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'E‘éas;th’mughout the world have

‘been mined for metals, sometimes
usands of years. Metal-rich

)'WaSte resulting from this activity

ay be deemed to pose a hazard to

‘human health and environmental
quality. Remediation programs and

monitoring of such sites may be en-
hanced if knowledge is available
concerning the natural concentra-
tions of metals that existed in the
mineralized areas prior to distur-
bance by humans. In the United
States approximately 50 mining
sites are the subject of Superfund
(CERCLA) investigation and litiga-
tion.

A difficult question that almost
always arises is: What were the nat-
ural background concentrations of
the metals of concern in the mined
areas prior to mining? Because of
the anthropogenic overprint, it is
exceedingly difficult to recognize
the original geochemical character-
istics of the region. For example,
Hosking (1) describes how the natu-
ral background geochemistry in
Cornwall, England, has been ob-
scured by more than 2000 years of
mining and related activities.

If natural background concentra-
tions in mineralized districts could
be characterized, the data should be
helpful in devising realistic plans
for remediation and monitoring. For
example, in mineralized areas it
may not be scientifically reasonable
or technically possible to remediate
the water to standards that are lower
than the natural background con-
centrations.

Three methods are proposed for
estimating natural background
chemistry of water in mineralized
areas that have been mined: exami-
nation of historical documents,
comparison to natural concentra-
tions in mineralized areas that have
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not been mined, and theoretical
geochemical modeling. These ap-
proaches range from qualitative
(historical descriptions) to quantita-
tive (geochemical modeling).

Historical records

The geological and geochemical
literature is rich in accounts of nat-
ural, metal-rich waters. Perhaps the
earliest is by Agricola, who in 1546
stated (2, 3): “Now I will discuss
that kind of minerals for which it is
not necessary to dig, because the
force of water carries them out of
the veins. Of these there are two
kinds, minerals—and their frag-
ments—and juices . . . If the springs
discharge water containing some
juice, this also should be collect-
ed....”

Historical records tend to be qual-
itative and subjective, but investiga-
tors should examine such accounts
for descriptions of “natural contam-
ination.” For example, Red Creek,
Sulfur Creek, Alum Creek, Bitter
Creek, Copper Creek, Red Mountain
Creek, Red Dog Creek, Iron Spring,
and Buttermilk Spring are actual
geographic names that describe nat-
urally contaminated waters.

In the San Juan Mountains of
southwestern Colorado near Ouray,

metal-rich Red Mountain Creek
drains the abandoned Red Moun-
tain Mining District. In December
1972 a sample of the water had a pH
of 3.3, with dissolved concentra-
tions (filtered, 0.45-um membrane
filter) of 32 mg/L Fe, 0.030 mg/L
Cd, and 3.5 mg/L Zn (4). Today it is
visually obvious that Red Mountain
Creek is affected by metal-rich
drainage from abandoned mines,
waste dumps, and tailings piles.
However, based on early geologic
publications, it is equally obvious
that Red Mountain Creek was natu-
rally contaminated by acid rock
drainage before miners arrived on
the scene. In fact, in the early litera-
ture the stream was called ‘‘Red
Creek” rather than “Red Mountain
Creek’ (5). We also find such chem-
ical descriptions as: *“. . . all streams
and springs are impregnated with
mineral. . ..” (5, p. 79) and “. . . the
abundant strongly mineralized
springs which issue from the sur-
face in this district at the present
day” (6, p. 108). The early geologic
accounts (7, p. 98) also tell of

