Oxygen Isotopes of Dissolved Sulfate as a Tool
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Dissolved Constituents

By Winfield G. Wright and D. Kirk Nordstrom

ABSTRACT

Natural and mining-related dissolved-constituent concentrations need to be distinguished in a water-
shed affected by abhdoned mines to prioritize subbasins for remediation and to assist with the establish-
ment of water-quality standards. The oxygen isotopes of dissolved sulfate can be used to distinguish
between natural and mining-related sourcessdgalved constituent Several methods employing the oxy-
gen isotopes of dissolved sulfate can be used to determine the relative amounts of natural and mining-
related dissolved constituents in water: (1) the isotope-dilution equation for simple mixing zones (two
sources and one recéig stream); (2) the isotope mass-balance equation for streams receiving dissolved
sulfate from multiple geologic sources; and (3) graphical relations and the mathematical solution of simul-
taneous equations in a watershed approach. Using the different methods for data collected during low flow,
about 71 to 75 percent of the dissolved-constituent concentratietisom natural sources in selected sub-

basins of the upper Animas watershed.

NATURAL AND MINING-RELATED
CONCENTRATIONS OF DISSOLVED
CONSTITUENTS

Natural and mining+elated concentrations of
dissolhed constiuents nexd to bedistinguished in
watershals dfected by ebandored minesin order to
prioritize subbainsfor remediation and to &sist
with the establishment of water-quality standads.
Thetypical method for distinguishng beween na-
ural and mining-related sourcesof disolved con
stituentsis a mass-balance approach, in which dl
mines and ndural streams are sanpled synopticaly
(asnapshot in tme), and amassbdanceis obtdned
for a conservative constiuent (such & dissoled
sufate or zinc). However, in the mountanous
Uppe Animas Watershed (fig. 1), thiscan be a
monunentd tasksubject to erors, and theoretically
consevative consttuentsmight rot betruly conser-
vative. Oxygenisotopesof dissdved sufate can be
used to distnguish natural and mining-related
saurces onawatershal basis,and theresultscan be
used to verify massbdance calculations ofnaural
and mining+elated dissdved consttuents When
used in massbdance calculations,oxygen isotopes

of dissolvel sulfate can provide very accurate esti-
mates of naural and mining-related dis®lved con
stituents.

THEORETICAL DESCRIPTION OF THE
OXYGEN ISOTOPES OF DISSOLVED
SULFATE

Datafor theoxygen isotopes ofdisolved sut
fate (symbol 3'80sqz- ) can provideinsightinto the
processes that formed thesufate. In sonegeologic
sdtings, 6'%0sqz- déea can refledt the minerdogy
of the dissoled-suffate souce. Thed'®0sqz- daa
also @n daermine whether sulfate redudion has
occurred in thewater. Theanalytical measurement
of 8'80sqp- is more precise than ather hydrologic
parameters (such as discharge ard analytical deter-
mination of inorganic congituents), and could be
usdul for quantitative calculations.

In sufide-mineralized geologic regionsthat
have been mined, sud astheUpper Animas Water-
shal (fig. 1), the oxidation of sufide minerals pro-
duces dissolved sulfate (symbol SOf) in naural
splingsand in minedrainage. Theseoxidation pro-
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Figure 1. Upper Animas Watershed and locations of study

areas.

cesses inwlve oxygen that has an isotopecompos-
tion indcative of thereaction mechanism Oxygen
in the disolved allfate has wo pasibe sources--
dissoled oxygen (symbol O for oxygen in the
aqueous phag and oxygen in thewater molecule
(symbol H,O). Oxyge isotopes ofdissolvel sut
fate areexpresseal in pe mil (or parts pe thousand)
relative to the Vienna Standard Mean Ocean Water
(VSMOW) on asale tha is nomalized such tha
the 5180 of theStandad Light Arctic Precipitation
(SLAP) water is-555 pea mil exactly. Precision of
88050z measuementsis +0.2 pa mil.

