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Abstract

The toxicity and bioavailability of metals in acid mine drainage (AMD) and neutral mine drainage (NMD) from
old mine sites can be predicted using geochemical modelling. Such modelling of aluminium toxicity in West
Coast streams was found to be very consistent with ecological assessments in the same streams, clearly
identifying the threshold free aluminium ion concentrations at which impacts on aquatic ecology were observed.
The focus of this research has now shifted to modelling the toxicity of trace metals in streams draining the

recently rehabilitated Tui mine site in Te Aroha, in the Coromandel region of New Zealand.

The fo i mine i
To AroIIT)Z?rWTa 1;}1{ ;?;niy ;swl%ceatled (cl)n the western slopes of Mt Te Aroha, near the township of
mine area. Tui Stre’am draina Etl}rll . Two streams, Tui Stream and Tunakohoia Stream drain the
from the tailings dam Tunsk ; catchment on t!ne west side of mine and receives discharge
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mine was NZ’s most contaminated site. While metal run-off from the

mine tailing dam to Tui Stream has been significantly reduced by the rehabilitation works (liming and capping
the tailings dam), NMD discharging to the adjacent Tunakohoia Stream still results in high concentrations of
manganese, cadmium and zinc. Geochemical modelling using PHREEQC indicated that high proportions (70% -
96%) of these metals are present as toxic free metal ions. Ecological surveys in Tunakohoia stream show a
greatly reduced taxonomic richness, and the absence of mayflies. A fish survey in the Tunakohoia showed an
absence of fish in the upper and middle reaches. By contrast, in Tui Stream, the concentrations of these metals
(again predominantly present as free ions) have been reduced to much less than their concentrations in
Tunakohoia Stream. Ecological surveys show that benthic invertebrate communities have recovered in Tui

Stream to a greater degree than in Tunakohoia Stream.
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Introduction

Acid mine drainage (AMD) is an environmental issue associated with mining activiti
(Banks et al., 1997; Blowes et al., 2003; Nordstrom and Alpers, 1999). AMD occurs when thi
ore being mined contains iron sulphides which are oxidised when they come into contact wi
water and oxygen (Evangelou, 1995). This results in acidic mine drainage waters whi
contain high levels of sulfate ions and trace metals. If there is sufficient neutralising capaci
in the rocks surrounding the mined ore deposit, the acid can be neutralised but the mi
drainage waters still contain significant levels of sulfate ions and some trace metals (Banks
al., 1997). When this occurs the mine drainage water is said to be neutral mine drainage
(NMD). Neutral mine drainage is often present in catchments draining lead and zinc min
which have a lower iron sulfide content and therefore a lower acid generating capaci
(Blowes et al., 2003; Warrender et al., 2011). In both AMD and NMD waters, trace me
concentrations can be high enough to be toxic to aquatic organisms. Most water qual
guidelines specify total or dissolved metal concentrations. However, as acknowledged in t
free ion activity model (FIAM) and biotic ligand model (BLM), it is mainly the
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al gﬁzr?éigzeefui Néléle becarpe recognised as New Zealand’s most contaminated hea
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abilitate the sio ( %VR Cegr(r)lllc; )e\gn}tl, tI)D.rlc?m;.)ted the local regional and district councils to
010 and 20 » 2U13). Rehabilitation works were carried out at the sit

13, when the adits were plugged and flooded with a limestone shir? zerlev iﬁrel
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Methods

In this study water samples were collected at ten sites in this cat.chment. (Fig. 1). Four
sampling sites were located along Tui Stream including a reference site (TuiC) .upstream of
the input from tailings dam. Four sampling sites were located along Tupakohma StreE}m as
well as a reference site (TunaC) on the south branch of the Tunakohoia Stream, which is
unaffected by mining works at the Tui Mine. One other reference site was loca'ted.on the
Wairongomai Stream which is in a separate catchment with similar geology. This site was
included in order to compare with historic sampling at this site (Hickey anq Clements, 1998).
Samples were collected in November 2015 in order to avoid the effects of high rainfall during

the winter months and the lower stream flow of the summer months.

