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INTRODUCTION

Ground water and drainage from cod minesrange in qudity from strongly acidic (pH <4.5) to near neutrd,
or alkaline (akdinity > acidity; pH > 6) (Cravottaet d., 1999). Acidic mine drainage (AMD) commonly
has elevated concentrations of sulfate (SO,%), iron (Fe), manganese (Mrf*), duminum (AF*), and other
solutes that result from the oxidation of pyrite (FeS;) and the dissolution of carbonate, oxide, and
auminosilicate minerals (Cravotta, 1994; Rose and Cravotta, 1998). Predicting the potentia for AMD
formation requires a detailed evauation of the geologic and hydrologic systems at a proposed mine site. A
sgnificant amount of quditative information (such as lithology, drainage characteristics, presence/absence
of seeps, etc.) can be obtained through observations by trained professionas. However, for confident
predictions of post-mining water quaity, water and, in many instances, rock must be sampled for andyss.
The samples must be collected and andyzed under controlled conditions using Sandard messuresto assure
reliable data.

The god of AMD prediction isto evduate a planned physicd and chemicd dteration of aparticular Ste(i.e
a proposed mining operation as described by the permit application) and determine as accurately as
possible whether, and to what extent, water quality will be affected. To accomplish this, it is necessary to:
1) establish data collection points that are representative of the physica and chemica systems associated
with the subject Site; 2) collect, preserve, and transport samples from the fied Ste to the testing |aboratory
in a manner that minimizes physica and chemicad changes in the sample; and 3) perform laboratory
procedures that accurately characterize the samples and yield useful results.,

Water samples are collected to establish a pre-mining basdine and to aid in prediction, by characterizing
pre-mining water qudity on site and post-mining water qudity a adjacent mines. However, it isimportant
to note that even if a prediction is qualitatively accurate, the absolute quantities and rates of production of
acidity, dkdinity, and other condtituents in the discharge water are difficult to determine on the basis of
laboratory tests. For example, overburden evaluation may accurately predict dkaline water; however, the
akaline water can have concentrations of metals and sulfate that exceed regulatory requirements for mine
discharges. The uncertainty in post-mining water qudity prediction is most commonly attributed to spatia
variability of lithology and associated issues associated with rock sampling, andyss, and interpretation.
Nevertheless, spatia and tempord variability in the hydrology and water qudity a a mine also can be
ggnificant sources of error in the evauation of predicted and measured water quality at coa mines.

Comprehensive reviews and data have been published recently on the chemistry of mine drainage
(Nordstrom and Alpers, 1999; Rose and Cravotta, 1998). This chapter summarizes mgjor factors that
apply to collecting and analyzing samples for the prediction of pH, dkdinity, acidity, and associated
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condtituents of cod mine drainage. Methods for water sampling and characterization are described to ensure
that useful datafor prediction and evauation of post-mining water quality are collected. Other aspects, such
as overburden sampling, have aready been covered e sewhere in this book, and are therefore addressed
inlessddal.

HYDROGEOCHEMISTRY OF COAL MINE DRAINAGE

Pyrite oxidation takes place primarily in the unsaturated zone and at the land surface, where oxygen (O,)
and moisture are available and where acid (H") and other oxidation products tend to concentrate in fluids
and solids. For example, secondary sulfate mineras can form asintermediate oxidation products on pyrite
and other sulfide minerds and can precipitate from eveporating sulfate-rich solutions (Nordstrom and
Alpers, 1999). Secondary sulfate mineras are important as both sinks and sources of AMD, storing H',
Fe, and SO,* in a solid phase during dry periods and releasing the solutes when dissolved by runoff,
recharge, or risng ground water (Cravotta, 1994; Olyphant et a., 1991). Consequently, concentrations of
acid and dissolved solutes in mine discharges can increase with increasing flow rates, particularly when
recharge first occurs after sustained dry conditions (Hornberger et d., 1990).

In contrast with SO,%, which is transported primarily as a dissolved ion, iron can be transported as ferrous
(Fe*") and ferric (Fe*) ions and as suspended Fe(l11) solids. At pH >3, concentrations of dissolved Fe**
are limited by the formation of Fe(I11) oxyhydroxides and related solids (Bigham et d., 1996). However,
a nea-neutral pH and under anoxic conditions, concentrations of Fe** can be elevated due to the relatively
high solubility of Fe(ll) oxyhydroxides and carbonates. Aeration of water containing Fe** and Mr?*
promotes their oxidation and hydrolysis, producing Fe(l11) and Mn(l11-1V) oxyhydroxides and 2 moles H*
for each mole F&* or M (Cravottaet d., 1999; Rose and Cravotta, 1998). As explained in more detail
below, the potentid for the production of H" (or consumption of OH) by hydrolysis reactionsinvolving Fe,
Mn, Al, and other metd ionsis measured as acidity.

Neutrd or dkaine mine drainage (NAMD) has akdinity that exceeds acidity, but also can have devated
concentrations of SO,%, Fe**, Mr?*, and other solutes (Rose and Cravotta, 1998). NAMD commonly
originates as AMD that has been neutrdized by reactions with carbonate, oxide, and duminosilicate
mineras composing the overburden (Blowes and Ptacek, 1994; Cravotta et a., 1999). If present in
sufficient quantities dong downgradient paths, dissolution of cacite (CaCG;), dolomite [CaMg(COs),], and
other calcium or magnesium bearing carbonate mineras neutraizes acid and produces dkdinity (([OH] +
[HCO;] + 2[CO4]). By definition, akalinity = O for pH < 4.5 (Greenberg et d., 1992). Generdly, the rate
of dissolution of carbonates decresses with increasing pH, akalinity, and Ca* concentrations, and
decreasing concentrations of dissolved carbon dioxide and carbonic acid (H,COs ) (Plummer et d., 1979;
Stumm and Morgan, 1996). The neutrdization of AMD generdly does not affect SO, concentrations;
however, if present upgradient from pyrite, the calcareous mineras can buffer the initia pH to be near
neutra, which can dow or inhibit pyrite oxidation and the production of SO, (M cKibben and Barnes, 1986;
Moseset a., 1991).

