/6) (hard~an) 
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Samples were collected on the d a c e  of the tailings and nom a vertical section through 

the upper 50 cm of the west tailings (Table 5.3). The distniution of elements through the 

vertical profile is shown in Figure 5.12. Several diierent geochemical trends are apparent in 

the depth-profiles. The most common trend shows a gradual increase in concentration with 

depth and a pronounced increase in concentration in the hardpan (CMT004). Elements 

showing this trend include Cd, Cu., Zn and Fe. Elements that show an increase above the 

hardpan (CMT003), include Ag, Au, Na, Sb and Pb. Arsenic has a unique profile; the 

concentration deaeases with depth and is lowest in the hardpan. Sulphide S concentrations 

increase graduaiiy with depth. The dphate profile varies Little with depth with the exception 

of a slight increase above the hardpan; a sunilar trend is observed for structurdy-bound 

water. The carbonate depth-profile is identicai to that shown by Cd, Cu, Zn and Fe. 

Geochernical variation diagrams for CMT show a variety of element relationships (Fig. 

5.13). Positive correlations exist between Cd and Zn, Sb and Pb, and As and Cu. Negative, 

poorly defmed correlations exkt between Ag and Cu, Au and Cu, As and Zn, As and Fe, and 

As and Sb. The CMT data points in Figures 5.14, 5.15 and 5.16 are scattered throughout 

most of the diagrams; the sarne mineral-mUgng lines are plotîed in Figures 5.14, 5.15 and 

5.1 6, as in Figures 4.5, 4.6 and 4.7. Best-fit lines for the CMTE and CMTW sample are 

superimposed to compare trends. Correlation coefficients for best-fit lines are indicated in 

the figure captions. Overall, the east tailings have better correlation factors (r) than the West 

tailings. The east tailings bave negative trends, except for in Figure 5.14B and C, and Figure 

5.154 B and C. No best-fit hes for the east tailings are shown in Figure 5.16 due to the low 

carbonate content in those samples. In Figure 5.14F, most of the samples plot above the 
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Figure 5.12: Solid-phase geochemical depth-profiles of a section through the upper 50 cm 
of the CMT; the top of hardpan is et 46 cm; error bars are plotted for errors which exceed 
the size of the data point marker- 
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Figure 5.13: Variation diagrams of CMT geochemicai results. Error bars are smder than 
the data-point markers (therefore not visible). Correlation coefficients (r) for the best-fit h e s  
are as foiows: (A) 0.971 O, 0.993 (S); (B) -0.044; ( C ) -0.194; @) 0.953; (E) -0.096; (F) 
-0359; (G) -0.287; and 00.177. 



Figure 5.14: Element concentrations in C m  plotted as a function of sulphide S. Solid 
lines are &hg lines, dashed lines are the best-fit lines for the CMTE assemblage, and dash- 
dot h e s  are the best-fit lims for the C m  pile assemblage; represents CM ore. The 
nnWig lines in D and E are plotted on the secondary y-ais. Error bars are smaiier than the 
data-point markers (therefore not visille). Correlation coefficients (r) for the best-fit lines of 
the east and west piles, respectively, are: (A) -0.6 1 1, 0.85 1; (B) 0.897, 0.664; (C ) 0.373, 
0.669; @) -0.1, -0.585; (E) -0.665,0.387; and (F) no best-fit h e  dculated. 



Figure 5.15: Elanait concentrations in CMT plotted as a hicton of SO,. Solid lines are 
mixjng hes, dashed iines are the best-fit lines for the east pile assemblage, and dash-dot h e s  
are the best-fit lims for the west pile assemblage; represents CM ore. The mixing lines in 
C and D are plotted on the secondary y-axis. Error bars are smaiier than the data-point 
markers (therefore not visible). Correlation coefficients (r) for the best-fit hes  of the east 
and west p h ,  nspeaively, are: (A) 0.3 15,6.454; (B) 0.236, -0.327; (C) 0.339, -0.228; @) 
-0.941, 0.138; and (E)-0.453,0.571. 



Figure 5.16: Element concentrations in C m  plotted as a finction of CO2 (carbonate). 
Solid lines are mineral maing lines, dashed lines are the best-fit lines for the east pile 
assembiage, and dash-dot lines are the best-fit lines for the West pile assemblage; i 
represents CM ore. The mixing h e s  in B, C and D are plotted on the secondary y-axis. 
Error bars are smaller than the data-point markers (therefore not visible). Correlation 
d c i e n t  (r) for the best-fit lines for the east (iine not drawn) and west piles, respectively, 
are: (A)-0.061, 0.478; @) 9.452, 0.927; (C ) -0.585, 0.091; @) 0.8 13, -0.282; and @) 
0.590, -0.592. 
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oxidation line in the oxidized zone; the oxidation line represents the conversion of one mole 

of sulphide S to sulphate S (Le., oxidized S)? thus has a slope of 1. Tailmgs data al1 plot 

below the rnixllig lines for sphalerite, chalcopyrite, galena, and arseno pyrite (Fig. 5.14B, C, 

D and E, respectively). The CMTW pile data (Figure 5.14A) f d  roughly dong the pyrite 

line; in contrast, the West pile data plot distinctly above the pyrite lhe. The trend of the 

CMTW püe in Figure 5.14B has a more positive slope than the CMTE pile, and folIows the 

sphalerite line more closely. This same trend is observed in the case of Cu (Figure 5.  MC) 

with the chalcopyrite line. The Pb and As data (Figure 5.14D and E) are very scattered, 

showing no distinct relationships between the east and West  piles and the correspondhg 

rnixing lines- The ore sample plots directly on the pyrite line, but below all the other mi>cing 

lines in Figure 5.14. 

The variation diagrams in Figure 5.15 show the scattered nature of the data points. The 

east and West data points show no distinct difEerences between the two piles, with the 

exception of the Fe versus SO, and Ca versus SO, (Fig. 5.15A and E, respectively), whereas 

the east tailings contain higher Fe and lower Ca than the west pile. In most of the variation 

diagrams in Figure 5.1 5, the data points fa below the mixing line with the exception of one 

sample. In contrast, the ore sample plots above the mWng Lines in the Fe and Zn diagrams 

(Fig. 5.1 SA and B, respectively). 

In Figure 5.16, the variation diagrams distinctly show the low carbonate content of the 

tailings. The West tailings only have positive trends in Figure 5.16A and B, but have low 

correlation factors. AU the tailings samples plot above the mbhg lines, whereas the ore 

sample plots below the &ng Iines in the Cu, Pb and Ca diagrams (Fig. 5.16C, D and E, 



respectively). 

