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ABSTRACT

The chemical analyses of water draining from 7 mine
adits within five mining districts were done during the
last two years and the results were compared to the ore
petrology, ore mineralogy, and type of ore deposit. The
water samples were collected in the Front Range Mineral
Belt of Colorado in which most of the metal deposits are
predominantly a complex mixture of copper, lead, zinc, and
silver sulfides, gold tellufides-and arsenides.

It has been found that the oxlidatlon of pyrite which
is associated with these éomplex ores yields acid water
containing high concentrations of iron, sulfate and bther
trace metals contained in its structure. This acidity pro-
motes the dissolution and oxidation of the other sulfides
which release high concentrations of base metals to the
water, but no additional acidity. It also has been found
that the position and movement of the water table related
to the ore velns and the type of ore rplay an important role
in determining changes in the water quality from metal mine
drainages., From these results, it was found that all the
mine effluents studied in this paper fit the diffuse aquifer
system.

The Emmett and the Clyde Mines are a good example of

the type of ore versus the water gquality. In the Emmett
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Mine the acidity generated from the oxidation of pyrite
promotes the solubility of fluorite which releases hydro-
fluoric acid which attacks the éilicate rocks. All these
reactlions together are responsible for the chemlistry of the
water found in this adit. On the other hand, the Clyde
'Klne, which shows aimost complete absence of sulfide min;
erals, has the best water quality of all the mine effluents
studied.

Calculated values for redox potentials using the
ferric/ferrous couple and taking into account the ionic
strength activity coefficlents, and ferric sulfate and
fluoride complexes agree very well with the measured'Eh
values., Conductivity was also found to correlate really
well with the total dissolved solids, These results demon-
strate the utility of Eh and conductance measurements in

acid mine drainages,
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INTRODUCTION

Many detailed studles on coal mine effluents have
been done by Barnes and Clarke (1964), Barnes and Rom-
berger (1968), Smith and Shumate (1970), Rivett and Oko
(1971), Rubin (1974), and many others. Schmidt and Conn
(1971), Boyles, et al. (1974), Moran and Wentz (1974),
Wentz (1974), Wildeman, et al. (1974), Wildeman (1976)
have studled the waters associated with base metal mines,
especially in the mineral belt of Colorado, Most of these
papers related to mine drainages are written from an
environmental or engineering point of view, e.g. Galbraith, .
et al. (1973).

This paper investigates the geochemistry of effluents
from metal mines for the following reasonss

l. To establish the correlation between the geology,

mineralogy and type of ore and the chemical
composition of the water.

2. To determine the mobility of a few elements

related to Eh, pdH, and other variables.

3« To look for possible seasonal variation in the

chemistry of the water.

Weathering processes depend upon many factors such
as size of rock barticles, position of the water table,
mineralogical composition, permeability, climate, micro-

biological activity, and amount of oxygen and other gases
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in the system. We hope to establish which of these
parameters are important in determining the chemistry of
the water as it flows from the mine in the Front Range.
Acld nmine dralnages result from the breakdown of
pyrite and marcasite when they are exposed to oxidizing
conditions, Barnes and Romberger (1968), sSmith and Shumate
(1970)s In this process, the iron is released as ferrous
ions which can be oxidized to ferric lons forming lnsolu-
ble ferric hydroxide depending upon the pH of the water.
Metal sulflides other than pyrite and marcasite such as
galéna, sphalerite and chalcopyrite will be broken down
by these acid waters réleasing more metals (lead, zinc,
cadmium, copper, etc.) but not increasing the acidity.
According to Lundgreen, Vestal and Tabita (1972) iron and
sulfur oxidizing bacteria are assoclated with metal sul=-
fide minerals 1in natural environments. These bacteria
promote the'oxidation of sulfur to sulfate and ferrous
iron to ferric iron. The high concentrations of trace
elements which these waters may contain can be harmful to

aquatic organisms, humans and livestock,

Geological Descrigtion
The following geologlcal outline is based upon the

work done by Lovering and Goddard (1950), Sims and Tooker
(1963), and Bastin and Hill (1917). The crystalline core

of the Front Range is essentlally .Precambrian granite,
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schist and gneiss. The oldest rocks are the schists and
gneisses of the Idaho Springs formation which are highly
metamorphosed sedimentary rocks of early Precambrian age.
The porphyritic intrusive rocks of the Laramide orogeny

are almost limited to a narrow belt extending socuthwestward
from Boulder to Breckenridge. within which nearly all the
productive Laramide mineral deposits of the Front Range
have been formed. The northwestern side of the mineral’
belt is marked by a line of stecks that range in composi-
tion from diorite to quartz monzonite.

The sequence of intrusion is simillar throughout the
mineral belt, but the latest members of the magmatic
serles are found only in the northeastern part. In the
area southwest of Georgetown, where complex lead-silver=-
Zinc ores predominate, only diocrite, monzonite, quartz
monzonite, sodic quartz monzonites and closely related
rocks are present. Northeast of Silver Plume where pyritic
gold ores appear, bostonlte, alkallc pyrite, and alkalic
trachyte porphyry are found}

Table 1 shows the type of rocks, ore mineralogy,
garigue and ore deposits in the mining districts where
mine effluents were collected. A better description of

the mining districts 1s given in Appendix 3.

Collection of Samples and Analytical Methods

Semples were collected in Silver Plume, Central City,
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Boulder County tungsten, Gold Hill, and Jamestown mining
districts located in the Front Range Mineral Belt of
Colorado. The adits chosen were those which were draining
throughout all the year, making possible the collection

of samples during any season in the year. The water samples
were collected unfiltered at the adit entrances in one liter
pclyethylene bottles and acidified with 5 ml of 1:1 doubly
distilled nitric acid. The reason why the water samples
were acidifled in the fleld was to prevent the precipita-
tion of ferric hydroxlde which forms an orange film on the
bottle which probably adsorbs other metals depending upon
the pH of the water.

Field measurements included pH, Eh, conductivity, dis-
solved oxygen, and temperature. The pH and potentiometric
readings (Eh) were measured by'a Leeds and Northrup Model
7417, Specific conductance readings were made with a ¥SI
Model 33 S=C~T meter. Dissolved oxygen and temperature
were measured with a YSI Model 57 oxygen meter.

All the elements were analyzed by atomic absorption
spectrophotometry on a Perkin-Elmer Model 303. The Na, K,
Mg, Fe, Mn, Cu, Zn, Co, Ni, C4, and Pb were determined by
direct aspiration using an air-acetylene flame., The Ca,

Al, and 31 were analyzed by direct aspiration using a nitrous
oxide-acetylene flame. Arsenic (As) was previously reduced
to arsine and then ahalyzed with a hydrogen flame and

nitrogen as carrier gas. Sulfate analyses were attempted
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by atomlc absorption spectrophotometry using the indirect
method of precipitation as barium sulfate,‘but was unsatis-
factory. Finally, it was determined by using the gravi-
metric method described in Skoog and West (1976). Fluoride
. concentration was analyzed using an Orion specific ion elec-
trode., A citric acid-sodium citrate buffer solution was

used and the pH was adjusted to 7.5 before each reading.

Geochemical Behavior of Major and Minor Elements
The Si, Al, Na, K, Ca, and Mg are considered in this

paper to be the major elements and Fe, Mn, Co, Ni, Cu, Zn,
Cd, Pb, As, S, and F the minor elements. The primary source
of these elements is the weathering of rock-forming silicate
minerals and sulfide and sulfosalt minerals under oxidizing
conditions.,.

Silicon is the second most abundant element in the earth's
crust and 1t i1s the principal constituent of silicate min-
erals wﬁose weathering stabllity 1is better understood
through the Goldich's weathering series in which olivine and
anorthosite 2re the least stable and quartz and clays the
most stable. The final weathering products are generally
considered to be clays which probably control the mobility
of Si, Al and K., Silicon is transported in aqueous solutions
mainly as silicic acid (346104) and hexafluoride complex
(SiF6=) which predominates at low pH and high fluoride

concentration. Millet (1970) and Valeton (1972) discuss
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the formation of clay minerals and the mobllity of Si and
Al.

Aluminum occurs as aluminum-silicate minerals and oxyhy-
droxideé, gibbsite, bayerite, dlaspore, and boehmite. In
agqueous solutions Al can be transported as hydrolytic
monomeric and polymeric species (Bubin, 1974) and as sul-
fate and fluoride complexes depending‘upon the concentra-
tion of those two ligands. The mobllity of Al is strongly
dependent on pH, being practically immobile between pH 4=7
where the oxyhydroxlides are the most stable forms. Sodium is
a major constituent in feldspars, feldspathoids, and many
other silicate minerals. It 1s relatively more mobile than
K which is an essential chemlical component of orthoclase,
microcline, sanadine, leucite and other siliceous minerals,
It can readily be adsorbed by clays decreasing its mobility
in natural environments. Calcium forms many important min-
erals such as plagloclase, wollastonite, calcite, dolomite,
aragonite, ankerite, anhydrite, gypéum, apatite, fluorite,
and a few others. The concentrations of sulfate and fluoride
are probably the mostvlmportant parameters controlling phe
moblility of Ca 1n ground waters but other cations such as
Fe and Al which tend to form complexes with fluoride and
sulfate lons may increase the mobllity of Ca where those
two ligands are present. Magnesium 1s a principal consti-
tuent in the mafic and ultramafic rock~forming minerals such

as olivine. It alsc forms the carbonates dolomlte and magne-
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site and the hydroxide brucite. Mg has a high mnobility
being transported as aqueous species only.

