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Abstract
Relatively impermeable soil-free substrates (clay-rich outcrops and sediments) exposed at eight abandoned placer gold 
mines generate alkaline mine drainage through evaporation and minor interaction between water and rock in a semi-arid 
rain shadow climate. Original mine sluicing a century ago created drainage channels over the land surface that still control 
the flow of ephemeral surface waters, with localised construction of erosional outwash pans. Ephemeral surface waters and 
associated evaporitic salts are dominated by halite derived from marine aerosols in rain, yielding circumneutral pH and elec-
trical conductivity (EC) values locally exceeding 50 mS/cm. Weakly altered schist basement rocks and Miocene mudstone 
exposed at the surface contain abundant calcite, and surface waters are supersaturated with respect to Ca-carbonate minerals 
with a pH of ≈ 8 and an EC of ≈ 1 mS/cm. Water interaction with albite increases the dissolved Na/Cl molar ratio to > 1, and 
evaporative formation of Na-carbonate precipitates can raise the pH to > 10. Pyrite oxidation does not offset the alkaline 
pH in any of these processes, although dissolved sulfate can rise to high levels (> 2000 mg/L; EC ≈ 5 mS/cm), forming 
evaporative sulfate minerals. Ephemeral waters drain down outcrops and the relatively impermeable erosional pans, leaving 
salt encrustations with variable mineralogy and associated waters with pH and EC values that are partially controlled by 
rates of dissolution and reprecipitation of the minerals in the salts. The saline alkaline chemistry of the pans excludes most 
vegetation and has allowed development of salt-tolerant ecosystems with rare endemic halophytic plants. Maintenance of 
soil-free halophytic surfaces has potential applications in dryland mine sites around the world, especially as climate change 
enhances and extends aridity.
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Introduction

Exposed bare rock at mines commonly generates acid mine 
drainage from pyrite oxidation, and this can have major neg-
ative environmental effects (Amos et al. 2015; Dold 2017; 
Lottermoser 2010; Parbhakar-Fox and Lottermoser 2015). 
Saline mine discharge waters can also cause negative envi-
ronmental effects (Panagopoulos and Giannika (2022). Alka-
line mine drainage is also common but has fewer negative 
environmental effects than acid drainage (Kirby et al. 2009; 
Lottermoser 2010; Plante et al. 2011; Smith et al. 2013). 
Carbonate-related water–rock reactions associated with 
alkaline rock drainage are commonly seen as beneficial as 

they absorb atmospheric CO2 (Hamilton et al. 2020; Har-
rison et al. 2013; Khalidy and Santos 2021; Manning et al. 
2013). Hence, there are potential environmental benefits 
from leaving some such rocks exposed, rather than cover-
ing them with soil during rehabilitation which is the normal 
practice (Anawar 2015; MacDonald et al. 2015; Tropek et al. 
2012; Wong 2003).

Another disadvantage of engineered soil covers is that the 
end result is typically uniform and may have lower biodiver-
sity values than the original landscape (Frouz 2018; Prach 
and Hobbs 2008; Sonter et al. 2018, 2020; Tropek et al. 
2012, 2013). In contrast, there is evidence that limiting engi-
neered rehabilitation activities, and ensuring that a range of 
surface environments is exposed, can have better long-term 
biodiversity outcomes (Doley and Audet 2013; Haigh 2018; 
Parraga-Aguado et al. 2013; Prach and Hobbs 2008; Tropek 
et al. 2012, 2013). Even localised acid-generating rocks can 
yield biodiverse ecosystem recovery (Anawar 2015; Nikolic 
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et al. 2016; Valente et al. 2012). More generally, alkaline 
and saline mine substrates, both soil and bare rock, can host 
a range of novel ecosystems (Clemente et al. 2012; Frouz 
2018; Manousaki and Kalogerakis 2011; Mendez and Maier 
2008; Parraga-Aguado et al. 2013; Tropek et al. 2010). In 
this study, we quantify hydrogeochemical processes that lead 
to ephemeral alkaline mine drainage and associated evapo-
rative saline substrates in an area with a semi-arid climate 
(Fig. 1a–c). This surface water network has produced local-
ised enhanced biodiversity on mined land without addition 
of a post-mining soil cover. These geochemical processes 
and associated plant communities have evolved naturally on 
bare soil-free ground after historic mine sites were aban-
doned without rehabilitation. The sites we describe are small 
(hectares), but they are biologically important for their spe-
cialist plant species (halophytes) that are present because of 
the mining activity, rather than despite it.

In our previous work on this topic, we outlined the general 
principles of this approach to biodiversity-enhanced reha-
bilitation for acid and circumneutral mine drainage (Craw 
and Rufaut 2021; Rufaut et al. 2018). We also developed a 
regional scale understanding of the geochemical processes 
that lead to formation of alkaline saline substrates above 
a wide range of rock types (Craw et al. 2022a, b, 2023). 
This regional scale work evolved from initial studies of two 
placer mine sites (Druzbicka et al. 2015) that had limited 
geochemical variability. The present study returns to the 
mining context and documents a much wider range of mine 
sites with a much wider range of geochemical variability. In 
particular, we focus on the geochemical processes that lead 
to highly saline, circumneutral to highly alkaline (pH ≈ 7 
to > 10), surficial environments. We extend and synthesise 
the previous work on specific historic mine sites (Druzbicka 
et al. 2015; Law et al. 2016) to a wider range of historic mine 

(a) (b)

(c)

Fig. 1   Location and setting of this study in southern New Zealand. a 
Principal geological features of South Island of New Zealand in rela-
tion to this study. b Annual precipitation map of the southern South 
Island (after NIWA 2020), showing the location of the rain shadow 

(rainfall areas ≈ 400 mm/year). c Decade record (log scale, millime-
tres) of daily rainfall and potential evaporation (NIWA 2021) that 
leads to persistence of mine site salt pans in the rain shadow study 
area



5Mine Water and the Environment (2023) 42:3–23	

1 3

sites than previously documented. We also link long-term 
surface processes at these sites to shorter-term alkaline mine 
drainage chemical evolution at a nearby active gold mine 
(Weightman et al. 2020). Our results show that unremedi-
ated, exposed mine substrates with ephemeral alkaline and 
saline runoff can be useful hosts for unique plant communi-
ties. In the examples we describe, these communities were 
not present at the sites before mining, and subsequent land 
use changes have removed these communities from most 
surrounding areas. We also provide some preliminary results 
that show that localised removal of soil can enhance this 
biodiversity, and that this approach could be scaled up for 
potential management over larger areas.