. abundant iron springs. ..." A
partial analysis of a spring in 1888
included (6): ““SO,; [sic]—very
much; Fe—much; Zn—a little; Cu—
0.65 ppm.”
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Another example comes from the
classic lead-zinc deposits of the
Mississippi Valley Type (MVT) in
the midcontinental United States
(8). Surface waters were certainly in
contact with the metallic ores of the
area before mining began because
the earliest mining by French ex-
plorers in the Southeast Missouri

galena (PbS) from the soils and
weathered bedrock (9). The first dis-
covery of ore in southeastern Kan-
sas was in 1868 in a water well (10),
again showing the shallow expo-
sure of the sulfide mineralization.
In 1879 Mudge stated: “ thp lead
and zinc ores are among the broken
limestone and chert . .. the waters
coming over these various minerals
is more or less charged with them
and with silic [sic] and sulfuric
acid ...” (11). Siebenthal (12) at-

tributed the numerous yellowish:

“buttermilk” springs in the area to
pring Mmed vs. nonmined 4

the presence of colloidal zinc car-
bonate; some springs in southeast-
ern Kansas were reported to contain
zinc in the range of 100-130 mg/L.
Smith (13) attributes the high zinc
content in spring waters to the oxi-
dation of nearby deposits of sphal-
erite (ZnS) ore. Additional reports

.»1.‘.

of mineralized groundwater in Kan-
sas and Missouri are found in other
old scientific documents (10, 14).
In summary, historical records
show clearly that natural waters in
mineralized areas commonly had
low pH.values and elevatagg;uncen-
trations of metals before mm’fng,be-

_gan.
District (in the early 1700s) con- ¢
sisted simply of gathering chunks of

€ 1t may not he ...
possible to remediate
the water to standards
that are lower than the
natural background
concentrations. ¥

Perh:aps the most useful a_ppfoach
to characterizing the natural back-
ground geochemistry of water is a
simple comparison of the concen-
trations of metals and other compo-
nents in areas that have and have
not been mined.

For example, Kepler (15) reports
that Iron Spring, south of Telluride,
CO, has a pH of 3.9 and contains to-
tal concentrations up to 1.5 mg/L of
Fe, 0.27 mg/L Cu, and 0.40 mg/L Zn
in an area that has not been mined.
Farther to the south in the San Juan
Mountains, Alum Creek and Bitter
Creek have natural pH values be-

_tween 2.7 and 3.3, with dissolved

&oncentratlons of up to 17 mg/L Fe,

227 mg/L Cu, and 0.94 mg/L Zn
(25). If this were a mining area, the
low“qPH values and high concentra-
tions of metals mlght be incor-
rectly attributed to mining, not to
natural processes of weathering
and leaching.

Table 1 presents a summary of
partial analyses of waters from min-
eralized areas throughout the world
that have not been mined. The data
show that values of pH as low as 2.6
and total (nonfiltered) concentra-

~tions of Cu and Zn as high as

68 mg/L and 16 mg/L, respectively,
have been reported in stream waters
draining exposed sulfide deposits
in Canada. The data in Table 1 show
that total concentrations of 2 to
3 mg/L Cu and Zn are fairly com-
mon in waters associated with non-
disturbed ore deposits. Data for Cd
and Pb are sparse, but concentra-
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tions of a few tenths of a milligram
per liter represent the upper limit of
natural concentrations for these
metals in waters from many miner-
alized areas.

Three published summaries of
worldwide averages of metals in
stream waters from nonmineralized
areas were examined (3, 21, 39); the
ranges of these global averages (in
mg/L) are: Cu, 0.002 to 0.007; Zn,
0.010 to 0.020; Pb, 0.0002 to 0.003;
and Cd, 0.00003 to 0.00007. Com-
pared to these global values, con-
centrations of metals associated
with metallic mineral deposits (Ta-
ble 1) are up to 3—4 orders of magni-
tude higher.

Shvartsev et al. (23) analyzed
nonacidic (pH from 6.8 to 7.8) wa-
ters adjacent to ore deposits. They
point out that the natural concentra-
tions of metals in nonacidic waters
in proximity to ore deposits can ex-

ceed nonmineralized background
concentrations by hundreds to
thousands of times. The maximum
total concentrations (in mg/L) given
by Shvartsev et al. (23) for metals in
neutral waters near ore deposits in-
clude 0.26 Cd, 15 Mn, 1.0 Cu, 0.25
Pb, and 2.5 Zn, representing natural
enrichment factors over nonminer-
alized background concentrations
in waters of those regions of 5200
(Cd), 1500 (Mn), 1000 (Cu), 500
(Pb), and 1250 (Zn).

