
1 Carbon Dioxide Emissions from Acid Mine Drainage Neutralization
2 Are a Major Component of Metal Mining Carbon Footprints
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5 ABSTRACT: Achieving the transition to net zero human greenhouse gas emissions requires a
6 large increase in metal production by mining. Acid mine drainage (AMD) neutralization is a
7 potentially important but poorly quantified source of mining industry CO2 emissions. Here, we
8 show that AMD neutralization-related CO2 emissions can be a major component of metal
9 production carbon footprints. Data from the rivers and estuarine system draining the central and

10 eastern Iberian Pyrite Belt show that AMD neutralization emits 32 ± 11 kt CO2/yr. Normalized to
11 historic copper production rates, AMD-associated emissions (0.3−4.2 t CO2 per t Cu) are of
12 similar magnitude as conventional copper production carbon footprints (1−9 t CO2 per t Cu). However, continual oxidative
13 weathering of waste sulfide minerals will increase AMD-related CO2 emission budgets into the future. Complete oxidative
14 weathering of waste sulfide minerals extracted from this region will yield AMD-related CO2 emissions (7−165 t CO2 per t Cu) that
15 exceed conventional Cu production carbon footprints by more than 1 order of magnitude. These findings highlight the need to
16 account for AMD-related CO2 emissions from metal mining to support the transition toward net zero greenhouse gas emissions.
17 KEYWORDS: acid mine drainage, CO2 emissions, metal mining, carbon footprints, estuarine chemistry

18 ■ INTRODUCTION
19 The technology and infrastructure needed to achieve the
20 transition to net zero greenhouse gas emissions require large
21 increases in metal production by mining. Metal mining and
22 production accounts for ∼ 10% of the global energy-related
23 greenhouse gas emissions.1 Decarbonizing the metal mining
24 and production industry is, therefore, essential for reaching net
25 zero.1 Achieving this requires a comprehensive understanding
26 of the magnitude and nature of the associated CO2 emission
27 sources. The neutralization of acid mine drainage (AMD) by
28 carbonate alkalinity is a potentially important, but poorly
29 constrained, mining industry CO2 emission source.1−3 Here,
30 we show that CO2 emissions from AMD neutralization can
31 dominate metal production carbon footprints of sulfide-rich
32 ores.
33 Acid mine drainage refers to waters with low pH and high
34 dissolved metal concentrations that drain mining regions.4,5

35 This chemistry is produced by the oxidative weathering of
36 metal sulfide minerals, driven by mining activities that expose
37 sulfide minerals within metal ore deposits to oxygenated
38 surface waters.5−7 As these waters transit through the
39 environment, their acidity can be neutralized by carbonate
40 alkalinity stored in carbonate minerals or seawater, resulting in
41 CO2 emissions to the atmosphere2,3 (eq 1).

2H CO H HCO H O CO3
2

3 2 2+ + ++ +
42 (1)

43 Despite the recognized potential importance of AMD
44 neutralization reactions as a CO2 emission source, their exact
45 contribution to metal mining carbon footprints is poorly

46known.1 A key challenge is that CO2 emissions from AMD
47neutralization tend to be both spatially and temporally
48decoupled from those of the associated mining processes.
49They can occur along water flow pathways downstream from
50mine sites and be spread over decades to millennia following
51ore extraction and processing due to the kinetics of sulfide
52mineral oxidation reactions.8 Previous studies have largely
53focused on quantifying the magnitude of CO2 emissions from
54this process associated with coal mining operations.3,9

55However, those associated with metal mining operations
56remain poorly constrained. This comes despite the fact that
57metal ore deposits can be predominantly composed of metal
58sulfide minerals (massive sulfides; ore featuring 50−100 wt %
59sulfide minerals10,11), resulting in high AMD production rates.
60This study quantifies the CO2 emissions related to AMD
61neutralization in two of the most heavily AMD-impacted river
62 f1catchments in the world: the Tinto and Odiel (Spain) (Figure
63 f11). These rivers drain the eastern and central parts of the
64Iberian Pyrite Belt (IPB), a geological formation that features
65the highest concentration of volcanogenic massive sulfide
66(VMS) deposits in the world.10,11 This region hosts more than
671600 Mt of massive sulfides, with 82 inactive or working mines,
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68 the majority of which reside within the catchment areas of the
69 Odiel and Tinto rivers.11,12 These ore bodies have been mined
70 principally for Cu and Zn and typically feature pyrite (FeS2)
71 concentrations of ca. 50−100 wt % with Cu grades of 0.4−5 wt
72 %.11,13 Mining of these deposits dates to antiquity, but most
73 extraction has occurred since 1875.12 It is estimated that 245
74 Mt of ore was excavated from this region between late 1873
75 and 2001.14 The oxidative weathering of the extracted waste
76 sulfide minerals has rendered the Odiel and Tinto rivers among
77 the most acidic (pH ∼ 2−4) and metal-contaminated rivers on
78 Earth.4,15,16 These river catchments therefore represent an
79 endmember case study for constraining the upper magnitude
80 of metal mining CO2 emissions from AMD neutralization.
81 The magnitude of CO2 emissions resulting from AMD
82 neutralization is dependent on the flux of AMD acidity
83 produced and the pathways by which it is neutralized. The
84 acidity of AMD comprises both free H+ (as measured by pH)
85 and acidity-producing metal species, principally dissolved Fe2+,
86 Fe3+, Al3+, and Mn2+.17,18 At low pH, these metals are highly
87 soluble, but as the pH rises during neutralization, they
88 precipitate from solution as oxyhydroxide and oxyhydrox-
89 ysulfate phases19,20 (Supporting Information S.1). These
90 reactions release H+ ions equivalent to the positive charge of
91 these metals, buffering the neutralization process.19 The acidity
92 of AMD-impacted waters can therefore be approximated as the
93 total positive charge in solution supported by H+ and these
94 metal species (eq 2,17).