General Setting

The Mesozoic Otago Schist belt of southern New Zea-
land (Fig. 1a) has been a major gold producer for the past 
160 years (Craw and MacKenzie 2016; Williams 1974). 
Most historic gold production (> 8 Moz) was from placer 
deposits that occur in Cretaceous to Holocene sediments 
resting on the schist basement (Craw et al. 2016; Williams 
1974). However, the modern Macraes Mine (Fig. 1b) is New 
Zealand’s largest gold mine and has been developed since 
1990, first as an opencast and more recently as an under-
ground mine in a large (> 10 Moz) orogenic gold deposit 
in basement rocks (Craw and MacKenzie 2016). The meta-
sedimentary schist basement has broadly uniform lower 
greenschist facies metamorphic mineralogy (Table 1), and 
the Cretaceous-Holocene sediments were derived from the 
basement and have similar primary mineralogy.

The Otago Schist goldfield lies within a well-defined 
rain shadow in the lee of the Southern Alps mountains 
that have been uplifted immediately east of the Alpine 
Fault tectonic plate boundary (Fig. 1a, b; Chamberlain 
et al. 1999). Consequently, the goldfield has a cool semi-
arid climate in which precipitation (300–600 mm/year) 
is less than evapotranspiration (> 700 mm/year) and sur-
face waters are readily evaporated to leave precipitated 
mineral encrustations (Fig. 1b, c, e; NIWA 2021; Craw 
et al. 2022a, b, 2023; Weightman et al. 2020). Many of 
these evaporative encrustations and associated ephem-
eral surface waters are derived from marine aerosols in 
rain and have compositions reflective of seawater, domi-
nated by NaCl (Craw et al. 2022a, b, 2023). Evaporative 
encrustations are most prominent on relatively imperme-
able soil-free surfaces that include clay-rich outcrops and 
redeposited clay-rich depositional pans. These bare clay-
rich soil-free substrates differ from unvegetated bare soils 
and coarse basement-derived gravels that occur locally in 
the area and do not host salts or the endemic halophytes. 
The compositions of ephemeral surface waters (present 

in occasional heavy rain events) and associated evapora-
tive precipitates (Table 1) on these bare substrates are the 
principal topics of the present study.

We focus on historic placer gold mine sites in the most 
arid part of the rain shadow, where some of these abandoned 
sites have developed unique plant communities over the past 
century (Figs. 1b, 2a–d). Placer gold was derived from oro-
genic deposits in the basement rocks and was concentrated 
at erosional unconformities in the overlying sedimentary 
sequence (Fig. 2a). The most important unconformity occurs 
directly on the schist basement where Miocene quartz peb-
ble conglomerates (QPC) host the placers (Fig. 2a, b). Sub-
sequent groundwater passage along the unconformity zone 
has caused extensive clay alteration of the schist up to 50 m 
below the contact and some silicification of the overlying 
QPC (Fig. 2a; Table 1; Chamberlain et al. 1999; Craw et al. 
2016). Some alteration above and below the contact was 
oxidising and produced iron oxyhydroxide while some was 
reducing and produced authigenic pyrite, especially in asso-
ciation with lignite-bearing sediments associated with the 
QPCs (Fig. 2a; Table 1; Tostevin et al. 2016).

Table 1   Principal minerals and/or mineral types observed in the 
southern New Zealand rain shadow. Formulas are given for the most 
likely specific mineral constituents of surface evaporitic encrusta-
tions, as identified and inferred from XRD and SEM observations and 
geochemical modelling

Rock and sediments Quartz, albite, muscovite, chlorite, 
calcite, pyrite

Groundwater alteration Kaolinite, Na-smectite, calcite, pyrite, 
quartz, Fe-oxyhydroxide

Evaporative mineral Formula

Evaporation Fe-oxyhydroxide Fe(OH)3 or FeO⋅OH
Al-oxyhydroxide Al(OH)3 or AlO⋅OH
Calcite CaCO3

Aragonite CaCO3

Magnesite MgCO3

Nahcolite NaHCO3

Trona Na2CO3⋅NaHCO3⋅2H2O
Natron Na2CO3⋅10H2O
Gypsum CaSO4⋅2H2O
Anhydrite CaSO4

Epsomite MgSO4⋅7H2O
Hexahydrite MgSO4⋅6H2O
Kieserite MgSO4⋅H2O
Bloedite Na2Mg[SO4]2⋅4H2O
Mirabilite Na2SO4⋅10H2O
Thenardite Na2SO4

Halite NaCl
Sylvite KCl
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Far-field deformation associated with the Alpine Fault 
and rise of the Southern Alps during the Pliocene and Pleis-
tocene has caused regional-scale folding, uplift, and partial 
erosion of the Miocene unconformity zone (Fig. 2b; Craw 

et al. 2022a). Gold has been recycled into Pleistocene sedi-
ments during this uplift, and one mine site discussed in this 
study was developed at the unconformity between Pleisto-
cene gravels and underlying Miocene lacustrine mudstone 

Fig. 2   Geological setting for historic placer mine sites in this study. a 
Sketch of cross section showing the settings of placer mines. b Geo-
logical map showing the locations of placer mines in relation to prin-
cipal geological features in the rain shadow. B Blackmans, O Omeo, 
CG Conroys Gully, CR Chapman Road, FT Flat Top Hill, TH Tucker 

Hill, M Manorburn, S Springvale, R current reserves. c Example of 
partial halophyte cover (salt grasses) on saline outcrop (top) and asso-
ciated saline pan (bottom) formed after sluicing of clay-altered schist 
unconformity
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(Fig. 2a, b). The tectonic uplift and erosion has been on-
going, and further recycling of gold has occurred into late 
Pleistocene and Holocene sediments (Fig. 2a). At the sites 
discussed in this study, this latter stage is reflected in local-
ised gold redistribution into a surficial veneer of locally-
derived gravels, sands and silts (Fig. 2a).

Methods

This paper includes a synthesis of general observations and 
data from a wide range of natural and anthropogenic sites 
within New Zealand’s rain shadow, with details recorded 
by Craw et al. (2022a, b, 2023). Climate information was 
obtained from NIWA (2021) and ORC (2021). We have dis-
tilled these general observations and focused here on eight 
historic placer mine sites where mining was important for 
providing suitable saline substrates for halophyte colonisa-
tion (Figs. 2, 3, 4). Halophytes are rare at the Manorburn site 
and the Omeo site does not currently host known halophyte 
communities on bare saline substrates, although a detailed 
botanical survey has not been done. Parts of several of 
these sites are located in formal reserves to preserve these 
unique plant communities, and our observations were pri-
marily non-destructive because only limited sampling was 
permitted.