Iron is a major constituent in many minerals, ferro-
magnesium silicates, oxides, oxyhydroxides, carbonates,
sulfides, and sulfosalts, The most important iron sulfide
minerals found in the Front BRange mlneral belt of Colorado
are pyrite, chalcopyrlte, tennantite, and tetrahedrite, The
oxidation of these minerals (Sate, 1960) releases high con-
centrations of Fe and other trace elements into the grqund
water system. Pyrite 1s the most abundant sulfide mineral
and its oxidation controls the acldity of the water. The
following equations‘show the reactlion of pyrite when exposed
to air and water and the oxidation of ﬁé(II) forming insolu-

ble iron hydroxide.

1, 2FeS, + 70, + 2Hz0 = 2Fe? + 4SO + LE”

2+

2. bFe” 4 0, + 10H,0 - 4Fe(0H)5 + BH'

Iron exlsts in natural environments in two oxldation states,
Fe(II) and Fe(III). The behavior of both iron forms is:
strongly controlled by Eh and pH, Fe(III) is less mobile
than Fe(Il) and it starts precipitating at very low pH
adsorbing other trace elements (Boyles and others, 1974).
Iron is found in waters forming many hydrolytic species,
fluoride, and chloride complexes. Three Eh-pH diagrams

for the iron system are shown in figures 7, 8, and 9.
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Manganese is frequently present 1n silicates where 1t
may occupy the same structural position as Fé. Other mineral
forms for manganese are oxides, oxyhydroxides, carbonates,
and sulfides. It may exist in different oxidation states
but Mn(II) is the most common found for the Eh-pH range in
natural environments. Mn(II) is really mobile for pH
below neutral, at h1gher PH it starts forming oxyhydroxides.
The control of trace elements by hydrous Mn and Fe oxides
has been studied in detail by Jenne (1967), Loganathan and
Burau (1973) and Whittemore and Langmuir (1975).

‘Cobalt and N1 are found as minor constlituents replacing
elther iron or mangesium in the ferromagnesium silicates.,

Co 1s also found fbrming a few uncommon sulfide mlnerals,
linnaeite, cattierite, cobaltite, cobalt rich pentlandite,
and cobalt arsehides. It 1s always assoclated with iron
sulfides and often copper and nickel sulfides. Nickel forms
a rare large group of sulfides, vaeslte, polydymite, miller-
ite, pentlandite, and a few others. It is always associated
with iron including laterites deposits. Both Co and Ni are
relatively moblle at low pH ranges.

Copper is found as a major constituent in a great number
of minerals, malachite, azurlte, cuprite, chrysocolla,
chalcocite, covellite, bornite, chalcopyrite, enargite,
tennantite, tetrahedrite, and many others. The most impor-
tant sulfide minerals of copper found in the Front Range

mineral belt of Colorado are chalcopyrite, enargite, tennan-
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tite, and tetrahedrite which are the main source for this
element and other trace elements which they are capable of
incorporating in thelr structure. The mobility of Cu 1is
controlled by pH and type of sediment being in contact with
the water (Collins, 1973). The following equation shows
the chemical reactlon under oxidizing conditions for chal-

copyrite:
3. CuFeS, + 40, = Cu'™* + Fe** + 250

Zinc and C4 have similar chemical characteristics but
Zn is much more abundant and is slightly more mobile than
Cd. The three most common Zn minerals are sphalerite, wurt-
zlte, and smithsonite. In oxidation conditions, where Zn
sulfides are very unstable,'and low carbonate content Zn is
pPrimarily controlled by pH. Cadmium forms only one signifi-
cant mineral, greenockite, which is very rare in occurrence,
Cadmium is contalned in sphalerite where it 1s camouflaged
in the crystal structure. Hem (1972) discusses the geochem=-
ical behavior of Zn and C4d in more detall.

The most important Pb minerals are galena, anglesite,
cerussite, and hydrocerussite. In metal mine environments
where oxidation of sulfides takes place the main source of
Pb is galena, but its concentration is ccntrolled by the
solublility of anglesite. In acid mine drainages the con-
centration of carbonate is very low, therefore cerussite

1s not expected to control mobility of Pb. The presence of
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high amounts of hydrous iron oxildes in the sediments may
control the mobllity of Pb by adsorbing it on the solid
phase, An Eh-pH diagram for Pb minerals is shown in fig. 1.
Equations (4) and (5) show the oxidation of sphalerite and

galena respectively.
4, Zns + 205 = Zn™* + Sof
5 PbS + 20, = Pb'* + SO

Arsenic forms a few minerals such as arsenopyrite, ten=-
nantite, enargite, Ag and Au arsenides, and Co and Ni arsenides.
The oxidation of these minerals may form soluble arsenates
which can enter into the surface and ground water system.

The mobility of As 1s strongly controlled by pH and the con-
centration of Fe, Ca, Cu, Pb, C4d, Zn, and Ni with which it
forms very insoluble arsenates,

Sulfur is the most important anion of sulfide, sulfosalt
and sulfate minerals. It 1s very mobile under oxidizing con-
diﬁions where 1t is mainly transported as sulfate ions. An
Eh-pH diagram for the predominance of aqueous sulfur species
is shown in fig. 2.

Fluorine 1s found as a major constituent in fluorite,
cryolite, fluorapatite, and topaz. Fluorite 1s the most
important fluorine mineral found in the area studied and
it is probably the only source for F in the mine drainagess

The presence of high concentrations of Al increase the
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solublility of fluorite by forming very strong complexes
with fluoride., High amounts of F increase the weathering
of silicate rocks especially at low pH ranges., Handa (1975)
found a negative correlation between calcilum and fluoride

concentrations for ground waters in India.
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RESULTS

Chemical analytical data for the 7 mining adits which
were analyzed for 22 variables are shown in Appendix 1,
Table II shows the detectlon limits for most of the ele-
ments determined., Table III shows the average for the 22
variables measured during the 1974, 1975 and 1976 seasonal
years, Comparison between the Argo Tunnel drainage analy-
sis done by Wentz (personal communication, 1976) in March
and April of 1976 and those presented in this paper (Feb-
ruary and April of 1976) shows excellent agreement. Results
and accuracy of the analytical methods are better discussed

in Wildeman and Ramirez (1975, 1976) which are in Appendix 2.

Seasonal Variations

Collections were made in fall, winter, spring, and
summer from October of 1973 through June of 1976. The
seasonal year was chosen to start on October 1 and finish on
September 30. As 1s seen in Table III, the concentrations
of all the elements detected are remarkably consistent in
most of the adlts studied during the three years period.,

In accordance with this observance it is possible to
conclude that all of the mine effluents studied fit the
diffuse aquifer mo&el (Wildeman, 1976) generated by studies
made in Pennsylvania by Shuster and White (1971) and Jacob-
son and Langmuir (1974). In the diffuse flow-feeder system
the water recharge is by inflltration through soils, faults,
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Table II., Detection limits (ng/ml),

16

ELEMENT CONCENTRATION
Fe 4o
Mn 20
Co . 50
Ni 100
Cu 20
Zn 20
cd 25
Pb 80
Al 1000
As 3
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and intergranular spaces. The water movemenf is slow and

it is usually clear. The chemlcal composition shows little
response to changes ln preclpitation and seasons through

the year. The recharge is on the order of months. Thls is
in contrast with the condult model where the water chemistry
responds to changes in precipitation and seasons and the
residence time for the water is on the order of days.,

Thefe are variations in the concentrations of some
elements from year to yéar in the Argo, Lucania, and Burleigh
effluents and further changes in poncentrations from season
to season in the mine drainages of Argo and Lucania Tunnels.
,Thé description and ahalysis of these changes will focus
on what is observed in the Argo Tunnel since more data has
been accumulated for this water and the changes are more
pronounced in this case. In the Argo site there is a
generally decreasing trend in the concentrations of all ele-
ments except Na, K, and Pb which are constant within analy-
tical precision. Figuré 3 shows this trend graphically
for Fe, Al, and Na from year to year. It is also observed
an increase in the concentrations of most base metals during
the springtime, Figure 4 shows these variations for Cu, Al,
and Na from Spetember of 1974 through August of 1975. The
data for the Argo Tunnel presented by Moran and Wentz (1974)
and Boyles and others (1974) also shbw an increase in the
concentrations of base metals during the springtime,

These seasonal and year to year effects can be explained
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by assuming that at certain times the water.table-is lower
and sulfides are exposed to oxidation and dissolution,

then when the water table rises, base metals ions formed
from decomposition of sulfide mlnerals are flushed into

the aquifer. On the other hand, the weathering of the
silicate rocks does not require oxidation and thus does

not show any change; thils 1s observed in the consistency of
the concentrations of the major elements except for Al which
shows some changes in its concentration and this can be
attributed to its formation of clays and oxyhydroxides.