5.3 -am - Water Ch- 

Figure 5-17 shows dissolved-metal concentrations of water samples coiiected at varying 

distances downstream fiom the Cleveland wll-tailings in 1995 (samples CMWOZ to CMWOQ 

and C m 8  in Fig. 22; Appendix A). Irnrnediately below the tailings, the pH of the stream 

water was 2.3 and m d  concentrations were high (Fig. 5.17). The stream-water colour was 

dark brown, indicative of high concentrations of dissolved metals (Fig. 5-18), and its acidic 

nature dissolved the carbonate bedrock dong the stream bed. At a distance of 300 m 

- -- - -* - 
C- - -- - -  6 

_----* - -  s 
_-* *-- - 

- - 4  R --  3 - -  2 
- -  1 

- 0  
O 1000 2000 3000 

Diswmte (m) 

Figure 5.17: Dissolved-metal concentration and pH in the Stream waters as a function of 
distance downstream fkom CMT; error bars are smaller than the data points. 

downstream, water fiom an ephemeral spring (pH = 7.17; sample C M W )  mixed with the 

acidic drainage of the miU-vdey niiutary. nie spring water had a neutral pH and had formed 

a small travertine deposit on the West dope just above the acidic stream. The pH of the 
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Figure 5.18: AMD water pools; dark-brown colour is indicative of high concentrations 
diklved metals and acidic conditions. 

d 
Figure 5.19: 
strearn bed is 

Dissolution of carbonate bedrock is caused by the AMD; rusty colour of the 
lue to the precipitation of Fe-oxyhydroxides and sulphates. 
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Stream increased slightly up to 2.5 irnmediately below its confluence with the spring. 

Precipitation of Fe-oxyhydroxideslsulphates (as seen by the msty colouration of the Stream 

bed; Fig. 5.19) d t e d  in a decrease in the dissolved-metal concentrations. At a distance of 

3.5 km downstream, pH increased to 7.27 and dissolved-metal concentrations feli below 

detection limits. 

5.4 pacterial - Growth O b s e m  

The hodation ofCMT012 gave negative resuits. huing the entire six-week period, the 

medium remained clear, indicating that no bacteria had grown. The reinoculation of a 

PATOOl into CMT012 also gave negative resuits. No precipitate or cloudimess was observed 

during the entire experiment Fig. 5.20), and the pH remained acidic. 



Figure 5.20: (A) CMT bacterial-growth flask experiment; (B) clear liquid and no change 
in the tailings colour indicate no bacterial growth. 



CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

6.1 PiscUggipn 

niae is liale evidence of alteration of the CPAT, and thus trends in variations diagrams 

(Fig. 4.4) reflect prirnary geochemical coherences. For example, Cd shows a positive linear 

correlation (r = 1-00) with Zn, indicating that Cd is hosted by sphalerite (Fig. 4.4A). 

Similady, Ag correlates positively with Cu, as it is mainly hosted by or associated with 

chalcopyrite (Fig. 4.4B). Gold also correlates positively with Cu (Fig. 4.4C), although the 

trend is less weli-defineci than that for Ag versus C u  The positive correlation between Sb and 

Pb suggests that gaiena is the main host of Sb, although sulfosalts (eg,  boulangerite, 

Pb$b,SJ also rnay host Sb. Although sulfosalts have not been observed in the ore or tailuigs 

samples fiom either site, the positive correlations between As and Sb and between As and Cu 

(Fig. 4.4G and 4.4H) suggest that they are hosted by fihlore-group rninerals (eg,  

tetrahedrite-tennantite). The positive trend in As versus Zn (Fig. 4.4E) may be due to (1) 

trace As in sphalerite, or (2) substitution of Zn for Cu in fihiore group minerals (e-g., 

tetrahedrite-tennantite). The main host of As in the CPAT is probably arsenopyrite, as 

suggested by the positive correlation between As and Fe (Fig. 4.4F). Arsenopyrite was not 

observed in the CPA ore or tailings in this study, but it has been reported in the Cleveland 

deposit by other workers (McKnight and Felows, 1978; North and McLemore, 1986). 

UnWre the CPAT, there is abundant evidence of chernical weathering of the CMT. Thus, 

variation diagrams for the CMT must be interpreted with regard to both prllnary mineralogy 
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and secondary processes. Because of the similarity in mineralogy of the two deposits, 

compositional relationships in the CPAT rnay be used as an indication of those in the CMT 

pnor to the onset of chernical weatherhg. Trends in variation diagrams for C M  reflect the 

superposition ofsecondary assemblages on primary assemblages (Fig. 6.1). The plot of Cd 

versus Zn shows a single hear relationship for CPAT and two Iinear relations for CMT, one 

of which converges with the CPAT assemblage Tig. 6.1A). Trend 'P' reflects a prirnary 

signature in the CPAT, with Zn and Cd both occupying sphalente. 'PD is interpreted as a 

primary trend for the W. The slightiy lower slope than that shown by trend P likely is due 

to lower Cd content of sphalente in the Cleveland deposit than that of sphalente in the 

C yp rus-PiÎios Altos deposit. Trend ' S ' may represent a secondaq relationship develo ping 

under conditions where foliowing oxidation of sphaierite, Zn was less mobile but Cd was 

strongly leached from the taiiïngs. However, the CMTE tailings samples ail correspond to 

the secondary (3'') trend, whereas most ofthe CMTW samples correspond to the 'T'" trend. 

Therefore, these results may also represent primary-ore difEerences, where the CMTE 

sphaierite is more deficient in Cd, but more e ~ c h e d  in Fe, relative to sphaierite in the West 

tailings. This "secondaiy" signature may be a funaion of the primary zonation within the 

skam deposit. The secondary trend also suggests that the east tailings are more weathered 

than the west tailings, thus showing a stronger secondary signature for the east samples. This 

is consistent with lower CO, contents in CMTE. 

The positive trends for the CPAT assemblage in Ag versus Cu and Au versus Cu (Fig. 

6.1B and C, respectively) indicate the presence of Au and Au in chalcopyrite. In contrast, the 

C m  assemblage in Figure 6.1B and C has negative trends and poor correlations. This is a 
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r d t  of the decouplùig of Ag and Au h m  Cu during weathexing of chalcopyrite. In contrast 

tu weathe~g e f f i s  on chalcopyrite and its impurities, Figure 6.iD shows positive trends 

and moderate correlations for both CPAT and CMT. These indicate the Iimited effects of 

weathering on Pb in galena and its impurities (e.g., Sb), because the mobiiity of Pb is very 

low, even in the strongly oxidizing environment of the CMT. 

Positive correlations in the CPAT of As versus Fe (Fig. 6.W) and As versus Cu (Fig. 

6.1H) suggest that As is present in arsenopyrite as weii as tetrahedrite-tennantite 

((CuJe)uSb,S, - (Cu,Fe)&,,SU). The positive correlation between As and Sb in the CPAT 

(Fig. 6.1G) aiso suggests that As may be hosted by tetrahednte-ternantite. As Zn can 

substitute for Cu in fàhioregroup minerais, the positive correlation between As and Zn in the 

CPAT (Fig. 6.1E) also may reflect the presence of tetrahednte-ternantite, or trace amounts 

of As in sphalerite. The negative trends and poor correlations between As and Zn, Fe, and 

Sb in the CMT suggea that tetrahedrite-tennantite has broken down and dEerent relative 

mobiities have separated these elements during chernid weathering. The positive correlation 

between As and Cu in the CMT suggests that As may be present in secondary (supergene) 

Cu sulphides such as coveliite, d e r  than More group minerais. The scattering of the CMT 

data suggests that the secondary mobüity of As is cornplex. A bulk-ore sample £iom the 

Cleveland mine (containing sphalerite, chalcopyrite and pyrite but no observable arsenopyrite) 

contained 98 ppm As. EMP analysis of sphalerite, pyxite and chalcopyrite revealed that 

concentrations of As are at or below detection limits. 