Electrical conductivity (EC) and pH have proven to be the 
most useful parameters for general characterisation of water 
compositions and saline substrates. The pH and EC of saline 
substrates were obtained in the field from slurries made with 
20 mL of solids and 30 mL of added distilled water. This 2:3 
ratio of substrate and water was determined by experience 
to be the best for ensuring inclusion of adequate salts to 
the solution to be measured. These slurries required several 
minutes of stirring to ensure complete disaggregation of the 
clay-rich materials, and this stirring was found to be the most 
important preparation stage. The pH and EC of the resultant 
slurries were measured with a portable Oakton PC450 meter 
with separate pH and EC probes, which were calibrated in 
the laboratory (22 °C) with manufacturer-supplied buffer 
solutions (pH 4.7 and 10; EC 1 mS/cm). The pH and EC of 
the mine waters were also determined with the same instru-
ment. Surface waters are rare and ephemeral at the historic 
placer mine sites, and pH and EC data for this study were 
collected from only two sites in the winter of 2022 after an 
abnormally wet month.

Identification of minerals in salt encrustations was done 
primarily using a scanning electron microscope with an 
energy dispersive analytical attachment (SEM–EDS). Salt 
samples were obtained from numerous sites across the 
rain shadow (Craw et al. 2022a, b, 2023), and these results 
were compiled, along with those specifically made for this 
study from the mine sites, into Table 1. For SEM analysis, 

air-dried samples were attached to aluminium stubs with car-
bon paint and then coated with carbon vapour as for normal 
SEM preparation. The SEM–EDS observations were done 
on a Zeiss Sigma VP (variable pressure) SEM fitted with a 
HKL INCA Premium Synergy Integrated EDX system at the 
Otago Micro and Nanoscale Imaging (OMNI), University of 
Otago. Electron backscatter imaging and elemental composi-
tions were obtained at 15 kV. Spot analyses (≈3 µm) caused 
the destruction of some hydrated mineral surfaces. The fine 
grain size (micron scale) and intermixing of different salt 
mineral species and silicates, combined with the rough and 
irregularly oriented surfaces, produced only semiquantita-
tive results. Analytical limitations prevented definite estab-
lishment of stoichiometric compositions of the minerals but 
allowed identification of general mineral groups (Table 1).

Some salt minerals were identified by x-ray diffraction 
(XRD) using smears of salt-bearing substrates on glass 
slides. However, this approach was less successful than 
using SEM–EDS because of the multiple salt phases present, 
delicate and ephemeral samples, and dilution by silicates. 
Associated clay minerals were identified by XRD using 
smears of the < 2 µm bulk material (kaolinite), and glycola-
tion of smectite, using the approach of earlier more detailed 
work by Chamberlain et al. (1999) and references therein.

Flowing surface waters on the relatively impermeable 
substrates are ephemeral, restricted to occasional rain events, 
are only rarely pooled, and rapidly evaporated to leave salt 
encrustations. Hence, we created synthetic solutions by 
leaching samples of the saline crusts in distilled water as 
part of previous regional studies (Craw et al. 2022b, 2023). 
We present some representative analyses in Table 2. Sam-
ples were obtained from a range of salt crusts and exposed 
bare substrates at natural and anthropogenic sites in the rain 
shadow. The samples were selected by volume (≈ 200 mL) 
and leached in 2 L plastic bottles filled with distilled water 
for 1 week before being decanted into clean plastic sam-
ple bottles and sent for analysis for major ions at Eurofins, 
Christchurch, New Zealand, an IANZ-accredited commer-
cial laboratory. Analytical techniques are outlined by Craw 
et al. (2022b, 2023) and are available on the company’s web-
site. We have included observations and water data from the 
nearby Macraes Mine (Fig. 1b; Table 2; Weightman et al. 
2020) for comparison of mine water geochemical evolution 
processes and formation of evaporative minerals. At the 
Macraes site, precipitates of aragonite, gypsum, epsomite, 
and/or bloedite can form from alkaline mine waters (Weight-
man et al. 2020). In addition, we include some shallow 
groundwater quality data from the schist basement in the 
rain shadow (Dunstan Range, Fig. 2b; Table 2; Craw and 
Kerr 2017) for background comparison. Precipitates of cal-
cite are common from these waters.

Evaporative mineral identifications (Table  1) and 
their geochemical relationships were augmented by 
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geochemical modelling with the software suite, The Geo-
chemists Workbench® (www.​gwb.​com), using the Har-
vie–Moller–Weare activity model for the concentrated 
evaporation waters. The program REACT was used to 
model geochemical evolution of mine waters and precipi-
tation of principal minerals during progressive evapora-
tion without mineral redissolution, and all model runs 
assumed equilibrium with atmospheric CO2. Modelling of 
contributions to solution EC by ions of differing valency, 
especially monovalent ions, was done using empirically 
derived equations summarised by Sposito (2016). Model-
ling of solution chemistry typically relies on assumptions 
of chemical equilibrium, which is unlikely in the complex 

low-temperature situations described in this study. Nev-
ertheless, equilibrium modelling provides some indica-
tions of the general chemical trends. The most prominent 
evidence for disequilibrium in our study is the distinct 
absence of the mineral dolomite from all evaporative salt 
encrustations, despite geochemical predictions by Geo-
chemists Workbench modelling. Dolomite is notorious 
for failing to precipitate in such situations (Arvidson and 
MacKenzie 1999) and we have therefore suppressed or 
ignored dolomite in all our modelling.

Fig. 3   Principal structural and stratigraphic features of historic 
placer mine sites. a Remnant sluiced cliff of Pleistocene gravel rests 
unconformably on Miocene mudstone at Springvale site. b Sluiced 
basement unconformity surface at Conroys Gully; c Remnant QPC 

channel at Chapman Road. d Coarse gold from Chapman Road site. 
e Outwash pans formed from sluicing of QPC and gravel veneer on 
basement unconformities at Flat Top Hill site. f Fine gold particles 
from Flat Hill site

http://www.gwb.com
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Results

Description of Placer Mine Sites and Halophytes

The specialist salt-tolerant plants (halophytes) that are 
linked to this study have become established on bare 
clay-rich substrates associated with historic placer min-
ing (Fig. 2c). The mining occurred in the late nineteenth 
century and/or early twentieth century (specific records are 
poor), with some minor local reworking in the 1930s. The 
principal mining method involved hydraulic sluicing the 
gold-bearing sediments with water from a high-pressure 
hose. This technique, widely introduced in the nineteenth 
century, mobilised large volumes of gravel from outcrops 
to pass through gold-saving systems and then be dis-
charged farther downstream as tailings (Davies et al. 2020; 
Hearn 2013). The water flow rates and gradients were suf-
ficient to remove almost all gravel from the sites, leaving 
only clay-rich residues (Fig. 2c). The richest gold-bearing 

sediments, and therefore the principal targets of the his-
toric mining, were channels originally incised into the 
unconformities (Fig. 3a, c, e). Further, site engineering 
and eroding water flow formed so-called sludge channels 
in soft rocks underlying the gold-bearing unconformities, 
aiding removal of coarse debris (Fig. 3a–e). Gold-extrac-
tion techniques were not especially efficient; coarse gold 
particles (> 1 mm; Fig. 3d) were readily saved while much 
of the smaller gold (< 0.1 mm; Fig. 3f) was lost to tailings 
in the discharging slurry. Most sluicing channels have per-
sisted to the present day and these control the discharge of 
ephemeral alkaline mine waters.