Strongly acidic waters are cgpable of reacting with duminosilicate minerds, such askadlinite, illite, chlorite,

mica, and feldspar. Although pH can be increased by the dissolution of auminosilicates, the subsequent
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hydrolysis of AF* ions will generate acid. lon-exchange reactions involving clay mineras derived from
wesgthered claystone or shae strata adso can be important. These reactions, which typically take placein
the saturated zone, can remove H', dissolved metds, and other contaminants from mine drainage (Winters
et d., 1999; Lambert & d., 1999). Calcium ion exchange for sodium (2Na” = Ca-EX) can increase
akdinity by promoting dissolution of calcium carbonate, if present (Cravottaet d., 1994a).

WATER QUALITY MONITORING AND EVALUATION

Ground weter & acod mine commonly variesin qudity both spatialy and temporaly because of varigions
in physicad and chemica conditions in spoil and surrounding zones. Hence, for water quality prediction and
evauaion, the median net akalinity and other condtituents for samples from amine or wells can be useful
as representative of Ste water quaity conditions (Chapter 3, Brady et d., 1994). This assumes that the
discharge or ground water sample integrates spatia variations in the spoil and that a sufficient number of
samples has been collected to identify the median tempora condition; however, it fails to consder how
accurately the water sampled at a mine represents the overdl range of Site conditions.

Figure 1 shows that despite wide variations in the net-dkalinity concentrations for monthly samples from
three monitoring wells completed through spail, the median monthly net akalinity and net neutrdization
potentia (NNP) for spail cuttings from the boreholes were positively related. This correlaion between
NNP and median net dkainity indicates that patia variability in ground water quaity within the spoil is
controlled localy by the ABA. However, the tempord variability in net akdinities for each of the wdls
indicates sgnificant effects from dynamic factors including variations in recharge, reaction rates, and solute
trangport. Furthermore, despite potential for acidic conditions, water from the unmined bedrock was
akaline, indicating mining was necessary to accelerate the oxidation of pyrite. Thus, while the overburden
data from the bedrock borehole would have accurately indicated potentid for acidic ground water in the
mine spail, the actud water qudity in the spoil was more closdy rdaed to conditionsin the vicinity of the
wdll.

Figure 2 shows that a amine, or a sngle ground water sampling location, the net akdinity can dternate
from dkadineto acidic. At this mine, recharge had a pronounced effect because pyritic materias had been
selectively placed in compacted pods above the water table. Negative vaues of NNP were computed on
the basis of cuttings from boreholes for each of these wdls, ranging from -33 to -0.5 g/lkg CaCO; (Cravotta
et d., 1994b), indicating the potentia for acidic conditions for this Site. Nevertheless, depending on when
and where samples were collected, the corresponding water quaity data were not aways in agreement with
this prediction. Although selective handling isolated pyritic strata from ground water, concentrations of
metalsin ground water were dill evated because the oxidation of pyrite and dissolution of Sderite were
not abated (Cravotta et al., 19944).

Daa for the pH of ground water and associated discharge samples from four surface mines in the
bituminous codfied of Pennsylvania, when combined so that each mine is represented equaly (tota
frequency of 25% for each mine), show a bimoda frequency ditribution (Figure 3a). Most samples are
either near neutral (pH 6-7) or digtinctly acidic (pH 2.5-4), with few samples having pH 4.5-5.5. This
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bimodd digtribution is consstent with regiond data for the northern Appalachians and reflects buffering in
the near-neutral and acidic pH ranges (Cravotta et a., 1999). Nevertheless, the pH of the ground water
a each mine commonly ranges over severd units, mainly caused by spatid variability or heterogeneity.
Although acidic and near-neutral waters were sampled at three of the four mines, individua wells or
discharges generdly reflected locally acidic or near-neutral conditions. A few wels in mixed pyritic and
cacareous spoil had water quaity that varied temporaly between acidic and akdine (e.g. Figure 2).
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Figure 1. Acid-base accounting and water chemistry data for boreholes ingalled through the same cod
bearing horizon a a cod mine after reclamation (adapted from Cravotta, 1998). NNP is the weighted
average of the difference between NP and MPA for rock cuttings from the borehole. Negative values
indicate the potentid for acidic conditions. Net dkdinity is presented for monthly water samples from the
borehole; negative vaues indicate acidic conditions. The median net dkdinity, indicated separatdly, is
related to NNP.

The pH, dkainity, and acidity of mine water samples are rdaed, asilludrated in Figure 3b. In generd, mine

water samples that have pH> 6.0-6.5 can be classified as NAMD or dkdine (akdinity > acidity). The pH

of the NAMD samples generdly will be buffered by carbonates and hence will not decrease subgtantialy

as oxidation and hydrolys's reactions occur. In contrast, mine water samplesthat have pH < 5 generdly can

be classified as AMD, or acidic (akalinity < acidity). These samples commonly contain Fe, Mn, and Al

ions, hence, the pH typicdly will decrease as oxidation and hydrolys's reactions occur. Mine water samples
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with an intermediate pH of 5-6.5 may or may not have devated concentrations of Fe* and Mr?*. Asthese
caions undergo oxidation and hydrolyss, the pH vaues of acidic samples in this intermediate pH range
ultimately will decreaseto pH < 4.5; however, an ultimate pH > 4.5 islikdy for dkaine samples.

Measurement of pH, Alkalinity, and Acidity

The pH of asolution isameasure of the effective hydrogen-ion (H") concentration or, more accurately, is
the negative logarithm of the H" activity in moles per liter (pH = -log aH") (Nordstrom et al., 2000). The
pH of water samples is controlled by reactions that produce or consume H', induuding hydrolysis and
dissociation of acids and bases (Wood, 1976). Samples with identical pH can have widdy variable
dkdinities and/or acidities depending on the concentrations of solute species. Accurate vaues of pH
normaly must be measured in the field because the pH can be affected by changesin ionic speciation owing
to gas-exchange reactions, such as the exsolution of CO,, and to minera-precipitation reactions, such as
the formation of carbonate and hydroxide compounds (Wilde et ., 1976; Wood, 1998). Consequently,
laboratory pH vaues for mine drainage can differ from field pH vaues by severd units (Wood, 1996).

