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Highlights

* Light Cu, and unfractionated Zn, isotopes retained in oxic soils.

* Development of anaerobic conditions can lead to loss of this signature.
 Mineral aerosol addition and biological cycling overprint weathering processes.
* Oxic soils contain Cu-Zn isotopes complementary to riverine dissolved pool.

» Mass balance suggests ultimate fate of complementary soil signature in sediments.
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Abstract

The stable isotopes of copper (Cu) and zinc (Zn) are finding increasing applications in surface Earth
geochemistry. An important early observation is that aqueous pools of Cu (rivers and oceans) are
isotopically heavier than rocks of the continental crust. For Zn, the global average 8%°Zn for rivers
is identical to estimates of the upper continental crust, but the oceans are slightly heavier. Here, we
study Cu and Zn abundances and isotopes in soils to assess how processes in the weathering
environment control isotopic values of rivers, and ultimately the oceans. We investigated a range of
soils developed on granitoid (Scotland) and basaltic (Hawaiian Islands) rock substrates,
representing soil development times from 0.1 to 400 kyr, mean annual temperatures of 6-16°C, and

mean annual precipitation (MAP) of 1060-5050mm.

Soils developed on the island of Maui over 400 kyr and under high rainfall show the clearest
chemical weathering signatures. Here, in oxic soils, Cu and Zn are both depleted by 50-90%, with
preferential loss of heavy Cu (8%°Cu up to 1.2%o lower than parent material), and small shifts in
8%Zn. We attribute this to equilibrium fractionation between aqueous organic species that are
removed from the soil versus sorption to residual Fe-oxyhydroxides. In soils that are 0.1-150 kyr
old in Scotland and Hawaii, this same pattern is overprinted by biological cycling and the addition
of mineral aerosol Cu and Zn with heavier isotope compositions. In reducing soils on Maui,
developed under the highest rainfall, Cu and Zn are almost completely stripped from the soil,
leaving a very small residual pool with 8%°Cu and 8°Zn values that range from those for the oxic
soils back to and beyond parent material. This removal of the light sorbed Cu seen in oxic soils is
attributed to the dissolution of Fe oxides under anaerobic conditions, perhaps microbially mediated,

leaving a very small residual isotopically heavier pool.

Overall these data suggest that processes in soils create significant variability in Cu isotopes, with
the heavy isotope exported from oxic soils. In contrast, small isotope fractionations of Zn are
generated in the soil environment. These observations are consistent with those made previously for
Cu and Zn isotopes in rivers. But the maximum amount of Cu and Zn stored by world soils equates
to only 30-130 years of the dissolved riverine flux. Soils cannot be the ultimate repository of the
residual Cu and Zn required to balance the riverine flux, and this must ultimately reside in the

erosive products of soil formation in continental and ocean margin sediments.

Keywords: chemical weathering, geochemistry, metal stable isotopes, soils, rivers.
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1. Introduction

The dissolved pool of the transition metals in rivers and the oceans is almost always isotopically
heavy relative to the rocks of the continents. This observation was first made for molybdenum (Mo)
isotopes in the oceans (e.g. Barling et al., 2001; Nakagawa et al., 2012), and was followed up by the
same finding for Mo in world rivers (Archer and Vance, 2008; Neubert et al., 2011; Voegelin et al.,
2012). Since then the same observation has been made for Cu and Ni isotopes in rivers and
seawater (Vance et al., 2008; Cameron and Vance, 2014; Takano et al., 2014; Thompson and
Ellwood, 2014). In contrast, a recent survey of Zn isotopes in large and small rivers (Little et al.,
2014a) finds a global discharge-weighted flux to the oceans that is indistinguishable from estimates
of the isotope composition of the upper continental crust. Archer and Vance (2008) discussed two
possible causes of the heavy metal isotope composition of rivers: isotope fractionation in soils due
to the retention of light isotopes on Fe-Mn oxyhydroxide surfaces in soils, analogous to the process
driving the oceans towards heavy Mo isotope compositions (Barling an Anbar, 2004; Wasylenki et
al., 2011), or the sorption of light isotopes to oxyhydroxides during transport in rivers themselves.
Though these authors favoured the former explanation, a significant problem lies in the size of the
light reservoir in global soils that is required to balance the dissolved riverine flux of heavy metal
isotopes. Vance et al. (2008), in addition to documenting heavy Cu isotope compositions dissolved
in rivers, also showed that light isotope compositions in the particulate phase in one small river
roughly balanced the dissolved pool, and suggested that this Cu isotope separation resulted either
from partitioning of the heavy isotope into strong organic complexes in the dissolved pool or a

postulated preference of Fe-Mn oxyhydroxides for the light isotope, or both acting together.

Whether isotope separation of the transition metals predominantly occurs in rivers or not, it almost
certainly begins in soils. Our focus here is Cu and Zn isotopes, with their contrasting behaviour in
rivers noted above. Studies of Zn isotopes in soils have partly focused on their potential utility as
tracers of anthropogenic contamination (e.g. Weiss et al., 2007; John et al., 2007; Chen et al., 2008;
Sivry et al., 2008; Thapalia et al., 2010; Juillot et al., 2011), and this may be a confounding factor in
any attempt to understand natural processes such as chemical weathering. Viers et al. (2007)
conducted a study of Zn isotopes in a “pristine” tropical watershed in Cameroon and found
significant isotope variation that was attributed to natural abiotic and biological processes. Cu is
probably less prone to anthropogenic effects in environmental samples (e.g. Chen et al., 2014).
Bigalke et al. (2010a) studied Cu isotopes in soils variably affected by stagnant water, including

features such as variations in non-crystalline Fe oxides within the profile. They observed a
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transition from light isotope enrichment to heavy isotope enrichment as water-logging led to
anaerobic conditions. Bigalke et al. (2011) studied oxic Cambisols and Podzols, again documenting

significant Cu isotope fractionation, with 8°°Cu between -0.57 and +0.44%o.

Here we present data for soil profiles from Hawaii and Scotland, covering both granitoid and
basaltic substrates, incorporating a range of soil development times from 0.1-400 kyr, and a range
of mean annual rainfall amounts, from ~1100-5000mm. Our large-scale objective is to assess the
extent to which Cu and Zn isotope behaviour in soils are consistent with the riverine data outlined
above. In doing so, however, we document the variety of processes in these soils that control Cu
and Zn and their isotopes: not just the impact of removal by weathering but also the effects of redox
transitions on sorption substrates, organic ligands, and atmospheric addition of these metals. Our
results confirm the role of both aqueous organic complexes and Fe-Mn oxyhydroxides in

controlling the isotopic composition of Cu and Zn retained in soil and released to rivers.
2. Settings and samples

Samples for this study derive from two well-studied field locations, representing contrasting

lithologies, soil development times, and climate (Figures 1 and 2).

2.1 Glen Feshie chronosequence, Scotland

0.1 kyr 1 kyr 3.6 kyr 13 kyr
Fluvisol Fluvisol Fluvisol Poﬂzol
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80 Glen Feshie soil chronosequence
I Cairngorm Mountains, Scottish Highlands, UK
100 Parent rock: Psammitic metasediment
Annual Rainfall: 1100mm 8

120 U

Figure 1: Schematic of the Glen Feshie soil profiles studied here, with their ages and soil types at the top. Soil types,
horizons and ages from Bain et al. (1993) and Hodson et al. (1998). Depth scale at left is in cm.

The Glen Feshie chronosequence (Fig. 1) is developed on a generally “granitoid” substrate in Glen

Feshie, Scotland, UK. Glen Feshie is a north-south trending valley (57°02°N, 3°53°’W) forming the
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western boundary of the Cairngorm Mountains in the Scottish highlands. The climate is “sub-
arctic” (Helliwell et al., 1998), with mean monthly temperatures ranging from 1.2°C in February to
10.3°C in July, and mean annual precipitation of ~1100mm. The soil chronosequence is developed
on four alluvial terraces deposited since the deglaciation of Scotland at ~13 ka. It was identified by
Robertson-Rintoul (1986b) who identified 5 different clusters of soils, each corresponding to a
terrace formation event. The chronosequence is well characterised for chemistry, mineralogy,
weathering rate and texture (Bain et al., 1993; Hodson et al., 1998; Hodson and Langan, 1999; Lee
et al., 2008). Maximum durations of soil development on the alluvial terraces have been estimated
by '*C dating and soil stratigraphy, and give a range in age for the four studied profiles of 0.1 — 13
ka (in radiocarbon years, Bain et al., 1993). The three youngest soils are classified as fluvisols and

the oldest as a humo-ferri podzol, according to the FAO classification (Hodson et al., 1998).

The parent material of the chronosequence is predominantly psammitic schist with a small granitic
component (10-15%; Roberston-Rintoul, 1986a). Each of the terraces in the chronosequence are
considered to share similar parent materials based upon C-horizon chemistry (Bain et al., 1993). As
the terraces are alluvial in origin the parent material is likely to have undergone weathering during
erosion of the original rock and transport of the gravels prior to deposition. The extent of this
weathering is unknown, but it is expected to have affected the parent material of each
chronosequence member to the same extent. Textural evidence suggests minimal weathering of
primary biotite occurred during transport of alluvium in Glen Feshie as biotite grains are still clearly
visible in river alluvium samples, mica is abundant in the clay fraction, and no vermiculite (the
weathering product of biotite), is observed in the youngest soil (0.1 ka; Bain et al., 1993).
Vegetation is dominated by dry Calluna moor of Calluna vulgaris, Vaccinium myrtillus and
hypnaceous mosses with additional lichen rich Calluna moor, Agrostis-Festuca acid grassland and

Betula woodland (Robertson-Rintoul, 1986a).

2.2 Chronosequence and climosequences, Hawaiian Islands

We have analysed a variety of soil profiles from the Hawaiian Islands, all having a basaltic

substrate but varying in soil development times and climate (Fig. 2).
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Figure 2: Schematic of Hawaiian soil profiles studied, representing a range of different ages and mean annual rainfalls,
but all developed on a basaltic substrate (see text for sources of data). The age gradient from 0.3-150 kyr at 2500mm is
part of the LSAG chronosequence (Crews et al., 1995). Note that the top 25 cm of the 1 m profile sampled at
Laupahoehoe consists of a younger less weathered 5 ka ash lying on top of ca 20 ka tephra (Kennedy et al., 1998;
Chadwick et al., 2009). Depth scale at left is in cm. The 0-150 kyr soils are Andisols (Pett-Ridge et al., 2007) while the
400 kyr Maui soils are classified as (Schuur et al., 2001): Inceptisol (Maui 2 and 6) and Andisol (Maui 4).