Acidity(mM) (2 Fe 3 Fe 3 Al

2 Mn 1000(10 ))

2 3 3

2 pH

= [ ] + [ ] + [ ]
+ [ ] +

+ + +

+
95 (2)

96 where [X] denotes the concentrations of acidic metal cations
97 in mM. We note that this approximation is impacted by
98 uncertainty in Fe hydrolysis and aspects of S cycling in these
99 systems.17 In particular, the precipitation of metal oxy-

100 hydroxysulfate phases removes SO4
2− from solution, lowering

101 the production of H+ per unit of acidic metal charge assumed
102 by eq 2.21,22

103Neutralization of AMD acidity can occur via leaching of base
104cations (Ca2+, Mg2+, Na+, and K+) from silicate and carbonate
105minerals within the river catchments. Weathering of silicate
106minerals by AMD acidity features no net CO2 emission.
107Weathering of carbonate minerals by AMD acidity, however,
108will emit 0.5 mol of CO2 per mol of AMD acidity consumed.23

109Alternatively, AMD acidity can be neutralized by seawater
110alkalinity upon discharge to the ocean. This neutralization
111pathway will produce ∼0.9 mol of CO2 per mol of AMD
112acidity, with the exact value depending on the speciation of
113carbonate alkalinity between HCO3

− and CO3
2− in the local

114seawater (eq 1).
115The Odiel and Tinto rivers have been well studied with
116respect to fluxes of AMD acidity, with multiannual time series
117of acidic metal fluxes spanning a period of 36 years.24−29 Due
118to the low acid-neutralizing capacity of the underlying geology,
119dominated by siliciclastic sediments and volcanic rocks with
120limited carbonates, in-catchment chemical weathering pro-
121cesses do not fully neutralize the acidity of these rivers.30 A
122large fraction of the acidity transported by these rivers is
123instead neutralized by seawater mixing in the Ria de Huelva
124estuary.19,20,31,32 However, quantitative constraints on the
125relative importance of different AMD neutralization pathways
126and their resulting CO2 emissions are lacking. These
127knowledge gaps are addressed using (1) major ionic
128compositions of Odiel and Tinto river water to constrain in-
129catchment neutralization pathways and (2) geochemical
130distributions across the Ria de Huelva estuary and river−
131seawater mixing experiments to constrain CO2 emissions
132arising from estuarine mixing.

133■ MATERIALS AND METHODS

134Constraining the Relative Importance of AMD
135Neutralization Pathways
136Dissolved ionic compositions of Odiel and Tinto river waters
137collected upstream from the Ria de Huelva estuary (Figure 1) were
138used to partition AMD neutralization between in-catchment (silicate
139and carbonate weathering) and estuarine pathways. Samples were

Figure 1. Sample locations within the Odiel and Tinto river catchments. Panel (a) shows an outline of the Iberian Peninsula, with the black box
denoting the location of the study area. Panel (b) shows the full catchment area of both rivers, with locations of the water samples measured in this
study (diamond symbols) in relation to the drainage network and massive sulfide deposits of the central and eastern Iberian Pyrite Belt (circle
symbols). Panel (c) shows the location of water samples from the Ria de Huelva estuary influenced by river−seawater mixing. The black box in
panel (b) denotes the area covered in panel (c). Catchment boundaries and river network were sourced from HydroSHEDS.33

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.6c05684
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c05684/suppl_file/es6c05684_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.6c05684?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


140 taken under two different hydrological conditions: high flow (Odiel:
141 11.7 m3/s; Tinto: 14.6 m3/s) in April 2024 and low flow (Odiel: 3.65
142 m3/s; Tinto: 0 m3/s) in June 2024. Note that while the gauging
143 station registered a discharge of 0 m3/s for the Tinto river in June,
144 visual inspection of the river at this time revealed a small discharge,
145 likely ∼0.001 m3/s. Samples were analyzed for pH and dissolved
146 (<0.22 μm) ionic compositions (Fe2+, Fe3+, Al3+, Mn2+, Ca2+, Mg2+,
147 Na+, K+, SO4