Alkdinity isthe capacity for asolution to neutrdize acid, or H, ions (Greenberg et d., 1992; Hem, 1985;
Stumm and Morgan, 1996). In practice, akdinity indicates the potentid for the pH of awater sampleto
change with the addition of moderate amounts of acid. Although a number of solutes, including carbonate,
hydroxide, sulfide, phosphate, borate, silicate, anmonia, and organic bases can contribute to akainity, the
inorganic carbon species, HCO5 and COs?, are the predominant sources of akainity in most natural water
samples (Hem, 1985).

Standard methods to determine dkdinity involve titration with a sandard concentration of sulfuric acid
(H2SO,4) (Wood, 1976; Greenberg et d., 1992; Fishman and Friedman, 1989; Wilde et d., 1998). The
primary difference among the methods involves the selection of the titration endpoint as afixed pH vaue
or a vaiable pH vaue. The current standard recommends only the pH 4.5 end point (Fishman and
Friedman, 1986; Greenberg et al., 1992).

Owing to the potentia for CO, exsolution and pH changes, akdinity commonly isindicated as an undable
congtituent requiring field measurement (e.g. Wood, 1976; Wilde et d., 1998). In practice, the exsolution
of CO, will increase pH; however, the dkainity will be conserved by this process, asindicated by:

HCO; = CO, (gas) + OH

where the reactant HCO; and product OH" are stoichiometrically baanced and have identica acid-
neutrizing capacity. In contrast, the in-bottle precipitation or accidenta introduction of hydroxide or
carbonate mineras can affect the acid neutraizing capacity of asample. For example, CaCOs or Fe(OH);
will dissolve as H,S0, istitrated into the sample, adding to dkdinity. If these partides formed after sampling
and are thoroughly mixed and completely redissolved during titration, then the dkdinity will be unaffected.
However, if the solids adhere to the bottle or were introduced accidentaly, then dkainity can be reduced
or increased, respectively. If dkdinity isto be measured in the laboratory, water samples should be recently
collected, completely filled,sedled and chilled.
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Figure 2. Tempord variations in net dkainity data for ground water samples from monitoring wells

screened through reclaimed spoil at a surface cod mine in Pennsylvania (adapted from Rose and Cravotta,

1998).

Acidity is defined as the capacity for awater sample to react with strong base, or OH', to a designated pH
(Greenberg et d., 1992). In practice, acidity indicates the potentid for mine drainage pH to decrease owing
to the hydrolysis of Fe, Al, Mn, and other cations (Payne and Y eates, 1970; Ott, 1986, 1988; Cravotta
and Rose, 1998). The acidity of mine water commonly is measured by one of three titration methods: hot
acidity with the addition of hydrogen peroxide (Greenberg et d., 1992), cold acidity with the addition of
hydrogen peroxide (Fishman and Friedman, 1989), and cold acidity without hydrogen peroxide (Ott, 1986,
1988). All the methods involve titration with a standard concentration of sodium hydroxide (NaOH) to a
pH 8.3 endpoint. The addition of hydrogen peroxide (H,O,, 30%) promotes oxidation of reduced forms
of polyvalent cations, such as Fe** and Mr#*. Bailing the sample for the hot acidity method accelerates
hydrolysis of the cations, improving method precision; however, because Mg?* produces positive
interference with hot acidity, the measured hot acidity could be excessve (Payne and Y eates, 1970).
Expressed as equivaents, Mg?* is among the predominant cations in mine drainage (Cravotta and Rose,
1998). Thus, acidity values obtained by cold acidity methods tend to be lower, and may be more
meaningful, than those determined by hot acidity (Ott, 1986; 1988), particularly if M¢f* is a predominant
caion and if samples, after being boiled, are not cooled sufficiently before completing the hot acidity
titration.
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Figure 3. Addity, akdinity, and pH data for water samples from four mines in Pennsylvania (adapted from
Rose and Cravotta, 1998): a). frequency datafor pH showing bimoda digtribution; b). net dkalinity rdative
to pH. Alkadinity and acidity are capacity properties of a solution to neutralize base or acid, respectively.
Both properties may be imparted by severd different solute species, and both are evauated by acid-base
titration to gppropriate pH end points (Hem, 1985). Acidity and dkdinity are expressed as equivaents, or
as CaCO;, enabling comparison with one another and with stoichiometric reactions involving carbonate
Species.
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The acidity of mine water can be estimated as the sum of the equivaents of H', Fe**, Fe**, AI**, and
M multiplied by 50:

Acidity(mg/L CaCOs) = 50*{ 10°P+[(3Ckes+2Cre2:)/56]+[(3Cai3:)/27]+[(2Cnz+)/55]}

where C is the concentration in mg/L, the multiplication factor is the charge, and the divisor isthe
molecular weight of the subscripted species. On the basis of the above equation, caculated acidities
generaly are comparable to measured acidities (Figure 4); however, discrepencies exceeding 10% are
apparent. Probable causes for discrepencies include exsolution of CO, and H,S, ion complexation by
H* and OH  (e.g. HSO,, FeOH?"), and the indlusion of M¢f* in the hot acidity measurement (Payne and
Y eates, 1970; Cravotta and Rose, 1998).

GROUND WATER MONITORING CONSIDERATIONS

Cod-bearing rocks congst of multiple layers, or srata, of different compostions. Before mining, the relaive
abundance and verticd didribution of pyritic, acid-forming lithologies and cacareous, neutrdizing lithologies
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can be evaduated to indicate the potentid for AMD formation and to develop amine plan or overburden
handling plan. As discussed in Chapter 2, acid-forming and neutralizing materias tend to be more abundant
for a given dratum at depth, where they have been protected from westhering, because rain water
infiltration commonly has depleted the pyrite and calcareous minerds near the surface. Although different
methods of mining, overburden handling, water management, and reclamation can affect poil properties,
mining typicaly produces spoil that congdts of a mixture of acid-producing and neutraizing materids, is
inverted dratigraphicaly, and has higher permegbility and porosty than the unmined rock (Cravottaet d.,
19%a,b). Because of the increased permegbility of the spail, inflow rates of oxygenated air and water are
higher and the water table within spoil tends to be degper than in unmined rock (Guo et d., 1994; Jaynes
et d., 1984ab; Rose and Cravotta, 1998). Hence, pyrite oxidation and associated reactions are facilitated
in spoil by the exposure of previoudy deep-lying unweethered drata to O, and circulaing water.
Additiondly, degp burid and inundation of previoudy shdlow-lying, weethered srata facilitates reductive-
dissolution of Fe- and Mn-oxyhydroxide minerds and the subsequent release of metads associated with
these compounds (Francis et d., 1989, 1990). These processes can be rgpid and can produce significant
and prolonged effects on the water quality at a mine and downgradient locations.