The variation diagrams in Figure 6.2 show the control that the suiphides have on the 

distrilution of metais in the prirnary minerals in CPAT, and how oxidation has affecteci these 
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Figure 6.1: Variation diagnuns comparing CMT and CPAT geochernical resuhs. Solid line 
and indicate CMï samples; dashed hes  and indicate CPAT samples. P and P' indicate 
primary trends for CPAT and C m ,  respedvely, S Sdicates a secondary trend for CMT. 
Arrows point to the value for ore concentrate fiom the Cyprus-Pinos Altos mim. 
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sulphides in the CMT- For sampIes diat fàil directly on the mixing hes,  e-g., pynte Lùie (Fig. 

6.2A), their buik sulphide mineraiogy is dominated by an Fe-sulphide, such as pyrite. For 

samples that fàli abow the mi>ring he, Fe contents are infiuenced in addition by non-sulphide 

Fe-rninerals such as  magnetite, resulting in high Fe content relative to S. For sarnples that fail 

below the mjxing lines, other sulphides such as sphalerite, chalcopyrite, galena and 

anenopyrite contribute to higher S values relative to Fe Fig- 6.2B, C, D and E). Meanwhile, 

aU the CPAT and C m  assemblages f d  below the mWng ihes in Figure 6.2B, C, D and E, 

indicating a high sulphide S background and low sphalerite, chalcopyrite, covellite, galena, 

anenopyrite and t e~an t i t e  contents relative to pyrite. AU the CPAT samples have positive 

linear correlations. The correlations ali represent primary assemblages, but the divergence 

of the CPAT assemblage trends from the mbhg lines is a finction of the proportions of 

dEerent sulphide species present in a buk sarnple, givïng the effects of background S 

concentrations. However, the dominant Fe-bearing sulphide is most keIy pyrite, as the 

CPAT samples aU plot above the pyrite line, but belaw the sphalerite, chalcopyrite, coveliite, 

gaIena, arsenopyrite and tennantite lines (Fig. 6.2B to E). In Figure 6.2E, the CPAT samples 

fa11 in two distinctiy diierent trends that converge; this pattern is identical to the relation 

between the arsenopyrite and tennantite hes ,  suggesting that these two As-bearll>g minerals 

are the domhant As control in the primary assemblage1. The data points in Figure 6.2A plot 

near the pyrite Iine, suggesting that the sulphide mineralogy of the CMT is dorninated by 

1 

Xn Figure 6.2 D and E, Figure 6.3C and D, and Figure 6.4B, C and D, the mWng lines 
are plotted against the secondary y-axis, therefore has a d i r e n t  y-sale than the primary 
y-axis which repnsents the data points. 
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pyrite; the CM ore plots directiy on the pyrite he, fiuther supporthg pyrite as the dominant 

Fe-bearing sulphide. The positive cordation between Fe and S for both the east-pile samples 

and the ore figure 6.2A), suggests that the composition of the ore sarnples is closer to that 

of the CMTE pile than the CMTW pile. Due to the zonation cornmon in most skam deposits, 

this sort ofdifEerentiation is not musuai. The CMïW h e  has a positive trend and plots close 

to the pyrite h e  suggesting the presence ofprimary pyrite in the CMTW; the C m  line is 

negative and plots fùrther away fiom the pyrite üne, suggesting a lack of primary pyrite. This 

differentiation between the east and West piles suggests that the east pile is more weathered 

than the West piIe- The dinerence in the degree of w e a t h e ~ g  may be a function of the sun- 

facing direction of the piles. The West pile gets more sun than the east pile, and therefore 

dries out faster, whereas, the east pile stays wetter, thus dowing the oxidation to proceed 

more rapidly and extensively. 

In Figure 6.2B and C, a positive correlation occun between Zn and S, and Cu and S in 

both the ore and tailings of CM (with the exception of a few sarnples); the oxidued nature of 

the tailings likely is responsible for the scattered results. The trends for Zn versus S and Cu 

versus S in CMTW ïndicate an abundance of Zn and Cu relative to the C m ;  this may be 

a result of M factors: (1) primary zonation withh the skam deposit, andor (2) more 

extensive weathering of CMTE relative to CMTW, the CMTW trend (less oxidiied) 

foilowing the sphalerite trend. The CMT mWng h e s  both have more positive slopes than 

the CPAT rnixing h e  in Figure 6.2B. but the opposite occurs in Figure 6.2C. This is a 

rdection of the dBerent skam types: CPA is a Cu-skam, resuiting in a higher dope of the 

plot of Cu versus S relative to that for C M  CM is a Zn skam, resulting in a higher dope of 



Figure 6.2: Variation diagram comparing element concentrations in the CPAT and CMT 
as a fiinaion of sulphide S. Solid lines are mixing lines; dashed lines and a indicate C M  
samples (short dash is C M E  and long dash is CMTW); dash-dot lines and indicate CPAT 
sarnples. The Mxing iines Ui D and E are piotted on the secondmy y-axis. 



Figure 6.3: Variation diagram comparing CPAT and CMT element concentrations as a 
fiction ofS0,. Solid lines are xnixing lines; dashed hes and 0 indicate CMT samples (short 
dash is CMTE and long dash is CMTW); repreSenfS CM ore; dashaot lines and indicate 
CPAT samples. The mixing hes in C and D are plotted on the secondary y-axis. 



Figure 6.4: Variation dia- comparing CPAT and CMT element concentrations as a 
fùnction of CO, (carbonate). Solid lines are mixing iines; dashed lines and 0 indicate 
CMT samples (long dash is CMTW, no lines plotted for C m ) ;  represents CM ore; 
dash-dot hes  and indicate CPAT samples. The mixing lines in B, C and D are plotted 
on the secondary y-axis. 
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the plot of Zn versus S relative to that for CPAT. 

Data for Pb and As (Fig. 6.2D and E) in the CMT are extremely scattend, suggesthg 

cornpiex orridation and mobility histories. Galena is probably the main host of Pb in CPAT, 

as indicated by the positive trend of the CPAT assemblage; however, Pb-bearing sulfosalts 

would also give positive comlation with a Secent slope than galena 

Variation diagrams of m d s  venus S0:- and CO, @g- 6.3 and 6.4) show the unoxidiied 

nature of the CPAT, with its low SO:- content and high CO2 content. In contrast, the highiy 

oxidized CMT have high and scatterai SOZ- contents and low more restricted CO2 contents. 

The poor comlation of the data points with the sulphate and carbonate mixing lines reflens 

the complex rnineralogical and geochemical controls on these metals. For example, not all 

Zn is tied up in secondary goslarite (Fig- 6.3B), Cu in chalcanthite (Fig. 6.3C), or Pb in 

anglesite (Fig. 6.3 D). Metals are tied up in muny dEerent minerals as major and trace 

elements and as crystallographic Mpurities. 

