WEATHERING AND MAGNESIUM ISOTOPE FRACTIONATION

IN ARID HAWAIIAN SOILS

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy

by
Kyle Daniel Trostle

August 2014



© 2014 Kyle Daniel Trostle



WEATHERING AND MAGNESIUM ISOTOPE FRACTIONATION

IN ARID HAWAIIAN SOILS

Kyle Daniel Trostle, Ph.D.

Cornell University 2014

With the development of multi-collector inductively coupled plasma mass spectrometry,
the stable isotopes of Mg have become available as a tool to constrain Mg cycling within the
weathering environment. This advance is important, as Mg isotopes will allow the study of Mg
transport within ecosystems and soils directly and may also lead to insight into Mg weathering
and CO; cycling on geological timescales. Studies investigating the stable isotopes of Mg in
soils, waters, and plants show that significant Mg isotopic fractionations are associated with
weathering, secondary mineral formation, and biotic uptake. However, studies identifying Mg
isotopic fractionation have yet to divide soils into detailed fractions to locate those isotopic
fractionations in specific soil phases, and studies have yet to utilize the soil chronosequence
concept to determine if the Mg isotopic composition of soil changes through time. We address
these issues by conducting bulk soil Mg isotopic analyses along with a detailed sequential
extraction on an arid Hawaiian soil chronosequence to determine the distribution of Mg and Mg
isotopic composition within soil phases.

We find that the overall Mg isotopic compositions of our soil systems are determined by
the secondary phases that dominate the functioning of each particular soil system. Our younger
chronosequence site is dominated by pedogenic carbonate, leading to the net export of

isotopically heavy Mg from this soil and the retention of isotopically light Mg, while our older



chronosequence site is dominated by non-carbonate phases, leading to the export of Mg near the
Mg isotopic composition of basalt. This evidence illustrates that as secondary mineral phase
assemblages evolve over time in soils, the isotopic composition of the Mg exported from soil
systems can also change. Further, by looking at the detailed sequential extraction fractions, we
see that Mg in the adsorbed cations and carbonates is isotopically lighter than the Mg inputs to
our soils, and the Mg associated with soil organic matter, short-range-order phases, sesquioxides,

and residuum is near the Mg isotopic composition of basalt or isotopically heavier.
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CHAPTER 1

INTRODUCTION

1.1. THE IMPORTANCE OF MAGNESIUM

Magnesium is the fourth most abundant element on Earth and is a key constituent of
olivines, pyroxenes, spinels, and mantle mineral phases. Mg is also a biologically necessary
nutrient and is critical in organisms as a coordinating ion in chlorophyll and cofactor of many
enzymes (Frausto da Silva and Williams 1991). Mg also plays a key role in long-term climate
regulation, along with Ca. These two elements, when weathered and transported to the oceans,
can precipitate from seawater into carbonate phases, thereby tying the weathering of Ca and Mg
silicates to CO; concentrations in the atmosphere over geological time periods (Urey 1952). On
a smaller scale, Mg remaining in the weathering environment plays a role in the development of
the secondary mineral phases that make up soils, and Mg also cycles through biota. As such the
ability to trace the transport of Mg, whether it is through geological processes deep within the
Earth, weathering processes on the surface of the Earth, or within an ecosystem, will allow

geoscientists greater insight into how the Earth operates.

1.2. STABLE MAGNESIUM ISOTOPES

The use of stable Mg isotopes provides one way to constrain the transport of Mg and
processes influencing Mg throughout the Earth. However, only recently have techniques been
developed that can determine magnesium isotopic composition reliably, as magnesium isotopes
have been difficult to measure due to instrumental mass fractionation effects (Young and Galy
2004). With the introduction of multiple collector inductively coupled plasma mass

1



spectrometry (MC-ICP-MS), these instrumental mass fractionation effects can be limited by
rigorous sample preparation and careful standardization, providing a more precise measure of
magnesium isotope ratios (usually expressed as 8°°Mg). With this development, measurement of
8*°Mg has become a viable means to understand the transport of Mg, particularly in the

weathering environment.

1.3. MAGNESIUM ISOTOPES AND PEDOGENESIS

The adoption of Mg isotopes as a tool to investigate the weathering environment can be
seen in recently published studies that indicate there are significant variations in the isotopic
composition of Mg produced during weathering, secondary mineral formation, and plant uptake
(Brenot et al. 2008; Pogge von Strandmann et al. 2008; Black et al. 2008; Tipper et al. 2010).
However, much work must still be conducted before Mg isotopes can be effectively used to
understand the transport of Mg among soil reservoirs. The aforementioned studies have not
endeavored to break soil into its constituent parts to determine Mg distribution among soil phases
or Mg isotopic composition among soil phases, and they have not looked at weathering systems

under arid climatic conditions. This dissertation addresses these gaps in the knowledge.