\ of
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Macroinvertebrate samples were collected in December 2014 according to the protocol of
S.tark et al. (2001). Samples were preserved in the field with 70% ethanol. Samples were then
sieved through 500um mesh in the laboratory. Invertebrates were counted and identified to
the lowest taxonomic level using identification guides of Winterbourn et al. (2006).

Results and discussion

Water chemistry

Table 1 shows the water chemistry at the sites during the November 2015 sampling survey.

Tabl.e 1. Chemistry'of the Tui and Tunakohoia Streams in November 2015. For trace metals, the dissolved
fractlop (<0.45um) is s-hovlvn, and concentrations denoted in bold are above ANZECC (2000) trigger value
aquatic ecosystem guidelines for the protection of 95% aquatic species, as shown at the base of the table.

Site pH Temp DO Cond Cl- NOs~ SO HCOr Nat Mgz Kt Ca?

£5Tui Mine
: i2. O j strea™ s Tuna 1
Tui3 JUiZ 1 Junaz o
. B Juik /' Auckland
JunaC .
A Tui Mine
_
\\ Napier
Mourk Te Aroha d
’ =] Wellington

M 500m

Ak

(C) (mgl) (uSlcm) (mgl) (mg/L) (mgll) (mgl) (mgll) (mgl) (mgl) (mglL)
Tunal 742 137 969 666 102 038 285 695 131 181 107 109
Tuna2 712 122 101 409 118 066 15 329 131 137 124 503
Tuna3 684 138 988 308 122 103 936 341 127 102 112 346
Tunad 692 155 939 249 127 116 654 417 117 784 104 255
Tuna5 752 196 101 252 129 092 656 390 117 75 110 048
TunaC 707 121 985 102 110 019 146 268 760 281 05 803
Tul 740 119 103 150 107 019 292 322 944 438 084 129
Tu2 723 129 994 150 108 022 296 292 947 437 091 124
T3 731 159 898 150 117 078 286 321 100 465 109 116
TuiC 721 114 997 125 106 031 201 318 890 334 068 108
WaiC 728 143 975 141 927 004 367 181 720 430 069 125

Figure 1. Map of study area near Te Aroha, Coromandel, showing water sampling sites used for this research.

Measurements of temperature, pH, conductivity and dissolved oxygen were made in situ
using a HACH HQ40d portable multi parameter meter. Three 50mL water samples were
collected in sterile HDPE centrifuge tubes; one water sample for major ions and carbonate
determination, and two water samples (one unfiltered and one filtered through 0.45 pm)
acidified with Aristar concentrated nitric acid for trace element analysis. Samples were
analysed for major cations and trace elements by ICP-MS (Universi‘Fy of Canterbury) .and for
major anions by HPLC (Lincoln University). Carbonate concentrations were determined by

IRGA at the WCFM laboratories at Lincoln University.

Speciation modelling for the dissolved metals was carried out using the geochemic?ll
modelling program PHREEQC (Parkhurst et al., 1980), using the WATEQ4F thermodynamic

database.
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Site Fe (pg/L) Mn (ug /L) Cu(pg/L)  Pb(ug/L Zn (ug /L i(ug/l)
Tunad 5.06 477 277 2.3(§pg : 247(:9 : fggﬁgy 2.2(4;, -
Tuna2 314 75.3 3.87 247 1840 133 375
Tuna3 9.30 175 0.92 0.13 647 6.49 135
Tunad 130 403 0.49 0.10 342 3.89 0.89
Tuna5 26.1 205 114 0.10 181 2.40 0.66
TunaC 8.29 0.48 0.33 <0.03 0.81 0.02 0.17

Tuit 2.88 0.40 0.84 0.05 45.7 0.36 0.59
Tui2 20.2 105 0.90 <0.03 53.9 0.39 0.56
Tui3 66.7 478 0.94 0.09 37.6 0.23 0.60
Tuic 277 0.20 0.17 <0.03 9.63 0.06 <0.04
WaiC 117 9.75 0.25 0.04 257 0.03 221
ANZECC - 1900 14 34 8.0 0.2 11