Monitoring desgnsto evauate pre-mining conditions and effects of mining and remediation on the chemigry
of ground water need to consder and produce site-specific information on the hydrology at the mine, the
chemigtry of water from unsaturated and saturated zones, and the relative abundance and digtribution of
acid-forming and dkaline-producing minerals aong flow paths. As discussed in Chapters 2 and 3, water
quality and quantity will vary spaialy and tempordly a amine, particularly during active mining, but dso
for years dfter reclamation and during the reestablishment of the zone of saturation and hydrologic
equilibrium (recharge/discharge). The ability to evaduae such variability and hence, to minimize the
uncertainty of AMD prediction, requires the ingtdlation of sampling points dong potentid flow paths and
the monitoring of water quaity and quantity for sufficient duration and frequency to characterize seasond
and long-term trends. Monitoring Sites should be established at locations within the mine areaand & one
or more upgradient and downgradient locations for surface and ground weter. Monitoring points dont two
or more transects and at two or more depth intervals will be needed to assess complex spatid trends.
Periodic monitoring (monthly or quarterly) over severd annud cyclesis needed to indicate seasond trends.
Long-term trends may be reveded by quarterly monitoring that is sustained for years to decades.
Supplementa information is available on locd rainfal and ar temperature (e.g. Nationd Oceanic and
Atmospheric Adminigtration climatic data) and locd streamflow and ground water stage (eg. USGS
hydrologic data records), which can help one evaluate seasond and longer term trends in water quality and
quantity.

Although mine discharges routindy are sampled under regulatory programs, the water at a discharge
point(s) may not be representative of the ste conditions as a whole, particularly where flow rates are
subgtantialy smdler or larger than the estimated inflow volume from recharge & a mine. Hence, Ste
characterization can be enhanced through the use of sdlectively placed monitoring wells and lysmeters and,
for some specid circumstances, gas samplers (Figure 5). These devices can be used to evauate spatid and
tempord variationsin the hydrogeology and water qudity at a mine that could result from environmenta
factors and from different mining and redlamation practices. Drill cuttings from monitoring boreholes can be
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logged and characterized for mgor minerals and sulfur and carbonate contents. These data can be
compared directly with water-quaity data from the boreholes and with pre-mining rock samples. Samples
of pore water and pore gas from the unsaturated zone, dong with temperature, can indicate geochemicaly
active zones, because the oxidation of pyrite generates heat and consumes oxygen, even when solutes are
stored as secondary solids. Pressure-vacuum lysimeters and open tubing ingtdled to various depthsin the
gpoil are useful for collection of unsaturated-zone water and gas (O,, CO,) data, respectively. These data
will indicate chemicd changes as water infiltrates the spoil and can be useful for evauating the effectiveness
of covers in modifying the chemistry of recharge (Cravotta, 1998) or the effectiveness of spoil handling
methods for minimizing pyrite oxidation (Cravotta et d., 1994ab; Guo and Cravotta, 1996). Ground water
measurements from properly congtructed wellsinto spoil and underlying bedrock can be used to evauae
the chemigtry, origin, and potential for movement of ground water in the spoil and surrounding rock
(Cravotta, 1994). By deepening the spoil wells dightly into the underclay, a sump is created, which
facilitates water sampling.

QUALITY ASSURANCE/QUALITY CONTROL

Quiality Assurance (QA) isamanagement system for assessing the quditative and quantitative rdiability
of field and laboratory data, and ensuring that al information and data are technicaly sound and properly
documented. Quality Control (QC) refersto a set of measurements that assures that the anaytica results
are accurate and precise. QC procedures commonly used include duplicate analyses and comparison testing
using known standards, blanks, and spiked samples. QA is essentidly an audit function to ensure that QC
work is being completed satisfactorily. A suitable QA/QC program will add cogs to the permitting effort,
but will increase the degree of confidence of the regulatory personnd in the data being being reviewed. This
will ultimatdly increase the the probability of timely permit decisions and decrease the chance of unexpected
AMD problems resulting from predictions based on flawed data.

Any project that is based on the eva uation of data gained from the collection and subsequent laboratory
analysis of field samples should be subject to some degree of QA/QC, and thus have a QA/QC plan. A
basic QA/QC plan ensures that the data generated are indicative of the study site characteristics and its
potentid to produce AMD. The need and ability to assess the quality of andyticd data is typicaly
proportiona to the degree of confidence required.. The extent to which QA/QC isimplemented should be
based on the acceptable level of uncertainty or confidence of results needed to answer specific question(s).
The cods involved in ste-specific hydrologic and overburden studies will increase as the need for
confidence in the data increases. Under certain circumstances, the need for high-confidence data becomes
very important. If expensive mangement options are to be decided on based on the andytica data (such
asthe potentid for perpetud trestment from alarge mine complex), a higher degree of confidence should
be required. Data that will be used to assess human hedth risks (not normally the case in amining scenario)
or datathat will or could be used in litigation should aso be subjected to more extensve QA/QC.

At a minimum, the QA/QC plan should assess: fiedld sampling procedures (including sample collection,
preservation, storage, and trangportation); measurement of fild parameters, field notes’documentation;
sample custody procedures,; sdection of laboratory and andytica procedures, |aboratory sample analysis

and QA/QC; and specific routine procedures to assess data. The QA/QC plan should be developed and
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maintained by the personnd performing the field investigation and andlyzing the laboratory data. Although
the QA/QC plan of the investigating entity should address laboratory procedures to some extent (i.e.
condtituents to be tested and andyticd methods to be used), the andyticd laboratory should have an internd
QA/QC plan that addresses al aspects of |aboratory operation.