The Long Substrate Age Gradient (LSAG) chronosequence was established by Crews et al. (1995)
and well characterized by subsequent studies (Chadwick et al., 1999; Chorover et al., 1999;
Hotchkiss et al., 2000; Kennedy et al., 1998; Kurtz et al., 2000; Kurtz et al., 2001; Vitousek, 2004;
Monastra et al., 2004; Torn et al., 1997; Pett-Ridge et al., 2007). The chronosequence consists of
six sites located on the islands of Hawaii, with substrate soil ages ranging from 0.3 ka to 4.1 Ma. In
the present study, Cu and Zn isotope compositions and soil chemistry were examined at three of
these soil sites on the island of Hawaii (Fig. 2). The three studied profiles, Ola’a (0.3 ka),
Laupahoehoe (~5-20 ka) and Kohala M (~150 ka) formed at similar conditions of ~ 1200m
elevation, minimal slope gradient (6%), 2500 mm present-day rainfall and 16°C surface
temperatures. The Ola'a soil volcanic substrate is tholeiite, while the Laupahoehoe soil substrate is
late-stage alkaline basalts (hawaiite and mugearite). The Kohala M site (150 ka) (Fig. 2) is in a
pasture and is similar to, but not the exact Kohala site sampled along the LSAG. The specific

samples studied here are from the same profiles documented in Pett-Ridge et al. (2007).
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The tephra substrates of these soils have ages of 0.3 ka (Ola'a rainforest, Kilauea), 5-20 ka
(Laupahoehoe Volcanics, Mauna Kea), and 150 ka (Hawi Volcanics, Kohala M). The uncertainties
surrounding the exact ages of the parent material for these sites are discussed in Vitousek (2004).
An age of 2.1 ka was originally assigned to the Ola'a site, but a later re examination determined that
the soil is developed on a 0.3 ka ash-fall (Keanakakoi Ash) on top of a 2.1 ka substrate (McPhie et
al., 1990). Laupahoehoe soils are formed on a tephra deposit that is at least 2-3 m thick and is a
cumulic deposit consisting of several buried soils. The top 25 cm of the 1 m profile sampled in this
study consists of a younger less weathered 5 ka ash lying on top of ca 20 ka tephra (Kennedy et al.,
1998; Chadwick et al., 2009). The Kohala M site is also part of the rainfall gradient studied by
Teutsch et al. (1999) and Chadwick et al. (2003). The profile studied here is described in Chadwick
et al (2003).

Ola’a, Laupahoehoe and Kohala M all receive approximately 2500 mm yr!' of orographic rainfall,
dominantly associated with northeasterly trade winds. Soil sites older than 20 ka have been subject
to cooler and drier conditions than present due to changes in the elevation of the inversion layer and
island subsidence (Hotschkiss et al., 2000). Based on data published for the climosequence on Maui
by Schuur et al. (2001) (see Chadwick and Chorover, 2001; Pett-Ridge et al., 2007), Eh conditions
in the present-day soils are estimated at ~ 400 = 100 mV. Soil mottling suggests that, though the
soils are well aerated most of the time, they are subjected to occasional declines in Eh values during
and after high rainfall events. The Ola’a and Laupahoehoe sites were sampled in intact rainforest
composed of a dominant canopy tree, O'hia (Metrosideros polymorpha), whereas the Kohala soil

was sampled in a pasture site whose forest had been cleared about 100 years ago.

Though the Hawaiian Islands are remote from potential dust sources, previous mineralogical,
chemical and isotopic studies have documented significant additions of trace elements in Hawaiian
soils due to long-range atmospheric transport and deposition of Asian dust (e.g. Kennedy et al.,
1998; Teutsch et al., 1999; Kurtz et al., 2001; Stewart et al., 2001; Huh et al., 2004; Monastra et al.,
2004; Scribner et al., 2006; Pett—Ridge et al., 2007; Chadwick et al., 2009; Mikutta et al., 2009).
These studies show that atmosphere-transported metal input may account for a large, or even
dominant, portion of the overall metal budget in 150 kyr soils. For example, the Laupahoehoe and
Kohala M soils have up to 15% and 40% quartz, respectively, with smaller amounts of mica and K-

feldspar, accumulated from eolian sources (Kurtz et al., 2001).

In addition to the profiles described in detail above, we have also studied a low rainfall site
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(1060mm), also 150 kyr in age, at Kohala (Kohala H) (Chadwick et al., 2003). This soil profile is
developed on the same alkali basalt substrate as Kohala M, and over the same length of time (150
kyr), thus creating a two-point climosequence at this age for comparison with a wetter

climosequence on Maui.

The Maui climosequence consists of soil profiles developed on the 410 kyr shield-building Kula
Volcanic Series on the northwest slope of Haleakala, is described in detail by Miller et al. (2001),
Schuur et al (2001a,b), Scribner et al. (2006), and has previously been the subject of iron and
molybdenum isotope studies (Thompson et al., 2007; Siebert et al., 2015). Soil elevation is
~1300mm and <5% slopes lead to low erosion rates and timescales of pedogenesis similar to the
age of the underlying basalt. Mean annual temperatures are ~16°C. Three of the 8 sites across the
full rainfall gradient are studied here: Site 2 (mean annual precipitation = 2450mm), Site 4
(3350mm) and Site 6 (5050mm). These precipitation levels, as well as differences between sites,
have probably persisted throughout the Holocene (Hotchkiss et al., 2000; Chadwick et al., 2003).
The sites have undisturbed native forest dominated by the same single tree species as for the LSAG

chronosequence, Metrosideros polymorpha.

A particular feature of the Maui sequence (see Fig. 2) is a well-characterized redox gradient and its
impact on the fate of oxidized Fe minerals (Schuur et al., 2001; Thompson et al., 2011). At the
lowest rainfall Site 2, the relatively well-drained soils contain abundant Fe(III) minerals. At rainfall
levels around 3000mm a redox threshold is crossed leading to waterlogged soils, so that sites 4 and
6 are characterized by periods of suboxic conditions leading to mobilization of the oxidized Fe via
reductive dissolution of Fe oxyhydroxides (Chadwick and Chorover, 2001; Miller et al., 2001). Soil
organic matter content increases across this redox gradient, as degradation is suppressed in
anaerobic conditions, from about 15% carbon at Site 2 to about 25% at Site 6 (Schuur et al., 2001).
Addition of material via mineral aerosol dust is also a potential complication for these old soils.
Profiles of quartz (absent from basaltic parent rock) concentrations show a sharp maximum in
quartz concentrations (22 wt%) at 10 cm at Site 2, but very low concentrations elsewhere in this
profile. At the wetter sites this peak is less pronounced (about 18% at Site 4 and about 13% at Site
6) but significant concentrations of quartz persist further down the profile (50cm at Site 4 and 80

cm at Site 6).

3. Methods
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Glen Feshie soils were sampled (~1 kg) from each soil horizon at the same locations as in Bain et
al. (1993). Soil samples were dried at 60°C for 48 hours and sieved at 2mm. A representative
sample of the fine fraction (10-15g) was taken and powdered in an agate mill. River alluvium
samples were collected from the river bed using a clean trowel, and rock samples from outcrop on
the valley floor. The alluvium was collected at Glen Feshie because it will be closer to the parent
material of the soils, which are developed on alluvial terraces. Rock and alluvium samples were
crushed to sub-mm size in a jaw crusher. A representative (10-15g) aliquot of all samples was then
taken and powdered in an agate mill. Plant samples (Heather (Calluna vulgaris) and common grass)
were also collected from the 1 and 13 kyr sites. Plant samples were separated into root, stem and
leaf fractions for Cu and Zn isotope analysis, cleaned with 18.2Mohm MQ water and dried at 60°C
for three days. Finally, samples of the River Feshie were collected for dissolved load analysis, in
low-density poly-ethylene bottles. Water samples were immediately filtered at 0.2 um and acidified
to pH 2 prior to storage. Hawaiian soil samples, 6-8 samples per profile, come from pits down to
bedrock or 1m, were sieved at 0.2mm, and dried at 105°C for 48 hours (Pett-Ridge et al., 2007;
Scribner et al. 20006).

Soil, river alluvium and rock samples were digested on a hotplate with a 4:1 mixture of
concentrated HF and HNOs. Plant samples were also dry-ashed at 500°C, before digestion using
HNO3, H20; and HCI. River Feshie water samples were evaporated to dryness and the residue re-
dissolved in concentrated nitric acid to oxidise organic matter. Procedures for the major and trace
element analysis of rocks, soils and waters in our laboratory, as well as those for the isotopic
analysis of Cu and Zn, have been thoroughly documented in previous publications (e.g. Archer and
Vance, 2004; Vance et al., 2008; Little et al., 2014a). Only a brief summary is given here. An
aliquot of each sample was taken for major and trace element concentration analysis, on a Thermo-
Fisher Element XR sector-field inductively-coupled-plasma mass spectrometer at ETH Ziirich.
Measured intensities were converted to concentrations using a single-point calibration relative to an
in-house primary standard, using indium-doping for internal standardisation. Accuracy and
precision were assessed using two secondary multi-element standards: National Research Council
of Canada river standard SLRS5, and USGS shale standard SGR1. The concentrations obtained
matched certified values to within 5-10% for most of the elements of interest here. For Pb we obtain
a value for SLRSS5 (but not SGR1) that is 20% lower than the certified value (c.f. some but not all
laboratories in the Yeghicheyan et al., 2013 compilation). Two sigma uncertainties for repeat
analyses of these standards during the period when the samples studied here were run (n = 14 for

both standards) were less than 7%, except for Nb (11-15%).