In Figure 6.3q oniy one sample plots within the jarosite-rozenite "envelope"; that sarnple 

is the Stream sediient sarnple (CMT012). This sarnple plots between the east and West 

sarnples with respect to Sot; as it is cornposed of taihgs particles fkom both piles. The 

location of this sample within the mkhg "envelope" suggests that, at this location in the 

str- the dominant secondary rninerals precipitated h m  the AMD are Fe-oxyhydrosulphate 

rninerals, dong with some Fe-oxyhydroxides (e.g.. go*hite). 

The CPAT plot far fiom the gypsum h e 7  whereas the CMT plot near the gypsum üne 

(Figure 6.3E). Although the CPAT contains tertiary gypsum, calcite is abundant in the 

tailings (Fig. 6.4E). exercising the domiDant control on the Ca content. Figure 6.4E indicates 
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the presence of calcite in the CPAT by the positive paraiiel correlation with the calcite he. 

The CPAT plots above the Cade line, indicative ofthe presence of other Ca-b&g phases, 

such as grossular, diopside and woUastonite. In contrast, gypsum is likeIy the dominant Ca- 

bearing mineral ïn the CMT Fig. 6.3E), as suggested by the dose association of the CMT 

assemblage and the gypsum he, as most ofthe primary caicite has been dissolved (Fig. 6.4E). 

As the CPAT show tittle evidence of alteration, the geochemicai depth-profiles directly 

reflect the piimary minefalo~y of the tailings samples (Fig. 4.3). The elevated S, Ag, Cd, Cu, 

As, Pb, Sb and Zn in the upper 15 cm of the vertical section reflect the relative sulphide 

emichment in this upper interval. Variations in element concentrations may be a fùnction of 

(1) the grade of ore zone being mined duhg a given period, (2) efficïency of extraction 

processes, and (3) minerai partitionhg during deposition (resulting fiom grain-size sorting). 

Sieve analyses were done on d the samples fiom the section (Appendk F). Sarnples showed 

Little grain-size vanation with depth, suggesting that mineral partitionhg during deposition 

is not the cause for the variations. Unlike the elements above, concentrations of Ca, Al and 

CO2 (carbonate) are low at the surface and increase with depth. This relationship may be 

directly related to the reactivity of the sulphide and gangue rninerals at the surface of the 

tailingr, or to the relative diiution ofgangue minerals by sulfides, as the sulphide content is 

high at the sufice. The former is most likely the case. 

The Cyprus-Piiios Altos taihgs have undergone very little, if any, mineralogical and 

geochemical changes since their depositiom The addition of lime to the tailings has 

maintaineci a neutral pH, preventing sulpbide oxidation and dissolution of gangue miner& 

such as calcite- However, the precipitation of tertiary gypsum f?om pore water indicates that 
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the tailings have not been completely unreact~e. The reIative reactivity of suffides in a tailing s 

enviromnent is pynhotite > sphalerite-gdena > pyrite-anenopyrite > chalcopyrïte > magnetite 

(Jambor, 1994). Pyrrhotite is absent in the CPAT; thus, sphalerite and galena are the most 

reactive sulphide minerals in the Mpoundment EIam>n-microprobe anaiysis of the sphalente 

in the CPAT revealed Fe concentrations as high as 10.76 wt. %. Such elevated Fe contents 

in sphalerite result in tetrahedral distortions of the cryystal structure (Shadlum and Turpeko, 

1970), thus hcreasing its sufice reactivity with the pore water. The low sulphatdsulphide 

ratio (Fig- 6.5) in the bulk tailings suggeas that, although most of the total sulphur is in the 

sulphide state, a smaü fiaction has been oxidized to sulphate. Figure 4.5F indicates that 

although most ofthe taillligs appear Besh, they do plot near the oxidation h e  and one sample 

plots in the oxïdized zone. Although the dissolved concentrations of Zn and S in the pond 

water are relatively low (0.07 ppm and 51 ppm, respectively), the concentrations of other 

met& are even lower. This suggests that sphalente is the most likety source of S O L  and 

sws 
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Figure 6.5: Depth-profile of SO,%ulphide S ratio in CPAT and CMT. 
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lime added during processing is the source of Ca2*. During dqing of the tailings in the lab, 

concentrations of Ca2+ and Sot- in the porewaters increase (as the volume of water 

decreases) until gypsum satutation ocain and gypsum precïpitates. 

Geochemical depth-profiles of the vertical section of the CMT reflect a relationship 

between chemistry and ermironmental conditions. The hardpan, located at a depth of 46 cm, 

is the lower-most mne ofa 50 cxn-thick section sampled, and represents the local zone of acid 

neutralization and chernical precipitation (Blowes, 1990; McGregor, 1994). This zone is 

highly cementeci and has elevafed concentdons of metais in the solid phase. The three zones 

above this hardpan represent the sulphide-oxidation and acid-generation zones. These upper 

three levels contain completely- to partly-oxidized suffides and are composed mainly of 

secondary minerals; McGregor (1994) found such zones to have high acid generation and 

high dissolved-metal concentrations in porewaters. Figure 5.4 shows a section through the 

east tailinas (from 1996 site visit) that exposes the relationship between the oxidized and 

unoxidized tailings. The upper oxidized zone is the sdphidesxidation and acid-generation 

zone (McGregor, 1994). and the lower unoxidized portion consists of prirnary tailings 

minerals that have not been altered. The unoxidi i  zone represents the zone of metal 

attenuation that has low dissolved-metal concentrations in porewaters and neutrai pH. The 

boundary between the unoxid'ued and oxidized tailings is cemented, and represents the 

hardpah In taüings environments, downward-moving water in the taiiings becomes acidic 

untii it reaches a zone where the acid is neutralized, and where a high proportion of gangue 

minerals and minimally altered suifides remain (hardpan and unoxidized zones) 

The CMT are extensively oxidized; Figure 6.2F shows that CMT plot mostly in the 
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oxidiid zone, compared to the unoxid i i  CPAT. The SO JS ratio for CMT (Fig. 6.5) 

shows a decrease in sulphate with depth, correspondhg to an increase in sulphide S, as 

expected by the transition fiom oxid i ig  to reducing zones. A d  neutralization caused by 

carbonate dissolution decreases the solubility of dissolved elements, thereby causing these 

elements to precipitate (usudy as secondary carbonates, oxides and oxyhydroxides). Such 

a trend is cleariy visible in the geochemical depth-profiles for many elements in the C M ,  

including Cd, Cu, Fe and Zn, as weU as CO2 pig. 5.12). These metals require acidic 

conditions to be tnuisported fiom their source; increasing pH causes precipitation in the 

hardpan layer. The hardpan layer at CMT contains abundant unaitered sulphide and gangue 

rninerals. The presence of sulfides in the hardpan is reflected in the increased amount of 

sdphide S in this zone (Fig 5.12). The high metal concentrations in the hardpan are the result 

of both p d o n  of primary suiîldes and precipitation of secondary oxïdes and carbonates; 

no secondary suifides have been observed. 

Elements such as Ag, Au, Pb and Sb tend to concentrate in the layer above the hardpan. 

These elements are reactive metals that form highiy insoluble complexes with sulphate. As 

the percolating waters approached the hardpan in the West pile, the pH increased slightly. 