After mining ceased, no rehabilitation occurred and the 
sites were abandoned. However, pastoral grazing occurred 
over most sites to some extent, and introduced rabbits have 
affected the surfaces by grazing and burrowing. A century 
after mining, these sites still retain the surface topography 
of the mining era, although soft clay-rich material is still 
being eroded in heavy rain events (Fig. 4a–g). The Tucker 

Fig. 4   Bare alkaline saline substrates with halophytes at sluiced 
mine sites. a, b Chapman Road basement unconformity showing salt 
deposits, halophytes, and desiccation cracks. c, d Blackmans base-

ment unconformity showing surface development. e–g Springvale 
mudstone unconformity, where recent rain events had redistributed 
fine sediments and salts on pan surfaces
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Hill site (Figs. 2b, 5a–c, 6a, b) was crossed in 1906 by a 
railway line after mining had ceased, and culverts now 
partially control ephemeral runoff from basement and 
late Pleistocene-Holocene sediments down the sluicing 
channels.

Most of the sites examined in this study were formed on 
the Miocene unconformity, where gold-bearing QPCs and/or 
late Pleistocene-Holocene erosional residues were stripped 
off to expose the underlying clay-altered schist basement 
(Figs. 2a, 3b, c, e, 4a–d, 5a, 6a). These sites consist of rem-
nants of clay-rich altered schist outcrops and clay-rich ero-
sional debris (Figs. 4a–d, 5a–c, 6a, b). The clay-rich debris, 
which also contains quartz pebbles from QPC (rounded) and 
from schist (angular), forms erosional pans that partially 

cover outcrops and were redeposited downslope (Figs. 2c, 
3b, e, 4a–d, 5b, c). Miocene mudstone exposed by removal 
of Pleistocene gravel has formed clay-rich outcrops simi-
lar to those of the clay-altered schist but without the quartz 
pebbles. Erosional pans derived from the mudstone are uni-
formly clay-rich and smooth (Figs. 3a, 4e–g).

The clay-rich pans at all sites are relatively impermeable 
to surface water penetration and as a result, they develop 
evaporative salt encrustations (Figs. 4a–g, 5a–c, 6a–d), the 
geochemical nature of which is a principal topic of this study 
(below). This salt development on bare substrates has in turn 
prevented incursion of most plants since mining ceased, 
although increasing weed infestation is occurring (Figs. 3a, 
b, c, e, 4c, 5a, 6a). However, the saline substrates have been 

Fig. 5   Tucker Hill mining area, showing where the gold-bearing 
unconformity beneath Late Pleistocene gravel veneer has been 
sluiced. a Most intensely altered schist with abundant surface salt and 
scattered halophytes, especially on erosional pans. b Remnant of less-

altered schist in a clay-altered outcrop, with abundant salts on clay-
rich surfaces. c Close-up view of salts accumulated on an eroded pan 
beneath an outcrop of less-altered schist, showing small-scale varia-
tions in EC and pH
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colonised by halophytes that are tolerant of the extreme geo-
chemical conditions, and they form mats with low-growing 
species (< 5 cm high; Figs. 2c, 4b, d, f, g; Druzbicka et al. 
2015). These halophytes form part of unique endemic inland 
salt-tolerant ecosystems and parts of five of the mining areas 
in this study have been formally reserved for this reason 
(Fig. 2b). The most abundant and widespread of these halo-
phytes, the herb Atriplex buchananii, also occurs in saline 

settings along the nearby coast, although it is rare in that 
setting. The salt grass Puccinellia raroflorens (Figs. 2c, 
4b) is also widespread in most of these mine sites, but has 
extremely limited occurrences on the coast (Edgar 1996). 
The herb Lepidium kirkii is found only in these inland saline 
sites, and some of the mine sites are important localities 
where this rare plant is preserved (e.g. Fig. 4g).

Fig. 6   Tucker Hill mining area 
above the site in Fig. 5, showing 
differential basement altera-
tion and surface EC and pH 
variations. a General view of 
differential basement alteration, 
with softer altered schist pref-
erentially removed by sluicing. 
b Weakly altered schist outcrop 
with high-pH salts accumulated 
on bare silty substrate beneath 
overhang. c SEM backscatter 
image of Na-carbonate (NaC-
arb) and Na-sulfate (NaS) from 
b. d SEM backscatter image of 
halite (light grey) coating sili-
cates (dark grey–black) on silty 
substrate in b. Musc muscovite

(d)

(c)

(b)

(a)
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Alkaline Salt Pans and Ephemeral Water Runoff

Impermeable substrates exposed in the historic placer mines, 
which include both outcrop surfaces and redeposited sedi-
mentary pans, develop dry firm surficial crusts (cm scale) 
with desiccation cracks (Fig. 4b, f, g). These substrates con-
sist of water-sorted schist-derived silicates (Table 1) and, in 
particular, variably degraded muscovite that has been ori-
ented by ephemeral surface water flow. On steep outcrops, 
these crusts are friable and readily disintegrate, but outwash 
pans formed from redeposition of these fine silicates are 
typically smooth, gently sloping surfaces that coat flat out-
crops and the channel bottoms, and these are the principal 
locations for evaporative mineral accumulation (Figs. 4a–g, 
5a–c, 6b–d). Evaporative salts also contribute to cementa-
tion of the dry crusts, thereby enhancing the impermeability 
to surficial ephemeral water flow. Additional salts form on 
pan surfaces and within the crusts from capillary rise and 
evaporation of subsurface moisture. The crust-covered pans 
are the principal sites for halophyte colonisation, as these 
pans have the most extremely saline surface chemistry.

Evaporative salts on pans are irregularly distributed in 
time and space, as they are affected by ephemeral surface 
water runoff in rain events, and seasonal changes in tempera-
ture, humidity, and evapotranspiration rates. Rain events in 
the area are typically light (1–10 mm/day; Fig. 1c) and water 
runoff is minor, with most water sinking into desiccation 
cracks on impermeable outcrop and pan surfaces (Fig. 4b, 
f, g) or soaking into more permeable substrates adjacent to 
saline pans (Fig. 5c, d). Occasional heavy rain events (up 
to 100 mm/day; Fig. 1c) can mobilise fine sediment and 
redistribute it downslope, controlled by the original sluicing 
channels (Figs. 3a–c, 4a–g, 5a). These events are responsi-
ble for removing fine sediment from the surficial zone of 
clay-altered basement sites, leaving an armour (cm scale) 
of coarser quartz debris (Figs. 4b, d, 5c). Redeposition of 
fine sediment on saline pans occurs at the mm to cm scales 
during these events (Fig. 4g). At the same time, salt encrus-
tations are at least partially redissolved and redistributed. All 
these surface water processes are short-term (hours to days) 
and exposed surfaces dry rapidly afterwards, with renewal 
of salt encrustations. A rare period of frequent heavy rains in 
the winter of 2022 caused localised and temporary pooling 
of runoff water in channel floors at two mine sites, Chapman 
Road and Springvale.

