FROM RESEARCH TO REMEDIATION —
42 YEARS OF AMD HYDROGEOCHEMISTRY

D. Kirk Nordstrom
U.S. Geological Survey, Boulder, CO 80303

With my retirement approaching, Dr. Skousen asked if I would provide an overview of my contributions
to the field of acid mine drainage. This flattering request was so challenging that I couldn’t resist. I also
wondered if he knew what he was asking for.

Phase I — Introduction to Iron Mountain, California (1974-76)

In 1974, 1 began pursuing Ph.D. research while a student at Stanford University on what later became the
Iron Mountain Mines superfund site in northern California. At the time, the U.S. Geological Survey
(USGS) had a funded agreement with the California State Water Resources Board to study the acid mine
drainage (AMD) problems of Shasta County. Superfund was not born until 1980. I knew nothing about
AMD but I could tell that this site was extraordinary and allowed me the opportunity to do field work, lab
work, and theoretical calculations for my thesis. Working in the field, collecting water samples,
completing most of the analyses, and interpreting the results by myself was both challenging and
exhilarating. I developed a method for measuring Fe(II/111) using FerroZine (similar to, but more sensitive
than, the older phenanthroline method, Lee and Stumm, 1960), we used direct-current plasma atomic
emission spectroscopy (DCP-AES) and atomic absorption (AA) spectrophotometry (flame and graphite
furnace), and I analyzed nearly 100 samples from pH 0.8 to 7.5 mostly by myself. These were likely the
most complete AMD analyses at the time, or at least competitive with those from Pennsylvania and Ohio
coal mine drainage. Water chemistry speciation codes were just beginning to appear and I needed one to
help interpret my analyses. Jim Ball and I took the existing WATEQ code (Truesdell and Jones, 1974)
and modified it to include Cu, Zn, and Cd complexes of sulfate, Fe(II/I1I) species, and modified or added
the thermodynamic data for minerals typically found in AMD such as jarosite, melanterite, and forms of
ferric hydroxide (Ball et al., 1979; Nordstrom et al., 1979). Improving the thermodynamic data in
geochemical codes has continued to be a project of mine to this day. Adding the Fe(II/III) species allowed
the calculation of the redox potential for the iron redox couple and led to the first comparison of measured
with calculated Eh (Nordstrom et al., 1979). The latest comparison of this type (Fig. 1 A, B) can be found
in Nordstrom (2011a) and can be used to corroborate the reliability of speciation calculations (Nordstrom
and Campbell, 2014). This last point is important to emphasize. It shows that not only does the Nernst
equilibrium equation work for this system but that all our assumptions regarding activity coefficients and
the reliability of stability constants are corroborated. It is not often that we have an independent means of
checking the accuracy and precision of our speciation computations. The other important insight that this
comparison showed was that the orders of magnitude supersaturation with respect to freshly precipitating
ferric hydroxide was a filtering artifact; i.e. even with a filter pore size of 0.1 micrometers ferric
hydroxide colloids were getting through the filter, dissolving in the sample acidification, and appearing in
the results as dissolved Fe(IIl). The comparison of Eh values before and after removing non-detects also
shows the improvement in the correlation and shows the improvement in equilibrium saturation indices
for hydrated ferric oxide minerals (Nordstrom, 2011a).



1.0 T v T v T v T v T Mg 1.0 T T T T T T T T T T
.4'- . ’ 4
08} o 08} e -
o ;"(.14 ﬁa‘&'
06} 8 oS 1 06} o o SpFY o -
L&C 57 o -t
3 o S~ A 3 e
s oo o %8S 8.3 S .
3 04} E K B R 4
% 0" "9" ; (_:) 0.4 ‘,"Ol '._,'
e °°°:e° . ge . g'::"‘ ° Q;°° E S
w o02f .. : 6 ‘_,‘;o:’:;oo ° A E & o2k "?_;, B |
= / o° 8 o -
00} o, J i ]
.02 1 " 1 1 1 [+ ".".
2 0. 0.2 04 06 08 0 0.2 L L L . 2
0 0 ! 0.2 0.0 0.2 0.4 0.6 08 1.0
Eh measured
Eh measured

Figure 1. Comparison of Eh calculated from Fe(II/IIT) determinations and speciation compared to Eh measured with
a Pt electrode. A. Results from more than 1300 water analyses from the western U.S. B. Results from A after
eliminating values where Fe(IIT) or measured Eh were less than detection (Nordstrom, 2011a).