Tables IV and V, which contain the streamflow data
for Clear Creek near Lawson and Golden in Colorado respec-
tively, were extracted from Water Resourées Data for
Colorado, Part 1, Surface Water Records. The monthly aver-
age discharge for Clear Creek correlates really well with
the variatlions 1in concentration for the base metals in
Argo Tunnel as seen in figure 4, suggesting that this may
well be the case for the movement of the water table in
that area,

Table VI shows the éoncentrations of Fe, Mn, Cu, Zn,
and Cd for Argo Tunnel from January of 1973 through June of
1976. By comparing the total annual discharge for Clear
Creek, which shows a very low peak in the 1972 water year,
and the variations in concentration for those five elements
listed in Table VI, it 1s possible to say that in 1972

the sulfide minerals were exposed to oxidation and decom-
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position for a longer time than during the last five years.
Then, the water table rose in 1973 and flushed the base
metals into solution. After that year, the water table has
probably been leveling out and no big changes in the concen-
trations of base metals have been observed in the last two
years. The average concentrations for most elements analyzed
in 1976 are very close to those analyzed by Moran and Wentz

(1974) in January of 1973,
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Table VI. Average concentrations (mg/l) for Na, Fe, Mn.
Cu, Zn, and Cd in the Argo Tunnel,

(a) (b) Oct.,. - Feb, Oct.
Jan. May 1973 1975 1975
1973 through through through through
Sept. Sept. Aug. June
1973 1974 1975 1976
Fe 140 350 240 200 190
Mn ‘95 160 120 100 92
Cu k.9 13 84 6.2 549
Zn 45 78 63 50 b7
Cd 16 34 24 19 17

n.a. = not analyzed
(a)s (Moran and Wentz, 1974)
(b)s (Boyles and others, 1974)
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Chemistry, Mobility and Redox Equilibria
This section will try to establish the possible corre-

lation between pH, Eh, conductivity, water chemistry, and
the mobility of most of the elements studied in this paper.

First concerning mobility, Table VIII shows concentra-
tion ratios for the major and minor elements in each adit.
It is seen 1n this Table that the S10,/Al ratios increase
when pH increases which shows a relatively high mobility
of silica over Al for pH above 4, Silica was detected in
all the samples analyzed; on the contrary, Al was only
detected in the samples having ?H lower than 4, The reason
for this 1s that the mobillty of Al 1s controlled by the
solubility of Al oxyhydroxides. On the other hand, S10,
is transported mainly as silicic acid having almost constant
solubility in acid solutions (Mason, 1966 and Millot, 1970).
The Na/K and Ca/Mg ratios seen in Table VIII are greater
than unity, but do not show big changes, consequently they
show a uniform mobllity for the pH ranges found in the mine
dralnages studiled.

Inspection of base metal ratlos show that Cd correlates
positively with Zn which shows their similar geochemical
behavior (Hem, 1972). Their ratio variations might reflect
changes in the composition of their source, sphalerites

The Mn/Fe ratios shown in Table VIII are less than 1 for
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PH lower than 6 even though Mn 1s more mobile than Fe in
this environment (Ramirez, et al., 1976)., This result
reflects the higher geochemicai abundance of Fe over Mn
(Mason, 1966). For pH higher than 6 the Mn/Fe ratlos are
greater than 1 and probably indicate the range of pH where
Mn starts separating from Fe in natural environments (Mason,
—1966 and Krauskopf, 1967). The small changes fbr»Fe(II)/
(Co + Ni) ratios seen‘in Table VIII suggest that all of them
come from the same source and have simllar mobility related
to pH,

-Concerning conductivity, Table VII shows the determined
and calculated sulfate values, fluoride concentrations, cal-
culated bicarbonate values, total dissolved solids, and the
conductance corrected at 25° C for each mine effluent. The
calculated sulfate vaiues were obtained by cation-anion
balance.‘ Hem (1971) suggests this method for checking the
accuracy of a complete chemical analysis of a water. The
difference between the calculated and detérmined values for
sulfate were converted to the equivalent amount of blcar-
bonate in order to complete the cation-anion balance, This
was done by assuming that the amouﬂt of bicarbonate pfesent
is much greater than chloride. The total dissolved solids
were calculated by adding the concentrations together of all
the dissolved constituents found in the water including the
celculated values for bicarbonate (Hem, 1971). The conduc-

tivity corrected values at 25° C were calculated by assuming



Table VII: Concentrations (mg/l) of sulfate, fluoride,

bicarbonate, and total dissolved solidse.
Conductivity is in micromhos/cm.

31

Conduc- Total = _ - -
tivity Dissolved SOy *S0), *HCO4 F
at Solids
250C
ARGO 3110 3160 2300 2310  a== 3
NATIONAL 1340 1330 900 950 65 <1
LUCANIA 1370 1240 810 890 100 1
BURLEIGH 700 690 350 470 150 1
CLYDE 430 360 15 280 340 <1
CORNING 1560 1540 880 1100 280 <1
EMMETT 3650 4510 2900 2940 —— 240

#* Calculated by the cation-anlon balance
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that an increase of 1° C increases the conductance by 2
percent (Hem, 1971),

It is observed in Table VII that the determined and
calculated values for sulfate in the Argo Tunnel and Emmett
Mine are practically the same. This excellent ag:eement
means two things: the accuracy of the chemical analyéis in
thé watef and the very low content of carbonate species in
mine drainages with low pH. The other five mine effluents
show differences greater than 6 percent between the cal-
culated and determined sulfate values and they all have PH
higher than 5. These disagreements between both values mean
that the content of carbonate species and possibly chloride
increase when increasing pH.

Figure 6 shows the total dissolved solids versus the con-
ductivity. It 1s seen in this figure that all the points
fit a stralght line with the exceptlon of the highest in
total dissolved solids which corresponds to the Emmett Mine,
This deviation from the straight line shown by the Emmett
Mine can be explained by the decreasing 1onic mobllity of the
ionic specles in concentrated solutions and also by the con-
centration of fluoride which forms strong complexes with Al
decreasing the net charge of the solution. This result
agrees qulite well with predictions for dilute and simple
solutions (Hem, 1971).

Concefning Eh, the question is how well this corresponds

to the Fe(II), Fe(III), and pHd of the water. Consequently
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Fe(II) was determined directly in the field and in the lab-
oratory by titration with KMnO, as described in Skoog and
West (1976). Ssmples for Fe(II) determinations in the
laboratory were acidified in the fleld with HNO4 and HpySOy
and the titratlions were made on the same day as collected
and again a few weeks later., This was done in order to see
the stability of ferrous iron in mine drainages. Table IX
shows the results of these titrations and it is seen that
HyS0y, keeps ferrous iron in solution for a longer time than
HNO3 does. Thils 1s impqrtant because Fe(II) does not have
to be determined in the field but can be determined in the
laboratory within two weeks after collection i1f the samples
are properly acidified with stou. Similar results were
found by Gang and Langmuir (1974) for high Fe(II) content
samples acidified with H2804. Also, total Fe was determined
by previous reduction with SnCls, and then titrated with
KMnO,. These total Fe values were compared to those ob-
tained by atomic absorption spectrophotometry analysis and
they showed excellent agreement. The difference between
both values was less than 3 percent. Finally the Fe(III)
values were calculated by subtracting Fe(II) from total
Fe. These values for Fe are presented in Table X.

As seen in Table III the concentration of total Fe cor-
relates really well with the pH of the water. The reason
for this is that the mobllity of Fe is controlled by the

formation of Fe oxyhydroxides which are a function of pH.
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Table IX: Comparison between the stability of ferrous
_iron in nitric and sulfuric acids solutions,

Date Acid Fe‘II} in mg/1
Analyzed Solution RGO EMMETT NATIONAL

4-20-76  HNOg 65 163 39
4-20-76  HpSOy 64 161 38
5-6-76 H‘NOB n.d. 117 N.8.,
5-6=76 H,S0,, 62 158 38
5=20-76 32304 62 158 36
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Table X. Concentrations of Fe in mg/l determined by
titration with KMnOLV

Adit Date Fe(II) Fe(Total) Fe(III)
10-11-75 65 200 135
2-7-76 65 192 127
B4a20-76 61 182 121
ARGO
5=4a76 65 190 125
TUNNEL
5=13=76 63 184 121
5=-28-76 65 186 121
6~11-76 63 197 134
10-11=75 130 142 12
2-7-76 154 164 10
B4a20-76 163 176 13
EMMETT
5=4=76 164 176 12
MINE
5=-13=76 166 180 14
5-28-76 164 178 14
6=11-76 157 170 13
4.20-76 39 i1 2
S=lf=76 38 40 2
NATIONAL
5=13-76 40 41 1
TUNNEL
5e28=76 40 43 3
6-11-76 33 35 2
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Table XI. Calculated and measured Eh values (millivolts)
and the distribution of the hydrolytic species
for iron obtained from mass balance. Concen-
trations are in mg/1,