This increase was enough to cause these highly insoluble metal-sulphate complexes to 

precipitate. This sulphate precipitation is also apparent fiom the slight increase in 

concentration above the hardpan in the sulphate depth-profiie Vig. 5.12). The same trend 

occurs in the profiie for sinicturally-bound water, suggesting that hydrated secondary 

minerais are most abundant a b m  the hardpan. The concentration of Na also increases above 

the hardpan (Fig. 4.20); XRD results indicate that this is a zone of mas  precipitation of 
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natrojarosite (NaFe,(SO,h(OH)a). 

In contrast to geochemical profiles for base and precious m d s ,  profiles for As, Ca and 

K exhibit a gradua1 decrease in metai concentrations with depth. At the hardpan layer, 

jarositc the p r h q  K-bearllrg semndary mineral, becornes slightly undersaturated in the pore 

water, causing it to partly dissolve. This same trend has been observed at the Copper C l B  

tailings site in Sudbury, Ontario (McGregor, 1994). Due to the high mobility of Ca under 

most conditions (Plant and RaimeII, 1983). the decrease in concentration with depth is 

unusual. This trend may be due to the rnobility restrictions of a Ca-bearing cornplex, 

evaporation of Ca-rich pore waters near the surfiice, evaporative pumping, or primary- 

mineral distn'bution. In contrast, As has moderate mobiity under most conditions, but is 

immobile under reducing conditions (Plant and RaCswell, 1983); thus, a depth-profile trend 

opposite of that observed would be expected. The distribution of As throughout the tailings 

rnay t h d o r e  be a hction of the restncted mobility of an As-bearing cornplex, preferential 

uptake into a secondary phase, or primary-minerai distribution. 

In the CMT, oxidation of &des resulted in the generation of acidic solutions and 

subsequent dissolution of gangue minerais, particulariy calcite- The alteration rims on sulfides 

represent the effcts of difision-limitecl aiteration mechisms (the srnall-de shrinking-core 

mode1 of Davis and Ritchie, 1986) which operated during the oxidation cycle descriied 

above. There is evidence for two distinct diffusion processes in the CMT: (1) outward 

dBÛsion of Fe, ltaving a S-rich core or rim; and (2) outward diffusion of S, leaving an Fe-nch 

core or rim. The f h t  process ocnirs most commody in sphalente, where native S rims cover 

the remauUng sphalerite core mg. 5.6). The second process occurs most comrnonly in pyrite, 



85 

where a reactive Fe-nch rïxn is I d t  behind; this rirn reacts with the air and pore-water to 

produce specular hematite (Fig. 5.7). Al1 sulfides have multi-layer rims surroundmg an 

unaltered core. Generally, the innerrnost layer is the diffusion-Iimited rim. 

Although gypsum is the most cornmon teniary minerai in tailings, it is also present as a 

minor secondary mineral in the CMT. Evidence supporting a secondary origh is the 

occurrence of gypsum beneath layem of secondary Fe-oxyhydroxides and oqhydrosulphates. 

Secondary gypsum often contains srnail amounts of Fe, Zn or Cu impurities, and has a 

massive crystal habit. Tertiary gypsum lacks impurities and forms stubby subhedral to 

euhedral crystals in the matrix, or radiating clusters on mineral surfaces. The Fe 

oxyhydroxides and oxyhydrosulphates and secondary gypsum are fomed by wet/dry cycles 

which resulted in desiccation cracks in precipitates on grain surfaces. Wet/dry cycles also 

affect the sudiace of the tailings pile. During a trip to the CMT in November 1996, white 

precipitates (mainly gypsurn) were observeci c o v e ~ g  the surface of the tailings Fig. 5.1); the 

visit foliowed an extended period of dry weather. When sarnples were coilected in February 

1995, the d a c e  of the taiiings was relatively k of dorescent sulphates (Fig. 1.3) because 

there had been abundant fiushïng of the tailings during early snow melt. Thus, gypsum layers 

coating individual grains are associated with periods of dqhg, when porewaters becorne 

saturateci with nspect to gypsum through wata loss. In contrast, layers of Fe-oxyhydroxides 

and oxyhydrosulphates are associated with wet periods when oxidative dissolution of suffides 

increases the amount of dissolved Fe in porewaters. 

The acairacy of the geochemical results are strbngiy dependent on sample homogeneity. 

At the CPAT site, representative sampling of the impoundment is difncult due to grain-size 
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sorting and hydraulicdensity M d a t i o n  that occurs as a result of deposition. The CPAT 

physical hydrology is analogous to sedimentary environments such as a delta, where coarser 

grains and high-density grains occur nearest the source of deposition (i-e., spout). and the 

finer and lower-density grains are transported and deposited further away from the source. 

At the CMT site, it is ais0 difiïcult to get a tmly representative wnple of the taihgs as a 

whole due to the effects of physical hydrology (Robertson, 1994). and variability in 

rnineralogy, cementation and degree of oxidation throughout the tailings, superimposed on 

the e f f i s  of primary skarn zonation, as seen between the CMTE and CMTW piles. 

6.1.1 - Water Che- 

Metal concentrations in Stream water decrease with distance downstrearn fiom the CMT 

(Fig. 5.17). At the location where the acidic drainage mixed with the neutral spring water, 

the rnetal concentrations decreased significantly. This decrease was due in part to dilution, 

but also to CO-precipitation and sorption of met& by secondary phases in the stream bed, 

mainly Fe-oqhydrosulphates and oxyhydroxides. The extensive precipitation of Fe-rninerals 

resulted in msty coloration of the strearn bed below the taüings pile. The slight uicrease in 

pH and addition of dissolveci carbonate at this location changed the water chemistry enough 

so t cwkl no longer support the load ofdissolved metals. Further downstream, the dissolved 

metal concenfrafio11~ decreased until they were below detection limits. Low concentrations 

of Pb throughout the stream result fiom the precipitation of plumbojarosite (Pb Fe, (OH), 

(SOA), and highly insoluble angiesite PbSO,) in the taitings. Average Pb concentrations in 

the tailings are as much as 12 times higher than average Cd concentrations, but average 



87 

dissolved Pb concentrations in the Stream were up to 12 tirnes Iower than dissolved Cd 

concentrations. This relationship indicates that whüe Pb is immobile, Cd is easüy mobüized 

out of the tailings in solution; Zn ais0 is highly mobile due to relatively high soiubility of 

ZnSO,. Knowledge of these relative mobüities is therefore important when predicting the 

composition of acidic drainage and potential groundwater contamination. 

6.1.2 Bacte- Gram 

The CPAT sample used for bacterial growth gave positive results and showed that there 

was more than one type of active bactena present. This positive nsult indicates that bactena 

are active in the taihgs and may be a cause for fùture concem, depending on the species of 

bactena present. Suffit and Fe-oxidizing bacteria prefer low-pH conditions and are known 

to create an ambient micro-environment to satisfy those conditions; this evidently Ieads to 

problems o f  AMD. However, the bactena culture grew at a neutral pH, and managed to 

increase the pH to aIkaiine conditions This indicates that the bacteria currently active prefer 

aikaiine conditions and are capable ofcreating such conditions for themselves. Such bacteria 

are not a known threat for the creation of AMD. 