Numerousstudies d sulfide-mineral oxida:
tion have been conduded in the last two deades.
Of particular interest are hose studies conduded
under condtionssimilar to environments podudng
acid minedrainage Thefollowing readions mm-
monly are used to represent theoverall oxidation
processes of pyrite (symbol FeS):

FeS;+7/20yq +H20 - Fe +2SOF+2H* (1)

FeS, +14Fe#+8H,0 —15Fe?* +2SQZ+16H* (2)

Reaction (1) is limited by the availability of
dissolved oxygen and reaction (2) is limited by the
oxidation rate of F& to Fé*. The ferrous iron
(Fe2*) produced from reactions 1 and 2 is subse-
guently oxidized further to produce ferric iron
(symbol F€™), which can precipitate as iron oxyhy-
droxide:

Fe'2++1/402(aq) +H* - F§+(SO|id)+l/2H20 (3)
Sulfur oxyanions, such as thiosulfate

(S:0%), polythionate §,06>), and sulfite

(SO%" ) are sulfur compounds intermediate to the

oxidation pathway oFeS to SO?. The oxidation

of sulfur oxyanions can occur quickly, and the



resulting SO may acquire oxygen via exchange
with H,O (Van Stempvoort and Krouse, 1994).
Oxidation of sulfur and sulfur oxyanions may pro-
ceed as follows:

S22_in pyrite+OH_ - 82032_ (4)
(Moses and others, 1987)

$S,05+0H™ - S,02 - SO (5)
(Xu and Schoonen, 1995)

S,0,4+0H™ - SO (6)
(Xu and Schoonen, 1995)

The oxygen molecules (whether @q or
in H,O) that are involved in reactions (1)-(6) can,

compared to thé'®Oo,,,, composition, because of
oxygen exchange betwe¢h,O and SO?.

Effects ond'®Osqz- values night be caused
by the relative distribution of different sulfur miner-
als in different rockypes. The dissolution of anhy-
drite, gypsum, barite, and alunite affect the
0'0sqz- compositions. Two samples of vein gyp-
sum collected from a mine dump pile in the Cement
Creek subbasin of the Upper Animas Watershed
had$'®0sqz- values of +9 and +10 per mil. In a
geochemical environment dominated by pyrite oxi-
dation, dissolution of gypsum imparts a mixture of
the two processes on the resultdiOsqz- com-
positions.

Microbially-mediated reduction 06Q7 to
sulfide (symbolH,S, which can be present in the

except during sulfate redUCtion, retain the Original dissolved or gaseous phases) can result in substan-

isotopic composition of the soze of theoxygen.
The oxygen isotope composition B0 (symbol
080y ,0 ) varies with the altitude of the precipita-
tion that deposited the water on the Earthidazie

tial enrichments of sulfur isotopes (symbol
3%4Ssq2) andd®0sep- in residualSQf. The
lighter 32S molecule in SO is preferentidly uti-
lized over the**S molecule by microbes, which

and with other processes such as evaporation, tra@iches (or makes more positive) th¥Ssq?

spiration, and latitude. For the Upper Animas
Watershedd'80Oy,0 averages about -15.9 per mil.
The oxygen-isotope composition of atmospheric
oxygen that dissolves in water (symiBfOo,,,)
has the value of +23 per mil (Horibe and others,
1973). Graphically relating'®Osq- data to dis-
solved SO data can indicate the geochemical

mechanisms involved with the formation of the dis-

solved SO?.

The isotopic composition a3*#0scz- that
results from theeactons can indicate whether the
dissolved sulfate is from natural or mining-related

sources. If reaction (1) is the predominant reaction

pathway, the resulting*®0sqz- might consist of a
greater percentage of tdé’Oo,,,, composition, as
compared with thé'804,0 composition. If reac-
tion (2) is the predominant oxidation pathway,
aqueous ferric ironRe%;,), rather tharOyag) , is
the primary agent responsible for oxidation of
pyrite in acid conditions. All of the reactions (1)-
(6) are mediated by bacteria in the environment;
however, mining accelerates the weathering pro-
cesses through both exposurdresh minerals to
oxygen and increased populations of sulfide-min-
eral oxidizing bacteria (Taylor and others, 1984).
In accelerated weathering environmenégctons
(4), (5), and (6) might occur very quickly; conse-
quently, the resultingd*®0sgz- might consist of a
greater percentage of tRé80,,0 composition, as

composition of the remainin§Q? . Likewise, the
lighter 1O molecule is preferentially utilized over
the 180 molecule by microbes, which enriches (or
makes more positive) the resultidg®Osqz- . In
addition, in geochemically-reducing conditions, the
oxygen molecule iy, andinH,O become par-
allel electron acceptors during dissimilatory reduc-
tion of SO; hence bottd'®0o,,, and 380y ,0

may become enriched isotopically, whereby further
FeS oxidation by these isotopically-enriched oxy-
gen molecules produces isotopically enriched
5'0sqz- (C. Kendall, U.S. Geological Survey,
written commun., 1997). Several collapsed mines
in the Upper Animas Watershed show indications
of SO reduction: zerd,q), smell ofH,S gas,
and isotopically heavp3*Ssqz- andd'®0sqp- com-
positions. Tlere ishowever, some debate concern-
ing the electron donors available f&Q>

reduction. Mold on wood timbers in the abandoned
mines may provide sufficiently labile organic mat-
ter for SO reduction; however, this hypothesis
has not been tested.