ARGO TUNNEL NATIONAL TUNNEL EMMETT MINE

pH 2.7 5.6 3.5
Eh calc. 690 420 600
Eh meas. 680 410 540
Fe(III) 126 2 13
Fel* 6 ~10=5 A
Fe(OH)2* 1 -—- .6
Fe(0H) ) .2 2 .7
FeF2t ——— —— 8
Fe(II) 64 38 160
Fe?* 64 38 160

FeS0O L:' 119 ——— 11
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The Fe(II)/Fe(III) ratios shown in Table VIII increase as-
the pH 1ncreaseé and the Eh decreases. rpié result shows

a relatively high mobility of Fe(II)‘over Fe{III) which is
better seen in Figure 7. FlsureVS and 9 shows the Eh-pH
predominance dlagram for all the hydrolytic iron species and
ferric sulfate complex in a solution saturated with amorphous
iron hydroxide.,

In three mine effluents, redox potentials were calcu-
lated from ferric/ferrous couple. The mass balance for
Fe(III) and Fe(II) was done by using all the iron aqueous
species shown in Figures 8 and 9 and the ionic strength cal-
culated from the chemical composition of the water, The
equilibrium constant for the ferric sulfate complex was
checked by measuring the Eh, pH, Fe(;:), and total Fe to a
solution containing ferric-ferrous-suifate ions. The
equilibrium constant calculated value agrees with the re-
ported value in the literature (Sillen and Martell, 1964).

Table XI shows the measured and calculated Eh values,
PH, Fe(II), and Fe(III) for Argo Tunnel, Natlional Tunnel,
and Emmeﬁf Mine. As seen 1in this $able the measured Eh
readings agree very well for the Argo and National Tunnels
but not for the Emmett Mine which has a difference of 60
millivolts between the calculated and measured Eh values.
This difference of about 11 percent found in the Emmett
Mine between the calculated and measured Eh values can be

attributed tc its more complex chemistry. In general, the
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results obtalned in this paper for the redoi potentials agree
quite well with the conditions established by Morris and
Stumm.(1966):and Nordstrom (1976) and also shbﬁ the utiiity
of Eh measurements in acid mine dralnages.

Appendix 4 shows the equations used in the calculation
of Eh, lonic strength, activity coefficlents, mass balance
and also the equations and thermodynamic data used in the
construction of the Eh-pH diagrams shown in Flgures 1, 2, 7,
8, and 9.

Ore Petrology and Mineraloay Compared to Water Quality

There is a very good correlation between the ore petrol-
ogy, ore mineralogy, and the water quality of the mine efflu-
ents studled in this paper. Similar results have been found
by Wildeman, et al. (1974) in the Central City mining district.
In this district the‘zones of mineralizatlon and the zonal
distribution of the ore mineralogy have been well éstablished
by Sims and others (1963). The central zone consists mainly
of pyrite and quartz and the peripheral zone 1is composed of
quartz, sphalerite, and galena, It 1s observed in Table III
that the pH of the water lncreases from the central zone to
the peripheral zone with a decrease in the concentrations
of the base metals. By comparing the abundance of pyrite
versus the chemlstry of the water in this district, a nega=-
tive correlation is found between pyrite and the water

quality. Thils result is supported by the aqueous oxidation
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of pyrite which releases high concentrations of iron, sulfaté,
and hydrogen ions which promote the dissolution and oxidation
of other sulfide minerals releasing high concentrations of
base metals, This i1s the reason why the highest concentra-
tions of Pb, Zn, and Cd occur in the central zone even

though galena and sphalerite are most abundant in the peri-
prheral zone.

According to Lovering and Goddard (1950) and Sims and
others (1963) galena and sphalerite have almost the séme
abundance in the intermediate-peripheral zone and in the
Silver Plume mining district but the content of Zn found in
the waters draining from these areas 1s much higher than
the Pb content. This is attributed to the fact that the
oxidation of galena ylelds anglesite., The major elements
do not show dramatic changes except Al. Thls constancy 1s
supported by the similar_composition of the wall rocks as
seen in Table I, and thls seems to be the case according to
Wildeman and others (1974).

The Clyde Mine, which is located in the Boulder Ccunty
Tungsten mining district, has the best water quality of those
measured where only the major elements with the exception
of Al and sulfate were detected. Most of the wall rocks
found in this district are felsic (grenite, pegmatite) and
the only important ore mineral is ferberite with the very
rare occurrence of sulfldes. It was the only mine effluent

where neither Fe nor Mn was detected and also it showed the



T-1888 4s

lowest concentrations for Na, K, Ca, Mg, end SOj. These
results may be explained by the high content of felsic rocks
which are the most resistant to weathering (Mason, 1966) and
the almost complete absence of sulfide minerals (Lovering
and Goddard, 1950).

The Emmett Mine which is the deepest fluorspar mine in
the Jamestown mining district 1s the adlt which shows the
highest concentrations for the major elements and its base
metal contents are slightly higher than those found in the
Argo Tunnel even though its pH is higher. It is distributed
around the sodic granite porphyry stock and lime-~silicate
rocks are also present (Lovering and'Goddard, 1950)., Pyrite
is disseminated throughout and small amounts of galena,
chalcopyrite, and sphalerite are locally present.

The poor water quality found in this mine effluent can
be explained by the following steps:

1, Oxidation and decomposition of pyrite (Fesz) gener-

ates high amounts of Fe, Co, Ni, SO, and H'.

2FeS, + 70, + 2H0 = 2Fe?* + 4so), + u*

2., The H* released in step 1 promotes the dissolu-
tion of fluorite (Can) releasing Ca and hydro-
fluoric acid (HF).

CaF, + 2H* — ca*™ 4+ 2HF

3. The HF formed in step 2 attacks the sillicate rocks
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releasing high concentrations of Na, K, Ca, Mg,
8105, and Al.

NaAdlS140g + 8HF + (n-2)F~ = Na* + ALF2 ™R+ S1Fg

+ 2&43104

4, Al and S1 form strong complexes with fluoride (F~ )
which increase thelr mobility in the water system;
therefore the rate of decomposition of the silicate
minerals and the solubility of fluorite increase.

5. The high acldity generated in steps 1 and 2 mobilizes
the base metals (Fe, Mn, Cu, Zn, C4, Co, Ni, and Pb)
released by the oxidation an¢ dissolution of galena
(PbS), sphalerite (ZnS), and chalcopyrite (CuFeS,).

Even with the high Ca, F, and SOj concentrations found

in this adit, the water is still below saturation for fluor-
ite and calcium sulfate minerals, gypsum (Casoh'ZHzo) and
anhydrite (CaSO,). It was found that only less than 1 mg/1
of F was as free fluoride ions. This was determined by using
the same procedure for total fluoride determination except

that buffer solution and pH adjustment were not used.
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SUMMARY

There are two important factors controlling the water
quality in a mine effluent:s the composition of the wall
rocks which supply the major elements and the sulfide miner-
als which input the base metals and sulfate. Pyrite is
considered to be the most important sulflide mineral because
i1ts oxidation and dissolution control the acidity of the
water which promotes the decomposition of other sulfides
and the weathering of the silicate rocks. The pH is con-
sidered to be the master variable controlling the mobility
of the base metals and Al in mine drailnages except Fe
which 1s controlled by both Eh and pH. The presence of
ligands such as fluoride are also important because they
increase the mobility'of a few elements and the solubility
of thelr solid species,

The position of the water table related to the ore
velns, and the type of ore also play a very important role
in the water quallty from metal mine dralnages.

All the mine effluents studied in this paper fit the
diffuse aquifer system. The small seasonal variations and
year to year changes found in the Central City mining dis-
trict are because of the movement of the water table and the
length of time the sulfide minerals are exposed to oxidation
and decomposition.

The calculated values for redox potentials using the
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ferric/ferrous couple and taking into account the ferric
sulfate and fluoride complexes agree qulte well with the

Eh measured values, These results demonstrate the utility
of Eh measurements in acid mine dralnages. The total dis-
solved sollids and the speclflc conductance have a direct
correlation which indicates the usefulness of these measure-

ments,
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- RECOMMENDATIONS

It was observed in the course of this study that the

following suggestions might be followed in future work:

1,

2,

3.

b,

Improve the analytical methods for the determina-
tion of Pb, Co, Ni, Zn, Cd, and Cu in mine drainages.
The extraction method using APDC-MIBK for Ag, Pb,

Cu, Cd, Co, and Ni does not work for mine dralnages
because the partition coeffiéients for these elements
are probably differgnt between the aqueous and
organic phases and they do not show any correla-
tion to each other,

Sulfate, chloride, fluoride, and carbonate should

be determined in each sémple in order to better
understénd the chemistry of the water,

The sediments should be analyzed and compared to the
chemical composition of the water draining from the
different mining adits. This would be helpful in
studying the mobility of the major and minor ele-~
ments between the water and the sediment and

looking for any possible equilibrium between both
aqueous and solid phases.