MOHITOR WELL HESTED LY SIMETERS HESTED GAS 5SAMPLERS

UHSATURATED MINE SPOIL
SATURATED MIHE SPOIL

X

Figure 5. Schematic diagram showing nested monitoring design for evauation of subsurface chemidiry in
mine spoil (adapted from Cravotta et a., 1994).

FIELD SAMPLING PROCEDURES

Genera sampling procedures have been discussed in other chapters of this document. It must be
emphasized, however, that sampling should be conducted carefully so that the sampled media (water, soil,
or rock) approximates actua field conditions as closdy as possble. Generating qudity data representetive
of fiedd conditions requires that the condition of the media sampled is not sgnificantly dtered by the
introduction of contaminants or the occurrence of natural chemica processes during sampling, storage, and
transportation to the [aboratory.

The primary concern with soil and overburden samplesisto ensure that contamination from outside sources
(i.e. cross-contamination from other sampling locations via drilling equipment or sampling scoops) does not
occur. Soil samples and drill cuttings collected at specified intervas should be stored in individud sample
bags or containers labeled with the sample site and location, depth interval, and date. Continuous rock
cores are generdly placed in core boxes by the driller for trangportation to the facility where detailed logging
and sample extraction will be performed. However, fidd personnd should work with the driller to ensure
that any intervals not placed in the core boxes due to loss during core recovery or remova for testing by
other parties (i.e. cod seams removed for proximate andyss) are identified and dlearly marked. In al cases,
field samplers should use the sample containers and storage/trangportation methods specified in the QA/QC
plan. These dements may vary depending on the required test parameters for each sample. Sample
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containers should be labded at aminimum with the project location, sample point number, sample depth,
and date. During storage, the primary concern isto minimize changesin sample properties due to drying and
oxidation. Changesin moisture can be measured by welghing fresh samples, and then reweighting them after
oven or freeze drying. Freeze drying is gppropriate for preserving the origind mineralogy and forms of
aulfur.

Water sampling typically requires a greater degree of care than soil and rock. Water samplesfor analysis
of inorganic chemica condiituents, including acidity, dkadinity, sulfate, and metds, should be collected and
dored in polyethylene bottles (Wilde et d., 1998). During surface water sampling, care should be taken to
minimize the disturbance of bottom sediments that could be incorporated into the sample. Introduction of
such sediments during sampling produces eevated leves of suspended solids, and depending on the
chemigtry of the disturbed sediments, could increase levels of Fe, Al, and possibly Mn (eg. Horowitz,
1991). Ground water sampling a wells should be conducted only after the gppropriate volume of water
(specified in the QA/QC plan) has been purged from the well (e.g. Claassen et al., 1982; Wilde et 4.,
1998). The samples should be processed (filtered, preserved) and stored at the appropriate temperature
specified in the QA/QC plan, and delivered to the laboratory as soon as possible after the completion of
sampling. Samples for [aboratory andysis of dkainity, acidity, and specific conductance (SC) should be
filled completely to displace any air. Samples for analysis of dissolved condtituents can be filtered through
0.45-micrometer or amdler porosty filters. Samplesfor anayss of dissolved and sugpended metd's should
be stored in acid-rinsed bottles and acidified with concentrated nitric or hydrochloric acid as specified in
the QA/QC plan. Samples that are not preserved should be refrigerated or stored on ice until anayzed.

Sample bottles should be labeled with a sation identification number and coded to identify the sample
preservation. The date and time of sample collection should be recorded on the labe and the corresponding
andytica services request forms at the time of sample collection. Andytica services request forms should
include dtetion identification, date and time of sample collection, a code to identify the preservation
technique, an andys's code to designate the specific laboratory andysesto be performed, and the name of
the person who collected the sample as well as other pertinent information, such as project name and
contact information. As specified in the QA/QC plan for chain of custody, one copy of the form should be
submitted with each sample to the laboratory; a duplicate copy should be retained by the investigator until
laboratory results are received and data are entered into the appropriate data base.

Fieddd Measurement of Unstable Water-Quality Congtituents

Datafor flow rate, ground water head, temperature, dissolved oxygen (DO), pH, and redox potentid (Eh),
and to alesser extent, SC, dkdinity, and acidity, should be measured in the field at the time of sample
collection because these characteristics are likely to change once the water sample has been extracted from
its natural environment (Wood, 1976). The measurement of these unstable characteristics should be
conducted using field-calibrated instruments (Rantz et d., 1982a,b; Wilde et a., 1998). From a QA/QC
gandpoint, it isimportant thet the field equipment be cdibrated periodicaly according to the manufacturers
specifications and/or the QA/QC plan. Generdly, fied equipment should be calibrated, at a minimum, a
the beginning of each sampling day and checked periodicaly. Depending on the length of the sampling event
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and the number of measurements to be made, recalibration and periodic checks in gppropriate standards
should be conducted during the day.

The measurement of flow at surface streams and ground water discharge points, and water level in
monitoring wells, is critica to address the permit application questions regarding existing water quantity and
the potentia for change. Accurate flow measurements are becoming increasingly important, particularly
where the determination of daily loadings of a given contaminant is required. The QA/QC plan should
assure that the methods used to measure flow and water levels are acceptable. Current meters can be used
to measure flow rate (eg. Rantz et d., 1982ab). This method typicaly involves measurement of the cross-
sectiond channd areain square feet (ft?) and average water velocity in feet per second (ft/s) to obtain
discharge in cubic feet per second (cfs). Where flow rates are too small (<0.01 cfs) or too diffuse for
current meters, volumetric methods using cdlibrated containers and timing devices can be used to determine
flow rate. Generdly, smdler flows can be collected by routing them through asmal diameter plastic pipe,
and usng a sopwatch to measure the time required to fill a container of known volume to obtain discharge
in galons per minute or liters per minute. Other accurate methods of surface flow messurement (eg. welrs,
flumes, s&ff gages) are available (Rantz et d., 1982ab), but are less portable and/or require ingdlation and
mai ntenance of permanent equipment. Regardless of method, flows should be measured as accuratdy as
possible—visud estimates, other than taff gage values, arerardly, if ever, adequate.