Evaporative Encrustations and Climate

The mineralogy of salt encrustations is strongly affected 
by climate and weather, especially temperature and relative 
humidity that affect degrees of hydration of various miner-
als and solid phases (Table 1; e.g.: Flatt 2002; Jagniecki 
et al. 2015). Mineral hydration changes daily and seasonally 

within the climatic ranges of the area. Hence, we categorise 
the observed minerals into general types, rather than specific 
identities (Table 1). Average evapotranspiration for the area 
ranges from > 5 mm/day in summer to < 0.5 mm/day in win-
ter (Fig. 1c), and abundance of salt crusts varies seasonally 
accordingly. Rain events are broadly uniformly distributed 
throughout the year with no specific wet and dry seasons 
(Fig. 1c), so salt encrustations are temporarily depleted and 
re-established on a time scale of days in all seasons. Most 
sampling of salts for this study was done in summer when 
daily temperatures ranged from 15 to 35 °C and relative 
humidity was low (commonly < 50%). Daily winter tempera-
tures, in contrast, typically ranged from − 5 to + 12 °C, rela-
tive humidity was commonly 70–90%, and salt encrustations 
were less abundant.

Salt deposits at the placer mine sites occur as a com-
bination of thin (mm-cm scale) surface efflorescences and 
cements in pore spaces and desiccation cracks immediately 
(≈ 1 cm) below the surface of pans and outcrops. This com-
bination contributes to the formation of firm salty surface 
crusts. Most of these salt deposits contain at least some hal-
ite, as indicated by taste tests in the field and SEM obser-
vations, and many encrustations are dominated by halite 
(Figs. 5c, 6d). Most also contain some detectable Ca and 
Mg carbonate minerals, as indicated by effervescence in 
dilute acid and SEM observations, and calcite is particularly 
abundant at the Springvale mudstone site (Fig. 4e–g). Na-
carbonate minerals (Table 1) are common salt constituents 
as irregular inhomogeneous masses and as fine-grained (µm 
scale) fibrous crystals (Fig. 6b–d). Na-carbonate minerals 
typically occur in close association with divalent carbon-
ates (Fig. 6b), and can be accompanied by Al-oxyhydrox-
ides. Na-sulfates (Fig. 6c) and divalent sulfate minerals are 
also common, with Ca-sulfates most abundant at basement 
unconformity sites where pyrite has been oxidised in clay-
altered basement and overlying QPC remnants. Bloedite is 
common at these latter sites as well.

The EC and pH of Mine Substrates

Mine sites on the clay-altered basement unconformity have a 
wide range of EC (< 0.1 to > 10 mS/cm) and pH (< 7 to > 10) 
on bare substrates, which is a typical range for the rain 
shadow in general (Figs. 4a–d, 5a–c, 6a, b, 7a–f). Higher 
EC and moderate-high pH saline substrates have developed 
in association with impermeable materials, either intensely 
clay-altered schist or weakly altered schist (Figs. 5a–c, 6a, 
b). In contrast, the lowest EC and pH values have developed 
where only moderate alteration has provided relatively per-
meable substrates (Figs. 5b, c, 6a, b). Both EC and pH can 
vary widely on the metre scale on pans at most sites, reflect-
ing differential salt distribution and redistribution during 
ephemeral surface water flow. Halophytes generally persist 
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where EC > 1 mS/cm. Steep gradients in both EC and pH 
occur near the margins of pans, where some soil develop-
ment and associated weed incursions have occurred (Fig. 4c, 
d). The weeds are established in soil veneers with lower pH 
and low EC (< < 1 mS/cm; Figs. 4c, d, 5b, 6a, 7b), but saline 
substrates persist beneath these soil veneers and continue to 
contribute salts to the pans via ephemeral water flow at the 
base of the soil layers.

Wide variations in EC and pH occur in a small area 
(ha scale) at the Tucker Hill site, where sluicing channels 
have exposed differential basement unconformity alteration 
(Figs. 5a–c, 6a, b, 7a). The EC and pH ranges in this small 
area at the Tucker Hill mine site are similar to those of the 
whole set of natural and anthropogenic sites examined in 
the rain shadow (Fig. 7a). Similar wide variations are also 
seen across the largest single mining area, in surface solids 
and in rare surface waters (Chapman Road; Figs. 2b, 7b–d), 
although there were less variations at shallow depths at this 
site (Fig. 6b). The winter ephemeral waters at the Chapman 
Road reserve site had a generally consistent pH near 8 in and 
near the main sluicing channel, while EC varied widely as 
local surface runoff contributed dissolved salts from mar-
ginal slopes (Fig. 7c, d).

The pH of bare saline pans at the mudstone unconform-
ity has a relatively restricted range, near pH 7–8 at the sur-
face and at depth, and the one surface water sample had a 
pH of 6.5 (Fig. 7f). Outcrops above the pans also have a 
pH near 8 and contain veinlets and surface films of calcite. 
The EC at this site shows wide variations, similar to those 
at the basement unconformity (Fig. 7a–e), but halophytes 
occur on pans where EC > 1 mS/cm. As for the basement 
unconformity, weed-bearing soils adjacent to the halophytic 
mudstone-derived pans generally have a lower pH and dis-
tinctly lower EC (Fig. 7f). The relatively narrow range of pH 
at this mudstone site contrasts with the very wide range of 
pH observations obtained at natural and anthropogenic bare 
saline surfaces on a range of geological substrates (Mio-
cene–Holocene) in the general area (Fig. 7a–e). However, 
the range of EC values is similar across all these substrates 
(Fig. 7a–f).

Ephemeral Water Geochemistry

Leachate solutions derived from many of the salt pans across 
the rain shadow are characterised by Na and Cl with a molar 
ratio near 1:1, reflecting the marine aerosol contribution to 
the saline surfaces and the dissolution of halite (Fig. 8a; 
Table 2). However, some leachates have relatively elevated 
Na concentrations resulting from geochemical interactions 
with the underlying rock: schist basement and schist-derived 
sediments (Figs. 6a–d, 8a; Table 2). The salt components of 

these leachate samples contain Na-carbonates and Na-sulfate 
minerals in addition to NaCl (Figs. 6b–d, 8a; Table 1).