1.4. THE ROLE OF THIS DISSERTATION

Mg isotopic composition in soils is influenced by mixing between Mg sources, as well as
isotopic fractionation during weathering processes. This study seeks to understand this mixing
and fractionation of Mg isotopes in an arid soil chronosequence developed on the Island of
Hawaii in order to better understand how Mg isotopes can be used as a tool for investigating

pedogenesis and Mg cycling in ecosystems. This work ultimately has ramifications for
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understanding the Mg isotopic composition of seawater through time, as riverine Mg fluxes and
Mg isotopic compositions are the result of the interaction of weathering processes and
precipitation.

Some of the processes during pedogenesis that influence Mg and Mg isotopes are
secondary mineral formation, leaching, and biocycling. By understanding in detail the Mg
distributions and Mg isotopic compositions of the soil phases making up our arid soil
chronosequence, we can develop Mg isotopes as tracers for the production and fate of particular
soil weathering products or organic matter, and we can model the fluxes of magnesium between
soil, water, and biota. We do this by breaking down the soils into their constituent phases and
analyzing the distribution of Mg in them (Chapter 2), looking at the soils as a whole to determine
their bulk Mg isotopic compositions (Chapter 3), and by analyzing the Mg isotopic compositions

of the constituent phases that make up our soils (Chapter 4).

1.5. CONCLUSIONS

Our research illustrates six main findings relating to Mg isotopic fractionation in the
weathering environment and the distribution of Mg in soils.
1. In the arid volcanic soils used in our study, Mg is primarily sequestered into either short-
range-order phases or carbonates. These phases are common throughout soils of the world and
may dominate the Mg budgets of soils in many locations.
2. Our work shows that pedogenic carbonates preferentially incorporate isotopically light
Mg and that the Mg isotopic compositions of individual generations of these carbonates are most

likely controlled by a complicated Rayleigh fractionation process. This Rayleigh fractionation



process results from the slow evaporation of soil porewater over time in these arid systems and
the removal of Mg by the formation of a variety of secondary soil phases.

3. At our study sites, all uncontaminated soil organic matter (SOM), short-range-order,
sesquioxide, and residuum soil fractions appear to sequester isotopically heavy Mg or display
little fractionation with respect to the Mg isotopic compositions of our soil Mg mixing estimates.
These mixing estimates are based on the relative amount of Mg input from rainfall and basalt
weathering to the soil, along with the Mg isotopic composition of each input.

4. The Mg isotopic composition of our bulk soils ultimately depends upon the secondary
phases that are dominating the functioning of the soil system. In our younger study site
carbonate is a large influence on Mg budgets, leading to the net export of isotopically heavy Mg
from this soil. In our older study site short-range-order and residuum phases take on a larger role
than carbonates in the Mg budget, and the net export of Mg from this soil is near the Mg isotopic
composition of basalt. As secondary mineral phases change in importance over time, the
isotopic composition of Mg exported from our soil systems also changes.

5. Mg isotopic compositions of adsorbed cation soil fractions are lighter than Mg mixing
estimates in both soils, suggesting the export of isotopically light Mg from each soil currently, if
no Mg isotopic fractionation occurs during adsorption/desorption. It is important to differentiate
this finding from the previous conclusion, as the adsorbed cations represent a much shorter
timescale than the net development of the bulk soil. This observation may suggest that the
younger soil has begun to shift from carbonate dominance of its Mg budget and export of
isotopically heavy Mg, to short-range-order and residuum phase dominance of its Mg budget and

export of light Mg.



6. The residuum fractions of our soils are complex and vary isotopically with depth and
between soils. The cause of this variation is not completely understood, but it is likely dependent

on differences in the abundances of phases making up the residuum fractions.
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CHAPTER 2
THE CHARACTERIZATION OF TWO ARID HAWAIIAN SOILS AND THE

DISTRIBUTION OF MAGNESIUM WITHIN SOIL PHASES

Abstract

In order to understand the fractionation of Mg isotopes in the weathering environment,
we must first understand the processes occurring during weathering, and how this may influence
the distribution and export of Mg. This chapter uses characterization data generated from the
study of two arid chronosequence soil sites from Kohala Volcano, Hawaii to understand the
functioning of these soils, the distribution of Mg, and the pedologic processes influencing that
Mg distribution. In these study sites, the major process driving the changes between the older
and younger soil is the leaching of soluble cations through time. Other soil forming processes
also play a role in the development of these soils, but leaching is key in determining the relative
abundance of non-carbonate and carbonate phases in a particular soil. In the Hawi soil, which
has undergone less intensive leaching, carbonate is the largest reservoir of Mg (69+11%). In the
Pololu soil, carbonate is important in individual soil horizons as a reservoir of Mg, but when
looking at the soil as a whole is a smaller reservoir of Mg (16+2%). Therefore in the Pololu soil
other secondary mineral pools take on larger roles in determining Mg distribution. In particular,
short-range-order phases (allophane, imogolite, ferrihydrite) and residuum (primary basalt
phases, gibbsite, spinel phases and associated weathering products) are the largest reservoirs of
Mg in the <2-mm portions of our soils. Short-range-order phases are of particular interest,
because these phases are metastable through time and will recrystallize into soil mineral pools

with relatively little Mg (sesquioxides and kaolin group minerals).