Study the role of organic activity in the oxldation

and reduction of 1lron.
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APPENDIX I

CHEMICAL ANALYTICAL DATA

n.d. = not detected

n.a. = not analyzed

Eh units are in ﬁillivolts

Water temp. is 2 C

Conductivity 1s micromhos/cm

Concentrations are in mg/l except for Cd, Pb, Co,

Ni, and As which are in ug/l.
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APPENDIX 2

A. DESCRIPTION OF THE ANALYTICAL METHODS, RESULTS
' AND ACCURACY OBTAINED IN THE
ANALYSIS OF MINE DRAINAGES

B. COMMENTS ON THE COLLECTION AND STORAGE OF
MINE EFFLUENT WATERS

This report is a summary of the practical development
of a multielement analytical procedure for dralnages from
base-metal mines from different mining districts within the
Front Range Mineral Belt of Colorado (1). The concentration
ranges for those constituents which are routinely analyzed
are listed in Table 1; and the matrix changes from a
natural water of moderate hardness to an industrial efflu-
.ent. The problem toyovercome is not pushiﬂg detection
limits to lower levels but rather is determining whether
the matrix interferes in the application of the standard
methods of analysis for natural waters. In this regard,
the change from Mg, Ca, Na, and K being the major consti-
tuents to Fe and 804= being the major constituents is im=-
portant 1h determining whether the standard methods will
apply.

Because of the criteria established above, procedures
follow the usual schemes (2, 3) and methods described in
more recent reviews (4, 5) were avolded until problems
arose, This plan, of course, then means that atomlic absorp-
tion spectrometry (AAS) analysis is the primary technique

and essentially it is an exercise in avolding an analysis by
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the standard addition method for every element in every
sample (6). As one might expect, for the most part, there
were no problems; but for certaln elements, the matrix
effects have been particularly troublesome,

The following discussion will dwell on the analysis of
those elements listed in Table I. It is divided into those
elements which can be analyzed directly by (AAS) with no
1ntefferences, elements for which the matrlix interferes in
the direct determination, and problems involved in the
chelation-extraction procedure. Development of techniques

for Al, Si, Se, and F is now being attempted,

Atomic Absorption - Direct Methods

Fe, Mn, Zn, Cu, Na, K, Mg, Cd, and Pb are elements which
cause no problems in direct analysis by AAS. The direct range
colﬁmn in Table I gives the ranges for each element over
which a precision of £ 104 can be expected in an air-
acetylene flame using no dilutions, scale expansions, icni-
zation_suppressors, or releasing'agents. For these values,
sultable dilutions of the SMD were used for the concentra-
tion determinations and the precision was established by
analyses of five synthetic and natural water standards. In
addition, pure standards of Fe, Mn, Zn, Na, K, Mg and Cd
were analyzed against the SMD ap various concentrations
within the direct method ranges shown in Table I, In all

cases, the calculated values were within T 4% of the actual
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values, Thus for these elements, reliable analyses of mine
drainage could be achieved with single element standards
using AAS. Three of these elements for which ranges are

not reported in Table I are discussed below. For Mo, the
concentration range in the drailnages 1s far below the direct
method detection limit, and the levels reported in Table I
were estimated by\colorimetric'analysis (7)e Attempts at
analysis of Mo by the solvent extraction method will be

discussed later.

Calcium

As has been amply demonstrated by other lnvestigators,
SOy~ and possibly Fe will interfere with AAS analysis of
Ca (8)s Thus, it 1s not surprising that problems were en-
countered, It was anticipated that the SMD alone or the
SMD used 1n conjunction with LaCl3 as a releasing agent
would solve the problems using the air-acetylene flame (9).
However, 1t was found that Fe and Sou== coupled in the inter=-
ference of the analysis of Ca so that matrix interferences
Just could not be eliminated and a full study of the AAS
analyslis of Ca was made, ‘

Flgures 1 and 2 summarize the effects of the matrix on
the analysis of Ca using standard fuel conditions and an
alr-acetylene flame. Note that the abscissa 1s given as
Ca/s0y, or Ca/Fe, or both Ca/S0, and Ca/Fe when both con-

stituents are present. The usual working range is 1-20 mg/l
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of Ca in the usual burner configuration and 5-100 mg/l of Ca
when the burner is rotated 90° (9). Figure 1 shows the
analysis.without using La013 forICa standérds of 200, 100,
and 20 mg/l; 804= and Fe alone suppress the Ca peak but
when together the Fe acts almost as LaC13 should in releasing
some Ca and enhancing the Ca peak. Note that at 20 mg/l, the
two effects exactly cancel so that the Ca analyses are
apparently reliable. Because of thls coupling effect, the
matrix would have to be matched exactly for a reliable anal-
ysls above 20 mg/l and analysis by comparison with the SMD
alone 1s useless, .

Addition of LaClj, which 1s often recommended, -does
not help the situation of concentrations of Ca that are
‘greater than 20 mg/l. Figure 2 i1s a repeat of the conditions
outlined above only now, 1 ml of 10,000 mg/l La013 solution
has been added to 10 ml of sample; thus the actual concen-
tration of Ca is 182, 90.9, and 18,2 mg/l. If SOL,= or Fe
are present alone, the results are feliable at 90,9 mg/l;
but when Fe and Sou= are both present the coupling effect
again produces confusion. Note that at 18,2 mg/l the use
of LaClB renders good results,

From an analysis of the above discussion, rellable
operating parameters for =Ca analysis using an air-acetylene
flame are as followss Concentration should not exceed
20 mg/1l, addition of LaClB is necessary to achleve results

that are precise to within A 10%, La013 also enhances the
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peak height by 10%; if a precision of ¥ 20% can be toler-
ated, LaCl3 is not necessary.

BRecently, AAS procedureé for Ca have been switched
from use of an alr-acetylene flame to & nitrous oxide-
acetylene flame, so the tests.described above using, and
not using LaCl3. were repeated to'test fdr possible inter-
ferences in this type of flame. The working range was
found to be the same as for the air-acetylene flame, but at
‘low levels of Ca, peak heights are enhanced by about 20%.
The results are conslderably better, Up to the maximum
concentration of 100 mg/l of Ca, 804= alone, Fe alone, of
Fe and SOL,= together show no interference. In allrcases.
calculated concentrations were within - 4% of actual values.
Also, adding_or~not adding LaCl3 makes no difference in
the reliablility of the results, so the releasing agent can
be eliminated., Furthermore, pure Ca standards at various
concentrations over the working range were compared against
the SMD and agaln, the calculated values were within : L3
of actual values., Clearly, in the case of the analysis of
mine dralnages, use of the nltrous ¢xide-acetylene flame

for Ca 1s the superior procedure.

Arsenic
For As, detectlion by direct aspiration 1s eliminated
except at high concentration and also solvent extraction

was ruled out because of general problems in the extraction
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which are explained later., Thus, the procedure using arsine
generation. by addition of KI, SnCl,, and Zn slurry was
chosen (10)., Tests of this procedure on our standard mine
drainages have been contradictory and confusing. In the
first serlies of analyses a hollow cathode arsenic lamp

was used and it appeared that iron in the range of 10 to
50 mg/l interfered with the arsine generation but the lamp
rapidly deterlorated before this could be confirmed. Sub-
sequently, an electrodeless discharge lamp has been used
and no Fe interference was found. We suspect that our
aréine generation system 1s faulty and a totally revised

system and procedure is now being developed.

Sulfate

The attempt to find an accurate and rapid method for
the énalysis of sulfate has been particularly frustrating.
The basic problem 1s that most standard procedures rély on
the precipitation of barium sulfate and Fe and cther heavy
metals interfere with the precipitation (11). Figure 3
shows the results of the indirect sulfate method which uses
an AAS analysis of barium remaining after a BaSO; precipita-
tion and the problem is clear (12), Iron in the SMD 1is
coprecipitated with the BasSO,, this releases some Ba
resulting in a spuriously low reading for the amount of
Snug in the sample. Currently, analyses are being done by

this AAS method using the mine drainage as the standard
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keeping the souf concentration below 50 mg/l. The other
possibllity is removal of heavy metal lons by passing the
watér through a catlon exchange column (11), Using #-ray
fluorescence, and assuming that all sulfur in the water is
the 804 specles, would eliminate a BaS0),, precipitation and
so this alternative has been intensely studied. The 5.36

A K« line of sulfur has been uéed and the operating condi-
tions chosen were a 40 KeV excitation energy, NaCl analyzing
crystal, and a gas flow proportional countér. This method
also has its pitfalls; it appears that the water 1tself
cannot be analyzed because the irradiation causes precipi-
tation of sulfur or reactlion of sulfate with the mylar
covering and sample vial. Recently, a method was triled
where a standard drop of the water sample was placed on
filter paper using a 50 ul syringe, the filter paper was
dried, and then analyzed in the x-ray spectrometer. FPre-

" liminary tests of this procedure look promising and complete

study of the procedure is now being conducted.