The large Red Dog ore deposit in
northwestern Alaska was discov-
ered because it was exposed at the
surface of the Earth. The ore con-
sists chiefly of sulfides of Zn, Pb,
Fe, and Ag, in a host rock of black
siliceous shale and chert (40).
Chemical analyses from a 16-month
baseline study conducted before
mining began at Red Dog (41, 42) re-
veal natural contamination of

stream and groundwaters by leach-
ing of metals from the nondisturbed
ore body. Analyses of 16 samples of
stream water (three sites) upgradi-
ent from the deposit and three sam-
ples of stream water (two sites)
within the zone of exposed mineral-
ization showed the following ranges
(in mg/L) of dissolved metals (field-
filtered, 0.45-um membrane filters):
Zn, 0.036 to 0.7 upstream, 11.0 to
272 downstream; Pb, 0.001 to 0.45
upstream, 0.004 to 2.25 down-
stream; Cd, 0.002 to 0.10 upstream,
0.14 to 0.80 downstream. The con-
centrations were highly dependent
on season. Shallow groundwaters
collected from pits downgradient
from the nondisturbed Red Dog de-
posit reportedly contain total (non-
filtered) concentrations up to
3.67 mg/L Cd, 3.58 mg/L Pb, and
328 mg/L Zn (41).

In summary, stream waters and

TABLE 1

Ranges of compositions of surface and shallow groundwaters in contact with undisturbed mineral

deposits®

Concentration (mg/L)

Location

(type of water sampled) Rocks pH Cu Zn Pb Cd Reference

North Wales, Turbidite, slate, nr >0.10° nr nr nr 16
Great Britain diorite
(stream and
groundwater)

France (six deposits)  Carbonates and nr 0.01-0.03 0.02-0.17 <0.001-0.02 nr 17
(stream water) siliceous

New Zealand nr nr <0.001-0.080 nr nr 18
(stream water) (total Cu + Zn)

Yukon, Canada Intrusive 2.6 0.03-2.92° nr nr nr 19
(stream water) igneous

New Brunswick, nr 2.7-7.0 <0.001-0.03 0.005-0.3 <0.001- nr 20
Canada 0.006
(three streams)

Russia (six regions) nr nr 0.01-0.13  0.04-05 nr nr 21
(groundwater

Northwest Territories,  Metavolcanics, 3.5-4.1 0.24-0.090 0.073-0.19 0.006-0.018 nr 22
Canada (1 lake) carbonate-poor

Northwest Territories, Metavolcanics, 3.4 0.87-2.1 1.1-2.0 0.34-0.51 nr 22
Canada (2 springs) carbonate-poor

Russia Shallow portions 6.2-7.8 1.0 (max.) 2.5 (max.) 0.25 (max.) 0.26 (max.) 23
(many sites; max. of weathered
values in shallow ore deposits
groundwaters)

Yukon, Canada Metamorphic nr 0.005-0.1 0.11-0.14  nr nr 24
(stream) and igneous,

no carbonate

Arkansas, Quachita Shale, chert, nr 0.001-0.85 0.002-0.14 <0.01-0.059 nr 25
Mtns. (regional sandstone,
groundwater) limestone

Northwest Territories,  Volcanics and 3.0-3.8 1.0-68.0 1.1-16.0 0.34 nr 26
Canada thin limestones (one value
(three streams) reported)

Northwest Territories,  Igneous and 35-74 <0.001— <0.001-0.50 <0.001- nr 26
Canada (many lakes, = metamorphic, 0.064 0.010
in four areas near with minor (20 lakes)
exposed ores) carbonates