Dissolved iron and manganese concentrations both show an initial decrease in the upper
Catchments, fpl}owed by an increase in the lower reaches of the Tui and Tunakohoia Streams.
COplous precipitation of brown iron oxide is evident in the upper reaches of both catchments
Wwhich would reduce the dissolved iron concentration (any iron oxide solids suspended in the;
IVYI?ter column (?f greater than Q.45 um will be excluded from this measurement). It appears
1 ely that precipitates carried into the lower reaches may re-dissolve to a degree, leading to
hlgl}EEr iron and manganese concentrations downstream. For manganese, there rr’lay also be
additional municipal and agricultural sources of contamination to the’ lower Tunakohoia

Strearp. There was little significant difference between iron and manganese concentrations for
the different catchments.
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Dissolved zinc and cadmium concentrations decrease along the length of the Tunakohoia
Stream, from the sampling site at the top of the stream near adit 4 to where the stream enters
the Waihou River. However, all sites (except for the reference site on the south branch of the
stream) remain well above the ANZECC (2000) guidelines for the protection of 95% of the
aquatic species. Similarly, for Tui Stream, dissolved zinc and cadmium concentrations vary
downstream but remain above ANZECC (2000) guidelines. Even the reference site (TuiC) is
just above the ANZECC (2000) guideline for zinc, and this is upstream of any tailings
drainage input so may reflect naturally elevated levels from host rock weathering. The
difference between the zinc concentrations in the two streams is close to being statistically
significant (at P=0.079).

Dissolved lead and nickel concentrations are highest in the upper Tunakohoia Stream
catchment, but remain below the ANZECC (2000) guideline trigger values. Lead and nickel
concentrations decrease to levels similar to that of the reference sites in the lower reaches of
Tunakohoia Stream. ANZECC (2000) guidelines for copper are exceeded only at sites Tunal
and Tuna2, and while concentrations do remain elevated relative to the reference site in the
lower reaches of the stream, they are below the guideline trigger value. In Tui Stream, while
dissolved lead, copper and nickel concentrations at impacted, upper catchment sites are
elevated above the background levels observed at the reference site, they are consistently
below ANZECC (2000) guideline trigger values for moderately impacted streams.

Metal speciation

Figure 2 shows PHREEQC calculated dissolved metal speciation for those metals exceeding
ANZECC (2000) guidelines; zinc, cadmium and copper, and for manganese which is also
very elevated in the upper Tunakohoia catchment. The speciation of dissolved zinc and
cadmium (Figs 2a and 2d) shows that, despite the concentration changes along the length of
the Tunakohoia Stream, free metal ions (Zn®* and Cd*") dominate the speciation at all sites
and remain orders of magnitude higher than the ANZECC (2000) guidelines for the protection
of aquatic species at all sites, except for the reference site. Less than 30% of dissolved zinc
and cadmium is complexed, mainly by sulfate ligands. Similarly in the Tui Stream catchment,
free Cd?* and Zn?" ions dominate the speciation of dissolved cadmium and zinc respectively,
with less than 15% complexed by sulfate and other ligands. Concentrations are lower than in
Tunakohoia Stream but still exceed ANZECC (2000) guidelines.

The speciation of dissolved copper (Fig. 2b) indicates a lesser role for the free metal ion,
which constitutes only up to 40% of the dissolved copper concentrations in Tunakohoia
Stream and up to 15% in the Tui Stream. Complexation of copper, mainly by the hydroxyl
ion, has reduced the concentration of free Cu®" ion to below ANZECC (2000) guidelines at all
sites.

Dissolved manganese concentrations are below ANZECC (2000) guidelines for ecosystem
health, but do exceed ANZECC (2000) guidelines for contact recreation (Fig 2¢). Free Mn®"
ion makes up the majority (>80%) of dissolved manganese at all sites. At Tunal manganese
complexed by sulfate does make a reasonable contribution (20%) to the overall dissolved
manganese concentration, but Mn?" is still highest at this site and remains above the contact
recreation guidelines.