2.1. INTRODUCTION

This chapter characterizes two arid Hawaiian soil sites that are part of an established soil
chronosequence, with particular emphasis on Mg distribution between soil phases. This
background information is necessary to understand the pedogenic processes at work at these two
study sites and to construct valid models of how Mg is transported and how Mg isotopes are

fractionated in these environments, topics discussed in later chapters.

2.1.1. Geochemical Consideration of Hawaii

As described in Vitousek (2004), geochemical homogeneity of the Hawaiian Islands
simplifies two soil-forming factors: parent material and time. This homogeneity of the Hawaiian
Islands is due to the nature of the intraplate oceanic island volcanism that has produced the
islands. The volcanism is largely basaltic, and study sites can be found that have very similar
parent material over the entire age range of the Hawaiian Islands. This basaltic parent material is
also Mg-rich compared to more silicic rocks, making the islands perfect for a study of Mg from
an analytical perspective, as this increases the amount of Mg within the soil during the initial
stages of weathering and allows for the creation of more Mg-rich secondary soil minerals. There
are subtle chemical and textural differences among lava flows, but these differences are
relatively minor compared to the variation found in continental parent materials in both
composition and crystallinity. Time is also well constrained by the Hawaiian lava flows, since
one can use radiogenic isotope techniques to date many of the lava flows or use C-14 techniques

to date charcoal associated with incinerated organic material.



2.1.2. Isolation of Hawaii

Vitousek (2004) also describes how the isolation of the Hawaiian Islands helps to
simplify the soil forming factors of parent material and biota. Their location in the middle of the
Pacific Ocean, away from continental landmasses, limits the influx of continental dust, which has
a different chemical composition than the basaltic parent material and acts as an addition to
surface soil horizons. In addition to directly altering the composition of the soil, the mica present
in the dust can incongruently weather, forming a series of clay minerals that otherwise would not
develop within the soils, thereby further confounding attempts to understand the formation of
secondary soil minerals and their influence on the Mg isotopic system. On the older islands, and
especially on the windward coasts that receive heavy rainfall, this dust may play an important
role in the maintenance of the ecosystems that develop (Chadwick et al. 1999). Younger arid
soils developing on the leeward coasts of Hawaiian volcanoes are less influenced by this input
(Jackson et al. 1971; Kurtz et al. 2001).

The isolation of the Hawaiian Islands has also prevented many species from reaching
them, allowing the few species that have arrived to diversify and fill multiple ecological niches.
This paucity of species and the closely related nature of extant species reduces variability within
the biota soil-forming factor. Isolation has also prevented humans from reaching and altering the

soil development of Hawaii until relatively recently; the first Polynesians arrived on Hawaii

around 500 AD.

2.1.3. Soil Sites

We chose two study sites on the arid leeward coast of Kohala Volcano with comparable
parent material, present-day climatic conditions, biotic factors and topography, but which varied

in age to allow us to investigate the evolution of the Mg isotopic systematics of basaltic soils
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through time (Figure 2.1). These sites have been studied by a number of previous researchers,

providing a rich set of data on which to develop the current study (Goodfellow et al. 2013).
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Hawi1 Soil
20°6°43.1”N
155°52°35.9"W
Elevation: 68 m
Pololu Soil
20°8°9.0"N
155°53°9.5”"W
Elevation: 78 m

Figure 2.1: Map of study sites from a modified Google Earth image. Tradewinds from the
northeast interact with the topography of the Kohala Volcano to create a rain shadow effect.
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The soil-forming factors are nearly identical for the two sites. Both are at similar
elevation and aspect with a mean annual precipitation of 35.0+0.5 cm for the Pololu site and
28.0+0.5 cm for the Hawi site, usually delivered by sporadic cyclonic storms (Giambelluca and
Schroeder 1998; Giambelluca et al. 2013). Vegetation is dominated by non-native buffel grass
(Chenchrus ciliaris) and kiawe trees (Prosopis pallida) with no current land use at both sites.
Variations in soil properties between the two sites are primarily due to the age difference
between sites, but slight differences in the parent materials may play a role as well (Porder et al.
2007).

The local climate has varied over the period of soil development for both sites. Ziegler et
al. (2003) reconstructed the paleoenvironment of this area taking into account glacial-interglacial
cycles and long-term subsidence. With these variables they arrive at a higher rainfall value of 63
cm/yr for these soils 170 ka ago during glacial intervals, and a soil temperature 3.7°C degrees
cooler than the modern mean annual soil temperature of 28°C. This implies that both the Hawi
and Pololu sites have experienced these wetter and cooler conditions during their history. Other
studies have advanced our understanding of the paleoconditions at these sites, concluding that
the sites were never closer to sea level than they are at present (Whipkey et al. 2002), and also
that the water table at these sites has remained well below the pedogenic zone (Stearns and
MacDonald 1946; Takasaki 1978).