Puerto Rico Intrusive 3.9-8.4 <0.03-4.1°* <0.015- nr nr 27
(streams) igneous 122

N.W. Arizona Intrusive 4.0 12.0° 33° nr nr na
(one spring) igneous
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shallow groundwaters associated
with ore deposits that have not been
mined can be naturally acidic (pH
as low as 2.6), with documented fil-
tered concentrations of Cu up to
12 mg/L, 272 mg/L Zn, 2.25 mg/L
Pb, and 0.80 mg/L Cd. These natu-
ral concentrations of metals can far
exceed the EPA primary and sec-
ondary standards for drinking water
(pH between 6.5 and 8.5, 1 mg/L for
Cu, 5 mg/L for Zn, and 0.010 mg/L
for both Pb and Cd) as well as the
EPA water quality criteria for the
protection of aquatic life (43).

Predictive geochemical modeling

A third approach, predictive
geochemical modeling, can put re-
alistic upper limits on the concen-
trations of chemical components to
be expected in natural waters at
equilibrium with rock and ore min-
erals (44-47). Predictive geochemi-

cal modeling allows one to vary im-
portant environmental parameters
over a range of hypothetical condi-
tions of exposure and weathering of
an ore deposit. The output includes
the predicted aqueous speciation
and concentrations of dissolved
metals at equilibrium with selected
minerals, plus the state of satura-
tion of the water with respect to a
variety of minerals and solid com-
pounds. We present below an exam-
ple involving waters in the old Tri-
State Mining District, Kansas (8),
using the computer code PHREEQE
(44).

Important limitations are in-
volved in predictive geochemical
modeling. First, the choice of solid
phases must be realistic and repre-
sentative of the rocks involved. Sec-
ond, such important input parame-
ters as the Ey; and partial pressure of
carbon dioxide gas must be reason-

able and representative of the envi-
ronmental conditions being ex-
plored. And third, it is assumed that
chemical equilibrium is attained.
Each of these assumptions is dis-
cussed below.

In this study the first two condi-
tions mentioned above—the choice
of solid phases and geochemical in-
put parameters—were based on
published summaries of mineralogy
(8) and geochemical parameters (48,
49) and were realistic for the site.
The assumption of complete chemi-
cal equilibrium is of fundamental
importance and has been the sub-
ject of much discussion (44-47). In
natural situations the kinetics of im-
portant reactions may be too slow to
allow equilibrium to be fully
achieved; for example, dissolved
species of redox-sensitive elements
are rarely in oxidation-reduction
equilibrium in shallow ground-

Concentration, mg/L

Location
(type of water sampled) Rocks pH Cu Zn Cd Reference
Czechoslovakia nr nr nr 0.05-0.25 nr 28
(many springs, wells, (Zn or Pb, not specified)
streams
Wisconsin Dolomite, chert, 6.9-7.4 nr 0.05-0.27 nr 29
Zn-Pb district limestone 21 (75th percentile, mainly Zn)
(3766 springs) samples)
Wisconsin Dolomite, chert, 7.1-8.7 nr <0.002-1.5 nr 30
(a;:frox. 90 springs limestone (total heavy metals,
and streams) mainly Zn)
Northwest Territories, Precambrian nr 0.002-0.020 nr nr 31
Canada basalts and
(lakes) sediments
Ontario, Canada Precambrian nr 0.003-0.070 nr nr 32
(four shallow metamorphics
groundwaters)
Park County, Montana Igneous, 2.73-3.93 0.30-7.9 0.07-1.1 <0.01 <0.0002- 33
(two springs) sedimentary, 0.003
contact
Mt. Haldane, Yukon Metamorphic, 5-8 <0.010-2.0 nr 34
(nine streams) with minor (total heavy metals, mainly Zn)
limestone
Basin and Parent Metamorphic, 4-6 0.080, 1.7, 50. 35
Creeks, Yukon with minor (total heavy metals, mainly Zn)
(three springs) limestone
Basin and Parent Metamorphic, 4-6 0.010-7.0 35
Creeks, Yukon with minor (total heavy metals, mainly Zn)
(two streams) limestone
Flambeau, Wisconsin  Precambrian 58-7.4 0.003- 0.005-1.8° <0.0025° 0.0002— 36
(groundwater) volcanics 0.085° 0.024°
Flambeau, Wisconsin  Precambrian 6.2-8.0 <0.005— <0.05- <0.0005°  <0.001° 36
(river water) volcanics 0.30° 0.068°
Crandon, Wisconsin Glacial drift, 7T <0.001— <0.001-2.6° <0.01-0.10° <0.001- 37
(groundwater) above subcrop  (mean) 0.09° 0.015°
of sulfide ore
in volcanics
Crandon, Wisconsin Volcanic 5.9-8.1 <0.001- 0.041-15° <0.01-0.39° <0.001- 38
{groundwater) bedrock (six 0.27° 0.027°