10
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Following concentration analysis an aliquot of the remaining solution was doped with a %4Zn-47Zn
double spike (Bermin et al. 2006; Zhao et al., 2014), and Cu and Zn purified using a two-stage
anion-exchange via the Bio-Rad AG MP-1M resin, using procedures described in detail previously
(Archer and Vance, 2004; Vance et al., 2008; Little et al., 2014a), and including data for standard
reference materials. Isotopic analyses were performed using a ThermoFinnigan Neptune multi-
collector inductively-coupled-plasma mass spectrometer (MC-ICP-MS) at the University of Bristol.
Cu was introduced to the mass spectrometer using a glass spray-chamber (Stable Introduction
System, Elemental Scientific Inc, Omaha, NE, USA) and instrumental mass discrimination was
corrected using standard-sample bracketing (Archer and Vance, 2004; Vance et al., 2008; Little et
al., 2014a). Zinc isotopes were introduced using an Aridus, and mass discrimination corrected using
the double spike (Bermin et al. 2006; Zhao et al. 2014). All Cu and Zn isotopic compositions are
given in standard notation as follows relative to the NIST SRM976 and JMC Lyon Zn standards

respectively:
[ (Cu/®Cu)
65 _ sample
6”'Cu=1000| ——— oo
( Cw/ Cu)SRM976
[ (*°Zn/*Zn)
66 _ sample
6”'Zn = 1000| —— -1
("Zn/"Zn)

Lyon JMC

Long-term reproducibility of isotopic analyses were < 0.09%o and < 0.07%0 for Cu and Zn
respectively. This was assessed for Cu based on repeat measurements of a secondary standard
(standard AM, measured at Bristol, Jerusalem and Zurich and with 3%Cu = +0.11). Zn
reproducibility was assessed through repeat analyses of spiked JMC Lyon standards (mean §°°Zn =
0.01%0 + 0.07 (#20; n=57)). In addition, during the course of this study we performed duplicate
analyses of 11 various soil samples for Cu and Zn isotopes (completely separate digestion and
analysis), though 9 of these were sequential extractions with the attendant variability associated
with the leaching process. Despite this the average reproducibility was +0.11 for both §%Cu and
8%Zn. Internal errors obtained from the mass spectrometric analysis were always substantially
lower than long-term reproducibility, and it is the latter that is given as the uncertainty in the
footnotes to the tables in this paper. Procedural blanks for sample digestion and Cu and Zn
separation were <lng and 2ng respectively, with mean isotopic compositions of 0.0%o and +0.3%o
respectively. These blanks would lead to insignificant corrections to sample isotopic compositions

and none were applied.

11
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In order to quantify net loss or gain of an element relative to the parent material, in a procedure that
eliminates the impact of density changes during soil development, we use the tau parameter (t) of
Chadwick et al. (1990). This is defined as the fraction of an element of interest (i) lost from, or

added to, a soil horizon relative to an immobile index element (j):

o (C/C),
Yo e),

where C is concentration, subscript / refers to the soil horizon under consideration and subscript p
to the concentration in the unweathered parent material. Tau values greater than zero denote
addition of the element of interest relative to the immobile element and values less than zero loss.
Integrated tau values for the entire soil profile can identify net additions — or loss — from the soil
profile as a whole. In our calculation of integrated tau we include the O horizon because plant
growth should not add Cu or Zn to the soil, merely relocate them. A detailed study of Hawaiian
soils (Kurtz et al., 2000) identified niobium (Nb) as the least mobile element, so we use it here for
both Hawaii and Scotland. This approach assumes that a good estimate of the chemistry of the
parent material is available. In the case of the Glen Feshie soils studied here, the fact that they
probably underwent an earlier cycle of erosion and weathering before the material was deposited on
the current river terraces suggests that local rocks may not be an appropriate reference. Thus, we
choose here to reference to samples of river alluvium collected from the river draining the valley
where the soils occur. For the Hawaiian samples, parent rock major elements and Nb values come
from previous soil studies. - Ziegler et al. (2005) for LSAG, Scribner et al. (2006) for Maui. Cu, Zn,
Mn and Pb concentrations derive from analyses of tholeiitic and alkali basalts in the literature, as

detailed later in the appropriate tables.

12
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Table 1: Mass balance (t) calculations, Cu and Zn concentration and isotope data, for the Glen Feshie chronosequence, Scotland.

Denth [Cul [Zn]
Sample Horizon (cm) TNa' Tal Tre TMn TP Tpb ppm___ tcu  8%Cw? ppm___ tza  8%Zn
0. 1 kyr
641 Ah 2.5 -0.23  -0.17 0.01 0.32 0.23 0.00 3.6 0.15 -0.26 24 0.03 0.25
642 BC 6.5 -0.32 -0.28 -0.10 0.14 0.34 -0.19 2.4 -0.15 -0.37 17 -0.19 0.26
643 C 25 -0.19  -0.13 0.06 0.17 0.30 -0.14 34 -0.10 -0.34 27 -0.05 0.27
Integrated -0.20 -0.14 0.05 0.19 0.30 -0.12 -0.07 -0.33 -0.04 0.27
1 kyr
659 AH 5 -0.57 -0.53 -0.30 -0.36 0.07 -0.16 5.3 -0.06 0.03 24 -0.41 0.30
660 B(s) 15.5 -0.12  -0.17 0.02 -0.11 0.27 -0.10 4.8 0.35 -0.33 23 -0.12 0.30
661 C 45 0.01 -0.04 0.10 -0.03 0.29 -0.10 4.4 0.26 -0.26 25 -0.05 0.35
Integrated -0.07 -0.12 0.04 -0.08 0.26 -0.11 0.24 -0.23 -0.10 0.34
3.6 kyr
644 H 3.5 -0.27 -0.17 -0.51 -0.50 5.34 5.50 5.0 5.91 -0.24 11 1.06 0.13
645 AE 13 -0.31  -0.24 0.25 0.49 0.77 -0.13 4.1 0.26 -0.37 17 -0.28 0.12
646 B(s) 30 -0.13  -0.10 0.15 -0.30 0.33 -0.14 3.9 0.09 -0.33 30 0.12 0.30
647 C 57 -0.10  -0.13 0.08 -0.13 0.24 -0.15 4.0 0.13 -0.36 27 0.04 0.32
Integrated -0.14 -0.14 0.08 -0.11 0.62 -0.14 0.14 -0.35 0.01 0.29
13 kyr
653 H 3 -0.47  -0.36 0.00 -0.54 1.81 3.01 2.8 0.74 -0.15 14 0.16 0.07
654 AEh 13 -0.47 -0.23 0.23 -0.57 0.80 0.22 3.0 0.17 -0.06 18 -0.06 0.21
655 Bhs 25 -0.42 -0.23 -0.02 -0.61 0.05 -0.16 2.6 -0.16 -0.37 18 -0.22 0.17
656 Bs 45 -0.31  -0.03 0.50 -049 -0.12 -0.24 4.1 0.16 -0.26 27 0.01 0.22
657 BC 75 0.04 0.05 0.24 -0.28 -0.54 -0.05 49 0.69 -0.22 20 -0.07 0.33
658 C 102 -0.03  -0.05 0.12 -0.32  -0.54 -0.05 5.4 0.68 -0.26 21 -0.13 0.25
Integrated -0.19 -0.07 0.23 -0.42 -0.18 -0.12 0.50 -0.25 -0.07 0.24
River Alluvium average 34 -0.23 25 0.22
2SD (n=3) 1.5 0.12 5 0.08
Rocks average -0.14  -0.21 0.16 0.65 0.15 -0.39 4.2 -0.19 27 -0.16 0.21
2SD (n=4) 0.27 0.11 0.20 0.24 0.60 0.18 1.3 0.15 13 0.22 0.04

' Raw data for tau calculations tabulated in electronic appendix, including alluvium values used.
2 Tau values also calculated for analysed rocks relative to alluvium to illustrate impact of choice of rock versus alluvium as “parent” material.

32 sigma uncertainties for §**Cu and §°Zn are 0.09 and 0.07 respectively, based on long-term reproducibility of standards.

13




342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

4. Results

4.1 Glen Feshie chronosequence: soils, alluvium, plants and water samples

Cu and Zn concentrations and isotope data for the Glen Feshie soil chronosequence, as well as
relevant tau data, are given in Table 1. Table 1 also presents data for averages of 3-4 analyses each
of river alluvium and rock samples. The full major and trace element data required for the tau

calculations in Table 1 can be found in the electronic appendix.

Selected tau values as well as Cu and Zn isotope data for the four analysed soil profiles from Glen
Feshie are displayed in Figure 3. As noted previously, we use river alluvium as a reference parent
material. Tau calculation for rocks (Table 1) relative to river alluvium yield data that are generally
within £0.2 of zero, suggesting that for many elements this choice is not critical. The exceptions are
Mn, where river alluvium is about 65% depleted over Nb relative to the rocks analysed, and Pb,
where river alluvium is about 40% depleted over Nb relative to rocks. Our choice of river alluvium
to calculate tau values is also justified by the fact that calculated taus for Na, Al, Fe and Mn are

close to zero for the C horizons in the younger soil profiles.

The fact that these young soils, developed on a granitoid substrate in a cold climate, display only
incipient weathering is demonstrated by the tau values for base cations like Na (contrast with older
soils developed on more rapidly weathering basaltic substrates in Figures 4-6) which are generally
only slightly less than zero in the upper soil horizons, and approach zero in the C horizons. Al and
Fe are relatively depleted in the upper horizons of the 1-13 kyr soil profiles, and variably enriched
in the B horizons, suggesting translocation downwards, perhaps in association with organic acids
(e.g. Bigalke et al., 2011). Mn is slightly enriched relative to Nb throughout the youngest profile but
is depleted throughout all other soil profiles except the B horizon in the 3.6 kyr soil. Absolute Mn
enrichments or depletions depend critically, however, on whether river alluvium or rock
concentration values are used as a reference. Phosphorous concentrations (Fig. 3) show an evolution
through the chronosequence. This element is only depleted in the deepest horizons of the oldest soil
profile. In the two youngest soils it is depleted in the upper horizons whereas it is strongly enriched
at the top of the two oldest profiles. A final feature is a strong enrichment in Pb (Table 1, not

figured) in the H horizons of the two oldest profiles.
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Figure 3: Tau parameters for selected elements (left), T (black) and isotope (red) data for Cu (centre) and Zn (right) in
Glen Feshie soils. The y axis in all plots is drawn at T = 0 to highlight gain or loss of each element. The red dashed lines
in the panels at centre and right show the isotope composition of river alluvium (Table 1) to highlight shifts in isotope
composition of the soil relative to this reference. Horizontal dashed lines show horizon boundaries.

Cu is nearly always enriched in these soils, relative to the starting material. Though this could again
be an artefact of the initial concentrations used to calculate taus, the data in Table 1 suggest that this

picture would also emerge if local rocks were used as a reference. Zn, in contrast, is almost always
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depleted. The tau profiles do, however, suggest significant translocation of Cu and Zn during
incipient weathering. The most fully developed soil profiles (3.6 and 13 kyr) show enrichments in
Cu and Zn near the top, correlated with those in phosphorous (Fig. 3), while AE and B horizons are
usually depleted relative to horizons above and below. These features of Cu and Zn distribution
within the soils are reminiscent of those previously found for cambisols and podzols by Bigalke et
al. (2011). Incipient weathering, and the translocations of Cu and Zn within the soil profiles, is
associated with barely significant shifts in Cu and Zn isotopes (Fig. 3). Overall, Cu isotopes are
very slightly heavier (0.07-0.26%o heavier than the profile average, and in the case of the 13 kyr soil
heavier than the starting material) at the top of each profile and very slightly light (up to 0.12%eo
lighter than the profile average) lower down. If anything there is a subtle change downwards in Zn

isotopes towards slightly heavier (e.g. by 0.26%o in the 13 kyr soil) isotope compositions.