2−, and Cl−). Due to the lack of evaporite rocks in the
148 catchments,34 it is assumed that SO4

2− and Cl− are derived solely
149 from sulfide mineral oxidation and sea salt deposition via rainwater,
150 respectively, while the base cations (Ca2+, Mg2+, Na+, and K+) are
151 potentially derived from a mixture of sea salt deposition, carbonate,
152 and silicate weathering.35 Base cation budgets were corrected for
153 rainfall inputs using the Cl− concentrations and the cation/Cl ratios of
154 seawater.35 The relative contributions of AMD neutralization by in-
155 catchment versus estuarine processes were quantified as the ratio of
156 acidity to total cationic charge in solution (eq 3):

F
Acidity

Acidity (2Ca 2Mg Na K )es 2 2=
+ + + ++ + + +

157 (3)

158 where Fes is the fraction of AMD acidity that will be neutralized by
159 estuarine mixing, acidity is defined by eq 2, and base cations (Ca2+,
160 Mg2+, Na+, and K+) are concentrations in mM corrected for rain
161 inputs. The importance of silicate vs carbonate weathering reactions
162 during AMD neutralization within the catchment is assessed by
163 comparing ratios of Ca/Na and Mg/Na corrected for sea salt inputs
164 to those of local rock endmembers.35,36

165 Carbon Dioxide Emission Estimates Based on Estuarine
166 Geochemical Distributions
167 Estuarine distributions of total alkalinity, pH, and acidic metal cations
168 (Fe, Al, and Mn), alongside indices of conservative mixing between
169 river water and seawater (salinity, Na, Mg, K, and Cl), were
170 determined for the Odiel and Tinto branches of the Ria de Huelva
171 estuary between June 10 and 14, 2024 (Figure 1). The fraction of
172 seawater (relative to river water) in each estuarine water sample was
173 calculated using eq 4, using salinity as an index of conservative mixing.

F
S S
S Ssw
sam riv

sw riv
=

174 (4)

175 Here, Fsw is the proportion of the estuarine water sample derived from
176 seawater, Ssam and Ssw represent the salinity of an estuarine water
177 sample and local seawater, respectively, and Sriv represents the salinity
178 of the river water endmember sites (Niebla and Gibraleoń, Figure 1).
179 The use of salinity measurements in this regard is validated by
180 correlation with other conservative elements (Cl, Ca, Mg, Na, and K)
181 (Supporting Information S.4). An exception is the observation of
182 nonconservative dissolved Ca behavior in the Tinto river branch of
183 the estuary, which is attributed to Ca inputs from an adjacent
184 phosphogypsum waste pile.37

185 The amount of seawater alkalinity consumed per volume of river
186 water discharged through each branch of the estuary (Alkconsumed) was
187 calculated using eq 5 (see Supporting Information S.5 for derivation).

F
F

Alk
Alk

1consumed
sw zero sw

sw zero
=

×

188 (5)

189 where Alksw is the total alkalinity (mM) of the seawater endmember
190 and Fsw‑zero is the fraction of seawater (eq 2) at the point in each
191 estuarine branch where total alkalinity declines to <1% of Alksw.
192 The amount of CO2 produced per volume of river water discharged
193 through each estuarine branch (mmol CO2/L of river water) due to
194 AMD neutralization by carbonate alkalinity was calculated by eq 6:

CO Alk
Carb Alk

Alk2 produced consumed
sw

sw
[ ] = ×

×

195 (6)

196 where Carb. Alksw is the sum of HCO3
− and CO3

2− concentrations (in
197 mmol/L) within the seawater endmember of the estuary, which was
198 calculated from measurements of pH, total alkalinity, and temperature

199using the CO2SYS Excel toolbox.38 Fluxes of CO2 emitted by AMD
200neutralization in the Ria de Huelva estuary were then calculated by
201scaling [CO2]produced by river discharge (L/time). The key assumption
202is that the CO2 produced via carbonate alkalinity consumption (eq 1)
203will ultimately be degassed from the estuary/surface coastal waters to
204the atmosphere. Although exact CO2 degassing rates are unknown,
205this assumption is justified given that these waters will remain in
206contact with the atmosphere for many years prior to circulation into
207the deep ocean.39

208Carbon Dioxide Emission Estimates Based on Laboratory
209River Water−Seawater Mixing Experiments
210Carbon dioxide emissions per AMD-impacted river water discharged
211through the Ria de Huelva estuary were also estimated using
212laboratory neutralization experiments between seawater and river
213water. The experiments involved titration of a known volume of
214AMD-impacted river water with seawater to reach an end point of pH
2157.5. The seawater alkalinity that was consumed (Alkconsumed) per
216volume of neutralized river water during the experiments was
217calculated using eq 7.