Aithough the positive resuits indicate the presence of bacteria in the tailings impoundment, 

the types of bacteria that are present are uncertain. Laboratory growth of these bacteria 

simply indicates th& presence, not theu spezies, relative abundance, or effect on the tailings. 

As Iaboratory growth enhances the conditions for certain bacteria, the favoured bacteria grew, 

whereas others that require diierent optimum growth conditions did not grow. 

The CMT sample used for bacterial incubation gave negative results. The growth medium 
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used in this experiment did not provide the best conditions for bacteria present to multiply. 

Therefore, this is not necessarily a true negative resulf simply an indication that a difEerent 

medium may be needed for growth Howmr, this negative result does indicate that T. 

ferrooxidms is not present in the AMD. Minerdogical anaiysis of the Stream sediment 

showed that there were no suiphides, consistent with the absence of T. f e r roor ik -  Simiiar 

results were found by Gould et al. (1997) on oxidized taiüngs that no longer contain 

sulphides. 

6.2.1 m T :  C m  Con- O O 

The CPAT impoundment is in a five-year old polyethylene-lined bermed impoundment. 

During the 1995 site visit, the impoundment lining was in good condition; a year and a half 

later, the lining was severely tom in many places (Fig. 3.3). Due to the allcalïnity of the 

tailings and arid climate, the possibility of AMD in the near future is minimal, despite the 

h g  defects. 

Remedial measures p h &  for the CPAT impoundment include drying the tailings, 

foîlowed by a clay and vegetative cowr. A large sprinkler system was emplaced to accelerate 

the evaporation of the taihgs pond water (Fig. 3.1). Meanwhile, the exposed tailings were 

dry and extremly suscqtiile to bang windblown- Strong southwe~ter1y winds were blowing 

the dry taüyigs outside of the impoundment, allowing tailings to wllect around vegetation 

(Fig. 3 -2) in the desert downwind. 



Although the CPAT have had lime added to prwent acid-generathg reactions Corn 

starting in the impoundment, with the removal of these tailings fkom the "closed" system 

imposed by the impoundment lining, their acid-generating potential increases significantly- 

Therefore, the windblown tailings outside the impoundment are susceptible to oxidation. The 

buffering capacity of the tailings themselves and the alluvial sediments in the desert will 

determine whether AMD will occur h m  the windblown taihgs. To prevent fiirther tailings 

nom being blown out of the impoundment, 1 recornmend that the portion of the impoundment 

that has dry exposed tailings be temporady covered with a large tarp or fine mesh until the 

final phase of clay-cover and vegetation is completed. 

6.2.3 m: Current Con- . . 

The declaration of the CMT as an U.S. EPA SuperfWid site has resulted in an in-depth 

study of possible remedial measures for this site, complete with feasibility studies and total 

cost. Appendix G shows a summary of the suggested measures. The preferred remedial 

measure of those proposed was "Alternative 5: Off-Site Treatment Through Recycling". A 

feasibility study has shown that reprocessing (Le., recycling) the tailings would not be 

beneficia. During the 1995 site visit, no remedial measures had been employed. However, 

pnor to the 1996 site visit, two sediment traps had been placed dong the mil1 tributary, and 

there were two hestone dams @ig. 6.6) almg Little Walnut Creek downstream nom the 

confiuence of the miIl-vdey tributary and Little Walnut Creek. The sediment traps were to 

prevent further downstream transport of the taiüngs; both traps were fiill and thus no longer 



Figure 6.6: Limestone dam on Little Walnut Creek, just past the confluence of the miil- 
vdey triiutary and Little Walnut Creek- 

effective in theu purpose. The purpose of the limestone dams was to neutralize the acidic 

drainage; however, judging by the brown cdour ofthe stream water immediately downstrearn 

of the first limestone dam, the water was stiii acidic and contained dissolved rnetals. 

6.2.4 

The CMT was declared a Superfund site in 1989 due to the occurrence of high 

concentrations of As, Pb, Cd, and Zn. The study of the mobility of these elements within and 

around the taihgs environment has shown that mobht ion of As occurs mainly by 

mechanical transport. Pb is not transported easily by mechanical mechanisms due to its 

occurrence in cemented layers and hardpans, and is not a problern by chernical (dissolved) 
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transport due to the extremely low solubility ofPbS0,. Cd is subject to chemical transport 

in the fonn ofdissolved cations; Zn is subject to both mechanical and chemical transport, but 

its sohibüity drops rapidly due to the precipitation of insoluble Zn-bea~g secondary mherals. 

Due to the different transport mechanisms affkcting each of these metals a tailored plan is 

needed to mediate this site effectively and efficientty. 1 have proposed a plan of action for 

this site, ushg the chosen Alternative 5 as a basis. 

The nrst phase would be to prevent further downseeam transport of the taiüngs, followed 

by AMD neutralllation The current sediment eaps and iimestone dams can act as a sedinent 

trap, as weil as a neutraliaing agent for the airficial stream waters. Immediately downstrearn 

fkom the fkst ümestone dam, 1 would fecommend a subsurface penneable reactive barrier-wd 

to neutralize acidic groundwater. This reactive barrier-waii may be similar to that described 

by Gould et al. (i997), which consists of an excavation perpendicular to the groundwater 

flow, fUed with a mixture of organic carbon, pea gravel, and agricultural limestone. 

The second phase would be to stabilize the surface of the tailings to reduce the amount 

of air-borne contamination during the removaî of the tailings and rock piles. One method of 

surface stabilization would be to sprùikle the d a c e  of the tailings with water so that the 

tailings particles are held down by water tension, preventing fine particles f?om becoming 

airborne. Aithough this method is more environmentally sound than stabiluing with organic 

substances or gels, it would Uicrease surface run-off, However, the limestone dam in phase 

one would prevent downstrem transport ofthe taîlings and sediments. 

The third phase is the transport and disposal of the taülligs and rock piles off'site. 

Transport of the tailings would rquire tarps over the trucks to prevent airborne particles, and 
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reduced speeds on mads and highways leading to the new disposal site. The bat  disposal site 

would be in an arid to semi-arid climate desert region with a low watertable, such as that at 

the CPAT impoundment. The site should be excavated and hed  with a clay or reactive 

barrier, then lined with a high-quality long-lasting polyethylene liner. AU oxidited tailings 

(Fig. 5.4) would be maed with an acid-neutraüong agent such as crushed hestone or a 

mixture of organic and lirnestone gmvels. The unoxidized tailings (Fig. 5.4) may be recycled 

fbr metal recovery, then mixed with a neutraiking agent and added to the oxidized tailings. 

Once ail the contaminated rock piles have been removed from the site (including sediments 

accumulated in the sediment traps) and disposed of in the new irnpoundment, the 

irnpoundrnent m y  be SeaIed with a layer of crushed limestone overlain by a layer of clay, then 

gravel; vegetation can then be induced or be Iefk to occur naîurally. 

The final phase would be regular site monitoring, including surface and groundwater 

monito~g, at the old and new site for a penod of five years- then intermittently for another 

5 years. The old CMT site could then be Ieft to be reclaimed by the forest naturdy. 