The Hawi study site (Figure 2.2) is a soil developed on an alkalic a’a flow that caps
Kohala Volcano and has been K-Ar dated at 0.23 to 0.12 Ma, hereafter referred to as 170 ka for
simplicity (Wolf and Morris 1996; Chadwick et al. 2003). These lava flows are aphyric, contain
higher percentages of trace elements than tholeiitic flows, and also lack phenocrystic

clinopyroxene (McDougall 1969; McDougall and Swanson 1972; Macdonald et al. 1983;
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Spengler and Garcia 1988). MgO weight percent throughout the Hawi flows averages ~3%
(Spengler and Garcia 1988). The soil found at this site is classified as an isohyperthermic Typic
Haplotorrands (Soil Survey Staff 1999).

The Pololu study site (Figure 2.3) has been K-Ar dated at 0.46 to 0.26 Ma, hereafter
referred to as 350 ka for simplicity, and is composed of soil developed on a tholeiitic pahoehoe
lava (Wolf and Morris 1996; Chadwick et al. 2003). The Pololu lavas are recognized by larger
and more abundant phenocrysts and lack the trace mineral apatite, as found in the Hawi flows
(McDougall 1969; McDougall and Swanson 1972; Macdonald et al. 1983; Spengler and Garcia
1988). MgO weight percent throughout the Pololu flows averages ~8% (Spengler and Garcia
1988). The soil found at this site is classified as an isohyperthermic Sodic Haplocambid (Ziegler
et al. 2003).

Both soils contain a variety of secondary minerals including calcite, dolomite, allophane,
imogolite, halloysite, gibbsite, ferrihydrite, hematite, and other trace phases (Chadwick et al.
2003; Zeigler et al. 2003). These soils have been utilized as the arid endmember of the Kohala
climosequence and were also utilized in studies documenting the development of magnesian
carbonates and the stability of halloysite (Capo et al. 2000; Whipkey et al. 2002; Ziegler et al.
2003; Chadwick et al. 2003), and so a significant amount of literature exists on their
pedogenesis. Table 2.1 shows mineralogy from the Hawi and Pololu soils as determined by

XRD (Ziegler et al. 2003; National Cooperative Soil Survey 2014).
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Figure 2.2: Soil development atop the Hawi (170 ka) lava flow. Inset image magnifies a region
of carbonate accumulation.
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Figure 2.3: Soil development atop the Pololu (350 ka) lava flow. Horizon C2 continues down
from this image until reaching unweathered parent material at 143 cm depth.
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Table 2.1: Mineralogy by XRD for the Hawi and Pololu sites. Hawi data from Ziegler et al.
(2003). Pololu data from the National Cooperative Soil Survey, Cooperative Soil
Characterization Database (2014).

Soil Horizon ‘ Depth to Horizon (cm) Kaolin ‘ Mica ‘ Gibbsite ‘ Hematite ‘ Goethite
Pololu (350 ka) 0= not detected; 1= trace; 2= small quagtity; 3= medium quantity; 3+=
large quantity

A 0--5 2 1 1 0 0
Bwl 5--26 -- -- -- - --
Bw2 26--43 1 0 3 1 0
Bw3 43--60 -- -- -- - --
Bw4 60--90 1 0 1 1 2
Bw5 90--102 -- -- - - -
Bw6 102--115 2 0 1 1 2

Hawi (170 ka)

A 0--10 3+ 1 1 1 0
Bwl 10--37 3+ 1 1+ 1+ 0
Bw2 37--65 3 0 0 0
2Cr 65--100 3 0 1 1 0

16



2.2. REVIEW OF SOIL MINERALOGY

Understanding the mineralogy of these soils is key to understanding pedogenesis at the
Kohala chronosequence sites and the distribution of Mg among soil phases. As such a brief

review of important soil mineral phases at our study sites is included below.

2.2.1. Allophane and Imogolite

Allophane and imogolite are two hydrous, short-range-order, aluminosilicate clay
minerals with variable chemical compositions that often form during the initial weathering of
volcanic material (Parfitt 2009). Imogolite has a chemical formula of (OH);A1,03SiOH and
“consists of an outer gibbsite-like curved sheet, while the inner surface consists of O3SiOH, with
oxygen replacing the inner hydroxyls of the gibbsite sheet”(Cradwick et al. 1972; Farmer and
Fraser 1979). Allophane is chemically similar to imogolite but has a variable Al:Si ratio,
anywhere from around 2:1 to 1:1 (Parfitt 2009). Some Fe’" may also substitute into the

octahedral site for AI**

, but at higher Fe:Al ratios the iron-rich compositions can form their own
phase of ferrihydrite (McBride et al. 1984). Structural Mg present in allophane would most likely
be incorporated in the gibbsite-like sheet, substituting for Al; however, work conducted by
Gerrard et al. (2007) shows that magnesium values fall below detectable limits for their
microprobe energy dispersive X-ray spectroscopy (EDS) in all of their altered allophanitic
phases.