OXYGEN ISOTOPES OF DISSOLVED-
SULFATE DATA FROM THE UPPER
ANIMAS WATERSHED, SOUTH-
WESTERN COLORADO



The Upper Animas Watershed has complex ration of agreater percentage of 380y ,0 in
geology related to the approximately 28 million-  8'®0sq- possilly becauseof becterially-mediated
year-old Silverton Caldera (fig. 1) and placement ofsulfide oxidaion. For the puposes ofthis report,
intracaldera lavas. Regional propylitic alteration thisisotopicshift is clled thekinetic shift. Also
introduced sulfur as sulfide minerals which are  shown orfigure 2 are the 0lid- and aqueousphase
present in veins and disseminated throughout the endmembers that are incorporated into the oxygen
rocks in varying proportions. Late-stage hydrother-and sufur isotopic composiions(Casadevall and
mal mineralization is typified by quartz vein filling Ohmoto, 1977; Hoibe and othes, 1973. When
accompanied by chalcopyrite, pyrite, galena, gold,relating all 8'®0Osqp- datato dissdved SO and
rhodonite, silver, and sphalerite. Vein gypsum anddissdved-calcium congentrations,the importance
barite also were introduced by late-stage hydrothemef gypsimto 6'80sqz- compostions is evident
mal venting. Copper-molybdenum porphyry com- (fig. 3). Data paoints thd have lower dissoled-cal-
plexes and acid-sulfate hydrothermal alteration  cium concentrations and lighter 8'¥0scz- compo-
systems also are present in the region. sitionsrepresent the sufide-oxidaion region (ig.

Water-quality samples were collectedidgr ~ 3); datapoints that have lower dissdved-calcium
low flow from natural springs, draining mines, and concentrations and hevier '80Osqz- compositions
streams in the Middle Fork Mineral Creek, South represert the sulfate-reduction region (sulfate
Fork Cement Creek, Ohio Gulch, and Topeka redudion that occurs in collapsed, anoxic mines)
Gulch subbasins (fig. 1), as well as from the Klond{fig. 3); and dda points tha have highe dissol/ed-
ike Mine, the Old Hundred Mine, and the American calcium concentrations represent amixture of sul-
Tunnel (fig. 1). Graphically relating'®Oscz- to fide oxidation and gypsum dissdution (ig. 3).
034Ssy- indicates water from natural springs and

mine drainage plot parallel (fig. 2). When compar-
ing natural springs to mine drainage in figure 2, &
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Figure 2. Oxygen isotopes of sulfate related to
sulfur isotopes of sulfate in water from springs and
mines in the upper Animas watershed during low
flow.

help distinguish natural from mining-related dis-
solved sulfate. Figure 4 shows data from ground-
water samples collected during low flow in the
Cement Creek subbasin (rock types from the center
of the caldera). Thesotopically heavied*#Osqz-
compositions probably are affected by gypsum dis-
solution or SO reduction, or both. When compar-



ing natural springs to mine drainage in figure 4, thesamples have similar water-quality characteristics
isotopic shift is evident in the data. To illustrate theas natural spiings.

kinetic shift, three pairs of spring/mine combina-
tions (a-a’, b-b’, and-¢’) areshown on figure 4
where the springs and mines are situated in similar
rock types. There is a shift to the left and up on fig-
ure 4 from the springs to the mines. A t-test of the
paired data indicated that the kinetic shift is signifi-
cant (p_<0.3, |2=0.78). The kinetic shift is a result

of the mining-related acceleration of weathering
processes. The data point for Cement Creek at the
mouth of the subbasin, an amalgamation of all
water types in the Cement Creek subbasin, plots in
the middle of all data points.