V V
V

Alk
( Alk Alk )

consumed
SW SW final final

RW
=

× ×

218(7)

219where VSW (L) is the volume of seawater added to the volume of river
220water (VRW; L) and Vfinal is the total volume of the solution at the end
221point (Vfinal = VSW + VRW). The total alkalinity of the initial seawater is
222denoted by AlkSW (as defined above), and the total alkalinity of the
223solution at the end point is denoted by Alkfinal. The CO2 produced per
224volume of AMD-impacted river water was then calculated using eq 6,
225as described above.
226Neutralization experiments were performed with river water from
227six locations sampled in April and June 2024 (Figure 1). These
228include samples of Odiel and Tinto endmember river waters collected
229at Gibraleoń and Niebla (samples O1 and T1, respectively) in June
2302024 with the aim of replicating the chemistry observed in estuarine
231water transects collected in that time period. They also include river
232water samples from these locations collected during the time period of
2332−6 April during higher discharge conditions, in addition to four river
234water samples collected in the upper reaches of the Tinto and Odiel
235river catchments (Figure 1). These samples span a large range in
236acidities (eq 2) and compositions of acidic metal cations (Fe, Al, and
237Mn). Although the latter samples do not represent river waters that
238are directly discharged through the estuary, their experimental results
239are used to provide empirical relationships between acidity and
240Alkconsumed, which can be used to integrate variability in CO2 emission
241fluxes linked to the hydrochemical dynamics of these river
242catchments.24,27

243Water Sampling Protocols
244Samples of river, estuarine, and seawater were collected using a plastic
245bucket that was prerinsed three times with the sampled water or were
246sampled directly using polypropylene syringes. River water and
247seawater endmembers were sampled from locations accessed via the
248bank or shore. Most of the estuarine transect samples were collected
249via a boat, although some of the upstream estuarine sites were
250accessed from locations along the bank and were sampled at different
251stages of the tidal cycle. Measurements of pH, temperature,
252oxidation−reduction potential, electrical conductivity, and practical
253salinity were made in situ using HM Digital COM-300 and HANNA
254HI98121 (April 2024) as well as HANNA HI98195 (June 2024)
255water quality probes. All probes were calibrated before use, and single
256measurements were recorded once the values had stabilized.
257Water samples were passed through a 0.22 μm poly(ether sulfone)
258capsule filter using polypropylene syringes and collected into high-
259density polyethene (HDPE) bottles. The syringes and capsule filters
260were prerinsed with the sampled water prior to collection. Separate
261bottles of each sample were collected for measurements of cations
262(Fe, Al, Mn, Ca, Mg, Na, and K), anions (SO4

2), total alkalinity, and
263for river water used for the neutralization experiments. The HDPE
264bottles used for the cation and experimental aliquots were acid-
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265 cleaned using 3 M HCl followed by three rinses with 18.2 MΩ·cm
266 water from a Milli-Q system. The bottles used for anion and alkalinity
267 aliquots were precleaned by rinsing three times with 18.2 MΩ·cm
268 water from a Milli-Q system. The sample aliquots collected for cation
269 concentrations were acidified with trace metal grade 15 M HNO3
270 within 24 h after collection.
271 Analytical Techniques
272 Total alkalinity was determined via Gran titration with either 0.1 or
273 0.01 M HCl (depending on the sample’s alkalinity), using a Hach
274 digital titrator. Concentrations of the 0.1 and 0.01 M HCl solutions
275 were determined by titration with 1 M NaOH. Cation concentrations
276 (Fe, Al, Mn, Ca, Mg, Na, and K) were determined using microwave
277 plasma atomic emission spectroscopy (MP-AES; 4210 Agilent
278 Technologies). Samples were diluted by factors of 1−250 in a 2%
279 (v/v) solution of distilled HNO3, and concentrations were
280 determined using an 11-point calibration line. Accuracy and precision
281 were assessed with repeat measurement of SLRS-6 River Water
282 certified reference material (CRM) (Supporting Information S.7).
283 Concentrations of dissolved Cl− and SO4

2− were determined by ion
284 chromatography (Dionex ICS6000 from Thermo Fisher Scientific,
285 equipped with an AG17-C guard column, an AS17-C separator
286 column, a KOH eluent generator, and an ADRS 600 2 mm
287 suppressor), with accuracy and precision assessed with repeat
288 measurement of a river water anion CRM, LGC6025. To distinguish
289 between Fe2+ and Fe3+, unacidified samples (n = 18) were analyzed
290 for total Fe and Fe2+ using spectrophotometry (Supporting
291 Information S.8). These analyses were conducted at the University
292 of Huelva within 24 h of collection for select samples collected in June
293 2024, to quantify Fe speciation of the samples at the time of sampling,
294 using a HACH DR/890 colorimeter. The river water samples used for
295 neutralization experiments, collected in both April and June 2024,
296 were subsequently analyzed for Fe2+ concentrations several weeks
297 after collection at the University of St Andrews using spectropho-
298 tometry (Evolution 220, Thermo Fisher Scientific). While the Fe
299 speciation of the latter measurements may not accurately reflect that
300 of the waters at the time of sampling due to Fe2+ oxidation to Fe3+,
301 they are taken to reflect the composition of these samples at the time
302 of conducting the neutralization experiments. Full details of the
303 protocols used in the spectrophotometry measurements can be found
304 in the Supporting Information.