Table 2: Cu and Zn concentration and isotope data for river water and plants from Glen Feshie.

[Cu] [Zn]
Sample Type Soil age (kyr) ppm  3%Cu! ppm  3%Zn
GFP1 Heather - leaves 1 4.0 -0.84 0.59  -0.40
GFP2 Heather - roots 1 2.1 -1.02 0.36  0.00
GFP3 Heather - leaves 13 6.6  -0.35 0.73  -0.45
GFP4 Heather - stems 13 2.0 -0.79 021  -0.30
GFP5 Heather - roots 13 2.1 -0.80 0.46  -0.17
GFP6 Grass 13 4.7 -0.22 1.39 0.01

[Cu] [Zn]

nM  §%Cu nM  8%Zn
GFWnl River water 2.7 0.01 17 0.50
GFWn4 River water 4.0 -0.04 12 0.48
GFWn6 River water 1.9 0.13 14 0.55
GFWn7 River water 3.8 0.11 19 0.53
GFWn8 River water 5.0 -0.07 22 0.40

!'2 sigma uncertainties for §*°Cu and 8%°Zn are 0.09 and 0.07 respectively, based on long-term reproducibility of
standards.

Cu and Zn abundance and isotope data for plants and river water collected in Glen Feshie are
presented in Table 2. Concentrations of Cu in the River Feshie are low, ranging from 1.9 to 5.0 nM
and consistent with the low concentrations seen in other relatively undisturbed catchments like the
Kalix (northern Sweden) and the Amazon (Vance et al., 2008). Zn concentrations range from 12-22
nM, again within the range of values for the Kalix and Amazon (Little et al., 2014a). 8*Cu in the

River Feshie samples are -0.07 to +0.13%o, compared to a wide range of +0.02 to +1.45 in global
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rivers (Vance et al., 2008). In common with these previous data, the Feshie is about 0.2-0.3%o
heavier than the soils it drains and the river alluvium it carries (Vance et al., 2008). 8°Zn is +0.40

to +0.55%o, also heavier than the solid material the river carries (at +0.22%o).

The plant samples are all isotopically lighter for Cu and Zn than the soils on which they grow, with
8%Cu ranging from -0.22 to -1.02 and 8%Zn from +0.01 to -0.45%.. Plant samples contain 2.0-6.6
ppm Cu, in the same range as previously observed (e.g. Weinstein et al., 2011). Zn contents in the
plants are 1-2 orders of magnitude lower than previously observed (Weiss et al., 2005; Viers et al.,
2007; Arnold et al., 2010), at 0.2-1.4 ppm Zn. Our purpose in presenting the plant data is to
facilitate a later discussion of their impact on soil development. It is not to present a detailed
discussion of the mechanisms of Cu and Zn uptake by plants, which has recently been reviewed
(Moynier et al., 2016). All plants yet studied have a bulk Cu isotopic composition lighter than the
external pool (e.g. Weinstein et al., 2011) while for Zn bulk plants can be both heavier and lighter
than this pool, depending on whether free or complexed Zn is taken up (e.g. Weiss et al., 2005;
Arnold et al., 2010).
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Table 3: Mass balance (1) calculations, Cu and Zn concentration and isotope data, for Hawaiian soils.

[Cu] [Zn]
Sample Horizon  Depth (cm) Tcal Tl TFe ThMn Tp Tph ppm Tcu  8%Cu? ppm Tza  8%Zn
Ola,a, Kilauea, 0.3 kyr, 2500 mm
Ola'a A Oe+0a 0-8 -0.10  0.02 -0.01 -0.13 0.04 1.40 97 -0.04 0.05 108 0.15 0.30
Ola'a B Oa 8-13 -0.17  -0.02 -0.03 -0.19 0.01 1.48 84 -0.22 0.01 104 0.03 0.26
Ola'a C A 13-21 -0.12 -0.08 -0.02 -0.24 -0.17 0.35 94 -0.16 0.07 117 0.10 0.31
Ola'a D Bw 21-27 -0.08 -0.05 0.03 -0.21  -031 -0.11 113 -0.02 0.09 100 -0.07  0.34
Ola'a E C1 27-38 -0.05 -0.07 0.02 -020 -0.31 -0.14 117 0.03 0.12 106 -0.01 0.32
Ola'a F C2 38-49 0.03 0.05 0.00 -0.23 -0.29 0.36 114 0.00 0.00 109 0.02 0.38
Ola'a G C3 49-73 0.05 0.03 0.01 -0.21  -0.31 0.29 117 0.02 0.14 115 0.07 0.33
Integrated -0.01  0.00 0.01 -0.21  -0.27  0.28 -0.01 0.10 0.04 0.33
Laupahoehoe, Mauna Kea, 20 kyr, 2500 mm
LA 10 Oe 0-5 -0.99 -0.18 -0.12 -0.76 -0.32  0.55 32 0.45 0.25 39 -0.80  0.32
LAG6 Oa 5-12 -0.99 -056 -0.52 -0.80 -0.54 -0.20 27 -0.32 0.30 80 -0.77  0.38
LA 11 A 12-20 -0.99 -085 -0.51 -092 -0.56 0.13 23 0.13 -0.35 49 -0.73  0.38
LA 7 A 20-27 -1.00 -091 -044 -090 -0.84 -0.24 14 -0.79  -0.60 104 -0.82  0.24
LA 12 Bwl 27-39 -0.99 -0.81 -022 -0.88 -0.75 0.03 16 -0.64  -0.48 73 -0.82  0.31
LA S8 Bw2 39-52 -0.99 -0.64 -0.50 -0.82 -0.68 -0.43 10 -0.76 0.04 91 -0.77  0.39
LA 13 Bw3 52-71 -1.00 -0.76 -0.35 -0.86 -0.73 -0.20 13 -0.73  -0.19 91 -0.78 041
LA9 Bw3+Bw4 71-94 -098 0.03 -024 -0.68 -0.33 -0.18 20 0.04 -0.04 46 -0.74 027
LA 14 Bw4 94-103 -098 -0.14 -0.32 -0.72 -042 -0.11 26 0.22 0.05 51 -0.73  0.36
Integrated -099 -043 -034 -0.79 -0.55 -0.16 -0.29  -0.08 -0.76  0.35
Kohala, Hawi, 150 kyr, 2500 mm
KoM 7 Oe+Al 0-12 -098 -0.72 -0.08 025 -052 274 38 0.92 -0.07 138 -0.33 046
KoM 8 Al+A2 12-21 -0.99 -0.73 0.15 -0.07 -0.69  2.60 15 -0.41 0.00 99 -0.63  0.30
KoM 9 A2+2Bwl 21-27 -0.96 -0.59 0.58 0.05 -0.77 1.82 12 -0.49 0.15 95 -0.61 0.34
KoM 10 3Bw2 27-39 -099 -040 049 -0.09 -0.73 242 15 -0.22 0.18 73 -0.63 044
KoM 11 3Bw3 39-51 -0.99 -0.26 0.23 0.03 -0.73 1.52 21 -0.01 0.38 88 -0.60  0.40
KoM 12 3Bw3 51+ -0.99 -0.25 -0.01 0.16 -0.58  0.88 22 -0.19 0.26 91 -0.68  0.81
Integrated -0.98 -0.45 0.22 0.04 -0.67 1.94 -0.09 0.13 -0.60  0.43
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Table 3 (continued): Mass balance (1) calculations, Cu and Zn concentration and isotope data, for Hawaiian soils

[Cu] [Zn]

Sample Horizon  Depth (cm) Tcal Tl TFe TMn Tp Tph ppm Tcu  8%Cu? ppm Tza  8%Zn
Kohala H, Hawi, 150kyr, 1060 mm

KOH-1 Ap 0-22 -0.73 0.16 0.06 5.03 -0.27 1.65 28 1.05 -0.18 135 -0.05 0.43
KOH-2 Bwl 22-31 -0.83  -0.01 -0.11 2.55 -0.66 0.79 14 -0.27  -0.03 113 -0.44 0.28
KOH-3 Bwl+Bw2 31-41 -0.82 0.06 0.01 2.47 -0.62 0.51 10 -0.48 0.56 107 -0.47 0.24
KOH-4 Bw2 41-51 -0.76 0.03 0.03 2.59 -0.33 0.14 5.2 -0.73 0.36 102 -0.49 0.29
KOH-5 Bw2+Bw3 51-59 -0.79 0.02 0.04 2.08 -0.49 0.13 5.8 -0.68 0.92 107 -0.43 0.33
KOH-6 Bw3 59+ -0.79 0.01 0.05 1.86 -0.48 0.11 4.9 -0.73 0.89 84 -0.56 0.49
Integrated -0.78 0.07 0.02 3.14 -0.44 0.74 -0.08 0.06 -0.35 0.36
Maui Climosequence, Site 2, 400kyr, 2450 mm

2A1 A 0-5 -098 -0.87 -0.35 -0.70 -0.79 0.90 30 -0.51 -0.40 114 -0.54 0.37
2A2 Ag 5-12 -0.99 -0.88 -0.33 -0.77 -0.87 0.79 33 -0.63  -0.61 128 -0.64 0.32
2A3 Bwl 12-24 -1.00 -0.87 -0.21 -0.86 -0.92 1.12 15 -0.85 -0.42 70 -0.82 0.33
2A4 Bw2 24-34 -1.00 -0.83 -0.21 -0.89 -0.91 0.82 10 -0.90  -0.56 54 -0.87 0.27
2A5 Bg 34-55 -1.00 -0.81 -044 -0.86 -0.93 1.16 18 -0.83  -0.49 84 -0.81 0.33
2A6 Bw3 55-69 -1.00 -0.82 -042 -0.89 -0.92 0.87 17 -0.85  -1.09 83 -0.82 0.28
2A7 Bw4 69-100 -1.00 -0.70 -0.28 -0.87 -0.84 0.60 13 -0.85  -0.80 66 -0.80 0.29
Integrated -1.00 -0.81 -033 -0.86 -0.89 0.90 -0.82 -0.67 -0.79 0.31
Maui Climosequence, Site 4, 400kyr, 3350 mm