The specific surface area of the aggregates formed by allophane and imogolite is high,
with a value of around 600 m*/g (Hall et al. 1985). This high surface area, along with regions of

positive and negative charge, strong binding with organic material that stabilizes soil carbon, and

strong interactions with anions (Parfitt 1990), makes the presence of these phases significant in
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the biogeochemical functioning of soil. The stabilization of soil carbon can also lead to the
development of greater water holding capacity of the soil (Dahlgren et al. 2004), which further
influences secondary mineral formation. The large surface area and high variable surface charge
of allophane and imogolite also make them excellent candidates for adsorbing Mg from soil

solution.

2.2.2. Halloysite

Halloysite is composed of a tetrahedral sheet of silica and a gibbsite-like sheet, asina 1:1
clay, with a single layer of water between separate structural 1:1 units (King 2009). It has an
ideal chemical formula of Si,Al,Os(OH)s*2H,0 and tends to form tubules with a diameter of 50
nm (Moore and Reynolds 1997). Halloysite can either form from allophane and imogolite at high
silicic acid activity, or directly precipitate from soil solution (Parfitt et al. 1984; Parfitt and
Wilson 1985). The length of the dry season in the soil-forming environment influences the
transition from allophane to halloysite, as halloysite only forms in regions with a dry season; in
particular only the 0.7 nm halloysite forms in regions with a long dry season, whereas those
regions with shorter dry seasons form both 0.7 nm halloysite and 1 nm halloysite (Siefferman
and Millot 1969). Much like allophane and imogolite, it is not known how much Mg can
substitute into the structure of halloysite, but if present, Mg probably occurs in octahedral
coordination substituting for Al in the gibbsite-like sheet. Halloysite also has a lower surface
area (65 m’/g) and lower variable surface charge than either allophane or imogolite (Theng et al.

1982).
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2.2.3. Gibbsite

Gibbsite, with a chemical formula of AI(OH);, can be thought of as stacked sheets of
closely packed hydroxide anions, with Al’” ions between in 2/3 of the available octahedral
positions, forming hexagonal rings. In gibbsite these layers are stacked atop one another with
OH units directly above one another (Megaw 1934). Other polymorphs of Al(OH); also exist,
simply by altering the stacking of the layers, but the dominant polymorph in nature is gibbsite
(Hsu 1989). AI(OH); tends to form in highly weathered acidic soils where slow crystallization
occurs, thereby favoring gibbsite over other polymorphs (Hsu 1989). It can be formed from the
desilication of intermediary mineral weathering products, such as allophane, imogolite, and
halloysite, but may also form directly from the chemical breakdown of primary minerals, if the
leaching intensity is high enough (Hsu 1989). The solubility product (Ksp) for gibbsite is 107,
so after formation it is relatively insoluble (Singh 1974). While the surface area of gibbsite can
be high, the charge of gibbsite is determined by variable charge dependent on pH, as structural
charge due to isomorphic substitution into gibbsite is limited (Hsu 1989). Gibbsite formation is
associated with intense leaching; as such the amount of Mg available to be incorporated into the

gibbsite structure is probably low.

2.2.4. Ferrihydrite

Ferrihydrite is a poorly ordered Fe*" oxide, with a chemical composition often given as
5Fe;03*9H,0 (Schwertmann and Taylor 1989). The structure of ferrihydrite is similar to
hematite, which is composed of hexagonally closest packed oxygen and contains iron in 2/3 of
the octahedral interstitial sites (Schwertmann and Taylor 1989). Ferrihydrite, however, has
vacant iron sites, as well as water substituting for O, and variable crystallinity, all of which

distort the crystal lattice (Schwertmann and Taylor 1989). It is associated with young Fe-oxide
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accumulations and has a high surface area of 200 — 500 m*/g (Schwertmann and Taylor 1989).
As seen with allophane and imogolite, this large surface area contributes to its importance in
biogeochemical cycling in soils (Schwertmann and Taylor 1989). Ferrihydrite has pH-dependent
charge due to its hydroxylated surface, and its large surface area and poorly crystalline nature
can result in charge from unsatisfied surface bonds (Schwertmann and Taylor 1989). It is known
for its ability to adsorb cations, anions and organics, but this is dependent on pH and ionic
strength (Schwertmann and Taylor 1989). Ferrihydrite itself is found in environments rich in
organic matter and/or silicate in which Fe*" is rapidly oxidized (Schwertmann and Taylor 1989).
It is believed to form in these environments due to the inhibition of goethite phase formation by
silica and/or organic anions (Schwertmann and Taylor 1989). Increases in temperature or
decreases in moisture may result in the transformation of ferrihydrite to hematite (Williams and
Coventry 1979; Coventry et al. 1983; Curi and Franzmeier 1984; Pena and Torrent 1984).