Static water level in wells should be measured as specified in the QA/QC plan. The most common methods
use a chadked sted measuring tape or an dectronic water leve (conductivity senang) probe with avisud
or audible indicator atached to a graduated wire cord. Results can be expressed in distance below a
particular datum (i.e. top of casing, ground levd, etc.), or can be converted to a satic water levd if the
elevation of the wdllhead is known. Reference points for water level measurements needs to be consstent
and stable. A reference point can be surveyed relative to one or more stable, marked reference points

nearby.

Because temperature, pH, Eh, and DO can be affected by interaction with the atmosphere and gas
exchange during sample processing and storage, in Stu (downhole, instream) measurements or on-Site
measurements using flow-through cells that minimize atmaospheric contact with the water are gppropriate.
Although SC, dkdinity, and acidity are suggested fidld measurements (Wilde et d., 1998), comparable deta
for these condtituents can be obtained for fresh, completdy filled, seded, and chilled samples with short
holding timesin the laboratory. Neverthel ess, because of possible effects from aeration, gas exchange, and
hydrolysis of ions, data for some samples that are andyzed in the fidd and laboratory or andyzed
repeatedly through time should be evauated to determine if sample storage and |aboratory testing leads to
unacceptable errors. Field pH and SC data may aso provide data quality checkpoints because they can
be measured in subsequent laboratory anayses.

Feld measurements of temperature, SC, DO, and/or pH in water should be conducted seridly before and
during purging and sampling to assure that water processed for |aboratory andysis is representative of the
ground water and surface water systems. Find field data should be recorded and samples should be
collected only after stable, steady-state conditions are indicated.
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FIELD NOTES'DOCUMENTATION

A detalled record of field activities and Site-specific conditions that may affect the samples should be
documented in afield notebook. The type of information and degree of detail may vary according to the
complexity of the sudy. For a typicd mining water qudity study, the following information should be
recorded: 1) Name of sample collector(s); 2) Project name, location, and date of sampling; 3) Field
conditions: weether, hydrologic conditions (bassflow, runoff), description of sample site, and documentation
of any unigue conditions that may affect sampling activity or sample qudlity; 4) Specific field book entry for
each sample point, including dte description, time of sample collection, and record of point-specific
measurements (flow/water leve, temperature, pH, SC, etc.); 5) if wells are sampled, there should be a
record of datic water level before sampling, documentation of purging times and volumes, weter levd after
purging, actud sample collection time, and field measurements of pH, temperature, and SC before and after

purging.

Although al notes and observations of field conditions and the recording of field measurements are
important, it is essentid that the field sampler document any unique and/or temporary conditions that may
dter the permanent hydrologic regime of the sample point. This is especidly true if these conditions are
affecting the physicd or chemica characteridtics of the sample a the time of sampling or have the potentia
to do s0 in the future. For example, if a smdl stream that has aways been clear during the basdine
monitoring program is found to be highly turbid due to activities upstream from the monitoring point,
laboratory analyses of the sample could indicate anomaoudy high levels of suspended solids, Fe, and Al.
If this condition or other smilar events that may affect water quality are not documented by the field
sampler, the resulting water qudity anomaies may be unexplained or misinterpreted by persons not familiar
with the project area. Documentation is particularly important in areas of previousexisting mining where
hydrologic studies may be designed to predict the consequences of future mining by assessng the impacts
of past mining. Any sources of water quaity fluctuations should be documented as completely as possible
to differentiate actud mining impacts from those semming from other activities.

Field notes for soil/rock sampling activities should include: 1) Name of sample collector(s) performing
sample collection; 2) Project name, location, and date of sampling; 3) Field conditions: weather; description
of sample Ste; documentation of any unique conditions that may affect sampling activity or sample qudlity;
4) Specific fidd book entry for each sample point, including description (such as drill hole, sail pit, highwall
exposure, €c.); time of sample collection; log of individua sample characteristics (depth interval, color,
texture, lithology or soil classfication, etc.); and percent recovery. Standardized classifications for color
(Munsdl Color Charts) and texture (Universd Soil Classfication System) should be used to the fullest
extent possible to minimize persond biases. Rock classfication systems are not as standardized as those
for soils, and lithologic determinations should be made by atrained individud. Field guides such asthe AGI
Data Sheets published by the American Geologicd Indtitute may be useful for rock identification.

Field notes for soil/rock sample collection by drilling should dso document any observations that may
indicate the subsurface geologic or hydrologic conditions present & the Site. These may include, but are not
limited to, drilling advance rates, water levels, loss of air circulaion, loss of cuttings, water yield or loss
during drilling a different depths, and caving/hole Sability.
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SAMPLE CUSTODY PROCEDURES

An acceptable QA/QC program in AMD prediction studies requires that the complete history of every

sample be recorded (Downing and Mills, 1998). The chain of custody begins with the person(s) collecting

the samplein thefidd and is transferred to each subsequent person or entity that handles the sample. Such

ahigory will incdlude:

. The date, time and sampling protocol for the origind sample;

. The method, duration, and location of any sample storage;

. A detailed record of any physica or chemicd trestment of the sample, including drying, crushing,
grinding, screening, splitting, and washing;

. A record of everyone who has handled the sample, including time and place; and

. Records of digposd of any sample components, fractions, and splits.

This cradle to grave record for a sample condtitutes the chain of custody. Any engineer or geoscientist
evauatiing AMD test work results may need to follow the chain of custody backwards in order to
investigate unusud or unexpected results. In addition to its necessity for scientific investigation, chain of
custody has important legd ramifications. All events rdated to the collection, trandfer, andyss, and ultimate
disposa of samples should be recorded using a chain-of-custody form. This information will be recorded
on the andytical services request forms or arelated document specified in the QA/QC program that will
be tranamitted with samples on each step from the field collection through |aboratory andyss.

SELECTION OF LABORATORY AND ANALYTICAL PROCEDURES

Regulations governing prediction of hydrologic consequences specify minima testing parameters prior to
issuance of a mining permit. These can include typica basdine congtituents associated with AMD (pH,
acidity/dkainity, iron, manganese, duminum, sulfate, dissolved solids and/or SC) for water samples, and
ABA for the overburden. Mogt |aboratories that serve the mining industry can perform these tests.
However, more rigorous testing may be required for a specific Ste. For example, where gpplications of fly
ash or biosolids are proposed for use during reclamation, regulatory agencies may require toxicity testing
on such materids and monitoring for heavy metds. Reviewers may require additiond testing for prediction
dudies in sengtive watersheds, such as kinetic testing using humidity cdls or leaching columns. Such
procedures may require specidized equipment and technica expertise not available at dl Iaboratories, and
require more stringent QA/QC because the implementation of additiond regulatory requirementsis usudly
coupled with a higher degree of scrutiny by the regulatory agency.