4A2 A2 3-10 -1.00 -0.84 -0.79 -096 -0.74 0.87 6.0 -0.95 -0.01 37 -0.92 0.40
4A3 Bg 10-17 -1.00 -0.87 -0.85 -0.96 -0.76 2.02 8.8 -0.93  -0.02 41 -0.92 0.36
4A4 Bwl 17-21 -1.00 -0.89 -0.88 -0.97 -0.92 0.91 5.8 -0.97  -0.10 44 -0.94 0.39
4A5 Bw2 21-34 -1.00 -0.88 -0.85 -0.97 -0.94 0.90 5.8 -0.97 -0.28 51 -0.94 0.36
4A6 Bw3 34-51 -1.00 -0.89 -0.85 -0.96 -0.94 0.89 5.3 -0.97 -0.24 39 -0.94 0.40
4A7 Bw4 51-75 -1.00 -0.66 -0.83 -0.97 -0.79 0.58 5.1 -0.96 0.10 34 -0.93 0.39
Integrated -1.00 -0.78 -0.84 -0.97 -0.86 0.75 -0.96 -0.06 -0.93 0.38
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Table 3 (continued): Mass balance (1) calculations, Cu and Zn concentration and isotope data, for Hawaiian soils

[Cu] [Zn]

Sample Horizon  Depth (cm) Tcal Tl TFe ThMn Tp Tph ppm Tcu  8%Cu? ppm Tza  8%Zn
Maui Climosequence, Site 6, 400kyr, 5050 mm

6A1 Agl 0-14 -0.87 -0.78 -0.88  -0.84 0.00 5.03 5.2 -0.36 -0.01 23 -0.30 0.59
6A2 Ag2 14-26 -1.00 -0.88 -0.97 -0.97 -0.90 2.06 5.3 -0.96 -0.56 20 -0.96 0.63
6A3 Bgl 26-38 -1.00 -0.84 -0.97 -0.97 -0.90 2.08 11 -0.88 -0.63 16 -0.96 0.56
6A4 Bg2 38-49 -1.00 -0.92 -0.98 -0.96 -0.97 0.88 4.7 -0.98 -0.13 26 -0.98 0.42
6A5 Bg3 49-67 -1.00 -0.94 -0.98 -0.97 -0.98 0.71 2.8 -0.99 -0.09 30 -0.98 0.46
6A6 Bg4 67-93 -1.00 -0.76 -0.97 -097 -0.86 -0.01 2.6 -0.98 -0.01 26 -0.96 0.26
Integrated -098 -0.86 -096 -0.95 -0.81 1.51 -0.89 -0.32 -0.88 0.45

' Raw data for tau calculations tabulated in electronic appendix, including parent rock values used.
22 sigma uncertainties for §**Cu and §°Zn are 0.09 and 0.07 respectively, based on long-term reproducibility of standards.
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4.2 Basaltic Soil Development, Hawaiian Islands
Cu and Zn concentrations and isotope data for all the Hawaiian soils, as well as relevant tau data,
are given in Table 3. The full major and trace element data required for the tau calculations in Table

3, including data used to represent parent material, can be found in the electronic appendix.

Selected tau values as well as Cu and Zn isotope data for the three analysed soil profiles from the
LSAG chronosequence are displayed in Figure 4. As expected, chemical and isotopic features
associated with weathering processes are clearer in these data than at Glen Feshie, in older soils,
developed on more rapidly weathering basaltic substrates, in a setting with significantly higher
annual rainfall. However, there are also complications introduced by mineral aerosol addition that

become evident at the older end of the chronosequence.

In the youngest soil profile at Ola’a Kilauea (0.3 kyr, Fig. 4) only Mn and P are substantially
depleted relative to Nb. The 20 kyr profile at Laupahoehoe, Mauna Kea, in contrast, shows near
total depletion of base cations (e.g. Ca, Fig. 4) and moderate depletion of Fe, while ~90% of the
original Mn has been lost from the profile. Aluminium and phosphate show similar patterns to each
other, with marked depletions in most of the B horizon and only slight depletions in the O horizons
and the lowest part of the profile studied. At the 150 kyr site the maximum enrichment in Fe at 20-
30 cm correlates with a peak in quartzt+mica abundances (Kurtz et al., 2001). Moreover, Pb
enrichment throughout this profile (Table 3, not figured) has previously been attributed to aeolian
dust deposition on the basis of its isotopic composition (Monastra et al., 2004). It seems likely that
the lack of Mn depletion compared to the younger Laupahoehoe profile is also attributable to dust

deposition.

The 300 year old, Ola’a soil exhibits only small shifts in abundance or isotopic patterns compared
to parent rock values. The slight depletion in the A and upper B horizons develops into a more
pronounced feature with soil age in the Laupahoehoe and Kohala M profiles. At Laupahoehoe this
Cu depletion is associated with an isotopic fractionation, such that the most depleted upper B
horizon has a %*Cu about 0.7 %o lighter than the starting material. The minimum in 8%Cu and the
maximum Cu depletion occurs around the break in the profile noted earlier (see dashed blue line in
Fig. 4). The lower B horizon is identical to the starting material while the O horizon is about 0.2 %o
heavier. In contrast, Zn becomes uniformly depleted throughout the Laupahoehoe profile, with 75-

80% of the original inventory lost from the soil. Moreover, this loss is associated with barely
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significant isotopic effects. Cu and Zn in the older Kohala M profile are again more complicated,
perhaps also due to dust deposition. Depletions in Cu and Zn are less intense than at Laupahoehoe,
and there has been net addition of Cu to the top of the profile. Cu isotopes shifts from the parent
material (at about +0.2 %o relative to parent material) are only significant at the bottom of the

profile, where Zn is also heavy (+0.5%o relative to starting material).
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Figure 4: Tau parameters for selected elements (left), T (black) and isotope (red) data for Cu (centre) and Zn (right) in
LSAG soils, island of Hawaii. The y axis in all plots is drawn at T = 0 to highlight gain or loss of each element. The
horizontal dashed blue line in the Laupahoehoe panels marks the break in this profile between the 5 kyr ash on top and
the 20kyr tephra below. The red dashed lines in the panels at centre and right show the isotope composition of parent
basalt to highlight shifts in isotope composition of the soil relative to this reference. The reference value for Cu is the
average for all ocean island basalts in Liu et al. (2015), for which 8%Cu = +0.09+0.07 (1SD). That for Zn is the average
for Kilauean basalts in Chen et al. (2013), for which §°Zn = +0.29+0.03 (1SD). Horizontal dashed lines show horizon
boundaries.
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There are some striking differences between the two 150 kyr sites at Kohala that receive different
annual rainfall — as well as some intriguing similarities. The lower rainfall site (Kohala H, 1060
mm), shows pronounced Mn enrichment that peaks in the upper part of the profile (Fig. 5). Base
cations (e.g. Ca in Fig. 5) and P show lesser depletion than at Kohala M, while Fe and Al are barely
depleted at all. In contrast to the rather different mass balance behaviours for these major elements,
Cu and Zn show rather similar patterns at the two sites, both in their mass balance and isotopic
compositions. Thus both sites show large enrichments of Cu at the top of the profile, in the case of
the Kohala H profile closely co-incident with the peak in Mn enrichment. Both profiles show a
change in 8%°Cu from values around 0.2-0.3 %o lighter than parent material at the top, to values
distinctly heavier at the bottom, though this is much more pronounced at Kohala H. Zn is about 70-
80% depleted throughout both profiles, with the exception of the upper horizon where depletions
are distinctly lower, again especially at Kohala H. Zn isotopes also show the same pattern, with
values very close to parent material in the upper B horizon contrasting with significantly heavier

values above and below, in this case more pronounced at Kohala M.

Hawaii, Hawi, Kohala H, 150 kyr, 1060 mm
4 0 1 2 3 4 5 40 -05 00 05 10 -1.0
} * * * * 0
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Tca Tcu 1 Tzn
1 566Zn
1

Hawaii, Hawi, Kohala M, 150 kyr, 2500 mm
10 05 00 05 10 10 05 00 05 10 10 -05 00 05 1.0
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Figure 5: Tau parameters for selected elements (left), T (black) and isotope (red) data for Cu (centre) and Zn (right) in
Kohala soils, island of Hawaii. The y axis in all plots is drawn at T = 0 to highlight gain or loss of each element. Note
the different scale on the tau plot for Kohala H. The red dashed lines in the panels at centre and right show the isotope
composition of parent basalt (electronic appendix) to highlight shifts in isotope composition of the soil relative to this
reference. Reference isotope values from same source as in Fig. 4.
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4.3 Maui rainfall gradient: influence of climate on Cu and Zn Distributions

Selected tau values as well as Cu and Zn isotope data for the three analysed soil profiles from the
Maui rainfall gradient are displayed in Figure 6. Base cations and aluminium are all very strongly
depleted in these soils, and the main feature visible in the tau data on Fig. 6 is the drop in Fe
concentrations between annual rainfall values of 2500mm and 3350 mm (sites 2 and 4 on Fig. 6) as
a result of the change in redox state that has been noted in previous publications (Schuur et al.,
2001; Chadwick and Chorover, 2001; Miller et al., 2001; Scribner et al. 2006), caused by a

transition from well-drained to water-logged soils as rainfall increases.

Maui, 400 kyr, Site 2, 2500mm
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0 0
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Maui, 400 kyr, Site 4, 3350mm
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Figure 6: Tau parameters for selected elements (left), T (black) and isotope (red) data for Cu (centre) and Zn (right) in
Maui soils. The y axis in all plots is drawn at T = 0 to highlight gain or loss of each element. The red dashed lines in the
panels at centre and right show the isotope composition of parent basalt (electronic appendix) to highlight shifts in
isotope composition of the soil relative to this reference.
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The disappearance of Fe oxides along the rainfall gradient is associated with changes in the
behaviour of Cu and Zn and their isotopes (Fig. 6). The 2500mm site, which retains some Fe in
secondary oxyhydroxide phases (Schuur et al., 2001; Chadwick and Chorover, 2001; Miller et al.,
2001; Scribner et al. 2006) has the lightest Cu isotopes measured in this study, with §%°Cu up to 1.2
%o lighter than parent material. This profile also retains the most Cu of the three Maui sites, with tcu
values suggesting loss of 50-90% of the initial inventory. In contrast, Cu loss at the other two sites
is nearly complete, except in the Oe horizon of Site 6 (5050mm rainfall). Moreover, though the
intermediate depths of the two wetter profiles retain the light Cu isotope signature, with §%Cu at
0.3-0.7%o lighter than parent material, this is bracketed by much heavier isotope compositions
(<0.1%o lighter than the parent isotope composition) at top and bottom. tz, shows patterns at these
three sites that are very similar to tcu: strong depletion throughout but less strong at Site 2 and
moderate at the top of Site 6. Zn isotopes again show rather subtle shifts from parent material
values: no shift at all at site 2 and increasing shifts across the rainfall/redox gradient, culminating in

8%Zn ~0.35%o heavier than parent material in the O horizon of the wettest Site 6.