deep drillholes)

aType of enclosing rock is listed if reported. Values are for total metal except where indicated; nr = not reported; max. = maximum value reported;

na = not applicable, Runnels, D. D. University of Colorado, Boulder, unpublished data, 1981.

b Dissolved = filtered value.
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water (50). Therefore, the concen-
trations of metals predicted by an
equilibrium geochemical model
will be in error if equilibrium is not
attained.

In general, geochemical modeling
involving the dissolution of miner-
als will yield predicted concentra-
tions that are too high (because of
kinetically slow reactions) and will
represent a worst-case situation;
this is almost certainly true for flow-
ing stream water that is only briefly
in contact with exposed ore miner-
als. In contrast, equilibrium model-
ing will yield predicted concentra-
tions that are too low for dissolved
species that are supersaturated in
solution and kinetically inhibited
from precipitating. The assumption
of equilibrium is likely to be most
acceptable for buried ore deposits
that are in contact with slowly mov-
ing groundwater.

The data presented earlier for the
Red Dog deposit illustrate that
groundwaters in contact with ore
contain higher concentrations of
metals than stream waters just a few
feet away. The differences in con-
centrations probably result from the
longer time that the groundwaters
have had to approach equilibrium
with the ore minerals.

Modeling of waters

In the Tri-State District, Kansas,
the ore deposits consist chiefly of
sulfides of Zn, Pb, and Fe, with mi-
nor amounts of Ni and Cd sulfide,
all contained in a host rock of cal-
cite, dolomite, and chert (8).
Parkhurst (51) has investigated the
discharge and metal-loadings in
mine waters of the portion of the
district in southeastern Kansas.

A realistic suite of primary and
secondary minerals was selected
from the data of Brockie et al. (8).
The corresponding minerals, or rea-
sonable proxies from the PHREEQE
thermodynamic database, were de-
fined as being at equilibrium with
the water. The approach was to sim-
ulate the gradual exposure and
weathering of a sulfide ore deposit
that was originally deeply buried,
with increasing partial pressures
(fugacities) of oxygen and carbon
dioxide gas. Twao starting water
compositions were chosen: pure
water and upgradient stream water.
In the modeling exercise these wa-
ters were allowed to equilibrate
with representative suites of ore
and gangue minerals.

The mineral assemblages and ini-
tial parameters chosen for the simu-
lations are listed in Table 2. Values

from Figure 11.2 in Reference 50
were used to estimate the initial E;;.
The Ey of +0.503 volts (at a pH of
7.5) was chosen as a reasonable rep-
resentation of the redox status of
surface water or shallow ground-
water in contact with atmospheric
air, whereas the negative values of
Ey represent the more strongly re-
ducing environments of deeper
groundwaters. Initial partial pres-
sures of CO, gas were estimated
from Reference 49 for two of the as-
semblages; for the third (carbonate)
assemblage an unusually high Pe,
(0.32 atm) was chosen to represent a
situation in which acidic waters
from oxidizing sulfide minerals are
in contact with carbonate rocks. In
the simulations, different assem-
blages of solids were selected to ap-
proximate the mineral assemblages
that might reasonably be expected
under various intensities of oxida-
tion of the sulfides (Table 2). To
achieve a realistic model output for
Mn and Cd, it was necessary to add
MnCO, and CdCO, to two of the as-
semblages in Table 2; these miner-
als have not been reported by
Brockie et al. (8) from the Tri-State
District, but they might reasonably
be expected to be present.