Solvent Extraction Methods

There 1s a necessity to be able to perform accurate
analyses at levels lower than those listed on the direct
range column of Table I. These limits are significantly
above the U.S. Public Health Service drinking water stan-
dards for Pb and Cd which are 50 and 10 ng/l respectively

(13). Also, Cu and Zn are known to be toxic to aguatic
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life at levels below those stated in Table I (14). The
standard AAS procedure for'increasing sensitivity 1s chela-
tion of the metal by a complexing agent, usuélly ammonium
pyrrolidine ditiocarbamate (APDC), followed by extraction

of the complex into an organic solvent, usually methyl isobu-
tyl ketone (MIBK), and then aspiration of the organic phase
(2)s Such a procedure will typically lower the analysis
range of all four elements listed above into thebl-lo‘ng/l
range (2).

Unfortunately, iron interferes with this standard
chelation~-extractlion method. Its.concentration is high
enough and its abllity to form complexes with APDC is
strong enough that some of the trace metals are lost with
respect t§ the pure element standards usually used in this
method, Figure 4 shows the effect which Fe has on the
chelation extraction of Cd and Pb; by the time the concen-
tration of Fe has reached about 25 mg/1l, the orgahic phase
is so viscous due to insoluble iron compounds, that it will
not aépirate without an obnoxious filtration.

In addition, an attempt was made to try the 8-hydroxy-
quinoline-MICK extraction for Mo for AAS analysis (15)
and Fe fouled this extraction also. Since Mo is in low
concentrations in acidic waters due to the precipitation
of insoluble molybdate salts (16), this effectively elimi-
nates the use of AAS for Mo analyses of mine drainages.

Two methods are being attempted to circumvent this
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problem with Fe and preliminary reports on these are con-

tained below,

Iron masking method
The report of a successful chelation extract method

of AAS analysis of base metals in solls with high Fe and

Mn content (17) suggested that the hydroxylamine hydrochlor-
jde used in thils procedure was reducing the Fe(III) to Fe(II)
and complexing it to the.extent that the APDC complex was
not formed., Essentially, the hydroylamine hydrochloride 1is
working as a masking agent fo: Fe such as those typically
used in visible~UV spectrophotometry (18). Thiz prompted

a study to discover a masking agent that retains the iron
in the aquéous phase and allows the chelation extraction

to function for the other base metals., Preliminary results
suggest that a universal masking agent is not possible, but
that use of pyrogallol as a reductant and 1,10-phenanthro-
lene as a complexing agent for Fe results in reliable analy=-
ses of Cd and Pb by the MIBK-APDC extraction procedure up

to iron concentrations of 250 mg/l.

Anodic stripping voltammet ASV) method

Recent reviews on the analysis of water have pointed
out the attractiveness of ASV methods for the analysis of
Cu, 2n, Cd, and Pb (18, 19). From all that has been said,
it appears that the sensitivity that can be expected 1s at

least as good as the chelation extraction methods used in
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AAS, Again, the question in the application of the method
in this case is whether the matrix will interfere with the
stripping analysis,

The stripping cell chosen was that described by Clem
and others (20, 21) which is commerclally available fron
‘McKeenPederson, Inc. The procedures described in the sys-
tem instructlons were closely followed ard it was possible
to set up an operational system with not too much dAiffi-
culty. Analyses were attempted fdr ¥n, Zn, Cd, Pb, Cu,
Eg, Ag, Au, 2nd As, Satisfactory results were not obtained
for Ag, Au, and As so they were not further studied. The
mininum detectable concentration for Hg is about 0.5 ng/l and
this is compargble to tha rlumeless atémis abvsorption so
ASV offers no real advantage for this elemsnt, Also, ASV
methods for Mn appsar to work well, but in mine drasineges
the direct method by AAS is sultsble in alwmost all cases;
For Zn, an intermetallic Cu~Zn compound is formed in ths
mercury amalgam when both are plated onto the electrode
film (22) and thus the plating potential was set so that
Cu, Pb, and Cd plated but Zn éid not.

For Cu, Pb, and Cd, the samples were adjuSted to pH
of 2.5 to eliminate possible organic complexzes and it was
found that at thils pH the ﬁine drainage matrix had no ef=-
fect on the analysis. Analyses were made both by the
method of standard additions and by making calibration

curves using the SMD and in both cases the iresulis caune
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ﬁithin pA 104 of expected values for standard samples. Fur-
thermore, it 1s possible to‘maintain this precision down to
concentrations of 1 ug/l for Cu, Pb, and Cd.
Consldering that the thrge:elements can be analyzed
simultaneously and that no extractions would have ﬁo be
made, fhe ASV method using callbration curves would be
comparable in analysis time to AAS methods. Thus, ASV 1is
a promlsing alternative for fhe analysis of Cu, Pb, and Cd
in mine drainage waters where high iron concentrations
interfere with solvent extraction methods for atomic absorp=-

tion spectrophotometry.
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Table I.

Element
Fe
Mn
Zn
Cu
Na
K
Mg
Ca
As
Mo
Cd
Pb
S0y

83

Concentration ranges in mine drainage waters

and in the standard mine drainage (SMD).

Conc.
Units

mg/1
mg/1
mg/1
mg/1
mg/1
mg/1
ng/1
mg/1
ng/1
ng/1
ng/1
»g/1
mg/1

Cconc.
Range

<0.,4=-900
<0,03=150
0.,03-500
<0,01=7=~
1-80
0,7-10
30-280
20-400
<0,5-7000
1-90
<20-2500
<50-500
200-4000

SMD
Conc.

800
300
160
100
45
16
300
400
2000
1000
2000
1000
4000

Direct
Range

4-1000
0.3-50
0.2-30
045-50
0.,05-15
0,05=15
0.,05-20

100-3000
200-1000
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FIGURE CAPTTONS

135 The effect of Fe and souf on the AAS signal of
Ca at concentrations of 200, 100, and 20 mg/l. No
La013 was added, Note the abscissa is in units of

vFe/Ca, Souf/Ca. or Fe/Ca and Sng/Ca when both are

present.

21 The éffect of Fe and SO, on the AAS signal of
Ca at concentrations of 182, 90.9, end 18.2 mg/1
when LaCl3 has been added. The units on the abscissa
are the same as in Figure 1. At 18.2 mg/l of Ca,

the signal heights 1n all three experiments merge.

3s The results of the analysis of SOL,,== in a standard
mine drainage by AAS using the indirect Ba method.
The SMD line shows the actual concentratlon; the
other line shows the amount found in the SMD using
the Nazsou standard.

4; The effect that Fe concentration has on the AAS
analysis by solvent extraction of a 5 ng/l solution
of Cd and an 8 ug/l solution of Pb,
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COMMENTS ON THE COLLECTION AND STORAGE
OF MINE EFFLUENT WATERS
Two of the questions which must pe considered when

developing analytical methods on a specific material are
how does sample preparation biés the analytical results and
does the méterial change upon storage. This note describes
varlious tests which we have made to try to pin down some

of the aspects of these two questions which affect mine

‘effluents.

Water Collection

| The ma jority of the éample preparation decisions and
some of the storage decis;ons concerning water samplés are
performed on site when the sample is collected. These decl-
sions include whether or not to acidify the samplé. whether
or not to filter the sample, and what type of bottle to use.
Many of these questions are addressed in the analytical
methods manual which the Water Resources,Division'of the
U.S. Geological Survey publishes (1),

Of the ﬁbove decisions, the one which we have found to
be most vexing 1s that of whether to fllter or not. This
collection decision obviously defines what is suspended
solids as opposed to dissolved solids but it also defines
what chemical species will be in the sample, Also, if the
sample 1s not filtered but acidified, then some of the

catlions which are adsorbed onto the suspended material will
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probably be extracted into solution. Even though the
method of filtration 1s well defined as passage of the
water through a 0,45 ym membrane filter usling compressed
gas (1), the elimination of particles down to this size
implies that colloidal sized particles are split with
most passing through the filter and the largest being
retalned. The result 1s that surface adsorption effects
are ignored,

The mine drainages which we sample are typically in
a low energy flow situation so the water is usually not
carrying suspended'solids which were scoured from the
bottom Sediments. We have always used the rule of thumb
“that we won't'filter particulates we cannot see, so conse-
quently we do little flltering during collection. Logistics
and laziness certainly play a role in this decision. None-
theless, thlis rule generated uncertalnty concerning the
interpretation of the results especlially with regard to
colloidal material, So in August of 1975 when all the mine
and surface waters were in low=flow, non-turbulent configura-
tions, we tested our collection procedure at 7 mine sites
and 7 surface dralnage sites. Collection was made by four
methods:s unfiltered, filtered with O0.45 um using air, fil-
tered to 0.45 xm using N,, and filtered to 0.10 um using Np.
The alr and N, collectlions address the question of whether

2+

alr oxidizes Fe to Fe3+ causing the precipitation of Fe(OH)3

on the filter. The O.45um and 0,10 xm collections address
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the question of the role of colloldal material in the sam-
ples,

Except for two sites the abundances of all the elements
at all the different sites, using all four of the collection
methods were the same., The abundances of the elements were
analyzed by atomic absorption spectrophotometry and the four
samples from each site were analyzed in sequence. Hence,
relative changes could be detected to better than ¥ 5%, The
elements analyzed were Na, K, Mg, Ca, Al, S1l, Fe, Mn, Zn,
Cu, Co, N1, C4, and Pb,