Albite is the principal Na-bearing mineral in the schist 
basement and basement-derived sediments, along with Na-
smectite derived from albite alteration (Table 1; Figs. 6a–d, 
8a). Interactions between near-surface (vadose zone) waters 
and albite or Na-smectite lead to progressive increases in 
dissolved Na, which causes deviations from the Na/Cl 1:1 
molar ratio (Fig. 8a). An example of this albite alteration has 
been tracked with chemical evolution of waters emanating 
from fresh schist in waste rock piles at the Macraes Mine at 
the eastern edge of the rain shadow (Figs. 1b, 8b). The Na/
Cl molar ratio progressively increased from ≈1 (dominated 
by marine aerosols) to > 6 (rock-dominated) over ≈ 10 years 
(Fig. 8b; Table 2).

The salt pan leachates show a similar wide range of 
pH values as the field pH measurements (Figs. 7a–f, 8a). 
Leachates with higher pH values show the greatest devia-
tions from the Na/Cl 1:1 molar ratio, and are derived from 
salts that contain components of Na-carbonate minerals 
(Figs. 6b–d, 8a; Table 1). Leachate EC values also show a 
wide range, similar to but less than that seen in field meas-
urements at the mine sites (Figs. 7a–f, 8c). The highest EC 
values, locally > 50 mS/cm, reflect localised dominance of 
surface halite (Figs. 5a–c, 6b, 7a, 8c). Larger leachate sam-
ples (200 mL) contain more silicate material than the field 
EC samples (20 mL), thereby diluting the halite content and 
lowering the observed EC.

Dissolution of salt pan evaporative sulfate minerals 
such as gypsum, bloedite, and Na-sulfates has only minor 
effects on EC compared to that of halite (Fig. 8c, d), and no 
observed effect on pH. For example, very high dissolved 
sulfate concentrations (up to 3000 mg/L) emanate from the 
pyrite-bearing Macraes Mine waste rock piles (Table 2). 
These waters locally precipitate evaporative sulfate miner-
als, mainly gypsum, epsomite, and/or bloedite, with locally 
elevated Mg derived from chlorite dissolution (Fig. 8b; 
Tables 1, 2). The waste rock waters have EC values of 
only < 5 mS/cm, substantially below the values that can arise 
from dissolution of halite crusts on salt pans (Fig. 8c, d).

Dissolution of carbonate minerals such as calcite con-
tributes little to the observed EC values, as indicated for 
example by groundwaters that are essentially saturated with 
calcite and have EC values < 1 mS/cm (Fig. 8d). However, 
dissolution of calcite maintains a pH near 8 in the Mac-
raes waste rock waters despite the abundant pyrite dissolu-
tion that was also occurring, with resultant elevated sulfate 
concentrations (Fig. 8b; Table 2). Similarly, calcite in the 
mudstone at the Springvale placer mine site contributes to 
the relatively narrow pH range of the salt pans at that site 
(Figs. 4e, f, 7f) compared to the other saline sites in the rain 
shadow (Fig. 7a–d).
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Fig. 7   Variability in EC and pH on bare alkaline saline substrates. a 
General EC and pH data from bare substrates across the rain shadow, 
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Plot of surface and subsurface solid data from Chapman Road gold 
mining area, with winter surface water data. c Map of the mining 
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mine sites on the basement unconformity. f EC and pH data for sur-
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Discussion

Modelled Solution Chemistry Variations

The chemistry of ephemeral waters derived from rain con-
taining marine aerosols can be modelled as progressive 
evaporation of dilute sea water (Fig. 9a). This conceptual 
model predicts that minor gypsum and then abundant hal-
ite are the principal minerals to form, while the pH of the 
residual water decreases below 7 (Fig. 9a). Observed halite-
dominated salt pans in our study have the lowest pH (6–8) as 
predicted by geochemical modelling (Fig. 8a). These halite-
dominated pans also have the highest observed EC values, 
locally exceeding 50 mS/cm, as predicted by modelling 
of solutions with high concentrations of monovalent ions 
(Fig. 8c; Sposito 2016). Solutions with divalent ions have 
lower maximum EC (< 5 mS/cm; Fig. 8d; Sposito 2016).

Modelled evaporation of rock-exchanged waters that have 
Na/Cl > 1 but low Ca concentrations predicts precipitation of 
Na-carbonates and relatively elevated pH (Fig. 9b). This is 
equivalent to the high-pH salt pans formed where ephemeral 
waters have interacted with albite from the host rocks or sed-
iments (Fig. 8a). However, increasing dissolution of calcite 

from the host rocks instead drives the solution pH towards 
circumneutral values (Fig. 9b). Equilibrium dissolution of 
calcite involves four parameters: the pH and concentrations 
of Ca2+, HCO3

−, and CO2(g), as depicted in Fig. 9c (after 
Drever 1997). For solutions in equilibrium with atmospheric 
CO2(g) and calcite, the pH is typically near 8 on the left side 
of this plot (Fig. 9c). Some leachates from salt pans fall into 
this general equilibrium zone, and in particular the mud-
stone site at Springvale shows abundant evidence of calcite 
interaction (Fig. 7f). However, the more sodic and high-pH 
salt pan leachates are clearly out of equilibrium with calcite 
(Fig. 9c) and are instead partly controlled by the dissolution 
and precipitation of Na-carbonates (Figs. 8a, 9b).

Evolving waste rock waters at the Macraes Mine display 
extremes of disequilibrium, with severe supersaturation 
(log Q/K > 1.3; Weightman et al. 2020) with respect to 
calcite at pH ≈ 8 (Figs. 8b, 9c). These waste rock waters 
locally precipitate aragonite and gypsum but remain super-
saturated with respect to calcite (Weightman et al. 2020). 
In addition, as the Mg/Ca and sulfate/alkalinity ratios 
increased with increasing alteration of chlorite and pyrite 
(Fig. 8b), epsomite becomes the principal evaporative pre-
cipitate mineral (Weightman et al. 2020).

(a)
(c)

(b)

Fig. 9   Geochemical modelling results (25  °C) of water–mineral 
relationships relevant to generating alkaline saline surface waters. a 
Geochemists Workbench model results for evaporation of dilute sea-
water (equivalent to rain with marine aerosols), showing predicted 
pH evolution of residual water. b Geochemists Workbench model of 
evaporation of sodic waters that have interacted with albite (Fig. 7a), 

showing predicted pH evolution of residual water for differing con-
centrations of Ca. c Relationships of the principal parameters that 
control calcite solubility and associated pH in surface waters (after 
Drever 1997). Macraes Mine waste rock leachate (Fig.  7b; Weight-
man et  al. 2020) are generally highly supersaturated. Salt pan lea-
chates also deviate substantially from calcite equilibrium
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Chemical Evolution of Alkaline Ephemeral Waters

Short-term surface water compositions can be locally 
alkaline as a result of evaporative precipitation of Na-
carbonate minerals (Fig. 9b). However, this local alkalin-
ity is ultimately driven by albite alteration in the associ-
ated rocks (Fig. 8a, b). Initial albite alteration occurs via 
a hydration reaction (Mamonov et al. 2020).