5. Discussion

Our overall objective in this contribution is to assess the extent to which processes in soils can
explain the characteristics of Cu and Zn isotopes in the dissolved phase of rivers. Though Cu
isotope compositions in the incipient weathering environment of Glen Feshie document a dissolved
riverine pool that is only marginally heavier than alluvium and soils (-0.07 to +0.11%o versus -
0.23%0), Vance et al. (2008) found that large rivers globally were universally heavier than
continental crust, at 8%°Cu = +0.02 to +1.45%o with a discharge weighted average of +0.68%o, much
heavier than the bulk continental crust at around 0 to +0.2%o. The same study found that particulate-
associated Cu in one small river was 1.2+0.4%o lighter than the dissolved phase. Zn isotopes in
large and small rivers (Little et al., 2014a), though likely more severely impacted by anthropogenic
activities (e.g. Chen et al., 2008), display much more subtle variations and the global dissolved

riverine flux to the oceans is identical to the upper continental crust at +0.33%o (Little et al., 2014a).

In pursuing this objective, however, complications arise due to a suite of pedological processes that
overprint the impact of chemical weathering, such as variability in redox conditions, addition of
mineral aerosol, and biological redistribution of elements. In the following we attempt to pick apart
the datasets presented here to try to understand the impact of each of these processes individually

before concluding with an assessment of the degree to which soils lose heavy or light Cu and Zn
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isotopes during the weathering process. We acknowledge that this approach, of isolating a single
dominant controlling process in each profile, simplifies somewhat. Given the multiplicity and
complexity of soil processes, however, it is a more instructive analytical approach than an attempt

to consider all the contributing processes in each soil profile.

5.1 Cu-Zn loss and redox processes in the Maui rainfall sequence
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Figure 7: tcu, tzn and Cu and Zn isotope compositions in Maui soils. Cu and Zn are clearly lost from the parent
material of these soils in proportions very closely related to their original concentrations. In the 2500mm, oxic, soil this
is associated with the loss of the heavy isotope of Cu, and a very subtle fractionation of Zn in the same direction (blue
arrows), probably controlled by partitioning of isotopes between aqueous organic complexes and Fe oxides retained in
the soil. In the wetter, reducing, soils, however, the dominant process involves a move to heavy isotope compositions
and the near total depletion of Cu and Zn. We suggest that this is due to the well-known loss of the Fe oxide pool in
these anaerobic, water-logged soils (e.g. Schuur et al., 2001; Scribner et al., 2006; Thompson et al., 2011), leaving a
residual pool of Cu that is close to the original rock composition (red dashed lines in (b) and (c)) and of Zn that is
significantly heavier than the original parent material.

In many ways the Maui rainfall sequence presents the clearest set of processes seen in this study.
This is emphasized by the data presented in Figure 7, which plots tcu versus tzn, 8°Cu and §%Zn
for this set of soils. The data in Figure 7a demonstrate that Zn and Cu behave remarkably
coherently in these soil samples, being lost in precise proportion to their original concentrations in
parent material, as illustrated by the line fitted to all the data but effectively defined by data from
Site 2. Soil samples from the two more reduced sites plot at the lower left end of the array, having
lost almost all their Cu and Zn, with the exception of the topmost sample from Site 6. Cu-Zn data

from these sites show no relationship with quartz contents, which peak at 18-22 wt % in the upper
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levels of Sites 2 and 4 (Scribner et al., 2006), but it nevertheless seems likely that the higher Cu and
Zn concentrations at the uppermost horizon of Site 6 is due to some kind of addition at the surface.
Though there is no overall correlation between tpp, and Cu and Zn abundances in these soils, Tpp is
higher in this sample than any other (at 5.03, Table 3), and it is possible that the added Cu and Zn is

anthropogenic in origin as opposed to mineral aerosol.

Aside from this sample, data for Cu and Zn isotopes also behave in a relatively straightforward way
at these sites (Fig. 7b, c). At Site 2 progressive Cu depletion is clearly associated with preferential
loss of isotopically heavy Cu, or retention of light Cu, such that the most Cu-depleted soils in the B
horizon at Site 2 (85-90% loss) have 8%°Cu as low as -1.09%o. At the other two sites where, aside
from the exceptional sample at the top of Site 6 mentioned above, Cu loss becomes extreme (up to
99%) and the isotopic composition of this small residual pool shifts back towards the isotopic
composition of the parent material (red dashed line in Fig. 7b). The pattern for Zn isotopes is
similar except that the shift to light isotopes upon Zn loss is very subtle while the shift to heavier
isotopes at Sites 4 and 6 takes the residual Zn beyond the initial parent material to %°Zn that is up

to 0.35%o heavier.

While there may be a number of potential explanations for the patterns in Fig. 7, they are consistent
with some observations that have been made before in soils (e.g. Bigalke et al., 2010a, 2011), and
are also consistent with a dual set of processes that are both controlled by the redox switch in the
middle of this rainfall sequence (Schuur et al., 2001). Though none of the Maui soils are podzols
(van Breemen and Buurman, 2004), there has clearly been translocation of Fe and Al through and
out of the soil (Fig. 6). The aqueous organic species that complex Fe also complex Cu and Zn (e.g.
Grybos et al., 2007; Bigalke et al., 2010b; Ryan et al., 2014) and move them through and out of the
soil as well (e.g. Keller and Domergue, 1996; Bigalke et al., 2010a,b, 2011). In contrast, sorption of
both Cu and Zn to Fe-Mn oxyhdyroxides tends to retain both elements in soils, and the trace metal
characteristics of soils have been described in terms of the dual controls of mobile aqueous organic
species and oxyhydroxide surfaces (e.g. Grybos et al., 2007). We suggest that it is these two
competing processes that determine the patterns in Fig. 7, with heavy Cu and slightly heavy Zn
moved out of the soil complexed to aqueous organic species. The light Cu, and very slightly light
Zn, retained in the dry soil at Site 2, we suggest, is sorbed to Fe oxide phases (blue arrows on Fig.
7). At the high rainfall end of the gradient, Fe-oxides are lost by reduction and with them the light
Cu and Zn, leaving a very small residual pool that is isotopically similar to the parent material for

Cu, and distinctly heavier for Zn (green arrows in Fig. 7). We note that though conditions are
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reducing enough in the two wetter soils to mobilise Fe as Fe(Il), there is no evidence that they are
reducing enough to form sulphide. The measured Eh at Site 4 where the Fe oxides first disappear is
about +300 mV, at Site 6 it is around zero (Schuur et al., 2001). It is possible that wet periods and
occasional water-logging could cause Eh to descend transiently from the above measured values,
closer to that for sulphate reduction. However, even in water-logged floodplain soils that can
become anoxic enough to encounter sulphate reduction, trace metal mobility is controlled by release
from Fe oxyhydroxides, organic matter or mobilisation of colloidal metal forms (e.g. Grybos et al.,

2007; Weber et al. 2009, 2010).

There is experimental and theoretical support for this scenario (reviewed in detail in Moynier et al.,
2016), and natural Cu-Zn isotopic data for rivers and the oceans (Vance et al., 2008; Little et al.,
2014a,b) suggest that these controls are ubiquitous in controlling partitioning of Cu and Zn isotopes
between aqueous and particulate phases at the Earth’s surface. As summarised in a recent review
(Moynier et al., 2016), experimental studies of the sorption of Cu and Zn isotopes to Fe-Mn
oxyhydroxides suggest a range of behaviours. Thus, Pokrovsky et al. (2005) document small
(<0.2%0) Zn isotope fractionations, in both positive and negative directions depending on the
mineral phase, between inorganic aqueous species and sorption to oxides — in both directions
depending on identity of oxide and never more than +0.2 per mil. Juillot et al. (2008) observed
preferential sorption of heavy Zn isotopes to ferrihydrite and goethite by 0.3-0.5%o0 and Balistrieri et
al. (2008) found sorption of heavy Cu and Zn onto Fe oxyhydroxides, by 0.7 and 0.5%o
respectively. Some of this variability might be rationalised by the recent study of Bryan et al.
(2015), who found that sorption to Mn-oxide (birnessite) involved no significant fractionation at
low ionic strengths, whereas at ionic strengths equivalent to seawater sorption to birnessite strongly

favours the heavy isotope.

Sorption of residual metal to the solid, however, is only half the story. All the above experiments
were performed with reference to an aqueous phase in which the Cu and Zn were in simple
inorganic species. But these two metals are ubiquitously complexed to aqueous organic ligands in
natural solutions. These organic species have a strong preference for heavy metal isotopes due to
stiffer bonds (e.g. Fujii et al., 2014; see review in Moynier et al., 2016), and this often appears to
govern the distribution of their isotopes in nature (e.g. Little et al., 2014b). Experimentally, Jouvin
et al. (2009) and Bigalke et al. (2010b) document heavy isotopes of Zn and Cu associated with
humic acids, heavier than free aqueous ion by 0.25%o0 in both cases. Most recently Ryan et al.

(2014) used a Donnan dialysis technique to show that ®Cu is enriched over *Cu by +0.14 to

28



643
644
645
646
647
648
649
650

651
652
653
654
655
656
657
658
659
660
661
662
663
664
665

666
667
668
669
670
671
672
673
674
675

+0.84%o in a range of soluble organic ligands relative to inorganic aqueous species, and that the size
of the fractionation was correlated with the stability constants of the complexes. We emphasise that
the organic species we invoke as important here transport Cu and Zn as organically-complexed
species in the aqueous phase. In our view this pool is removed from the soil, and will not be found
in residual organically-bound Cu and Zn that remains behind in soils and that is targeted through
sequential extractions studies (e.g. Kusonwiriyawong et al., 2016). This residual organic fraction
may be isotopically light if dominated by metabolic Cu and Zn from plants, or heavy if it has

undergone fractionation associated with solid-phase organic material such as humic acids.