The analyses from my Ph.D. thesis were used as evidence in legal proceedings brought against the mine
owner at Iron Mountain before superfund began. During the EPA superfund legal proceedings, I was
deposed as an expert witness. A settlement was reached in December of 2000 (Jacobs et al., 2016) which
was the largest superfund amount at the time ($862 million).

While beginning field work in 1974, I discovered that no one had properly documented the temperature-
dependence of ZoBell’s solution (Nordstrom, 1977; ZoBell, 1946), a standard solution to check the
poising of redox potential measurements. So I utilized available equipment at the USGS, measured it, and
fully interpreted the data in terms of an ion association model. Dr. Claude ZoBell (marine microbiologist
at Scripps Oceanographic Institute) saw my published paper, wrote me a most complimentary letter, and
requested 2 reprints. He published nearly 300 papers and discovered 65 species of ocean bacteria. I also
made the first determination of ferrous iron oxidation rate in a moving stream at pH 2.5, building on the
earlier work of Singer and Stumm (1968). The results showed that the rate was driven by iron-oxidizing
bacteria and were comparable to optimized lab studies of microbial ferrous iron catalysis (Nordstrom,
1985; Nordstrom and Southam, 1997; Nordstrom, 2003). I am particularly pleased that one of our young
USGS colleagues, Dr. Kate Campbell, has continued studies of the ferrous iron oxidation, hydrolysis, and
precipitation rates that include kinetic modeling with PHREEQC and an application to troublesome scale
formation in an AMD pipeline at Iron Mountain (Campbell et al., 2013).

Phase II — Detour to University of Virginia (1976-80)

Unable to obtain a National Research Council post-doc at the USGS because of a trivial oversight, I was
hired as an Assistant Professor at the University of Virginia where I already had a master’s student
waiting to work with me, Thomas Dagenhart, Jr. He did the first study to document the efflorescent
mineralogy of salts at mine tailings sites along Contrary Creek, VA and to show the effect of rainstorms
when these salts dissolved and caused a spiked increase in metal concentrations and a decrease in pH in
the creek just prior to entering Lake Anna (see Nordstrom, 2011a). Younger (2000) coined the term “first-
flush” for these phenomena (more references in Nordstrom, 2011a). The Soil Science Society of America
invited me to review pyrite oxidation and efflorescent salt formation at a Soil Chemistry session in Ft.
Collins (Nordstrom, 1982a) for a special publication on Acid Sulfate Weathering (one of my most cited
articles). This invitation gave me the opportunity to update and improve my geochemical and



microbiological understanding of pyrite oxidation that I had sketched out in my Ph.D. thesis. During this
time I encouraged Dr. Bruce Taylor to work on oxygen and sulfur stable isotopes of sulfate (Taylor et al.,
1984a, b) to see if this approach could give us a better understanding of the mechanisms of pyrite
oxidation. Later, I helped with a more thorough USGS field investigation of the stable isotopes of water
and sulfate in 90 samples from mine drainage and natural acidic drainage in the San Juan Mountains
(Nordstrom et al., 2007). The conclusions from this last study showed two major interferences with
interpreting both stable isotopes of sulfur and oxygen in dissolved sulfate. First, the contributions of
gypsum and anhydrite dissolution and their isotopic composition had to be discerned as suggested by Dr.
Krouse. Second, varying residence times of AMD underground with the opportunity to evaporate make it
difficult, if not impossible, to relate the water isotopes to the oxygen isotope composition in sulfate. One
of the unexpected consequences of that study was the graphical depiction of the three main geochemical
processes dominating the water chemistry, pyrite oxidation, gypsum dissolution and calcite dissolution,
shown in Fig. 2. The domination of pyrite oxidation is observed in acidic drainage with low Ca/SQy, ratio
and &S values typical of hydrothermal pyrite (-5
to +3; very little sulfur isotope fractionation
occurs during oxidation dissolution of the pyrite).
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Figure 2. 8°*S of dissolved sulfate in streams, springs,
and mine adits plotted against the Ca/SQO, ratios. Data
based on samples from the San Juan Mountains
(Nordstrom et al., 2007).