Mg is not commonly substituted into oxide structures (Schwertmann and Taylor 1989),
and it is unknown if Mg can be a significant structural element in ferrihydrite. Ferrihydrite is a
phase with a large surface area and high variable charge due to its poorly crystalline nature and

could potentially play a large role in the adsorption of Mg.

2.2.5. Hematite

Hematite has the chemical formula Fe,O;. The structure of hematite consists of
hexagonally closest packed oxygen and contains iron in 2/3 of the octahedral interstitial sites
(Schwertmann and Taylor 1989). These layers are stacked atop of one another, but distorted in
such a way as to produce waves within the iron layer in hematite (Schwertmann and Taylor
1989). In most aerobic soils goethite (FEOOH) is the stable iron oxide phase, but high
temperature, well-drained, high pH soils favor the formation of hematite over goethite
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(Schwertmann and Taylor 1989). Hematite formation may further require ferrihydrite as a
precursor and then form from ferrihydrite by aggregation, dehydration and internal structural
rearrangement (Schwertmann and Taylor 1989). Hematite has a surface area of around 50 to
120 m*/g, which is less than that of ferrihydrite (Schwertmann and Taylor 1989). As with
ferrihydrite, pH in the system is important in determining surface charge (Schwertmann and
Taylor 1989). In addition, Al substitution can also occur in hematite, and Ti substitution can
produce permanent structural charge (Tessens and Zauyah 1982). Mg substitution into hematite

1s unknown.

2.2.6. Calcite and Dolomite

Calcite, chemical formula CaCOs, is a common pedogenic carbonate. Dolomite,
chemical formula CaMg(COs),, is less common as a pedogenic phase (Whipkey et al. 2002).
The structure of calcite has a rhombohedral unit cell as illustrated in Figure 2.4 (Doner and Lynn,
1989). This normal calcite structure can accommodate Mg into its crystal lattice, until around 10
mole percent MgCOs is reached (Reeder 1983). After this transition, the unit cell collapses
along the a- and c-axes with additional Mg substitution, causing changes in crystal structure
amenable to the smaller ionic size of Mg (Bischoff et al. 1983). These distortions are found in
high-Mg calcite, which has anywhere from 5 mole percent to around 25 mole percent of MgCO3
substituted into the calcite structure. Above this 25 mole percent MgCO3, another transition
occurs, owing again to the difference in size between the Ca®" and Mg”" ions. For higher
percentages of Mg, a dolomite structure is formed. Stoichiometric dolomite has an ideal
chemical formula of CaMg(CO3),, but non-stoichiometric, less crystalline dolomite may have a
lower mole percentage of MgCO3 (Prothero and Schwab 2004). The structure of dolomite is
similar to calcite, but its rhombohedral unit cell is distorted from calcite due to evenly distributed
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layers of Ca and Mg (Prothero and Schwab 2004). The close similarity in ionic size between
Fe*" and Mg”" (74 pm and 66 pm) leads to extensive solid solution between dolomite and
ankerite, an iron-rich carbonate with an ideal chemical formula of CaFe(COs3), (Doner and Lynn
1989). The calcite structure can also accommodate a few mole percent FeCOs3 as well, and other
divalent cation impurities can occur (Mn®", Zn*", Sr**, Ba**, Pb*", Cu™).

Both calcite and dolomite are found in arid environments due to the inability of
weathering products to drain from soils completely. Upon subsequent evaporation and
concentration of the soil solution, carbonates precipitate due to supersaturation (McFadden et al.
1991). After precipitation, the carbonates are still moderately soluble in water and may be
redissolved and reprecipitated during following rainfall events. This can also lead to their
advection in soil porefluids (Doner and Lynn 1989). Soil carbonates usually initially form as
fine particles or coatings within certain horizons of the soil profile, and over time they may be
concentrated into calcic or petrocalcic horizons at depth, as percolation transfers carbonates to

lower soil horizons (Doner and Lynn 1989).
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Figure 2.4: Calcite structure from Lippmann (1973). Black spheres indicate calcium, white
spheres indicate oxygen, and striped spheres are carbon.
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Figure 2.5 recaps the genetic pathways for the silicate and oxide mineral phases reviewed
above and provides a generalized review of their properties. Note that the metastable short-
range-order phases initially precipitated from soil solution (allophane, imogolite, ferrihydrite)
usually have high surface areas and high surface charge, but gradually recrystallize to more

stable phases (halloysite, gibbsite, hematite) with lower surface areas and charges.
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Figure 2.5: Genetic pathways for silicate and oxide minerals found at our Hawaiian study sites.
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2.3. METHODS

2.3.1. Soil and Rock Sampling

Soils were described in the field and sampled by horizon to unweathered rock. For the
two sites extensive chemical and physical characterization of the soils and basalts is available
(Capo et al. 2000; Whipkey et al. 2002; Chadwick et al. 2003; Zeigler et al. 2003; Goodfellow et

al. 2013).