305 ■ RESULTS AND DISCUSSION

306 Within-Catchment Silicate Weathering Neutralizes about
307 Half of AMD Acidity in the Odiel and Tinto River
308 Catchments
309 Dissolved anions in the Odiel and Tinto rivers are dominated
310 by SO4

2− (93%−97% of negative charge), with the remainder
f2 311 being Cl− (Figure 2). In these catchments, SO4

2− is derived
312 from sulfide mineral oxidation reactions, while Cl− is mainly
313 derived from atmospheric deposition of sea salt. The negative
314 charge of SO4

2− therefore provides a measure of the initial
315 acidity in these waters due to pyrite oxidation. At sites just
316 upstream from the Ria de Huelva estuary (Gibraleoń and
317 Niebla), anion budgets are charge-balanced by a combination
318 of acidic cations (35−64% of positive charge) and base cations
319 (36%−65% of positive charge) (Figure 2). Correcting for rain
320 inputs of base cations, Fes values are 0.37−0.40 and 0.62−0.66
321 for river water samples collected at Gibraleoń (Odiel river) and
322 Niebla (Tinto river), respectively. The river water hydro-
323 chemistry data, therefore, imply that in-catchment chemical
324 weathering reactions neutralize ca. 60 and 40% of the initial
325 AMD acidity in the Rio Odiel and Rio Tinto catchments,
326 respectively. The remaining AMD acidity is neutralized upon
327 mixing with seawater in the Ria de Huelva estuary.
328 The magnitude of CO2 emissions resulting from in-
329 catchment AMD neutralization depends on the relative

330importance of silicate (no CO2 emission) vs carbonate (0.5
331mol CO2 emitted per mol of acidity neutralized) mineral
332weathering. The composition of base cations in river dissolved
333loads can be used to distinguish between silicate and carbonate
334sources.35 In general, carbonate weathering typically supplies
335higher proportions of Ca and Mg relative to Na (Ca/Na ≈ 50,
336Mg/Na ≈ 10) than silicate weathering (Ca/Na ≈ 0.35, Mg/Na
337 f3≈ 0.24)35 (Figure 3). These signatures can, however, vary

338depending on the specific compositions of the local silicate and
339carbonate lithologies. The geology of the Odiel and Tinto river
340catchments is dominated by siliciclastic sediments (shales,
341sandstones, and conglomerates) and mafic to felsic volcanic
342rocks, which host the VMS deposits.34,40 The latter feature
343higher abundances of minerals enriched in base cations capable
344of neutralizing AMD.34,40 The catchments feature only
345relatively small areas of carbonate rocks in their lower

Figure 2. Hydrochemistry of Odiel and Tinto river water samples
upstream from the Ria de Huelva estuary. Panels (a) and (b) show
anion and cation budgets for the Odiel river at Gibraleoń and the
Tinto river at Niebla, respectively, sampled in June 2024. Purple fields
in the cations column denote base cation charge that is derived from
sea salt deposition, constrained using Cl− budgets, while the blue
fields denote base cations derived from in-catchment rock weathering.
Panel (c) shows the composition of acidic cation-supported positive
charge.

Figure 3. Base cation composition (molar ratios) of Odiel and Tinto
river dissolved loads corrected for sea salt inputs relative to the
compositions of volcanic host rocks of VMS deposits in the Iberian
Pyrite Belt.36 Also shown are the base cation compositions typical of
being sourced from the weathering of carbonate, silicate, and
evaporite rocks.35
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346 reaches.20,41 The base cation compositions corrected for sea
347 salt inputs of the Odiel and Tinto river dissolved loads feature
348 relatively high Ca/Na (1.6−2.7), which could indicate
349 contributions from carbonate weathering (Figure 3). However,
350 the base cation compositions are enriched in Mg relative to the
351 typical mixing line between silicate and carbonate-derived
352 cation compositions (Mg/Na = 3.9−8.4). These base cation
353 compositions are instead consistent with those for the local
354 volcanic host rocks (rhyolites, andesites, dacites and basalts,
355 and silicate rocks) of VMS deposits of the Iberian Pyrite Belt.36