At one mine adit, the dralnage course had been recently
disturbed and the water was slightly turbid., Fe dropped
from 55 mg/l in the unfiltered sample to 50‘mg/1 in all 3
filtered samples, Al, Cd, Pb, Ni, and Co were below the
detection limit. All other elements were unchanged. At
the cother mine adit, the sample couldn®*t be filtered for
15 minutes due to logistics problems. Fe changed from
3.4 mg/1 in the unfiltered sample to 2.5 mg/l in the three
filtered samples, Cu, Cd, Pb, Al, Co, and Ni were below de-
tection limits., All other elements_were unchanged.,

The conclusions are that for these samples, colloidal
material down to 0.10 4m is unimportant and if the water
isn't turbid there are no suspended solids., Also, if fil-
tering has to be performed, it should be done immediately
so that Fe won't begin to precipitate. When Fe(OH)3 does

precipltate it doesn't necessarily adsorbd other cations and
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remove them from solution. It also appears that using air
to pressurize the filtering apparatus, does not oxidize the

F32+0

Storage of Samples

Our interests 1in mine drainage concentrate on the
metals in solution. Consequently, samples are collected in
32 0oz« polyethylene or polypropylene bottles and are immedi-
ately acidified with 5 ml of doubly distilled HN03 that has
been diluted by 50%. The concentration of HNO4 is about
0.25% bj volumes; and the pH is around 1,.,5. HNO3 appears to
hold cations in solution better than other acids (1, 2, 3),.
Although teflon appears to adsorb cations from solution the
least, polyethylene and polypropylele are adequate and much
less ex?ensive (1, 3)e In addition, the bottles are rinsed
with 25% KN03 to eliminate prevlouslyAadsorbed elements (4).

Tests for Aging of Samples

Our analytical scheme for mine drainages was developed
in 1974 and relies heavily upon atomic absorption (5). To
check for matrix effects and interelement interferences a
standard mine drainage (SMD) was prepared in February, 1974,

For this standard, CaCO., MgO, Mn, Zn, and Cu were dissolved

3
in HNOB. Na and K were added as chlorides, As203 and M003
were dissolved in NaOH and a correction was made for the
final abundance of Na, Iron was added in the form of

Fe(NH,),(S0y,), ° 6H20 and the remainder of the sulfate was
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added using standardized H,SO,. Care was taken to see that

2% and S0, d1d not exceed the

the concentration of Ca
solubility product of gypsum. All concentrations were set
to about the highest levels which have been found in Colorado
mine effluents. The compositions of the 1st SMD and the most
recent SMD are given in Table 1. When dilutions are made,
0.25% HNOB is the dilutant. Three more Standards_have been
made since 1974, In more recent standards, Fe powder as
well as Al, Co, and Ni metals are dissolved in HNO 5.

In March, 1976, the first SMD as well as the original
dilutions of this standard were checked to see if any
change ocgurred during two years of storage, All analyses
were performed by atomic absorption using direct aspirations
down to the concentration level at which a precision of 1.5%
could be maintained., Comparisons were made with dilutioﬁs
of the most recent SMD and also pure element standards of
the appropriate concentration.

In all the tests, there were no concentratiscn changes
to within % 5% The elements analyzed and the lowest con~
centrations to which analyses were performed are given in
Table II. In the case of As, Mo, and SO, , our analytical
Procedures are not developed to the extent that the results
are reliable to within % 104, Consequently, we cannot accur-
ately &etermine whether deterloration has occurred.

In addition to the tests made on the original SMD,

repeat analyses were made on 8 mirne drainages which were
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collected in December, 1973 to check for deterioration. In
all cases, the original results were duplicated to z 5% down
to the levels shown in Table II. Next, repeat analyses

were made for Zn, Cu, Fe, and Mn on 10 groundwater samples
which were 2 years old, In this case, the first analyses
were made using completely different standards. There was

a scatter of the results which averaged 165 for Fe, 4% for
Mn, 8% for Zn, and 5% for Cu. No trend towards lower con=-
centrations could be established,

The conclusion 1s that for the elements listed in
Table II and down to the concentration levels listed in
Table II there appears to be no deterioration of samples
or standards of mine effluents so long as the specimens
are collected and stored according to the procedures

described,
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Table I. Chemical Compositions of the Original Standard
Mine Drainage (SMD - 1974) and the Most Recent
SMD., All concentrations are in mg/l,

Element SMD - 1974 SMD - 1976
Na 30 k6
K 10 16
Mg 300 300
Ca 350 400
Fe 800 800
Mn 300 300
Cu 100 100
Zn 150 160
cd 1,0 2.0
Pb 0.50 1,0
As 1;0 2,0
Mo 1.0 -
S0y~ 4000 4000
Al - 260
Co — 1,0

N1 - 1.0
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Table II,

Element
Fe
Mn
Ca
Mg
Na
K
Cu
Zn
Ca
Pb

99

Concentration Levels to Which Dilutions of the

1974 SMD Were Checked for Aging.

Dilution
1000
1000

100
2000
50
50
1000
1000
10

ns/1

0,80
0.30
4,0
0.15
1.0
0.40
0,10
0.16
0,20
0420
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APPENDIX 3

Geological Outline of the 5 Mining Districts
Where Water Samples Were Collected

1. Silyer Plume District

It is located in the west-central part of Clear Creek
Countx_surrounding the town of Silver Plume, Precious
metalsvwere first discovered in 1859. The rich surface
ores were worked chlefly for gold although most of the
velns in depth have since produced more sllver than gold.

The most abundant rocks are the Idahc Springs forma-
tion and the Silver Plume granite, being quartz-biotite
schist, the most ébundant and widespread typerf schist.
The principal metals produced in this district are silver,
lead, zinc and gold. The ore deposits are classified in
two groups: silver-lead and pyritic gold depocsits. The
pPrincipal metallic sulfides of the lead-silver ores are
sphalerite and galena with locally considerable pyrite.
The silver minerals found are polybasite, argentiferous
galena and tetrahedrite, argentite, pyrargyrite, and proustite.
The most abundant gangue mineral in ﬁhe lead-silver velns
is quartz, but there are also considerable amounts of car-
bonate such as siderite, ankerite, rhodochrosite, magnesite,
calcite, and dolomite; sericité, barite, cherty silica and
locally kaclinite are alsc common, The sequence of mineral

deposition in the velins is as follows:



T-1888 101

l. Quartz and some pyrite
2, Massive galena, sphalerite and pyrite with some
quartz

3« Carbonates and quartz

4k, Other gangue minerals

The chief minerals in the pyritic gold deposits are
pyrite, chalcopyrite,‘gold, small amounts of silver, and
quartz., Galena and sphalerite are generally present in
small amounts. The gangue minerals include quartz, brown
carbonates, and sericite. The valuable metals in the
ores are gold, silver and copper. The Burleigh Tunnel is
in the galena-sphalerite ores with some polybasite, tetra-

hedrite and a little pyrite.

2, Central City-Idaho Springs District
This district is historically the most important of

the several mining districts that form the mineral belt of
Colorado. It is in a terrain of Precambrian crystalline
rocks intruded by many small dikes and irregular bodies of
porphyritic igneous rocks of early Tertiary age and are cut
by abundant faults which contain the ore deposits; The
most abundant rocks are schlst and granlte gneiss. Schist
predominates in the Idaho Springs region but includes
numerous lenses of gfanite gnelss and pegmatites, Intru-
sives of the Laramide revolution are abundant in the min-

eralized area. The porphyries occur in numerous dikes and
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small irregular stocks.

The ores that occur in this district are gold, silver,
copper, lead, zinc, and uranium but the most important
valuable metals have been gold and silver, The ore deposits
are veins and stockworks formed duripg the Laramide revolu-
tion and are génetically related to porphyritié intrusive
rocks. The ores are of two main t&pes: one consistiné
mainly of pyrite, chaicopyrite and quartz and the other
of galena, sphalerite, chalcopyrite and subordinate pyrite.

The central zone is formed by the pyritic ores which
are predominantly pyrite and gangue with subcrdinate smounts
of chalcopyrite, tennantite, gold, enargite, and other
metallic minerals., Gold predominates in value over the
other metals. Gold and silver are chiefly associated with
chalcopyrite and tennantite. The gangue minerals are quartz,
siderite, fluorite and sericite.

The peripheral zone is formed by the galena-sphalerite
ores composed of galena, sphalerite, and pyrite with subcr-
dinate amounts of chalcopyrite, tennantite, and bornite.

The common gangue minerals are quartz, calcite and siderite.
.The Lucania funnel cuts mines that are of this type with
little disseminated pyrite.

The intermediate zone 1is integrated by the composite
ores which are those transitional in character between the
pyritic and galena-sphalerite ores. The National Tunnel 1is

located in this zone.
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3+ Boulder County Tungsten District
Most of this district lies within the batholith of

Boulder Creek granite and a small but very productive part
lies within the area of metamorphic rock bordering the
batholith on the west. Tertliary dikes of hornblende monzon-
ite porphyry and hornblende diorite porphyry are common in
the western part. In the eastern part, dikes of blotite
monzonite porphyry and the associated intrusion breccias

of blotite latite have been found.