NN\

—0.01

~0.001

(Cd, Cu, Co, Fe, Ni, Pb, Zn)
IN MILLIMOLES PER LITER

—0.0001

TOTAL-DISSOLVED METALS

H1-0.00001

100 —

——
STREAMAT
MINES BASIN OUTLET
MEAN 1

g (CEMENTCREEK) ] EXPLANATION
® NATURAL SPRINGS

A MINE DRAINAGE

=
o

. Figure 5. Oxygen isotopes of sulfate related to

0 * T ~SPRINGS | sulfur isotopes of sulfate and total-dissolved

MEAN - metals in water from springs and mines in the
] upper Animas watershed during low flow.

DISSOLVED SULFATE
IN MILLIMOLES PER LITER
i
T
L]

o1 b i
-12 -10 -8 -6 -4 -2 0 2

6180803. . IN PER MIL USES OF THE OXYGEN ISOTOPES OF
EXPLANATION DISSOLVED SULFATE
o NATURAL SPRINGS
O MINE DRAINAGE A typical method for distinguishing beéween

. . natural and mining-+elated dissolvel consttuentsin
Figure 4. Oxygen isotopes of sulfate related . .
to dissolved sulfate in water from springs asubpaln Is to mllect Water—qual!ty sanples, mes-
and mines in the Cement Creek subbasin sure discharges, and perform loading messbaance
during low-flow. caculations,in which all mines end ndural souces
are accourted for. Thiseffort can beamonurnental
Total-dissolved metals concentrations (Cd, task. Themethod desaibed in this paper uses the
Cu, Co, Fe, Ni, Pb, and Zn) are related to oxygen oxygen isotopes of dissoved sulfate in awatershel
and sulfur isotopes of sulfate in figure 5. Increasedapproach so tha dl water souces (hatura and min-
dissolved-metal concentrations in mine drainage ing-related) do not need to besampled, only arep-
are shown in figure 5, which are caused by (1) locaresentative sampling of thedifferent site typesis
tion of mines along mineralized ore deposits, and needed. Current work in the Uppe Animas Water-
(2) acceleration of sulfide-metal oxidation in mines, shel is,however, usng thetraditiond massbadance
which creates higher dissolved-metal concentra- approach to distinguishnaural and mining-+elated
tions in mine drainage compared to natural springsdissdved congituents, and theisotgpe method will
The kinetic shift (lighter oxygen-isotope composi- beusel to veify the massbaance approach.
tions in mine drainage) also is evident in the data Theoxygen isotopsof disolved sufatealso
(fig. 5). This may be caused by the incorporation ofcan beusel to peform massbdance calculations.
a greater proportion @'80y,0 in '8 0scz- dur- The erra assodated with analysis of water samples
ing oxidation of sulfur oxyanions. Some of the  for the 3!%0sqp- isobpesis +0.1 pe mil; there-
mine-drainage samples that plot among the springfore, the massbadance calculations will have great



accuracy usingisotopes. Also, in ageologically plex. Anisotopemass lalance is obtained sotha
heterogeneous subbain, it is passibk to deermine natural and mining+elated souces bdance at the
the souce of the dissolved sulfate using 8'*Oscz- mouth ofthe stbbasin.
daa.

The following example describes the use of Isotope mass-balance equation:
oxygen isotopes of dissolved sulfate in a simple
mixing problem to determine how much sulfate
came from a particular mine. The sites and condi-
tions of a location in Topeka Gulch are described agyhere

6anatural+ 6Qcmining»related: 6QCMiddIe Fork at mouth (8)

follows: 3 is d'®0sqp , in per mil,
Q is discharge at the site, in cubic feet
Topeka Gulch (fig. 1): per second, and
C is dissolved-sulfate concentration, in
TOPEKAS8=Natural alpine stream upstream from mg/L.
mine; 61808042' =-6.8 per mil. The known value iéQCMidC”e Fork at mouth and
TOPEKA9=Large draining mine; duiddle Fork at moutt= 0-0 per mil.
3'80s0p- =0.83 per mil. All of the mines in the Middle Fork Mineral
TOPEKA10=Miningaffected stream denstream  Creek subbasin were sampled during low-flow con-
from mine;30sqz- = 0.3 per mil. ditions. Values 0B'80scz- for the mines ranged

from -5.8 to +0.2. Using isotope mass balance, the
To determine the percent of dissolved sulfateﬂow-weighted averagélSOSOAz. composition for
that comes from the TOPEKA9 mine, the isotope- the mining-related water in the subbasin was calcu-

dilution equation can be used (Shearer & Kohl lated as;amining-related: -0.76 per mil, which is an

1993): amalgamation 05'®0sqz- compositions from min-
ing-related sources.