In assessing the benefits of remediation, it appear that the addition of lime slurry to the adits
draining to the Tunakohoia has done little to reduce the toxicity of dissolved cadmium and
zinc. Neither the concentration of the dissolved metal nor the concentration of the free metal
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ion'have been significantly reduced by this action. This may
dr_a}nage has always been high (near neutral) relative to the
tailings dam (Tay, 1980; Webster, 1995; Sharplin, 2008).

reflect the fact that pH of adit
more acidic drainage from the

Dltssolved and free metal iqn c;oncentrations in Tui Stream have been reduced to a greater
extent as a result of remediation of the Tailings dam in this catchment. However, while
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Figure 2. PHREEQC predicted speciati i
' : peciation for dissolved metals which exceed ANZE ideli
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which has a very high free Mn>" concentrations and dictates the logarithmic trend (R* = 0.5 9).
As Mn*" is only high at Tunal, while low macroinvertebrate numbers were observed at both
sites Tunal and Tuna2, this is likely due to factors other than manganese toxicity.

The data collected for aluminium in West Coast streams by Waters and Webster-Brown
(2013) showed a threshold below which taxa richness increased rapidly. The approach taken
by Waters and Webster-Brown (2013) was to fit a trend line through two data sets, one for
high free metal ion concentrations which showed a steep gradient, and a second for lower free
metal ion concentrations with a shallower gradient. Where these trends met a “threshold” for
AP toxicity was identified. This was found to be 0.46mg/L, which corresponds to
approximately 0.6mg/L for dissolved aluminium as AI*" makes up a significant proportion of
dissolved Al in these streams. This is well above the ANZECC (2000) guideline value for

protection of aquatic life of 0.055mg/L and is not intended to be an overall guideline value,
but instead acts as a reasonable remediation target.

In this study, however, a reduction in taxa richness with increasing free zinc and cadmium ion
concentration was shown but no clear threshold value was observed. Instead a consistent
linear relationship for all metal concentrations was observed. As a first approach, we have
identified arbitrary thresholds as those which maintain taxa richness at >50% of the reference
site taxa richness. The free ion concentrations at which this threshold is passed in Tunakohoia
Stream are approximately 10pg/L for cadmium, and 1300pg/L for Zn. However it must be
noted that cumulative effects of high Zn and Cd concentrations (as well as possibly sub-toxic
levels of Mn and Cu) have not yet been considered. In Tui Stream taxa richness remains
above this arbitrary threshold in both of the sites downstream of the tailing dam, consistent
with the lower levels of metals and free metal ions at these sites. Remediation of the tailing
dam, and the subsequent reduction in acidity and heavy metal concentrations in Tui Stream,

has clearly been more effective in terms of ecosystem recovery, than remediation works in the
Tunakohoia Stream catchment.

Conclusion

The preliminary findings from this study indicate that remediation efforts at Tui Mine have
improved the water quality in Tui Stream such that dissolved and free metal ion
concentrations are now below ANZECC (2000) guidelines for aquatic ecosystem protection
for all metals except cadmium and zinc. Water quality improvements have enabled
macroinvertebrate species to recolonise the upper reaches of the Tui Stream.

However, dissolved copper, cadmium, manganese and zinc concentrations in the Tunakohoia
Stream still exceed ANZECC (2000) guidelines for aquatic ecosystem protection, and for all
except copper, free metal ion concentrations also exceed these guidelines. Copper has been
complexed sufficiently by hydroxide ligands to fall below the ANZECC (2000) guideline
value. Tunakohoia Stream still has low macroinvertebrate taxa richness where free zinc and
cadmium ion concentrations are high, exceeding the threshold values proposed of 10pg/L for

Cd, and1300ug/L for Zn. Further work is required to separate the cumulative effects of
multiple elevated metals.
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