The sdlection of a laboratory to perform sample testing is an integra part of generating reliable data to
predict mining consequences. It isimportant to ensure that the |aboratory can perform dl testing required
for the prediction study, and document QA/QC procedures used to maximize data confidence. Not al

laboratories are equa in terms of equipment, facilities, trained personnd, etc. Some laboratories have a
long-standing reputation for generating high-quality datawith few errors; others may be capable but may
not have yet established a proven track record; dill others may have areputation for providing fast, low-

cost analyses with questionable QC procedures. The sheer number of testing laboratories present near
some metropolitan areas may make laboratory selection a difficult task. However, the effort expended in
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designing a hydrologic monitoring program and careful fidd sample collection and handling may go for
naught if the samples are submitted to alaboratory thet is not capable of providing anaytica resultsthat are
representative of the delivered sample. Therefore, developing a working relationship with a qudified
laboratory isavery important part of generating quaity data that can be used with confidence for prediction
of AMD potentid.

Industry members that have extengive monitoring reguirements and regulatory agency personnd thet review
the hydrologic consequence portions of permit gpplications may be able to recommend religble laboratories.
At aminimum, the selected laboratory should have a comprehensive in-house QA/QC program outlined
in a QA/QC manud. The manud should be sufficiently comprehensive to apply to most |aboratory
operations, and should be subject to periodic review and update. In addition to internd QA/QC, itisaso
desirable to seek laboratories that are certified for particular types of andyticd work by outside agencies
such asthe U.S. EPA, State Hedlth Department, etc. Certification under such programs usually requires
periodic testing of unknown standard samples submitted by the certifying agency to determine the accuracy
and reproducibility of laboratory methods.

The cost of laboratory andysesis dways an important consideration when devel oping a project budget.
However, selection of an andytica laboratory should never be done solely on a cost basis. Laboratory
testing codts can vary depending on the number of samples and andyticd schedule. There may be sgnificant
differencesin pricing for analyses on a per item basis compared to package pricing for a routine suite of
condtituents.

Laboratory Sample Analysisand QA

Water and overburden samples should be andyzed for physica characteristics and chemica congtituents
using gpproved methods (e.g. Fishman and Friedman, 1989; Greenberg et d., 1992; Skousen et d., 1997;
Sobek et d., 1978; Wilde et d., 1998). One or more QA samples, including blanks, duplicates, and
gtandards for inorganic condtituents, should be analyzed as blind samples with each set of samplesto check
for contamination, accuracy, and precison of anaytica results. On average, goproximatey 10% of thetotd
samples should be QA samples. When firg garting a project and establishing initid datafor aste, a greater
percentage of samples may be QA samples, and subsequently, upon verification of acceptable results and
the availability of Ste datafor comparison with new results, a smaler percentage may be QA samples.

Blanks are used to check for contamination resulting during sample collection and analyss. Laboratory
blanks are used to check for contamination from the sample bottle or from laboratory processing of
samples, and field blanks are used to check for contamination of samples from exposure to sampling and
filtering equipment. Laboratory blank water, which can condst of deionized or digtilled water from
commercia sources, will be placed with appropriate preservatives in the type of bottle specified for the
desred andysis and will not be taken to thefidd. A fidd blank will congst of the same type of water and
sample bottle used for alaboratory blank; however, the fid blank will be processed through the sampling
and filtering equipment in the field, after routine dleansing and rinsing of the equipment following water-
sample collection.
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Duplicate samples should be used to evduate fidd and laboratory andytica precison in andyss of
overburden chemistry or concentrations of metals and anions in water samples. Samples for analys's of
dissolved condtituents should be filtered into one container and then split. Preservation and storage of the
duplicate samples must be conducted using identical procedures.

The accuracy of fidd and laboratory measurements should be evauated using sandard reference samples
from the Nationa Inditute of Standards and Technology, U.S. EPA and USGS, and/or commercid
sources, as well as matrix spiked or synthetic samples prepared using certified reagent grade chemicals.
Standards are rock or water samples that have known characteristics or concentrations of constituents of
concern. Deionized water, the same water source used for [aboratory blanks, should be used to prepare
any standards from ampouled concentrates. Standards submitted for analysis should be stored in the same
type of containers or bottles and trangported with the unknown samples for andyss.

Approved techniques for chemica measurements (e.g. Fishman and Friedman, 1989; Greenberg et d.,
1992; U.S. EPA, 1983; Wilde at d., 1998) should be used to provide uniform methods for both field and
laboratory andlysis. Accuracy and precison can be quantified by use of data from duplicate and sandard
samples as described earlier. During the project, detection limits should be verified, and accuracy and
precision of data checked in accordance with the QA/QC Plan.

Common laboratory errors include (Caow, 1991): incorrect identification of samples; contamination;
improper or ingppropriate sample preparation; inaccuracy of sample weights or volumes, improper or
ingppropriate sample dissolution/treatment; chemica and physicd interference; improper or ingppropriate
ingrumentation, or inaccurate measurement; caculation errors, and incorrect data handling/reporting. In this
ligt, dl but chemica and physicd interference have a human component. This highlights the importance of
QA/QC, which establishes standardized procedures to minimize the potentid for error, and checkpoints
to provide opportunities to detect and correct errors that do occur.

The laboratory QA/QC process typicaly begins when the laboratory delivers sample containers and
presarvatives to the fidd investigator. After the samples are collected and transported to the |aboratory,
proper procedures must be followed for chain-of-custody, sample storage and holding time, sample
preparation, use of quaity-control samples, insrument cdibration, sample andysis, |aboratory vaidation,
data reporting, and record keeping. This processis outlined below:

1) Samplesddivered to laboratory

2) Sampleslogged in, temperature and pH checked

3) Paperwork (chain-of-custody) checked

4) Samples gored in refrigerators

5) Samples checked out - sample preparation begins

6) Sample extracts and/or digests assgned to analysts

7) Sample andysis by approved methods using calibrated insgruments

8) Lab QC samples checked to ensure no contamination during storage, handling, preparation, etc.