6.3 

The Cypms-Puios Altos and the Cleveland deposits had similar primary mineralogka1 

assemblages and geochemical signatures. Because of difFecences in style of deposition and 

time since deposition of the tailings, present metahsidence sites dEer substantidy. 

However, the CPAT may be viewed as an analogue for the C M  early in its weathering 

history. 

The CMT show chernical precipitation ofmetals in the hardpan layers, thus trapping many 
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potentiaiiy toxic metais fiom m e r  mobiüzation into the local environment. Metals that are 

not concentrateci in the hardpans tend to be distriiuted throughout the tailings and subject to 

mechanical and chernical transport. M d  distniution is a fùnction of either p h a r y  

rnineralogical distriiution, restricted mobiiity of a cornplex, or preferential uptake into a 

secondary phase. Preférential uptake is the dominant &or in the CMT, due to its advanced 

state of weathering; primary-mineral distribution is the dominant factor controllhg metal 

distribution in the CPAT. Mine-tailings mineralogy is cornplex and multi-phase making it 

difncult to pinpoint all the residence sites of a +en metal. 

These results indicaîe that mechanical transport of sediment downstream is an important 

mechanism in mobüitllig As fiom the tailings; however, chemical transport of As seems 

minimai. Zn and Cd concentrations are moderately high in the Stream waters, indicating that 

they are mobilized both within and outside the tailings environment by chernical transport 

mechanisms. Zn and Cd are therefore of great concem when eduating the toxicity of taillligs 

and its effect on local drainage- Low mobiiity of Pb within the tailings and low concentrations 

of Pb in acidic drainage indicate that this element may pose less of a threat to the environment 

than other more mobile toxic trace elements (e.g., Cd) that are present in lower 

concentrations in tailings. An understandimg of the relative mobilities of such toxic metals in 

different environments is therefore necessary when predicting or evaluating the impact of 

taiihgs on water quality. 

6.4 Future Wo& 

Further analysis by proton-induced X-ray emission (PlXE), which has lower detection 
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limits than EMP, wiii be conducted to verifL the sitïng of As and other toxic elements (e.g., 

C4 Sb) in primary mindq and to confimi the residence sites of trace metals predicted in the 

vaciaiion diagrams. Secondary-ion rnass spectrom- (SIMS) may also be used to track the 

location of Au in the primary minerais, particulady chalcopyrite. 
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APPENDK B Analyses of Bulk Tailings Samples 

PATOOS 2,62 9.80 828 43.0 100 < 2  117 O S  18,815 2,9 66 27 
PAT009 2.42 6.75 149 96,O 200 < 2 60 < 0,s 16,650 2.2 65 33 
PATOIO 2.29 1.25 90 70.0 100 C2 36 < 0,s 18,510 1.9 3 5 29 
PATOI 1 2.57 6.30 287 57,O 150 <2  56 < 0,s 17,840 3.9 5 I 26 
PATO12 0.34 I61,OS 2280 290,O < 50 C2 379 < O 3  2,190 78.7 460 < 5 

-------C--C-"-"--------------------------------------------------------"--------------------"- 

CMTOûl 0.49 34,05 18 93,O C 50 < 2  197 O 10,120 2-2 19 12 
CMT002 0.52 3230 8 85.0 CS0 < 2  198 c0.5 7,710 3.8 36 12 
CMTûW 0.50 4190 170 72.0 < 50 C 2  246 < 0.5 8.430 4.9 29 8 
CMTW O 33,70 12 66.0 c 50 < 2 204 < 0.5 6.400 195.5 98 14 
CMTOOS 0.59 139.70 22 3,7 < 50 C 2 1062 C 0 3  9,720 1.4 16 8 
CMT006 039 51.60 < 2 IZ0,O < 50 4 442 <O3 6.210 76.9 83 9 

CMT007 0.68 45,80 7 86,O < 50 C2 390 <O3 9,155 36.4 49 14 

CMTOOB 033 61,60 327 3 1,O < 50 < 2 494 <0,5 0,750 11.7 83 13 
CMT009 037 80,75 IS 42.0 c 50 < 2  537 < 0.5 1,403 11.2 66 13 

CMTOlO 0.22 7.10 C2 36.0 < 50 < 2 57 < O 0155 38.0 91 9 
CMTOl1 0,36 61,40 40 44,O < 50 c 2  510 <O3 1,600 3.5 76 14 
CMTOl2 0.84 23,45 9 190.0 C 50 < 2  146 C0.S 5,340 I I  35 14 
CMT013 0.41 56.70 187 46.0 C 50 < 2 490 C0.S 3,200 1.9 17 12 

CMO-I 0.12 58.20 O 98.0 < 50 C 2 297 < 0,5 0,140 823.5 120 C 5 .............................................................................................. 
D.L. 0.0 1 3 2 0.5 50 2 1 O. 5 O. S S I 5 



Unib pmn ~ m n  wt.% n m  am pnb wt. w t  * !  pimi mm nt. ./. piwn wLah 

PATOOI 3 2228 12.1 < 1 < 1 < 5 0.33 032 9068 840 0.09 14 0,054 

PATOOZ 3 9702 12,8 < 1 < I s 5 0,25 0.53 8421 895 0.05 17 0.049 

PAT003 2 6931 15.1 < 1 < 1 <5 0,\6 0,41 8201 663 0,04 18 0.045 

PATOOQ 3 4245 12S 1 < 1 s 5 0,24 0,45 8580 103,O 0,09 12 0,045 

PATOOS 2 2363 12.7 < 1 < 1 <5 0.27 0,47 8264 640 0,08 I l  0,047 

PATOOd 3 2871 12.4 < 1 < I < 5 0,29 050 8081 48S 0,08 10 0,047 

PATûû7 2 2683 10,9 < 1 < 1 c 5 0,32 0.48 7720 64.0 0.10 13 0,051 

PATOOB 3 2056 11,1 < I < 1 < 5 0,32 031 7810 57.5 0,W 1 1  0,052 

PAT009 3 1113 10,3 cl c I < 5 0.49 0.86 9430 47S 0,ll 24 0,076 

PATOIO 2 715 10.4 < 1  < 1 <5 0,34 0,81 8933 24.0 0,08 13 0,062 

PATOI 1 2 2651 11.8 cl < I <5 0,30 0.45 8397 85,O O,11 1 1  0,045 

PATO12 c 1 99999 24.0 c 1 < 1 c5 0.03 0,17 2502 759.0 0.01 % 0,002 -------- ---------------------------------------------------------------------------------------------- 
CMTûûl 
CMTOO2 

CMTûû3 
cMTm 
CMTOOJ 

cm006 

CMT007 
CMTOOIl 
CMTW 
CMTOIO 
CMTO1I 
CMTO 12 
CMTOIS 
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APPENDIX D Chemical compositions of sulphides. 