Ultimately, albite alteration leads to formation of kao-
linite, as observed in the clay-altered schist basement zone 
(Craw et al. 2022b, 2023).

These generalised reactions provide the alkaline and 
sodic context in which the Na-carbonate minerals form from 
evaporating ephemeral waters (Fig. 6b–d).

The field observations, leachate compositions, and geo-
chemical modelling results outlined above lead to broad gen-
eralisations of salt pan evolution and associated predictions 
of pH and EC variations of saline substrates (Fig. 10a–c). 
Without interaction between incoming rainwater and rock 
substrate, the pans become dominated by halite with a cir-
cumneutral pH and very high EC (Fig. 10a–c). If subse-
quent water–rock interaction is dominated by calcite, the 
pH will be ≈ 8 and EC will be low (< 1 mS/cm), as depicted 
on the right side of Fig. 10a–c. If water–rock interactions 
are dominated by albite alteration (Eqs. 1 and 2), the pH 
can rise above 10 with moderate EC (Fig. 10a–c; left side). 
Most pans have some combination of all of these processes 
(Fig. 10a–c). In addition, sulfate minerals will form depend-
ing on the nature of water–rock interactions (Fig. 10a).

Mineral Dissolution Rate Variability

In addition to the above-inferred variations in chemistry 
and mineralogy of saline pan formation, the pans are sub-
ject to ephemeral water inflow in the contexts of on-going 
weather and climate effects. Different minerals in the pan 
environments dissolve at different rates, with rate varia-
tions spreading over many orders of magnitude (Fig. 10d; 
Alkattan et al. 1997; Gustaffson and Puigdomenech 2002; 
Langmuir 1997; Nasun-Saygili and Okutan 1996; Tang et al. 
2018). For example, halite encrustations can be dissolved 
in minutes during a rain event (Fig. 10d), and thereby NaCl 
can be moved downslope from one part of a pan to another, 
moved down through the crust via desiccation cracks, or 
even completely washed off the pan.

At the other end of the rate spectrum, albite alteration 
progressively raises the Na/Cl molar ratio to > 1 on sub-
strates that still contain some albite. This includes the 
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fresh schist of the Macraes Mine (Fig. 8b) and variably 
clay-altered substrates at the placer mines but not the most 
clay-altered substrates (Fig. 6a–d). The resultant elevated 
dissolved Na concentration contributes to precipitation of 
Na-carbonates and Na-sulfates and elevated pH values; 
this process occurs on a time scale of years (Figs. 8b, 10d). 
Chlorite alteration occurs at broadly similar rates to those 
of albite (Figs. 8b, 10d), but chlorite is commonly oxidised 
and altered during long-term formation of the clay-altered 
schist substrate (Chamberlain et al. 1999) and is therefore 
absent from many of the placer mine substrates in this study. 
Hence, while discharging waters from fresh schist can con-
tain abundant dissolved Mg and form Mg-rich evaporative 
precipitates (Fig. 8b), Mg-bearing minerals are less common 
on the placer mine salt pans (Table 1).

Between the extremes of silicate and halite dissolution 
rates, there is a wide range of mineral dissolution rates that 
can contribute to differential mobility of chemical compo-
nents and evaporative minerals on the salt pans. This leads 
to locally inhomogeneous surface mineralogy and chemistry 
on daily and seasonal time scales (Fig. 10d).

Enhancing Biodiversity

The mining industry has a reputation for decreasing local 
biodiversity during its activities, and these impacts are 
predicted to increase (e.g. Sonter et al. 2018, 2020). These 
biodiversity effects largely result from activities that affect 
surface environments, such as modification of forests and 
animal habitats during mine development (Sonter et al. 
2018, 2020). However, modern miners are normally required 
to rehabilitate mine sites during and after mining activity, 
and it is this rehabilitation phase that can affect long-term 
biodiversity values (Anawar 2015; Haigh 2018; Parraga-
Aguado et al. 2013; Prach and Hobbs 2008). Engineered 
rehabilitation can, for example, result in a low-biodiversity 
monoculture if the same species and processes are used over 
large areas. Engineered land rehabilitation and surface bio-
logical re-establishment are also difficult processes, com-
monly with unpredictable long-term results (Haigh 2018; 
Prach and Hobbs 2008; Tropek et al. 2012, 2013). Never-
theless, specifically targeting enhanced biodiversity during 
engineered reclamation may be more successful (Sobolewski 
and Sobolewski 2022).

In this study, we show that biodiversity of vegetation at 
the historic placer mines was enhanced compared to the 
surrounding areas by development of saline substrates and 
unique endemic halophyte communities. Similar effects have 
been noted elsewhere (Clemente et al. 2012; Manousaki and 
Kalogerakis 2011; Parraga-Aguado et al. 2013). This locally 
extreme surface chemistry helps to exclude exotic weed spe-
cies, which are common outside the mine sites, that would 
otherwise dominate the area and lower the net biodiversity. 
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However, our observations of these sites suggest that adven-
tive species do progressively encroach onto the bare sub-
strates on a time scale of decades (e.g. Figs. 3a, b, e, 4c). 
This encroachment is partially resisted by dynamic physical 
processes such as erosion and redeposition of fine sediments 
during rain events. Apparently, the endemic halophytes tol-
erate such processes (e.g. Fig. 4e–g).

On‑going Maintenance and Climate Change

Ultimate incursion of exotic plant species onto the salt 
pans appears to be inevitable in the long term (decades; 
Figs. 3a, b, c, e, 4c, 6a). Incursion of these weed species is 

particularly pronounced in the floors of the historic sluic-
ing channels where ephemeral water runoff has deposited 
fine sediments (Figs. 3a, b, c, e, 4c, 5a, 6a). Some of this 
sediment is washed or blown in from the surrounding area, 
not just the clay-rich immediate substrates, and this material 
commonly has lower EC and neutral pH values, permitting 
weed establishment (Craw et al. 2022a). Hence, the saline 
sites are not permanent features, although they have already 
survived on decade to century time scales.