Initial geochemical simulations
involving pure water (not presented
here) showed that all of the sulfide
minerals are thermodynamically
stable and relatively insoluble un-
der strongly reducing conditions,
but extremely unstable and highly
soluble in oxidizing environments.
Oxygenated groundwaters and
stream waters in contact with a sul-
fide ore body would therefore be
subject to varying degrees of con-

tamination by metals, depending on
the length of contact time.

Predicated and observed chemistry

The Short Creek in Kansas flows
generally from east to west through
the abandoned mining district
around the town of Galena. Chemi-
cal analyses of the stream water up-
gradient and downgradient from the
old mining district are given in Ta-
ble 3. The water in Short Creek
about two miles upstream from the
mining area is slightly alkaline and
relatively free of dissolved metals,
but after flowing through the aban-
doned mining area it is mildly
acidic and contains higher concen-
trations of dissolved Cd, Cu, Fe,
Mn, and Zn. [It is important to note
that the downstream samples of wa-
ter in Short Creek summarized in
Table 3 were obtained on the same
day as their upstream counterparts
(52)]. The question is: Could any of
the observed contamination be at-
tributable to natural processes of
weathering and leaching, in the
complete absence of disturbance by
humans?

Creek water and oxidized minerals

As mentioned earlier, some of the
ore bodies in this region were origi-
nally exposed at or near the surface
of the Earth, but evidence for this
has been removed by the subse-
quent mining process.

The output of the predictive
geochemical simulations includes
the compositions of the waters after
equilibration with the mineral as-
semblages of Table 2. The goal of
the simulations was not to exactly
match the observed composition of

TABLE 2

E, and Pgo®

(sulfate, hydroxide, carbonate (su

Three representative assemblages of minerals and solid
compounds used in the computer simulations, with fixed initial

Highly oxidized Slightly oxidized
fide, carbonate, sulfate

Slightly oxidized
(carbonate and sulfate

minerals) minerals) minerals)
Barite (BaSQO,) Barite (BaS0,) Barite (BaSO,)
Jarosite [KFe;(SO,).(0OH);] Greenockite (CdS) Otavite (CdCO,)
Otavite (CdCO,) Sphalerite (ZnS) Siderite (FeCO,)
Cerussite (PbCO,) Galena (PbS) Smithsonite (ZnCO,)
Manganite (MnOOH) Cerussite (PbCOy) Cerussite (PbCO;)
Ferric hydroxide [Fe(OH),] Rhodochrosite (MnCO,) Calcite (CaCO,)
Ni(OH), (precipitate) Calcite (CaCOg) Dolomite [CaMg(CO5).]
Zn(OH), (precipitate)

Initial Ey, and log Peo,
Ey =(+)0.503 V (-)0.118 V (~)0.148 V
Peo, = (-)3.0 (=)2.0 (-)0.5

4 Assemblages chosen to represent various degrees of oxidation of a Tri-State ore body.
Last column involves carbonate minerals with high partial pressure of CO, gas (0.32 atm).