I had an outstanding Ph.D. candidate, Carl Moses, who obtained the first complete analyses of
intermediate sulfoxyanions (thiosulfate, polythionate, and sulfite; Moses et al., 1984) occurring during
pyrite oxidation that built on the earlier work by Goldhaber (1983). It was also the first careful
examination of the effect of sample preparation on initial oxidation rates. The effects of dissolved oxygen
versus Fe(IIl) at different pH values were also compared. Unfortunately, I left Virginia before Carl
finished but our often cited paper did get published under the able guidance of Janet Herman and Aaron
Mills (Moses et al., 1987).

I had the good fortune of having an office next to Dr. Gene Likens who took a sabbatical at Virginia. I
had some ideas about the solubilities and phase relations among aluminum minerals that might control
dissolved aluminum concentrations and he and Dr. Bruce Hanshaw (USGS) strongly encouraged me to
write a paper on that subject. That paper began to take shape before I left Virginia and was finished and
published after I joined the USGS in Menlo Park, CA (Nordstrom, 1982b). Although I had found
evidence in the literature for a mineral, jurbanite, that fit the description of van Breemen’s hypothesized



mineral (AIOHSO,4) which might control Al concentrations at low pH, it turned out to be a false lead
because jurbanite is an efflorescent salt that only forms at very low pH and its estimated solubility was
done without the benefit of recent Pitzer data for highly soluble salts (Bigham and Nordstrom, 2000). The
paper did provide an integrating framework for considering aluminum mineral solubilities as controls on
aluminum concentrations.

Phase III — USGS activities in Menlo Park, CA (1980-91)

In 1981-82 we collected drainage water and downstream samples from the Leviathan Mine in Alpine
County, CA and noticed a most distinct trend with aluminum concentrations and free ion activities with
pH and sulfate concentrations (Fig. 2A,B). Our samples ranged in pH from 1.8 issuing from the mine to
8.2 in the receiving waters farthest downstream. It was an opportune site because the AMD issued near
the headwaters of Leviathan Creek and were gradually neutralized by tributaries and the East Fork of the
Carson River without any other acid drainage complicating the mixing. When the activity of the free Al
ion was plotted against pH (Fig. 2A), two distinct slopes can be recognized, a shallow slope for pH values
less than about 4.5 and a steep slope at higher pH values. Going from low pH values the aluminum
concentrations correlate well with sulfate concentrations (Fig. 2B) indicating simple dilution from
tributary mixing. At higher pH values than 4.5 a distinct non-correlation with sulfate concentrations
occurs (Fig. 2B) that does correlate with a freshly precipitating form of AI(OH); shown in Fig. 2A
(Nordstrom and Ball, 1986). The precipitation of this aluminous material can be seen quite well below the
confluence of Leviathan Creek with Mountaineer Creek where the pH jumps from 3.5 to 5.5. Massive
amounts of white precipitation were observed at this juncture.
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Figure 3. Water samples from Leviathan Creek and the Leviathan Mine downstream to the East Fork Carson River
(Nordstrom and Ball, 1982). A. Logarithm of the free aluminum ion activity, a 3+, plotted against pH. B. Logarithm

of the dissolved aluminum concentrations plotted against logarithm of the sulfate concentrations, both in mg/L.