The mineral composition of most of the veins 1s very
simple. Although many minerals have been found, only a
few are common., The gangue is microgranular quartz locally
known as *horn' and the only ore mineral is ferberite.

Sericite and‘some clay minerals are common throughout the
district, barite in small quantity 1s widely distributed,
and in certain veins iron sulfides are sufficliently abundant
to lower the grade of the ore. Hematite and magnetite occur
with some of the ferberlte ore at scattered localities.,

. Pyrite, marcasite, galena, and sphalerite are rare but are
locally assocliated with the ferberite as late minerals.,
Calcite and ankerite occur as early minerals in some of the
veins and andularia 1s present locally in the veins and wall
rocks.,

Nearly all the tungsten ore mined contains so little
manganese that it 1s classed as ferberite instead of wclfra-

mite. The primary tungsten ore is found in velins, most of
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which are vertical or dip steeply. The ore 1is almost
entirely a fissure filling and shows little or no replace-
ment of the country rock. The Clyde Mine is one of the more

productive mines of this district.

4, Géld Hill District

It is located northwest of Boulder and is known for
its rich gold=telluride ores. It is mostly within the
northern part of a batholith of Boulder Creek granite, but
schist 1s present in the western parts of the district.
Pegmatites dikes are abundant, and in places there are
dikes of gneissic aplite, hornblende dlorite, and Silver
Plume granite.

The ore deposits are closely related structurally to
the early Laramide faults called breccia reefs, Most of
the vein fissures strike northeast and dip steeply south-
east. They are filled chiefly with gold-telluride ores,
but some contain valuable pyritic gold ore and a few conL
tain silver-lead ore.

The principal ore minerals of the tellurides are
petzite and sylvanite, and free gold is common in places.
Pyrite and chalcopyrite are the characteristic minerals of
the pyritic gold veins, being the gold largely associated
with the chalcopyrite. In the silver-lead veins, argenti-
ferous gray copper and argentiferbus galena are the princi-

pal minerals, but sphalerite is common 1ln places,
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The Corning tumnel intersects the slide vein which con-
tains high grade telluride ore and very finely dissemlnated
pyrite. It also intersects the Klondike and twin veins

which are of low-grade pyritic ore.

5. Jamestown District

It lies in the central part of Boulder County, north-
west of Boulder. In 1875 the first telluride ore was dis-
covered and in 1903 the presence of commercial deposits of
fluorspar was known. This district is entirely located
within the Precambrlian complex of the Front Range. The
type of rocks are Precambrian metamorphic rocks, Precambrian
granltes, and intrusives of the Laramide revolution, including
a varliety of porphyry stocks and dikes,

This mineral district has been.primarily producing
gold but has also been supplying considerable amounts of
fluorspar, lead, silver, and small amounts of copper. The
deposits are generally divided in four types based on age
and characteristic minerals:

(1) Lead-silver deposits

(2) Fluorspar veins and breccla zones

(3) Pyritic gold veins

(4) Telluride veins

These four types of deposits are lrregularlyzdistributed
around the sodic granite porphyry stock in a rough zonal

arrangement and appear to be genetically related to that
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stock,

The lead-silver deposits include both veins and
irregular and pipelike bodies in or bordering fluorspar
breccla zones. Abundant argentiferous galena and gray
copper and variable amounts of chalcopyrite, sphalerite,
-and pyrite are mixed with a gangue of glassy to milky
quartz and some fluorspar.

The fluorspar deposits consist of breccla zones aﬁd
veins that form a northwestward trending belt 1n granite
and granodiorite. The'veins and breccia zones are filled
with purple to deep violet fluorspar, both granular and coarse-
ly crystalline, and contain some quartz, clay minerals, dls-
seminated pyrite, and small amounts of galens, gray copper,
sphalerite and chalcopyrite.

The pyritic gold veins f1ll the later faults fissures
consisting chiefly of glassy, milky quartz and coarse-grained
pyrite and chalcopyrite. Galena and sphalerite are present
in some veins and are locally abundant. The gold occurs
free or 1is closely associated with chalcopyrite.

The Emmett mine is the deepest fluorspar mine in the
district. The veln is filled with abundant coarse-~-grained
fluorspar fragments cemented by fine-grained fluorspar,
clay minerals, and quartz. Pyrite 1s disseminated through-
out, and small amounts of galena, chalcopyrite, sphalerite,

and gray copper are locally present.
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APPENDIX 4

The equations and thermodynamic data used in the con-
struction of the Eh-pH dlagrams and in the calculation of
redox potentials are presented in this section. The thér-
modynamic data were extracted from Sillen and Martell (1964),
Stumm and Morgan (1970), and Rubin (1974). \

Equation =Log., K
(1) Hy0 === H' » OH” 14.00
(2) Hsoy” === H* + S04 1.96
(3) HoS e=-- H* 4 HS™ 7.04
(4) PoS (galena) === PO* 4 5T 28.20
(5) PbCO3 (cerussite) =---- Po'* 4 COJ 13.00
(6) PbSOy (anglesite) =-=-- Pb'* 4 SOF 789
(7) Pb(OH),(s) === Pb"™ & 20H” 14,93
(8) 2re?* 4 2H,0 S Fez(OH);h.+ 2E" 2.91
(9) FeX* & H,0 -ee=  Pe(0H)?* » B* 3.05

(10) Fe(0H)?* + H,0 ----  Fe(0H)}+ E' 3.26

(11) Fe(0H)) + 2H,0 ---- Fe(OH), + 28" 15,49

(12) Feo* 4 3H,0 -—-- ,Fe(6H)3(s) + 3E* 3430

(13) Fe? 4 HLO 'm===  Fe(oH)* + E* 8,30

(14) Fe®* 4+ 28,0 -===  Fe(0H),(s) + 2H*  12.90

(15) Fe* » F- --—-  FeF?* -5.20

(16) Fe’* + 2F" ---= FeFJ -9.13

(17) FeX* 4 3F" === FeF, -11.97
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(18)

(19)
(20)

(21)

HF
Feo* + SO
FeS0,” + 3H,0

FeS0,” + 2H,0

108

HY + F~ 2,94
FeS0," -4,16
Fe(OH)3(s) + S0y~ +

35* 7 .46
Fe(OH),* + S0y +

26" 10.47
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Equation

(1),

(2)
(3)
(%)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)

(17)

0, + 4™ + 4e
2a* + 2¢€

Fed* 4+ &

HSOy + 9H* + 8¢

soj + 10HY + 8¢
S0y + 9H* + 86

FeSO[," + e

Fe(OH)B(s) + &+ ed’
Fe(OH)5(s) + €+ gE*
Fe(OH)B(s) + &+ 26t
+ 28T + 2¢

Fez(OH)z
Fe(0H),* + 28" +

Fe(OH),™ + 4E" + €
Pe(0H),™ + 3E' + &
PbSO,(s) + 8H' + 86
PbCO4(s) + SO, + 9H™ +

109
E° (volts)
2H,0 1.23
Hj .00
Fel* .77
H,S + 4H0 .25
- Hp8 + 4H,0 e26
HS™ + LH,0 o21
Fe'* » so, .53
Fe'¥ + 3Hp0 .97
Fe(OH)p(s) + Hy0 .20
Fe(oH)* + 2H,0 .48
2re*™ + 28,0 .86
Fe' + 2H,0 1,14
Fe** + LH 0 2,06
Fe(0H) + 3Hz0 1.57
PbS(s) + U4H50 o25
86 ---PbS(s) + 4H,0 +

Hco3‘ 29

Pb(0H)y(s) + SO, + 10H* + 8¢ --- Pb(s) + 6Hx0 41
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Mass Balance of Fe

CFe(ToTaL)] = [Fe(11)] + [Pe(111)]

[Fe(111)] = [Fe3*] + [Feso}] + [Fer?*] + [Fe(om)**] +

2[Fe2(oa)24"] + [Fe(om),"]
[Fe(11)] = EFe2+j + [Fe(om)”]

NERST EQUATION: Eh = E° + ;~'.<>.%2l 108{;::&)

Other equations used were the followings

- 2
1, I=3%2% miZi

2-%

AZ11

2, log f3 = = ==2lew 4 BOI
1+alBIi

3. ai = fimi

where I = lonlc strength
my = molar concentration of specie 1
Zy = charge for lionic specle 1
a, = activity of specie 1
f. = activity coefficient of specie i

&, = aqueous ion size of specle 1
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A, B, and B® are constants and at 25°C for aqueous
solutions have the following values\n
A = .501
B = .328
BO = ,041
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Ion Sizes, Activity Coefficients, and Ionic Strength Are

Tabulated
Ionic Ion Argo National Emmett
Specles Size T¥n23}10 ‘IT:n?gi IMin?ls
Felt 9 .18 .27 .15
Fep(0H),™ 10 .06 11 o
Fe(oH)2* 5 .38 <50 34
Fe(0H)," 5 .79 .85 .76
FeF2¥ 5 .38 «50 3
Fe+ 6 A1 52 37
50,7 4 .36 48 31
P~ L .78 .83 «75
ca™* 6 1 .52 .37

Feso,” 5 .79 .85 .76