We suggest that it is the mobilization of Cu and Zn into soil solutions that causes the extreme
depletion of Cu, and its heavy isotope, in the oxic site 2 soil profile at Maui, with residual light Cu
sorbed onto Fe oxyhydroxide surfaces. Cu isotope ratios in this profile are up to 1.1%o lighter than
the parent material, however, either suggesting an organic complex with an even stronger
preference for the heavy isotope of Cu than documented by Ryan et al. (2014) or, perhaps more
likely, multiple cycles of Cu mobilization and re-adsorption to a smaller residual pool of Fe oxide in
a Rayleigh type process. In contrast to Cu, isotope effects during Zn depletion at Maui Site 2 are
very small (Fig. 7). This is consistent with the conclusion from the experimental data that Zn
isotopic partitioning between aqueous organic complexes and Fe-Mn oxyhydroxide surfaces must
be very small indeed. In this scenario, the shift towards heavy isotopes at the higher rainfall sites
would be explained by the removal of the isotopically light Fe oxide pool at the low redox
potentials observed (e.g. Schuur et al., 2001; Thompson et al., 2007). The fact that the residual pool
of Zn is heavier than the parent material may be attributable either to mineral aerosol addition (see
section 5.2 below), or it may imply that the extremely small residual pool itself records another

translocation process and associated Zn isotope fractionation.

While we recognize that we cannot rule out a role for other soil sorption sites, our interpretation of
the Maui data emphasizes the role of Fe-Mn oxyhydroxides in retaining Cu and Zn in the oxic soils.
This emphasis derives from previous work on these samples (e.g. Schuur et al., 2001; Thompson et
al., 2007) that documents a sudden loss of the soil Fe oxide pool as well as a prominent shift in Fe
isotopes at the point in the rainfall gradient where residual light Cu is seen here to be lost. The
scenario described above may also apply to Cu and Zn isotope features of oxic and water-logged
soils described previously. In the context of this study we postulate that light isotopes of Cu at 20-
30 cm in the Laupahoehoe profile might be explained in terms of mobilization of heavy Cu into
aqueous organic complexes in soil solutions and retention of light Fe on residual Fe oxides. Bigalke

et al. (2010a) studied a Skeleti-Stagnic Luvisol, with variations in non-crystalline oxides with depth
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within the profile related to drained versus water-logged conditions. They also observe a transition
from light isotopes of Cu at the surface to heavier isotopes at depth, coupled to an associated drop
in Cu concentrations. Bigalke et al. (2010a) attributed this to redox cycling, without settling on a
precise explanation. Viers et al. (2007) found similar features to those seen in Maui soils for Zn, in
a soil-plant system in a pristine tropical watershed in Cameroon: strong Zn depletion with
enrichment in light Zn isotopes (but by up to 0.6%o in their case) in “ferruginous” horizons, that
contrasted with a water-logged “swamp zone” that had Zn isotopes very similar to the bedrock. We
also note that this potentially important process controlling Cu, Zn and their isotopes in soils is
analogous to that proposed for Fe isotope behaviour in Podzols, where heavy Fe is mobilised into
aqueous solutions by organic-ligand-promoted dissolution and complexation, while illuvial B

horizons are enriched in the light isotopes by 0.6%o (Wiederhold et al., 2007).

5.2 The impact of mineral aerosol dust: the example of the Kohala 150 kyr soil profiles

The Hawaiian island soil sites were specifically chosen for their remoteness from sources of
anthropogenic and natural contamination via the atmosphere. Though the surfaces of many soils
studied here, in both Hawaii and Scotland, often show very significant enrichment in Pb (Tables
1,3), there is no overall relationship between tpy, and tcu, Tza or Cu-Zn isotopes, suggesting that
anthropogenic impacts on Cu, Zn and their isotopes are not significant in these soils. A recent study
of Mo and its isotopes (King et al., 2016) has documented the significance of atmospheric Mo
sourced in volcanic fog (vog), but too little is known about the Cu-Zn content of this material to be
more precise about its relevance to our study. Many previous studies, however, using tracers such
as quartz and mica content (not present in parent basalt but present throughout Hawaiian soils, even
at depth within soil profiles, e.g. Kurtz et al., 2001) as well as an array of isotopic and trace element
approaches, have documented the importance of Asian dust to the Hawaiian soils (e.g. Kennedy et
al., 1998; Teutsch et al., 1999; Kurtz et al., 2001; Stewart et al., 2001; Huh et al., 2004; Monastra et
al., 2004; Scribner et al., 2006; Pett—Ridge et al., 2007; Chadwick et al., 2009; Mikutta et al., 2009).
Examination of the detailed systematics of the soils studied here reveal the impact of a similar
complication for these metals (Fig. 8). The blue and green arrows on the tau-tau plots on Fig. 8
recap the findings for Maui soils described in section 5.1, but also show data for the other Hawaiian
soils studied. Clearly, the soils from Laupahohoe and Kohala in particular show deviations from the
simple removal trajectories for Cu, Zn and heavy Cu isotopes seen in Maui Site 2 (blue arrows in
Fig. 8). The russet arrows on panels (a), (c¢) and (d) in Fig. 8 illustrate the trajectory that would be

observed for a variable supply of Asian dust, using the constraints on its chemistry derived from the
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study of North Pacific deep sea sediments (Kyte et al., 1993) in a fashion analogous to the approach
taken by Pett-Ridge et al. (2007) for uranium.
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Figure 8: Relationships between T, Tcu, Tza and Cu isotope compositions Maui Site 2 and all other Hawaiian soils
studied here. Site 2 at Maui is shown to illustrate the important process identified there involving coupled loss of Cu
and Zn in proportion to their occurrence in parent material, and preferential loss of the light isotope of Cu (blue arrows).
Note that Cu isotopic composition in (b) is plotted as a A value from parent material. The green arrow on this figure
shows schematically the trajectory seen in Sites 4 and 6 at Maui, involving loss of the light Fe-oxide pool of Cu. A
trajectory similar to the blue arrow explains a lot of the data from other soils. The prominent exceptions are soils from
Kohala, and to a lesser extent Laupahoehoe. The russet arrows on the tau diagrams (a) and (c) and show the trajectory
expected through addition of Asian dust (Kyte et al., 1993; Pett-Ridge et al., 2007). The exact trajectory created by such
addition on (b) is difficult to estimate, and depends on how much Cu is left in the soil when the dust is added — e.g. if
Cu is completely removed from the soil before dust Cu is added the trajectory could be near vertical, whereas the slope
will be gentler if the dust is added when there is still significant parent Cu remaining in the soil.

The slope of the arrows on Fig. 8 are obtained by calculating a “tau” value for Asian dust relative to
the parent material from which the soils derive and then a ratio, e.g. of Tcy to Tz in panel (a). Thus
the trajectories illustrate how the chemistry of a soil that had not been chemically weathered at all
would respond to dust addition. If two elements plotted on one of these panels are removed by
chemical weathering in the proportions they are found in parent material before dust addition, the
russet arrows accurately indicate the impact of dust. This is apparently the case for Cu vs. Zn at
Maui site 2 (section 5.1), and the blue arrow drawn on Fig. 8c also suggests that it is the case for Zn
vs. Mn. As can be seen, the trajectories for dust addition match data arrays well. These dust
trajectories are relatively flat on both the Tcu- Tza and twmn -tza plots because Hawaiian soils are very
depleted in Cu and Mn relative to Asian dust, while Zn concentrations are similar. In other words,

the flat trajectory on the Mn-Zn plot results from the very high Mn/Zn ratio of Asian dust relative to
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Hawaiian soils. Though the Mn addition to the Kohala H soil appears extreme, we note that
Kraepiel et al. (2015) document soil tvn values up to 6 times higher, which they also attribute to
atmospheric addition, possibly in combination with biolifting by plants and the fact that oxidizing
conditions lead to retention of dust-derived Mn near the top of the soil. Given the mean annual
precipitation of 1060mm at the Kohala H site, and the well-established relationship between MAP
and redox, we expect Eh to be well in excess of +500 mV and that Mn should remain in oxidized

form.

Any attempt to subtract the impact of dust on the Cu and Zn isotopic compositions of the soils it
affects is rendered difficult by two issues, as illustrated in the tc,-8%Cu panel (b) of Fig. 8. On this
diagram the trajectories that would be defined by samples that have seen dust added are variable
because the impact on Cu isotopes depends on the Cu concentration of the soil — how much
depletion by chemical weathering it had undergone - when the dust is added. The other problem is
that if the isotopic data at Kohala are to be explained by dust addition then that dust must
sometimes have a minimum 8%Cu +0.9%o (Fig. 8b) and a minimum 8%Zn of +0.8%o (not figured,
Table 3). We expect the copper isotope composition of an Asian dust source to approximate that of
the continental crust and sediments. This is close to zero in 8*°Cu, and measured values for Chinese
Loess as well as Atlantic marine aerosols range from -0.2 to +0.3%o (Li et al, 2009; Little et al.,
2014a). 8%Cu values = 0.03+0.12 and 0.20+ 0.16%o and 3°Zn values = 0.20+0.05 and 0.28+0.08
%0 have been reported for the <4pum fractions of dust samples from Taklamakan Desert, China,
considered to be a major source of the Asian dust plume (Dong et al., 2013). This study also found
variations of up to 0.5%o. among the different size fractions, with some samples of the >63um
fraction notably giving isotopic values 0.37-0.48%o. Copper and zinc in atmospheric dust is likely to
be present in metal-rich coatings (desert varnish) on the surfaces of quartz. It is possible that these
oxide coatings could have heavy Cu and Zn due to adsorption fractionation, as suggested for iron
isotopes on desert varnishes by Busigny and Dauphas (2007). Supergene enriched copper minerals
tend to have heavier Cu-isotopic compositions than primary copper minerals (Mathur et al, 2005,
2009; Markl et al., 2006; Matthews unpublished data) with values as high as 9.5%o and their

exposure in the surface could bias the dust record.
5.3 Impact of biological cycling on surface horizons of young Glen Feshie soils

The surface horizons of Glen Feshie soils are variably enriched in Cu and Zn. Cu isotopes are
generally slightly heavier, while Zn isotopes are subtly lighter than horizons immediately beneath.

A priori these features could be caused either by deposition of Cu and Zn from the atmosphere onto
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the surface, of either mineral dust or anthropogenic particulates, or with translocation of Cu and Zn
upwards through the soil due to plant activity at the surface. Bigalke et al. (2010a, 2011) discuss

both these possibilities with regard to enrichments of Cu in the surface horizons of soils.