The break in slopes at pH near 4.5 is the effect of incipient aluminum hydrolysis for which the pK; = 5.0.
Aluminum hydroxide precipitation cannot occur without hydrolysis taking place and this is pH
dependent. My analysis of this phenomenon was also confirmed when I plotted 1300+ analyses from the
western U.S. (Nordstrom, 2011a). Our best site for aluminum precipitate was later found in the San Juan
Mountains at a place variously called “Paradise Portal” and “White Death.” It was another example of
how the proper application of relatively simple chemistry, the pH of hydrolysis, can be generalized to
explain a common phenomenon seen in a wide variety of waters (e.g. Adams et al., 2000). I have often
told students that just knowing the pK; for any metal cation is a powerful predictive tool for not only



estimating the onset of precipitation with increasing pH, but also the relative sorption properties with pH.
Our knowledge of aqueous aluminum thermodynamic properties was well established through two review
papers we published on this subject (Nordstrom and May, 1989, 1996).

During this time the Iron Mountain superfund debates between the EPA and the potentially responsible
parties (PRPs) were heating up and the PRPs were pushing hard for plugging the main drainage tunnel. I
was asked by the EPA what would be the consequences of such action, specifically what would be the
chemistry of the consequent mine pool. I couldn’t answer that question without some data and other
information. I suggested that if we could go underground, we might be able to obtain the necessary data. |
was joined by my first post-doc, Dr. Charles Alpers, and in September of 1990 we were allowed
underground and found huge quantities of efflorescent salts and waters with negative pH. Over the next 9
years we carefully went through our data and finally published some of it in an invited National Academy
Press paper (Nordstrom and Alpers, 1999). We measured pH values from -0.7 to as low as -3.6. We
collaborated with Drs. Blowes and Ptacek at the University of Waterloo and submitted our main paper on
negative pH to Environmental Science and Technology (Nordstrom et al., 2000). As we suspected, it was
rather controversial (Science and Nature had rejected our paper earlier because a senior editor said was
not interesting enough to their readers). The highlight of this work came when I presented our answer to
the question of what the mine pool chemistry would be under a mine plugging scenario. It would create
about 600,000 m’ of pH < 1 water with grams per liter of dissolved metals encased in a rock with no
neutralization capacity and full of holes sitting on top of the groundwater table and ready to leak out in
numerous unpredictable localities at unpredictable discharge rates. The EPA decided against the mine
plugging option. Many other mines have been plugged with similar results to what we had predicted.

Phase IV — USGS activities in Boulder, CO (1991-present)

From our inventory of chemical analyses on [ron Mountain effluent water we noticed seasonal trends in
the Zn/Cu ratios which we could relate to the formation and dissolution of zincian cuprian melanterite
(Alpers et al., 1994), again showing the importance of soluble salts in controlling the chemistry of
strongly acidic mine drainage. Further work on the natural attenuation of metal contaminants in Leviathan
Creek was possible when Dr. Jenny Webster came to work with me for 9 months (Webster et al., 1994).
We continued to improve our analytical expertise with AMD with better instrumentation and showed that
colorimetric iron determinations were often more precise than those from inductively-coupled plasma
atomic emission spectroscopy (ICP-AES) and that DCP-AES was better for a few elements than ICP-
AES (Ball and Nordstrom, 1994). Since that time, inductively-couple plasma mass spectrometry (ICP-
MS) has largely taken over but every method has some interferences and having multiple techniques
available can improve the accuracy and precision for all contaminants determined.

The effect of microbial growth on water chemistry, especially the formation of AMD, has always
interested me. Our first microbiological review of AMD (Nordstrom and Southam, 1997) has often been
cited as it gives the basic framework of much our knowledge of this subject. It was later followed by
Nordstrom (2000, 2003) and a wider biological review by Robbins et al. (2000) for Iron Mountain.