2.3.2. Mineralogical Examination

Soils were analyzed by powder XRD to determine mineralogy. These XRD scans were
conducted on bulk unoriented soils, as well as oriented <2-um soil clay fractions in unglycolated
and glycolated states. Indurated soil horizons and basalts were analyzed by optical microscopy
to determine mineralogical compositions and replacement textures. The indurated soil horizons
were also stained utilizing the technique of Dickson et al. (1966) in order to differentiate
carbonates from one another. Some cathodoluminescent microscopy was attempted to
distinguish trace element distributions in carbonate in indurated horizons. A semiquantitative
EMPA (Electron Microprobe Analysis) was also conducted, in order to provide information on

the chemistry of secondary phases too fine-grained to be identified by optical microscopy.

2.3.3. Bulk Soil and Rock Dissolutions

Soil samples were sieved on a 2-mm mesh screen. For each horizon, the <2-mm fraction
was kept as a separate sample and dissolved. By contrast, the >2-mm fraction was combined
with that of all the horizons in the soil profile. These >2-mm fractions were composed of rafted

chunks of similar coherent saprolite material found throughout the soil profile. This combined
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sample was then ground and dissolved. Using the relative proportions of the <2-mm and >2-mm
fractions for each horizon, the bulk composition of each horizon was calculated.

Bulk soils and rock samples underwent the same treatment for dissolution. They were
ground to a powder in a ceramic shatterbox, weighed (~0.05 g), and dissolved in 3 ml of HNO;
and 1 ml of HF overnight in sealed Teflon beakers. The samples were evaporated to dryness in
the presence of HC1O4. They were then redissolved in HNOs. This solution was split into two
fractions. One aliquot underwent the ion exchange column chemistry procedure described in
Chapter 3 to isolate Mg for isotope work, and the other was analyzed by inductively coupled
plasma optical emission spectrometry (ICPOES) to determine bulk composition. To provide a
sense of soil heterogeneity on a decimeter scale, a subset of one of the soil horizons with a more
competent texture different from the bulk horizon was also processed and designated C1 (57-106

subset) in the tables and figures of the results section.

2.3.4. Individual Carbonate Extraction

An individual extraction was conducted to remove carbonates from those soil horizons
that contained them. Carbonates were dissolved from bulk samples (<2-mm and >2-mm
fractions) of each soil horizon. A solution (either sodium acetate or ammonium acetate mixed
with glacial acetic acid) buffered to a pH of 5 was added to each sample. The pH of these
samples was monitored, along with effervescence. Additional glacial acetic acid was gradually
added to each of these samples over the course of days until effervescence was no longer
observed and pH dropped. Samples were then centrifuged, and the supernatant was removed.
Samples were washed with an additional 10 ml of 0.5 M ammonium acetate and centrifuged

again. This supernatant was added to the other and saved for chemical analysis.
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2.3.5. Vegetation Dissolutions

Vegetation samples (0.75g) consisting of roots and shoots of Hawaiian grasses were
dissolved in a microwave digester using a mixture of 9 ml of 5 N HNO; and 1 ml of H,O,. After
this digestion the samples were treated with HF to remove silica phytoliths. Samples were
centrifuged to ensure complete dissolution and the resulting solution used for analysis on

ICPOES.

2.3.6. Soil Sequential Extractions

Samples of the <2-mm fraction of each soil horizon were subjected to a series of
sequential extractions. These extraction methods are based on previous soil studies (McKeague
and Day 1966; Holmgren et al. 1967; Jackson et al. 1986; Blakemore et al. 1987; Chadwick et al.
2003) that have been modified, and they are operationally-defined. The modified sequential
mineral extraction consisted of seven steps, removing the following; adsorbed cations, soil
organic matter (SOM), carbonates (in sequence), short-range-order (SRO) phases, sesquioxides,
kaolin group minerals, and residual material (primary basalt phases, gibbsite, spinels and their
weathering products). These fractions and the chemical operation to remove them can be seen in
Figure 2.6. The supernatant from each of these steps was analyzed via ICPOES for chemistry
and underwent ion exchange procedures to isolate Mg for isotopic analysis, described in Chapter
4.

A portion of each sample was oven-dried at 105 °C, so that all soils could be compared
on an oven dry basis; however, sequential extractions were only performed on air-dried samples
to prevent mineralogical changes due to heating. As the amount of water removed by oven
drying was small for all samples (2-8 % by weight), and samples were not oven-dried between

sequential extraction steps due to concerns over mineralogic alteration, all sequential extraction
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data are presented relative to air-dried material. Extractions were initially carried out on 10 g of
material to ensure adequate Mg for analysis in each extraction, but following the extraction of
short-range-order phases by ammonium oxalate in the dark, a subset of material was used for the
last three extractions.

The first extraction consisted of the removal of adsorbed cations by exchange with an
ammonium acetate solution. This step is based on the Soil Survey Method Manual 5AS8c.
Adsorbed cations were removed from the soil using two rounds of 50 ml of I M ammonium
acetate solution buffered to a pH of 7. The samples were centrifuged and filtered (0.45 um), and
the supernatant was saved for analysis.