356 Furthermore, these base cation compositions do not
357 significantly vary between upstream locations directly draining
358 the volcanic-hosted VMS deposits and downstream locations
359 that capture the full range of the catchment’s geology (Figures
360 1 and 3). Therefore, we interpret the rock-derived base cations
361 within the Odiel and Tinto river dissolved loads to be
362 dominated by weathering of silicate volcanic rocks. This
363 implies that the component of AMD acidity that is neutralized
364 by in-catchment chemical weathering is not associated with
365 CO2 emissions.
366 The remaining acidities of the Odiel and Tinto river
367 dissolved loads that discharge into the Ria de Huelva are 2.37−
368 4.63 and 11.0−22.2 mM, respectively (Figure 2). The
369 variability observed for each river is linked to hydrological
370 conditions, with lower values during the higher discharge
371 conditions sampled in April 2024. The acidity of these
372 dissolved loads is dominated by acidic metals (82−97%) with
373 minor contributions from H+ ions (3−18%) (eq 2; Figure 3).
374 For the Odiel river at Gibraleo ́n (pH 3.42−4.20), Al3+

375 dominates acidity (85−91%), with minor contributions from
376 Mn2+ (4.5−5.2%), Fe3+ (1.2−2.0%), and H+ (3−8%). The
377 Tinto river at Niebla, featuring a lower pH (2.48−2.70), has
378 acidity dominated by Al3+ (51−56%) and Fe3+ (27−30%),
379 with minor contributions from Mn2+ (1.5−1.7%) and H+ (15−
380 18%).
381 Neutralization of AMD in the Ria de Huelva Estuary Drives
382 CO2 Emissions of 32 ± 11 kt/yr

383 Geochemical distributions across the Ria de Huelva estuary
384 trace the near-complete neutralization of river-derived AMD
385 acidity and the coupled consumption of seawater alkalinity

f4 386 (Figure 4). Within both branches of the Ria de Huelva estuary,
387 river-derived dissolved Fe and Al decrease below conservative
388 mixing relationships with increasing salinity (Figure 4).
389 Likewise, total alkalinity decreases below conservative mixing
390 relationships with declining salinity from an initial value of 2.64
391 mM in the seawater endmember. Total alkalinity and dissolved
392 Fe and Al concentrations converge toward 0 mM at the same
393 point in the estuarine transects, which is marked by a sharp rise
394 in pH. This is consistent with previous studies and reflects the
395 precipitation of Fe and Al oxyhydroxide and oxyhydroxysulfate
396 phases in response to acidity neutralization by seawater
397 alkalinity.19,20,31,32 These precipitation reactions release H+

398 ions, buffering the neutralization process, maintaining low
399 pH until the Fe- and Al-hosted acidity has been completely
400 removed. In contrast to dissolved Fe and Al, dissolved Mn
401 displays conservative distributions (only impacted by mixing
402 between river water and seawater endmembers) in the Ria de
403 Huelva estuary (Supporting Information S.2), consistent with
404 the findings of previous studies.20 The minor component of
405 AMD acidity supported by Mn2+ (Figure 2) therefore plays no
406 role in the consumption of seawater alkalinity in the Ria de
407 Huelva estuary.

408The salinity at which seawater alkalinity is completely
409consumed by the neutralization of AMD acidity differs
410between the two branches of the estuary (Figure 4).
411Seawater-derived alkalinity is consumed to less than 1% of
412its initial value at a higher salinity (31.16 g/kg) in the Tinto
413river branch of the estuary than in the Odiel river branch
414(20.30 g/kg), corresponding to Fsw‑zero values of 0.89 and 0.58,
415respectively (eq 4). These Fsw‑zero values correspond to
416Alkconsumed values of 20.8 mM and 3.6 mM river water from
417the Tinto river and Odiel river branches, respectively (eq 5).
418These field-derived estimates agree within 11% of those
419quantified by the neutralization experiments (18.7 mM, Tinto
420river; 3.5 mM, Odiel river). Field and experimental estimates
421of Alkconsumed are positively correlated with river water acidity
422but are systematically lower by about 20% (Alkconsumed = 0.79 ×
423 f5acidity; R2 = 0.98, Figure 5). These results show that, on
424average, only 0.79 mol of seawater alkalinity is consumed for
425every 1 mol of AMD acidity discharged into the estuary. This
426acid−base imbalance cannot be explained by the conservative
427behavior of Mn in the estuary (Supporting Information S.2).
428Instead, it reflects the role of metal oxyhydroxysulfate mineral
429precipitation (schwertmannite and basalumnite), resulting in
430the removal of SO4

2−, and thus reducing the ratio of H+ ions
431produced by these reactions per unit of acidic metal charge
432loss7,21 (Supporting Information S.1). The formation of these
433minerals, therefore, reduces the stoichiometry between riverine
434AMD acidity fluxes into the estuary (as defined by eq 2) and
435resulting CO2 emissions due to alkalinity consumption.
436However, these minerals are metastable and will ultimately
437convert to metal oxides or oxyhydroxides over time (e.g.,
438goethite, hematite22), releasing SO4

2− and reversing this acid−
439base imbalance. Over longer time scales, it is therefore
440expected that seawater alkalinity consumption should have a
4411:1 relationship with riverine AMD acidity fluxes into the
442estuary.