One approach to maintenance of the enhanced biodiver-
sity of these alkaline and saline bare substrates is to peri-
odically remove encroaching weeds and associated soil. 
We have conducted a pilot study of this approach at the 

Fig. 10   Summary of chemi-
cal and mineral variability on 
alkaline salt pans. a Principal 
evolutionary processes, starting 
with halite-dominated pans 
(top) and interacting with cal-
cite (right) and/or albite (left). 
b Typical variations in pH that 
result from the processes in a. 
c Typical variations in EC that 
result from the processes in a. 
Note that salts remain domi-
nated by halite, and develop-
ments of Na and Ca carbonates 
are subordinate. d Comparison 
of mineral dissolution rates on 
alkaline saline pans, contrast-
ing water–rock interactions 
(left) and rainwater–evaporate 
interactions (right)

(a)

(b) (c)

(d)
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Chapman Road placer mine site (Figs. 7c, 11a–c). This study 
was of limited extent because soil and weeds were removed 
by hand, but a small area of clay-rich altered schist substrate 
was left exposed (Fig. 11a). The experiment was remark-
ably successful in enhancing the distribution of halophytes 
on alkaline saline substrate in only one year (Fig. 11b), and 
after two years, the surface was almost completely covered 
in halophytes (e.g. Figure 11c). In addition, as the redevel-
oped substrate evolved over two years, clay compaction and 
local redistribution allowed development of a quartz pebble 
armour, which helped exclude weeds (Fig. 11c). Additional 
and larger-scale mechanical and engineered soil and weed 
removal periodically from sites such as this may be a viable 
way of maintaining the distinct halophyte ecosystems.

The salinity of the pans is controlled by the semi-arid 
climate of the area, which is characterised by strongly sea-
sonal evaporation but generally uniformly distributed rainfall 
with no well-defined wet season (Fig. 1c). Climate change 
modelling for the area (MfE 2018) predicts rising tem-
peratures and associated enhancement of the rain shadow 
effect with increased frequency of the warm, dry westerly 
winds across the mountains that currently help create the 
rain shadow (Fig. 1b). Consequently, climatic conditions in 
southern New Zealand are likely to become more favour-
able for these sites of unique biodiversity. On a global scale, 
climate change is predicted to enhance aridity over large 

areas, with an increase in dryland area of > 10% worldwide 
(Huang et al. 2015). The increased aridity may have negative 
effects on some biological aspects and facilitate soil erosion 
(Berdugo et al. 2020; Huang et al. 2015). However, it is 
also likely to enhance and extend the development of halo-
phytic habitats of the type described in this study. Hence, 
the biodiverse sites described here may have implications 
and applications for rehabilitation activities at other dryland 
mine sites around the world. However, some drylands have a 
well-defined wet season (e.g. monsoon) that may hinder the 
longevity of saline substrates, unlike the more distributed 
rainfall pattern (Fig. 1c) at the sites we have studied.

Conclusions

Historic placer gold mining in the semi-arid rain shadow 
of the southern South Island, New Zealand, exhumed low-
permeability clay-rich substrates beneath the gold-bearing 
gravels, and these substrates are still exposed a century later. 
Mining involved sluicing with water, and this process cre-
ated channels within the underlying substrates. Sluicing 
was effective at removing most of the gravel, leaving only 
clay-rich residues as erosional pans. Post-mining ephemeral 
drainage from the sites has enhanced the development of 

(a) (b)

(c)

Fig. 11   Pilot substrate redevelopment study at Chapman Road his-
toric mining area (Fig. 7c). a Photograph of part of the study area at 
time of substrate redevelopment, with red dashed line showing the 
edge of redeveloped area, as indicated also in b. b Map of the study 
site after 13 months, showing areas of successful colonisation of bare 

substrates by halophytes within the red dashed line bounding the 
redeveloped area. c Close-up view of redeveloped surface in Decem-
ber 2020, showing that halophytes (Atriplex buchananii) were already 
well-established (site shown in b), with a newly-developed quartz 
pebble armour (white, lower left) on clay substrate
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erosional pans, and this process still continues in periodic 
rain events. The mine sites still consist of hectare-scale soil-
free areas of outcrops and pans, although some marginal 
encroachment by soil and weeds is occurring. Substrates 
at seven of the eight mining areas described in this study 
consist of variably clay-altered metasedimentary schist base-
ment and associated debris, while one site is underlain by 
Miocene mudstone derived from that basement.

Potential evaporation at the sites exceeds incoming rain-
fall, so surface runoff is temporary during rain events, and 
evaporation of water from the surface and immediate sub-
surface leads to formation of salt encrustations. Ephemeral 
waters drain down outcrops and the relatively impermeable 
erosional pans, leaving the salt encrustations with vari-
able mineralogy, pH, and EC that are partially controlled 
by rates of dissolution and reprecipitation of the salt min-
erals (Fig. 10d). Rain contains minor amounts of marine 
aerosols, leading to the precipitation of salts dominated by 
halite. Surfaces with halite encrustations typically have cir-
cumneutral pH and EC values that locally exceeds 50 mS/
cm (Fig. 10a–c).

Weakly altered schist basement and Miocene mudstone 
contain abundant calcite, and surface waters that have 
interacted with these exposed substrates are supersaturated 
with respect to Ca-carbonate minerals with a pH ≈ 8 and 
an EC of ≈ 1 mS/cm, as well as with halite on evapora-
tion (Fig. 10a–c). Water interaction with albite in the bare 
substrates increases the dissolved Na/Cl molar ratio from 
≈ 1 in the incoming rain to produce ephemeral Na-rich 
waters (Fig. 10a–c). Evaporative formation of Na-carbon-
ate precipitates from these waters can raise the pH to > 10 
(Fig. 10a–c). Localised acidification during oxidation of 
pyrite does not offset the alkaline pH in any of these pro-
cesses, although the resultant dissolved sulfate concentra-
tions can rise to high levels (> 2000 mg/L; EC ≈ 5 mS/cm). 
Evaporative sulfate minerals are common, including gyp-
sum and a range of Na-bearing sulfates that form from the 
sodic waters (Fig. 10a–c). The distribution of evaporative 
minerals at the sites (Fig. 10d) changes on a wide range of 
time scales from minutes (rain events) to decades (shallow 
groundwater).

The saline alkaline chemistry of the pans excludes most 
vegetation and has allowed salt-tolerant ecosystems with 
rare endemic halophytic plants to develop. These sites have 
increased the local biodiversity compared to the surround-
ing area, and several of the studied sites have been formally 
reserved for that reason. These halophytic communities are 
present at the sites because of the mining activity, not despite 
that activity. The ecosystems have developed naturally on 
soil-free substrates and provide examples of mine rehabili-
tation processes in which soil is not necessary. Further, we 
have shown in a pilot study (Fig. 11a, b) that the enhanced 
biodiversity of the sites can be preserved and expanded by 

removal of soil and non-native weeds from the margins of 
saline pans to expose bare substrate for subsequent coloni-
sation by the rare endemic halophytes. Climate change may 
enhance these saline substrates in the future.

On a global scale, climate change is predicted to expand 
areas of aridity in certain areas, and this process may extend 
the potential suitability of soil-free halophytic substrates 
in mine rehabilitation activities elsewhere. However, this 
approach is most effective where annual rainfall is uniformly 
distributed through time, rather than seasonally. Even then, 
on-going management intervention, such as periodic soil and 
non-native vegetation removal, may be needed, in a scaled-
up version of our pilot study (Fig. 11).
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