Two important and comprehensive reviews on sulfate minerals (both soluble and insoluble) summarized
what we knew about this subject and its relation to AMD (Jambor et al., 2000; Bigham and Nordstrom,
2000) in a Mineralogical Society of America book on sulfate minerals. Our collaboration with Dr.
Jamieson (Queen’s University) was instrumental in revealing the water chemistry co-existing with the
minerals copiapite and jarosite (Jamieson et al., 2005a,b) found at Iron Mountain. Such studies help us to
show the pH and water composition range that produces a particular mineral.



The short course on environmental geochemistry of mineral deposits produced one of our best review
papers on the subject (Nordstrom and Alpers, 1999) along with another chapter on geochemical modeling
for mining environments (Alpers and Nordstrom, 1999).

The subject of rare-earth element (REE) geochemistry in AMD had rarely been addressed, other than the
excellent thesis of Dr. Maria Gimeno (1999) who documented evidence for the tetrad effect. Hence, Dr.
Philip Verplanck, another post-doc, took on this challenge and showed that partitioning of REE into
precipitating solids occurred at higher pH values (>5) where aluminum precipitated and not during iron
precipitation at lower pH values (Verplanck et al., 2004). Hence, no fractionation of REEs takes place
during acid dissolution of REE-bearing minerals and the REE pattern can be assumed to be that of the
dominant mineral source of the REEs.

The question of what the water quality was like before mining is not only interesting from a scientific
viewpoint but also from a regulatory viewpoint because pre-mining water quality was often more
contaminated than drinking water standards. Such “background” concentrations should be the goal of
environmental restoration, not a standard that never existed in a particular area. From 2000 to 2007, I led
a group of 30 USGS researchers to determine the pre-mining groundwater quality at an active mine site in
northern New Mexico. Twenty-seven reports were published and summarized in Nordstrom (2008).
These studies included groundwater hydrology and geochemistry; surface water hydrology and
geochemistry; airborne and surface mapping of mineralogy; reactive-transport modeling; environmental
geology and debris flow hazards; geomorphology and its effect on hydrology and water chemistry;
structural geology and its effect on groundwater flow patterns; local and regional water balances; and
geophysical studies of depth to bedrock and to groundwater. A detailed study of a proximal analogue
provided the information necessary to estimate groundwater concentrations of 14 constituents of concern
for a dozen small catchments on the mine site (Nordstrom, 2008). The conclusion was that several
constituents were likely greater than the New Mexico groundwater standards, the largest anomaly being
manganese which was as much as 250 times the standard. The study was the first of its kind and provided
a better cleanup goal for the mining company and a scientifically justified goal for the regulators. More
recently, I published a review of natural acidic drainage and what generalizations can be drawn. One
aspect is clear, that mining can increase the flux and concentrations of acid, metals, and sulfate by one to
three orders of magnitude over natural conditions (Nordstrom, 2015).

Overviews of AMD continue to be requested (Nordstrom, 2011b; Nordstrom et al., 2015) and the need for
alternative remedial options to lime neutralization plants and mine plugging will continue. The potential
effects of climate change on receiving waters downstream from AMD deserves serious consideration
(Nordstrom, 2009). Better approaches to remediation planning is possible but not commonly used (e.g.
Ball et al., 1997; Runkel and Kimball, 2002). The best method of preventing AMD is to plan for it at the
time of mine planning instead of later when the damage is too great to remediate easily or inexpensively.

References

Adams, M.L., Hawke, D.J., Nilsson, N.H.S., and Powell, K.J. (2000) The relationship between soil
solution pH and AI’" concentrations in a range of South Island (New Zealand) soils, Aust. J. Soil
Res. 38, 141-153.

Alpers, C.N. and Nordstrom, D.K. (1999) Geochemical modeling of water-rock interactions in mining
environments. /n Reviews in Economic Geology, vol. 6A, The Environmental Geochemistry of
Mineral Deposits. Part A. Processes, Methods and Health Issues, G.S. Plumlee and M.J. Logsdon,
eds., Soc. Econ. Geol., Littleton, CO, 289-324.