Figure 4. Distributions of geochemical properties across the Tinto
river (panel a) and Odiel river (panel b) branches of the Ria de
Huelva estuary. Solid lines represent conservative mixing relationships
between seawater and river water endmembers for total alkalinity
(blue), dissolved Al (red), and dissolved Fe (magenta). Vertical
dashed lines denote salinities at which total alkalinity reaches 1% of
the initial seawater value. PSU, practical salinity unit.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.6c05684
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c05684/suppl_file/es6c05684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c05684/suppl_file/es6c05684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c05684/suppl_file/es6c05684_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.6c05684?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


443 Based on the temperature (24.71 °C), pH (8.03), and total
444 alkalinity (2.64 mM) of the local seawater endmember of the
445 Ria de Huelva estuary sampled in June 2024, 0.87 mol of CO2
446 is produced per mole of Alkconsumed.38 Coupled with the field
447 and experiment constraints on Alkconsumed, this yields 1.6 and
448 3.1 (Odiel), and 7.1 and 18.2 (Tinto) mol of CO2 produced
449 per L of river water discharged into the Ria de Huelva for the
450 April and June 2024 samples (Supporting Information S.3).
451 Scaling these numbers by the river discharge at the times of
452 sampling yields total CO2 emission fluxes from the Ria de
453 Huelva estuary of 171 and 16 ktCO2/yr for the April and June
454 2024 hydrological conditions, respectively. This variability in
455 CO2 emission flux estimates reflects seasonal differences in
456 both river discharge and river water AMD acidity concen-
457 trations, which are known to covary in these river catch-
458 ments.24,25 The long-term (seasonally averaged) CO2 emission
459 flux associated with AMD neutralization in these catchments,
460 relevant to quantifying the importance of this CO2 emission
461 source to metal production carbon footprints, is likely to be
462 within this range.
463 Previous studies have used time series data to constrain
464 annually averaged fluxes of dissolved Fe and Al into the Ria de
465 Huelva estuary ranging between 0.6 and 13 kt/yr.24−29 Data
466 from our field survey and neutralization experiments show that
467 2.89 mol of seawater alkalinity is consumed for every mole of
468 Fe and Al discharged into the estuary (Figure 5b). This
469 empirical relationship includes the consumption of alkalinity
470 by acidity supported by these metals in addition to that
471 supported by H+ ions, noting that concentrations of these
472 species tend to covary in these rivers.42 It also accounts for the
473 acid−base imbalance (0.79 mol of alkalinity consumed per 1
474 mol of acidity) due to sulfate removal by metal oxy-
475 hydroxysulfate precipitation (Figure 5a). Coupling this
476 relationship to literature constraints for Fe and Al fluxes into
477 the Ria de Huelva estuary for the years 2001/2002, 2002/
478 2003, and 2005/2006 yields a CO2 emission flux of 32 ± 11
479 ktCO2/yr (mean ± 2SD) (Supporting Information S.3). These
480 three years feature both Fe and Al flux estimates for both the
481 Rio Tinto and Rio Odiel, allowing calculation of the full CO2

482flux from the estuary.24,27 This flux estimate integrates seasonal
483variability in Rio Odiel and Rio Tinto AMD fluxes and
484reassuringly lies within the range of our constraints for the two
485endmember hydrological conditions sampled in April and June
4862024.
487The Importance of AMD-Associated CO2 Emissions to
488Metal Production Carbon Footprints

489Copper is the main metal that has been historically produced
490from the Iberian Pyrite Belt.11 Accurate estimates of the total
491mass of copper produced to date are lacking; however, it is
492estimated that 245 Mt of massive sulfide ore was extracted
493from this region between 1873 and 2001.14 Assuming average
494Cu ore grades of 0.4−5 wt %11,13 yields an estimate of 980−
49512250 kt of Cu produced. This equates to an average Cu
496production rate of 8−96 kt Cu per year during this time
497period. While subject to uncertainty, these estimates are
498reasonable given that the largest mine in this region, the Rio
499Tinto mine, alone produced ca. 5−25 kt Cu/yr during this
500period.43 Normalizing our estimate of CO2 emissions via AMD
501neutralization of 32 ± 11 ktCO2/yr to these estimates of Cu
502production rates yields between 0.3 and 4.2 t CO2 per t Cu
503 f6(Figure 6). These estimates overlap within the same range as
504conventional carbon footprints for Cu production of 1−9 t
505CO2 per t Cu.44,45