2320 Environ. Sci. Technol., Vol. 26, No. 12, 1992



TABLE 3

Analyses of Short Creek water from locations about two miles upstream and two miles
downstream from the Galena Mining District, southeastern Kansas®

Dissolved concentrations (mg/L)

Alkalinity
Location Na K Ca Mg (CaCOy) Cl S0, Si0O, pH Ba Cd Cu Fe Pb Mn Zn
Upstream 120 41 45 76 2.0 50 B0 75 010 -0 0 002 0 0.04 0.19
Downstream 93 50 7t 6.5 8 80 240 17 60 0 017 002 001 -0 {75525
Source: Reference 52.
2 All waters collected August 12, 1981.
water from western Short Creek, but
to simply determine if it is chemi- TABLE 4
cally possible to release significant | pregdicted dissolved concentrations in water as a function of
concentrations of dissolved metals mineralogy, E,, and Pgo, (mg/L)*
and other species into Short Creek
water under reasonable scenarios of Frdicwd —" s
natural weathering and dissolution. Component Highly oxidized  Slightly oxidized oxidized Shot Croek
The final predicted concentrations ;
resulting from equilibration with Final pH e 7.0 9.8 wl
each mineral assemblage are listed Ba 0:0092 0.0059 020 0
in Table 4. Under the “highly oxi- gg 4:3 028 753 010 21(1) 2 7; 17
dized” scenario (corresponding to F : it i ’
: : e 0.00077 0.020 2.4 0.010
the assemblage in the first column K 100 o he 5.0
in Table 2), all of the metals and Mg = he 23 6-5
nonmetals are in their highest natu- Ni 49.0 o 3 b
I‘a]. Oxidation States, With the excep- Pb 0.57 0.45 0.45 0
tion of Mn; an increase in Ey; would Mn 16 12.3 ns 1=
therefore not change any of the pre- 7 180 104 18 25
dicted concentrations except Mn, S0, 540 1900 50 240
which would decrease. aThe second, third, and fourth “Predicted” columns correspond to columns of Table 2. The last col-
In examining and comparing the umn repeats data of Table 3, summarizing composition of Short Creek west of the mineralized area.
results of the three simulations [See Values are rounded to two significant figures; ns = not simulated; nr = not reported.
second through fourth columns in

Table 4), it is clear that the concen-
trations of metals and other compo-
nents in contaminated sections of
Short Creek could certainly result
from natural weathering of a variety
of assemblages of ore minerals of
the Tri-State Mining District, under
realistic simulated conditions. In
fact, some of the predicted concen-
trations are surprisingly close to
those that are actually observed in
the downstream creek water.
Clearly, contamination from anthro-
pogenic sources is not the only pos-
sible explanation for the present
concentrations in Short Creek.

A more rigorous prediction of the
concentrations of dissolved species
associated with weathering ore de-
posits would require a more definite
understanding of the mineralogy and
the geochemical parameters (Eg,
Pgg,) that control the system, as
well as assurance of chemical equi-
librium. As presented here, equilib-
rium geochemical modeling repre-
sents only a first approximation to
the real situation; it does not in-
clude such complicating factors as
modification of natural flow paths
by mining, rubblization of the rock,
fresh exposure of the minerals to air
in mine workings, and the like.

Summary and conclusions

Three approaches have been pre-
sented for estimating the chemistry
of waters that existed in nature in
mineralized regions prior to human
disturbance. These range from qual-
itative (historical records) to quanti-
tative (predictive geochemical mod-
eling).

All three approaches demonstrate
that “natural contamination” of wa-
ter in contact with undisturbed
mineral deposits should be ex-
pected. Concentrations of metals in
water may be orders of magnitude
higher in mineralized regions than
in nonmineralized areas, even in
the absence of mining.

Remediation can be a necessary
and accepted activity in historic
mining districts. However, stan-
dards for remediation should take
into account the fact that the natural
chemical quality of water in miner-
alized regions will usually not be as
good as in nonmineralized regions.
Data of the type presented here can
offer alternative targets for remedia-
tion that are more reasonable than
standards that do not recognize the
probable effect of natural processes

of weathering and leaching of met-
alliferous ores. In the absence of
meaningful information on natural
background concentrations, targets
for cleanup may be set that require
water to be purer than that which
existed originally; such targets may
be scientifically unrealistic and eco-
nomically unachievable.
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