Alpers, C.N., Nordstrom, D.K. and Thompson, J.M. (1994) Seasonal variations in copper and zinc
concentrations from Iron Mountain Mine. /n Environmental Geochemistry of Sulfide Oxidation,



C.N. Alpers and D.W. Blowes, eds., Am. Chem. Soc. Symp. Series 550, 324-344.

Ball, J.W., Jenne, E.A. and Nordstrom, D.K. (1979) WATEQ?2 - a computerized chemical model for trace
and major element speciation and mineral equilibria of natural waters, In Jenne, E.A., ed.,
Chemical Modeling in Aqueous Systems, Am. Chem. Soc. Symp. Series 93, 815-836.

Ball, J.W. and Nordstrom, D.K., (1994), A comparison of simultaneous plasma, atomic absorption, and
iron colorimetric techniques for the determination of major and trace constituents in acid mine
waters, U. S. Geol. Survey Water-Resources Invest. Rept. 93-4122, 151 pp.

Ball, J.W., Runkel, R.L., and Nordstrom, D.K. (2004) Evaluating remedial alternatives for the Alamosa
River and Wightman Fork, near the Summitville, Colorado: Application of a reactive-transport
model to low- and high-flow simulations, Chap. 3, /n Environmental Sciences and Environmental
Computing. Vol. II, P. Zanetti (ed.), the EnviroComp Institute, 1-54
(http://www.envirocomp.org).

Bigham, J.M., and Nordstrom, D.K. (2000) Iron and aluminum hydroxysulfates from acid sulfate waters,
In Alpers, C.N., Jambor, J.L., and Nordstrom, D.K., (eds.), Reviews in Mineralogy and
Geochemistry, Vol. 40, Sulfate Minerals - Crystallography, Geochemistry, and Environmental
Significance, P.H. Ribbe, Series Ed., Mineralogical Society of America, Washington, D.C., 351-
403.

Campbell, K.M., Alpers, C.N., Nordstrom, D.K., Blum, A.E., and Williams, A. (2013) Characterization
and remediation of iron(Ill) oxide-rich scale in a pipeline carrying acid mine drainage at Iron
Mountain mine, California, USA, International Mine Water Association Proceedings, Golden,
CO, 287-293.

Gimeno, M.J. (1999) Estudio del comportamiento geoquimico de las sistema natural de aguas acidas
(Arroyo del Val-Badenas), Ph.D. Thesis, Zaragoza University, Spain.

Goldhaber, M.B. (1983) Experimental study of metastable sulfur oxyanion formation during pyrite
oxidation at pH 6-9 and 30°C, Am. J. Sci. 283, 193-217.

Jacobs, J.A., Testa, S.M., Alpers, C.N., and Nordstrom, D.K. (2016) An overview of environmental
impacts and reclamation efforts at the [ron Mountain mine, Shasta County, California. [in press].

Jambor, J.L., Nordstrom, D.K., and Alpers, C.N. (2000) Metal sulfate salts from sulfide mineral
oxidation, /n Alpers, C.N., Jambor, J.L., and Nordstrom, D.K., (eds.), Reviews in Mineralogy and
Geochemistry, Vol. 40, Sulfate Minerals - Crystallography, Geochemistry, and Environmental
Significance, P.H. Ribbe, Series Ed., Mineralogical Society of America, Washington, D.C., 305-
350.

Jamieson, H.E., Robinson, Claire, Alpers, C.N., McCleskey, R.B., Nordstrom, D.K., Peterson, R.C.
(2005a) Major and trace element composition of copiapite-group minerals and coexisting water
from the Richmond mine, Iron Mountain, California, Chem. Geol. 215, 387-405.

Jamieson, H.E., Robinson, Claire, Alpers, C.N., Nordstrom, D.K., Poustovatov, Alexei, and Lowers, H.A.
(2005b) The composition of coexisting jarosite-group minerals and water from the Richmond
Mine, Iron Mountain, California, Can. Mineral. 43, 1225-1241.Lee, G.F. and Stumm, W. (1960)
Determination of ferrous iron in the presence of ferric iron with bathophenanthroline, J. Am.
Water Works Assn. 52, 1567-1574.