Isotope-dilution equation: Because two of the three values in equation

(8) are known, the remaining unknown can be cal-
Percent TOPEKAQ =801 opexas- 8-%070perazd X 100 (7) culated: & 5¢r= +0.32 per mil, which is an amal-
gamation of 3*0sqz- compositions from natural
(8'%OropeKag - 3 *Oropexad sources in the subbasin. Because this composition
is weighted towards the positive side, anet¢his
gypsum and barite in the copper-molybdenum por-
= 93 percent of the dissolved sulfate came from the mine. phyry complex (contributing hea\&SOsog- com-
positions), much of thesQ? concentration at the
In this simple example, the isotope-dilution mouth of the Middle Fork Mineral Creek subbasin
equation calculated that 93 percent of the dissolvegrobably comes from the porphyry complex. The
sulfate came from the mine at TOPEKA9. The dis4isotope-dilution equation now can be used to deter-
charge of the stream and the mine are needed to penine the percent of mining-related dissolved sulfate
form a typical sulfate mass balance, and errors arehat discharges from the mouth of the Middle Fork
inherentin the discharge and sulfate measurementdineral Creek: Mining-related sulfate = 29 per-
When the isotope-dilution equation was used, dis-cent; therefore, naturallfate = 71 percent.

= [(-6.8) - (0.3)/(-6.8) - (0.83)] x 100

charges were not needed, which eliminated the The percent of natural and mininglated
errors in streankddw-discharge measurements and dissolved zinc also can be determined using the
in sulfate analyses. 5'80sop- data and the solution of simultaneous

An example using oxygen isotopes of dis- equations. By determining the geometric means of
solved sulfate in multiple geologic settings can be the natural and mining-related data, the result is two
applied in the Middle Fork Mineral Creek subbasin end members and a receiving stream, and the pro-
(fig. 1). About one-half of the subbasin consists ofportion of the two end members in the Cement
chlorite-epidote-calcite dominated intracaldera  Creek sample can be solved using simultaneous
lavas, and one-half of the subbasin consists of rockequations. Solution of the simultaneous equations
altered by aapper-molybdenum porphyry com-  for the Cement Creek data indicate 75 percent of the



dissolved zinc in Cement Creek comes from natural

springs and 25grcent of thalissolved zinc comes

atmospheric oxygen: J. Geophys. Res., v. 78 n.
15, p. 2625-2629.

from mine drainage during low-flow. This estimate Moses, C.O., Nordstrom, D.K., Herman, J.S., and

might vary during snowmelt-runoff periods.

A t-test of the 3'80sqz- means for the simulta-
neous equaions solution indicates the differences
in the naura and mining-related means ae signifi-
cantto he p< 04 level. A t-test ofthedis®lved-
zinc meansindicates the natural and mining-related
means are sgnificant to the p < 0.3 level. Hence,
there is a 60 to 70 pecent confidence that the
means ae dgnificantly different, ard this confi-
dence must be consdered in the interpretation of
the simultaneous @uations results.

SUMMARY AND CONCLUSIONS

Theoxygen isotopa ofdissoled sulfate
(6'80sqz-) are ausdul diagnosti toolto desaibe
the geochemical processes that incorporate dis-
sdved sufate into water from sulfide-mineral oxi-
daion and from gypsumdissolution. The
percentageof natural and mining-+elated souces of
dissohed constiuents @n bedeermined using
0805z datain awatershed goproach. Usingthe
isotopedilution eguation in simple mixing zones
near amine site, accurate estimates of the percent-
age of naural and mining—+elated dissolved suliate
can bedetermined, anddischarge measurementsare
not needed for the calculation. Usingtheisotge
massbalance method n aheterogeneousgeologic
sdting, 6'80sq- daaindicated tha 71 percent of
the dis®lved sulfate in theMiddle Fork Mineral
Creek subbasin came from natural souices and 29
percent came from mining-+elated souces. Using
the graphical method and soluion of simultaneous
equdions in awatershel gpproach, 3%0sqz daa
indicated tha 75 pecent of thedisslved zinc in the
Cement Creek subbasin amefrom natural sources.
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