SPHALERlTE 

Sampb #: PATO 1 2 
Robe #: PATl2SP 1 
Ekmenta Wt. 9% 
AB 0.00 
Zn 53,73 
S 33.45 
Fe 10.38 
Cd 0.26 
Cu 0.3 1 

PATO 12 
PAT 12SP2 

Wt. % 

0,o 1 
52,73 
33.78 
10.76 
0.28 
0.46 

CMO- I 
CMOISPI 

Wt, ./. 
0,02 

54.08 
33.27 
10.77 
0,25 
0,07 

CMO- 1 
C M 0  1 SP2 

Wt. % 

0,oo 
53s5 
33,40 
1 1 ,O2 
0.22 

0.04 

CMT007 
CMT7SP 1 

Wt. % 

0.0 1 
53.34 
33,02 
9.48 
0.23 
0,o 1 

CMT007 
CMT7SP2 

wt. % 
0.00 

54,2 1 
3x35 
9.28 
0.22 

0,oo 

CMTOO4 
CMT4SPl 

Wt. ./. 
0.00 

56.06 
33,20 
9.73 
0.28 
0.02 

CMT004 
CMT4SP2 

Wt. Y. 
0.0 1 

55.73 
33.47 
9,79 
0.2 1 
0,w 

Total 98.12 98.0 1 98.42 98.22 96.07 97.07 99.29 99.20 



PATO 12 
PATI 2PY 1 

Wt ./. 
0,03 

46.98 
53.22 
0.04 
OS4 
O A  1 
0.0 1 

PATO 12 
PAT12PY2 

Wt % 

0.0 1 
44.15 
52,26 

0 
234 
0,06 

0 

PATO 1 2 
PATl2PY3 

Wt % 

0,03 
43,36 
49,10 

0 
0.34 
0.08 

0 

CMO- 1 
CMO1PY 1 

Wt % 

0 
4452 
52,86 
0.02 
0.0 1 
0,06 
0.0 1 

CMO- 1 
CMOlPY2 

Wt % 

0,05 

44,68 
53 ,O4 
0,02 

0 
0.08 
0.0 1 

Total 98.77 100.20 100.43 99.28 99.37 101.23 99.33 92.90 97.48 97.87 

Sampk #: CMT007 
Robe #: CMT7PY 1 
Ekmentr Wt 94 
As O 
Fe 46.49 
S 53.74 
Zn O 
Cu 0.0 1 
Co 0.04 
Cr 0.0 1 

Total 100.29 99.97 100.72 1 00,60 



CHALCOPYRITE AND COVELLITE 

S~mpk #: PATO 1 2 PATO 1 2 PATO 1 2 CMO- 1 CMO-I CMTOO7 CMT007 
Robe #: PAT12CP 1 PAT12CP2 PATI 2CV 1 * CM0 1 CPl CM0 ICP2 CMT7CP 1 CMVCP2 
Ekmenta Wt. ./. Wt. 94 Wt. .!4 Wt. 94 Wt. % Wt. 96 Wt. ./. 
Aa 0,02 0,OO 0.00 0.0 1 0,OO 0,03 0.00 

Fe 30.69 30,40 1,43 29.90 3085 29.78 30,12 
S 35.09 34.24 3 1.93 34,69 34.59 35,6S 3S,23 
Cu 34.64 34.66 65,67 33.15 34,49 32.88 33.11 

Total 10.44 99.30 99.03 97.75 99.94 98.34 98.46 
* wvellite 



APPENDIX E Minera1 Fonnulae 

Secondary, tertiary and quateniaiy minerais and their formulae. 

Mineral Formula 

angiesite Pb(SO4) 

argentojarosite A@edSo4X(OH)n 

bianchite (Zn, Fe)S04 - 6H20 

boyleite ZnSO, 6H20 

chalcanthite CuSO, - SH20 

chdcocite C G  

epsomite MgSO, 7H,O 

ferrihydrite 5Fq0, 9H20 

goethite a-FeOOH 

4YPsum CaSO, - 2H20 
hematite F a  

hydrated lead PbCO, - 2H20 
carbonate 

hydronium jarosite (H,0)Fq(S04),(OH), 

Minerai Formula 

jarosite 

lepidocrocite 

maghernite 

malachite 

melanterite 

native sulfiir 

natrojarosite 

plumbojarosite 

rosasite 

rozenite 

shwertmannite 

silver d p  hate 

szomolnokite FeSO, H,O 



APPENDDZ F CPAT Sieve Anaiysis Resuits 

Weight of sieved sample remaining on each sieve screen 
Sample# Initiai F i d  No. 18 No. 35 No. 60 No. 120 No. 230 Pan 

W t O  WC(& (d (a) (a) 
PAT 001 50.03 49.61 0-41 0.23 1.99 17.86 19.70 9.42 
PAT 002 50.06 49-93 0-19 5.65 25.30 15-92 2.31 0.56 
PAT 003 40.00 39-73 0-06 1.56 10.72 18.30 6.54 2.55 
PAT 004 40.03 39-50 0.09 1-71 11-08 18.25 5-8 1 2-56 
PAT O05 40.01 39-79 0.01 0-94 8.17 18.29 8.65 3-73 
PAT 006 40.99 40-74 0.03 1-67 11-02 18-65 6.64 2-73 
PAT 007 50.01 49-60 0.02 1-43 12-73 21-59 8.78 5-05 
PAT 008 40.81 40-64 0-01 0-8 1 8-78 19.10 7.98 3-96 



APPEMlIX G Surnrnary 0fU.S. EPA Feasibility Report 

Summary of the U.S EPA feasibiity study of alternatives for the remediation of the CMT 
site as proposed in US. EPA (1993a). 

Ite-ve 1 : No Ac- Ac- . * 

Present worth: $249,878 US 
Implementation the :  2 months 

Summmy: No remedial action taken; the contaminated tailings would continue to oxicidire 
and leach, 

tive 2: bcava-d 

Present worth: %3,1 lO,O3 5 US 
Implementation the :  4 months 

Summmy: Excavation and consolidation ofcontaminated taillligs, soils and strearn 
sedients and disposed of on-site, followed by polyethylene and geo-textile cap, and 
subsequently covered with soi1 and revegetated; foiiowed by diversion of surfhce water 
&om capped a r a  

Alternative 3: Exca ion. On-site S o l i d i f i u t i o n / S ~ o n .  and On-Site Dis~osa O .  0 .  . vat I 

Present worth: $6,404,52 1 US 
Implementation tirne: 4 months 

Simcntmy: Excavation of wntaminated tailings, mils and Stream sediients, and treating 
them by stabilization and solidification on-site. The contaminant wouid be stored on-site, 
capped and revegetated; sufice water would be diverted fiom the capped area. 

I temtive 4: -. On-Site S o l t l d  Off Site D m  0 .  0 .  . - 
Present worth: % 1 l,264,3 80 US 
Implementation the :  4 months 

S u m m q :  Excavation of contaminated taüings, soils and stream sediments, and treating 



them by stabilization and solidincation on-site. The contamuant would be stored off-site 
in a landfiil pennitted for such material. 

Present worth: $7,999,3 70 U S  
Implementation tirne: 4 months 

Summq:  Excavation of contaminateci tailings, sok and Stream sediments, and 
transportation offde; recycling the metals, and disposal ofthe residual materiai, 
foiiowed by stabhtion and solid'ication in a containment structure. 

NOTE: Alternative 5 is the chosen alternative as of 1994. 