Moses, C.O., Nordstrom, D.K. and Mills, A.L. (1984) Sampling and analyzing mixtures of sulfate, sulfite,
thiosulfate and polythionate, Talanta 31, 331-339.

Moses, C.O., Nordstrom, D.K., Herman, J.S. and Mills, A.L. (1987) Aqueous pyrite oxidation by
dissolved oxygen and by ferric iron, Geochim. Cosmochim. Acta 51, 1561-1571.

Nordstrom, D.K. (1977) Thermochemical redox equilibria of ZoBell's solution, Geochim. Cosmochim.
Acta 41, 1835-1841.

Nordstrom, D.K. (1982a) Aqueous pyrite oxidation and the consequent formation of secondary iron
minerals, /n Kittrick, J.A., Fanning, D.S., and Hossner, L.R., eds., Acid Sulfate Weathering, Soil
Sci. Soc. Am. Publ., 37-56.

Nordstrom, D.K. (1982b) The effect of sulfate on aluminum concentrations in natural waters: Some
stability relations in the system A1,03;-SO;-H,O at 298 K, Geochim. Cosmochim. Acta 46,




681-692.

Nordstrom, D.K. (1985) The rate of ferrous iron oxidation in a stream receiving acid mine effluent, /n
Selected Papers in the Hydrological Sciences, U.S. Geol. Survey Water-Supply Paper 2270,
113-119.

Nordstrom, D.K. (2000) Advances in the hydrogeochemistry and microbiology of acid mine waters, Int.
Geol. Rev. 42, 499-515.

Nordstrom, D.K. (2003) Effects of microbiological and geochemical interactions in mine drainage: In
Jambor, J.L., Blowes, D.W., and Ritchie, A.I.M., eds., Environmental Aspects of Mine Wastes,
Mineralogical Association of Canada, Vol. 31, 227-238.

Nordstrom, D.K. (2008) Questa Baseline and Pre-Mining Ground-Water Quality Investigation. 25.
Summary of results and baseline and pre-mining ground-water geochemistry, Red River Valley,
Taos County, New Mexico, 2001-2005, U.S. Geological Survey Professional Paper 1728, 111 pp.

Nordstrom, D.K. (2009) Acid rock drainage and climate change, J. Geochem. Exploration 100, 97-104.

Nordstrom, D.K. (2011a) Hydrogeochemical processes governing the origin, transport, and fate of major
and trace elements from mine wastes and mineralized rock to surface waters, Appl. Geochem. 26,
1777-1791.

Nordstrom, D.K. (2011b) Mine waters: Acidic to circumneutral, Elements 7, 393-398.

Nordstrom, D.K. (2015) Baseline and premining geochemical characterization of mined sites, Appl.
Geochem. 57, 17-34.

Nordstrom, D.K. and Alpers, C.N. (1999a) Negative pH, efflorescent mineralogy, and consequences for
environmental restoration at the Iron Mountain Superfund site, California, Proc. Nat’l. Acad. Sci.
96, 3455-3462.

Nordstrom, D.K. and Alpers, C.N. (1999b), Geochemistry of acid mine waters. In Reviews in Economic
Geology, vol. 6A, The Environmental Geochemistry of Mineral Deposits. Part A. Processes,
Methods and Health Issues, G.S. Plumlee and M.J. Logsdon, eds., Soc. Econ. Geol., Littleton,
CO. 133-160.

Nordstrom, D.K. and Ball, J.W. (1986) The geochemical behavior of aluminum in acidified surface
waters, Science 232, 54-56.

Nordstrom, D.K. and May, H.M. (1989) Aqueous equilibrium data for mononuclear aluminum species,
Chap. 2, In The Environmental Chemistry of Aluminum, G. Sposito, ed., CRC Press, Baca
Raton, Florida, 27-53.