The field site at Glen Feshie is situated away from major industrial centres. The most likely source
of anthropogenic Cu and Zn would therefore be long-range transfer of ash or dust from smelters and
refineries. Some deposition at Glen Feshie is possible given the transport distances previously
observed for anthropogenic Zn (Candelone et al. 1995; Planchon et al. 2002). The isotopic
composition of anthropogenic Cu in ash or dust is highly dependent upon that of the ores being
smelted (Mattielli et al. 2009), which can be highly variable (Mathur et al. 2009). Conversely, Zn
in ash or dust is light due to evaporation during the smelting process (Mattielli et al. 2009), and is
fractionated during atmospheric transport, leading to increasingly light compositions with
increasing transport distances (Sonke et al. 2008). Anthropogenic Zn deposited at Glen Feshie

would therefore be expected to be isotopically light, as is observed.

Major deposition of anthropogenic Cu and Zn from smelting has occurred since ~1900 (Thapalia et
al. 2010). It follows, therefore, that if significant anthropogenic deposition had occurred at Glen
Feshie, all the soils older than ~100 years would be affected to the same extent. This is clearly not
the case. tcu and 1z, at Glen Feshie (Fig. 3) show accumulation of both metals at the surface. This
could indicate addition of the metals via dust or ash but, since accumulation increases with age and
is not the same for all soils older than ~100 years, an anthropogenic origin does not seem likely.
Furthermore, the trend towards lighter isotopic compositions of Zn at Glen Feshie is progressive

with age rather than a step change between the 0.1ka and older soils (Fig. 3).

Additional Cu and Zn could also be derived from mineral aerosols. But Nd data for Glen Feshie
(Keech 2011) suggest no significant accumulation of mineral aerosols. This is supported by simple
estimates of dust input to Glen Feshie. Modelling by Mahowald (2006) suggests a present-day rate
of dust deposition over Scotland of 0.75+0.25 g/m*/yr. Using this rate and assuming concentrations
of Cu and Zn in dust equal to their concentrations in the upper continental crust (25 and 71 ppm
respectively; Taylor and McClennan, 1995), then the total masses of Cu and Zn deposited on the
Glen Feshie soils over 13 ka are 0.24 and 0.69 g/m? respectively. These values are equivalent to
about 5% and 2% of the total amount of Cu and Zn in the uppermost metre of the 13 ka soil
(assuming a density of 1000 g/m?). These estimates confirm that mineral aerosols must constitute,

at most, a minor input of Cu and Zn to these soils and, combined with an apparent lack of
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cycling of Cu and Zn in organic-rich shallow soils horizons at Glen Feshie.
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Figure 9: Relationships between tp Tcu, Tzn and Cu-Zn isotope compositions for the upper organic-rich levels of Glen
Feshie soils., showing coupled enrichment of phosphorous and Cu (top left) and Zn (bottom left). Such biological
concentration of Cu and Zn in surface horizons may come with lighter Zn isotopes (bottom right), but data for Cu

isotopes does not indicate any particular trend.

Schulz et al. (2010) observed the effect of biolifting on the distribution and composition of Fe in a
soil chronosequence from Santa Cruz, California. Biolifting is the process by which plant roots and
symbiotic fungi (mycorrhizae) transport an element from deep in the regolith to the shallow soil.
The tcu and 1z, and tp (Fig. 3) profiles observed at Glen Feshie are indicative of biolifting. 1z,
increases with soil age in the uppermost soil horizons but decreases at depth, suggesting movement
of Zn upwards with increasing soil development. Moreover, tcu and 1z, are correlated with 1p, as
demonstrated in Fig. 9. Calluna vulgaris is strongly mycorrhizal, and therefore biolifting provides a
likely explanation for the distribution of Zn observed at Glen Feshie. Enrichment of Cu is also seen
at the surface of the Glen Feshie soils. Biolifting and fractionation by vegetation can also explain
some aspects of soil %°Zn and 6%Cu at Glen Feshie. Plant samples from Glen Feshie demonstrate
a preference for light Cu and Zn (Table 2). This is broadly in keeping with the observations of
previous studies, but also with some important differences as discussed earlier in section 4.1 The
general trend towards lighter Zn with tp (Fig. 9) may reflect the preferential movement of light Zn
upwards through the soil profile facilitated by mycorrhizae. Additional light Zn at the surface could
come from leaf litter and the decay of dead plant matter enriched in the light isotopes. Conversely

however, one might expect plant uptake of the light isotopes to leave soils enriched in heavy Zn.
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This type of process could explain the trend towards heavier 8%Cu values at the surface of the soil
profiles (Fig. 3). The relative impact of these processes is unknown, as total biomass per unit soil
has not been measured for the Glen Feshie soils, but their dual control could explain the absence of
a relationship between tp and Cu isotopes seen in Fig. 9. Overall, a more definitive identification of
the process of bio-lifting for Cu and Zn and their isotopes must await more targeted studies than

possible here.

6. Concluding remarks: Integrated soil Cu-Zn isotopes and the isotopic composition of rivers

In this concluding section we return to our larger-scale objective in this paper, to investigate the
extent to which processes in soils can explain observations of heavy Cu isotopes relative to rocks, in
contrast with relatively unfractionated Zn isotopes, in the dissolved phase of rivers. To do so we
calculate values of tau for elements of interest, integrated for entire soil profiles, weighting taus for

individual horizons for density (p) (where data are available) and thickness (z) as follows:

(p2)

where & refers to each individual horizon and ¢ to the values for the entire profile. Unfortunately,

Tiint :E (rhphzh)

density data are not available for the Glen Feshie or Kohala H samples, and we are forced to
calculated integrated taus without weighting for the density of each horizon. Figure 10 plots these
data versus integrated soil A ®*Cuparent material-soit and 8°°Z1 parent material-soil. On these diagrams the lower
left quadrant denotes loss of heavy isotopes from soils while the upper left quadrant denotes loss of

light isotopes.

We have discussed an array of fundamental soil geochemistry processes that determine the fate of
Cu and Zn in coarse- and fine-grained granitic and basaltic soils, respectively. Isotopically light Cu
is retained on Fe oxyhydroxides in the least reduced Maui soil profile, while reduction of Fe oxides
at the wetter sites strips out this residual light Cu under anaerobic conditions. Though there has
presumably been addition of mineral aerosol to the Maui soils, Cu-Zn isotopes appear to be
dominated by depletion processes. At Kohala in particular, on the other hand, these chemical
weathering processes are overprinted by the addition of mineral aerosol dust. In the young Scottish
soils, bio-lifting of Cu and Zn to surface horizons is an important process. Nevertheless, and despite
these complexities, it is clear from Fig. 10 that, overall, isotopically heavy Cu is lost from soils,

while integrated isotopic compositions of Zn in soils do not depart significantly from those of
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parent material. The trajectories for addition of Asian dust illustrated in Fig. 8 could, in principle,
allow us to remove this overprint from the older Hawaiian soils. Unfortunately, however,
quantitative correction is precluded by the lack of constraint on the Cu isotopic composition of the
added mineral aerosol. What can be concluded for sure, however, is that the Cu added by mineral
aerosol is isotopically heavy, so that the degree to which weathering and other processes cause
enrichment of light Cu in soils, and the export of heavy isotopes, is under-emphasised in Fig. 10.
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Figure 10: Integrated (whole-profile) taus and isotopic compositions for the soils studied here, with Zn isotopes plotted
on the same scale as Cu to illustrate the relative subtlety of Zn isotope variation in soils. The blue and green arrows
indicate the weathering processes identified in the Maui rainfall sequence identified earlier: retention of light residual
Cu isotopes on Fe oxides in oxic soils (blue), loss of this pool in water-logged soils (green). Weathering loss of light
isotopes of Cu, however, is obscured in other locations due to addition of heavy dust-derived Cu (Kohala, Hawaii),
while the Scottish soils also appear to have accumulated Cu. All soils have lost Zn but with insignificant isotope

fractionation.

We suggest, however, that the weathering process identified in the oxic soils of Maui, involving the
partitioning of stable isotopes between aqueous organic complexes and particulate oxyhydroxide
surfaces, is likely to be a key factor in the behaviour of metal isotopes in soils and elsewhere at the
surface of the Earth. In low ionic strength aqueous solutions, experiments suggest subdued isotopic
fractionation via sorption from an inorganic Zn pool (Bryan et al., 2015), which may be negated or
reversed if the aqueous Zn pool is complexed by organic ligands (Jouvin et al., 2009), as seen here
for soils and for rivers in Little et al. (2014a). The more pronounced preference of these organic
complexes for heavy isotopes (Ryan et al., 2014) probably causes the larger fractionations seen for
Cu in oxic soils (this study), and in the dissolved versus particulate pool of rivers (Vance et al.,
2008). The higher ionic strength of the oceans, on the other hand, coupled to organic speciation of
both Cu and Zn in the aqueous phase, produces smaller fractionations for Cu (e.g. Vance et al.,

2008; Little et al. 2014a,b) and significantly heavy Zn isotopes sorbed on oxyhydroxides relative to
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the dissolved pool (e.g. Marechal et al., 2000; Vance et al., 2008; Zhao et al., 2014; Conway and
John, 2014; Little et al., 2014a,b; Bryan et al., 2015).

So it is clear that the isotopic characteristics of the dissolved pool of rivers (Vance et al., 2008;
Little et al., 2014a) can be rationalised by processes that at least start in soils. Nevertheless, there is
a mass balance issue to be considered. Neubert et al. (2011) pointed out that soils cannot be the
ultimate long-term storage reservoir for the isotopically light particulate-bound Mo that is required
to balance the isotopically heavy riverine Mo flux. The same is true for Cu and Zn, as illustrated by
a simple order of magnitude calculation. If we use the Maui Cu and Zn concentrations and soil
densities, and if we calculate the Cu and Zn inventories in 1m of soil spread over the entire extra-
Antarctic continental area, we find that soils could store only about 30 years worth of the riverine
flux of Cu, and about 125 years worth of the riverine flux of Zn. These figures are almost certainly
maxima: soils cannot be the ultimate storage reservoirs of the light Cu required to balance rivers. At
Glen Feshie, and in the small river studied in detail by Vance et al. (2008), riverine particulates are
also isotopically light. The ultimate storage reservoir is likely, then, to be fluvial and continental
margin sediments. The fate of the oxyhydroxide-associated Cu that might be stored in these
settings, against diagenetic processes that potentially re-mobilise it into the oceanic dissolved pool
(e.g. Shaw et al. 1990), will be important for oceanic mass and isotopic balances (e.g. Little et al.,

2014a,b), and a target for future work.
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