506The comparison above highlights the importance of CO2
507emissions arising from AMD neutralization in the metal
508production carbon footprints. However, it suffers from
509uncertainty due to AMD production and neutralization being
510temporally disconnected from associated metal production.
511Waste sulfide minerals from the mining process can take
512decades to millennia to fully oxidize.8 The CO2 emissions
513arising from AMD neutralization associated with the historic
514Cu production from this region will therefore continue to
515accumulate over this period of sulfide mineral oxidation. This
516means that our comparison above underestimates the full life
517cycle of AMD-related CO2 emissions per unit of Cu
518production. The potential AMD-related CO2 emissions per
519unit metal production, integrated over the time period it takes
520to fully oxidize the associated waste sulfides, will be dependent
521on two key factors. First is the ratio of metal of economic
522interest to waste sulfide minerals in the excavated material.
523This determines the amount of acidity that will ultimately be
524generated per unit of metal production. Second is the pathways
525by which this acidity will be neutralized in the downstream
526environment (silicate vs carbonate weathering, and reaction
527with seawater alkalinity), which will determine the CO2
528emissions per unit of acidity.

Figure 5. Relationships between Alkconsumed and river water acidity
(panel a) and river water acidic metal concentrations (panel b).
Dashed lines denote linear regressions through the data forced
through the y intercept, with the equation of the line and R2 values
given below. Results for Alkconsumed constrained both from the
estuarine transects (field) and from neutralization experiments
(experimental) are shown for samples collected in June 2024. For
river water samples collected in April 2024, including those from
locations in the upper reaches of the catchments, Alkconsumed are only
available from neutralization experiments.

Figure 6. Comparisons of estimates of AMD-related CO2 emissions
per t Cu production to conventional Cu carbon footprints.44,45
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529 The oxidative weathering of pyrite (FeS2), the dominant
530 sulfide mineral in VMS deposits of the Iberian Pyrite Belt,
531 produces 4 mol of acidity per mole of pyrite (Supporting
532 Information S.1). Assuming an ore composition of 50−100 wt
533 % pyrite with 0.4−5 wt % Cu11,13 results in a potential acidity
534 production of 3.3 × 105 moles to 8.3 × 106 moles per t Cu.
535 Results from our study show that approximately half of the
536 AMD acidity produced in this region is neutralized by in-
537 catchment chemical weathering, associated with no CO2
538 emission. The remaining AMD acidity is neutralized by
539 seawater alkalinity during estuarine mixing with ∼0.9 mol of
540 CO2 emitted per mole of acidity. Application of these
541 constraints yields potential AMD-related CO2 emissions per
542 unit of Cu production in the Iberian Pyrite belt of 7−165 t
543 CO2 per t Cu, over the full oxidation time scale of the extracted
544 sulfides. This estimate exceeds those of conventional Cu
545 production carbon footprints of 1−9 t CO2 per t Cu by more
546 than an order of magnitude44,45 (Figure 6). The full oxidative
547 weathering of the 245 Mt of massive sulfides historically
548 excavated in this region will result in a total CO2 emission of
549 78−156 MtCO2. However, at the current rate of CO2 emission
550 (32 ± 11 ktCO2/yr), it would take ca. 2000−7000 years to
551 release this full CO2 emission budget, highlighting the
552 longevity of this CO2 emission source.
553 The findings of this study show that CO2 emissions related
554 to AMD neutralization can dominate the carbon footprints of
555 metal production from sulfide-rich ore deposits over the full
556 life cycle of the associated waste sulfide minerals. This warrants
557 the consideration of this CO2 emission source in metal
558 production life-cycle assessments. The magnitude of this CO2
559 emission source, relative to metal production, will depend on
560 the ratio of sulfide minerals to metal abundance in the ore
561 material and the neutralization pathways of the resulting AMD
562 in the downstream environment. The high sulfide mineral
563 abundances of the VMS deposits in the Iberian Pyrite Belt
564 likely make AMD-related CO2 emissions from this mining
565 region among the highest in the world. Other deposit types,
566 with lower sulfide mineral-to-metal ratios, are predicted to be
567 associated with lower magnitude AMD-related CO2 emissions.
568 The use of AMD remediation approaches may help mitigate
569 associated CO2 emissions by impacting AMD generation rates
570 or neutralization pathways. Source control techniques focusing
571 on managing the storage of waste sulfide minerals could slow
572 the rate of AMD-associated CO2 emissions. However,
573 migration control techniques that treat AMD-impacted waters
574 often involve neutralization using carbonate minerals, resulting
575 in CO2 emissions.46 The extent to which remediation
576 approaches impact AMD-related CO2 emissions requires
577 careful consideration in future mining developments. The
578 approach outlined in this study to quantify AMD-related CO2
579 emissions as a function of metal-to-sulfide mineral ratios and
580 neutralization pathways can be applied in other mining areas to
581 address these questions.
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