9) Dataevduation and reporting

10) Vdidation by section head/manager (checks caculations, sgnificant figures, etc.)
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11) Data package preparation
12) Lab manager approves and sgns data package
13) Data package submitted to client

Although a detailed description of the laboratory QA/QC processis beyond the scope of this report, the
ultimate god of performing these procedures is to implement a mechanism by which the quditative and
quantitative reliability of the data can be assessed.

SPECIFIC ROUTINE PROCEDURESTO ASSESS DATA

Qudity of andyticad measurements can be evauated by examinaion of five data qudity parameters:
precision, accuracy, representativeness, completeness, and comparability. These terms are defined briefly
below.

Precision is ameasure of the degree of agreement among replicate analyses of a sample. Vaues should
demondrate the reproducibility of the measurement process. The sample sandard deviation and coefficient
of variation are commonly used as indicators of precison; smdler vaues (i.e. less variation about the mean
of al anaytica results) indicate better precison.

Accuracy is how close the andlyticd result isto atrue or reference vaue. A true vaueis one that has a
certified concentration based on many andyses, or a sample that has been spiked with a known
concentration of areference materid. Accuracy is generdly expressed as a percentage of the true vaue.

Representativeness is the degree to which data can be compared with other results of alarge sample
accuratdy represent parameter variations a a sampling point and/or environmenta condition. All testing
data should reflect, as much as possible, the exigting conditions at the time of sampling.

Compar ability is the degree of confidence with which one data set can be compared to another. The
produced datamay be compared to other available data, such as data generated by another |aboratory over
a specific time period, or data collected from literature or research by others.

Completenessis the measure of the amount of vaid data obtained from a study area compared to the
amount that was expected to be obtained under norma conditions. Completeness goal's should be defined
at the beginning of a project to ensure that sufficient deta are collected.

Precison and accuracy can ususdly be evauated by examining QA data available on request from the
laboratory, and/or submitting duplicate and spiked samples dong with the fidld samples ddlivered for testing.
Representativeness is commonly afunction of the location of a sample point within amedium (such asan
aquifer or large sream), and a determination whether characterization of that medium can be accomplished
by asingle sample point or if multiple points are required. From this standpoint, representativeness of data
islargely the responghility of the investigator and/or fidld sampler. Although water in smdl small, narrow
sreams may be wdl mixed, width- and/or depth-integrated sampling may be appropriate for representetive
samples where seepage is diffuse, discharges occur dong a stream bank, a stream channel is braided or
broad, or other scenarios where the water a the sampling Ste is poorly mixed and could vary in qudity.
Likewise, the investigator must andyze the purposes of the investigation and supplementary data available
from other studies, and ultimately be respongble for evauating comparability and completeness of data.
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When evduating water-qudity data collected for a basdine monitoring program, the investigator should
compare the data to previoudy collected deta a each monitoring point for generd trends. Andytical results
that are substantialy greeter or less than the previoudy observed vaues should be checked to determine
if the variaions are vdid. For example, a sulfate concentration of 150 mg/L a a sample point that has
exhibited concentrations between 10-15 mg/ L over the previous 6 months may indicate asmple laboratory
dilution or cdculation error. Another exampleis the case of a dramétic increase in iron content a a sample
point that has exhibited less than 1 mg/L of iron, which could result from severd possible sources Elevated
iron in conjunction with high sugpended solids and eevated flow generdly indicates turbidity due to
increased runoff during raingtorms. If the elevated iron levels are due to runoff caused by rainfdl, this
occurrence should aso be apparent from entries in the fiedld sampler’s notes, or in dte rainfdl data (if
avaladle). Elevated iron and suspended solids in absence of increased flow or evidence of runoff could
result from in-stream excavation work upstream from the sample point—if this is the cause, it should be
noted in the fidd sampler’s notes. It could aso result if the fidld sampler inadvertently disturbed bottom
sediments while collecting the sample. Elevated iron without increased flow or suspended solids may be
evidence of |aboratory error, a contaminated sample container, or contamination of the sample during the
trangportation, handling, or preparation.

Assuming no sample contamination or [aboratory errors, basdine data should be uniform or exhibit trends
that can be linked to seasona flow variaions. Sudden dramétic increases in concentrations may be
explaned by mgor precipitation events, or unique Stuations that affect the stream on a short-term basis and
should be documented in the field sampler’ s notes. If dramétic variations cannot be otherwise explained,
further evauation should be conducted to determine the probable cause. If this type of evauation is
performed soon after receipt of the data package from the laboratory, the sample, if retained, can be
retested to confirm or rule out the possibility of laboratory error. If there is no laboratory error and the
sample was contaminated during some other stage of sample handling or trangportation, it may be necessary
to resample to obtain vaid data

In addition to the evaluation of results for QA samples, QA checks can be performed on water-quaity
condtituents for unknown samples to check for internd consstency. For example, SC, sulfate, and total
dissolved solids generdly are corrdated (e.g. Hem, 1985; Fishman and Friedman, 1989). Additiondly, if
magor cations and anions are determined, then the chemica ionic balance, or charge baance, can be
computed (Fishman and Friedman, 1989). Findly, ABA and water-chemistry data collected during the
program can be plotted and/or statisticd andlyss carried out in order to determine spurious results and
confidence of data. For example, as shown in Figures 1 - 4, the pH, akdinity, acidity, and overburden
chemistry commonly will be correlated. Ouitliers from the generd trends will need to be examined to
determineif deviation from the main trend is due to sampling and/or andyticad errors. Downing and Mills
(1998) report severd examples of such plots. These include: 1) Inorganic carbonate NP vs. NP to
determine whether there is any correlation between carbonate content (carbonate NP) and total NP, 2)
Neutrdization Potentid Ratio (NPR), which is NP divided by MPA againg totd or pyritic sulfur anayss,
and 3) maximum acidity potentia (AP), determined from sulfide sulfur analyses plotted againgt total sulfur
anayses.
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