Nordstrom, D.K. and May, H.M., (1996), Aqueous equilibrium data for mononuclear aluminum species,
Chap. 2, In The Environmental Chemistry of Aluminum, Sposito, G., ed., ond edition, Boca
Raton, Florida, CRC Press, 39-80.

Nordstrom, D.K. and Southam, G. (1997) Geomicrobiology of sulfide mineral oxidation, Chap. 11, In
Banfield, J.F. and Nealson, K.H., eds., Geomicrobiology: Interactions between Microbes and
Minerals, Vol. 35, Reviews in Mineralogy, Min. Soc. Am., Washington, DC, 361-390.

Nordstrom, D.K., Blowes, D.W., and Ptacek, C.J. (2015) Hydrogeochemistry and microbiology of mine
drainage: An update, Appl. Geochem. 57, 3-16.

Nordstrom, D.K., Jenne, E.A. and Ball, J.W. (1979) Redox equilibria of iron in acid mine waters, In
Jenne, E.A., ed., Chemical Modeling in Aqueous Systems, Am. Chem. Soc. Symp. Series 93,
51-80.

Nordstrom, D.K., Alpers, C.N., Ptacek, C.J. and Blowes, D.W. (2000) Negative pH and extremely acidic
mine waters from Iron Mountain, California. Envir. Sci. Tech. 34, 254-258.

Nordstrom, D.K., Wright, W.G., Mast, M.A., Bove, D.J., and Rye, R.O. (2007) Aqueous-sulfate stable
isotopes: A study of mining-affected and undisturbed acidic drainage. Chap. E8, Abandoned
Mined Lands, U.S. Geological Survey Professional Paper 1651, 387-416.

Robbins, E.I.,, Rodgers, T.M., Alpers, C.N., and Nordstrom, D.K. (2000) Ecogeochemistry of the
subsurface food web at pH 0-2.5 in Iron Mountain, California, USA, Hydrobiologia 433, 15-23.

Runkel, R.L. and Kimball, B.A. (2002) Evaluating remedial alternatives for an acid mine drainage system
— application of a reactive transport model, Environ. Sci. Technol. 36, 1093-1101.



Singer, P.C. and Stumm, W. (1968) Kinetics of the oxidation of ferrous iron, /n Second Symposium on
Coal mine Drainage Research, Mellon Institute, Pittspburgh, PA, 12-34.

Taylor, B.E., Wheeler, M.C. and Nordstrom, D.K. (1984a) Isotope composition of sulfate in acid mine
drainage as a measure of bacterial oxidation, Nature 308, 538-541.

Taylor, B.E., Wheeler, M.C. and Nordstrom, D.K. (1984b) Stable isotope geochemistry of acid mine
drainage: Experimental oxidation of pyrite, Geochim. Cosmochim. Acta 48, 2669-2678.

Truesdell, A.H. and Jones, B.F. (1974) WATEQ, a computer program for calculating chemical equilibria
of natural waters, J. Res. U.S. Geol. Survey 2, 233-248.

Verplanck, P.L., Nordstrom, D.K., Taylor, H.E., and Kimball, B.A. (2004) Rare ecarth element
partitioning between hydrous ferric oxides and acid mine water during iron oxidation, Appl.
Geochem. 19, 1339-1354.

Webster, J.G., Nordstrom, D.K. and Smith, K.S. (1994) Transport and Natural Attenuation of Cu, Zn, As,
and Fe in the Acid Mine Drainage of Leviathan and Bryant Creeks. /n Environmental
Geochemistry of Sulfide Oxidation, C.N. Alpers and D.W. Blowes, eds., Am. Chem. Soc. Symp.
Series 550, 244-260.

Younger, P.L. (2000) Predicting temporal changes in total iron concentrations in groundwaters flowing
from abandoned deep mines: a first approximation, J. Contam. Hydrol. 44, 47-69.

ZoBell, C.E. (1946) Studies on redox potential of marine sediments, Bull. Am. Petrol Geologists 30, 477-
509.