The second extraction consisted of the removal of SOM by oxidation with hydrogen
peroxide. A 30% hydrogen peroxide solution was added 20 ml at a time to the soils until
reaction ceased and the soils were bleached. To these samples 20 ml of a 6.8 M ammonium
acetate solution was added as a flocculant and to remove any adsorbed cations. Samples were
centrifuged, and the filtered supernatant was removed. The samples were then washed with 10
ml of 0.5 M ammonium acetate, centrifuged and filtered. This supernatant was added to the

other and saved for analysis.

29



Adsorbed SOM Carbonates

Cations
A
xS
7 N
2 il
2 xS
% H,0 &
(’O) 22 b\?
% &
& &
% >
. Acid Ammonium Short-range-
Soil > )
Oxalate order minerals
am
® Z
o™ < &
$ 2k %
gl X%
A 4
Residuum Kaolin Sesquioxides

Figure 2.6: Overview of sequential extraction technique. Extractions were performed clockwise
from “Adsorbed Cations”.
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The third extraction removed carbonates via the same procedure used for the individual
carbonate extraction mentioned above, using a buffered ammonium acetate and glacial acetic
acid solution. This process was done both in the sequential extraction and also independently to
bulk soil samples for two reasons. First, the carbonate horizons were often cemented, and
therefore the <2-mm fraction did not accurately reflect the carbonate in the soil system. Second,
the carbonate extraction would also remove any adsorbed cations, so it needed to be conducted
after the adsorbed cations were removed in the sequential extraction. However, as the sequential
extractions for the adsorbed cations and SOM potentially removed reactive carbonate, a true
estimate of overall carbonate is better presented by the individual carbonate extraction conducted
on bulk soils.

The fourth extraction removed short-range-order phases through the acid oxalate in the
dark (AOD) extraction (McKeague and Day 1966; Jackson et al. 1986; Chadwick et al. 2003).
Following this extraction procedure an oxalate base solution (0.2 M) and an oxalate acid solution
(0.2 M) were created and mixed together in a 4:3 ratio and adjusted to a pH of 3. This solution
(600 ml) was added to each sample and the samples were shaken for four hours in the dark.
Samples were centrifuged and the supernatant filtered. The samples were then washed twice
with 10 ml of 0.5 M ammonium acetate, centrifuged and filtered. These supernatants were added
to the other and saved for analysis.

The fifth extraction removed iron sesquioxides and goethite through the Na-dithionite
reduction method (Holmgren et al. 1967; Blakemore et al. 1987; Chadwick et al. 2003).
Following this method, 180 ml of a 0.68 M Na-citrate solution along with 3g of Na-dithionite
were added to 2 g of the AOD processed sample. The samples were shaken overnight and then

centrifuged and filtered to isolate the supernatant. Samples were washed once with 10 ml of 0.68
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M Na-citrate solution and twice with 10 ml of 0.5 M ammonium acetate, centrifuged and filtered.
These supernatants were added to the other and saved for analysis.

The sixth extraction removed kaolin group minerals and poorly crystalline components
and is a simplification of other sequential extractions in the literature (Jackson et al. 1986;
Chadwick et al. 2003). A 200 mg subset of sample following the removal of iron sesquioxides
was weighed into porcelain crucibles and heated in a muffle furnace for 4 hours at 500°C. This
material was weighed again after heating and then placed into 170 ml of a boiling 0.5 M NaOH
solution for 2.5 minutes, after which the beakers were cooled in a water bath. Samples were
centrifuged and supernatants removed and filtered. Samples were washed twice with 20 ml of
0.5 M ammonium acetate, centrifuged and filtered. These supernatants were added to the other
and saved for analysis.

The final extraction consisted of the dissolution of the residuum left over after the other
extractions, which should have been predominantly gibbsite and spinel phases. This material

was dissolved by the same HNO;:HF dissolution as used for bulk soil and rock dissolutions.

2.4. RESULTS

2.4.1. Mineralogical Examination

The XRD analyses and thin sections support the mineralogical findings of the previous
studies (Capo et al. 2000; Whipkey et al. 2002; Chadwick et al. 2003; Zeigler et al. 2003;
Goodfellow et al. 2013). As such the detailed mineralogical data from previous studies are used
as a source of mineralogic data for our sites, supplemented by our own analyses. XRD data from

our analyses can be found in Table 2.2.
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Table 2.2: Results from XRD analyses conducted on bulk samples and oriented clay-sized (<2-
um) grain mounts in glycolated and unglycolated states.

Soil Depth to
. Horizon | Calcite | Dolomite | Kaolin | Gibbsite | Hematite | Plagioclase
Horizon
(cm)
Pololu (350 ka) Mineral detected
A 0-25 yes yes yes
Bwl 25-41 yes yes yes
Bw2 41-57 yes yes yes
57
(transition) yes yes
C1 57-106 yes
57-106
(subset) yes yes
C2 106-143 yes
Hawi (170 ka)
A 0-12
12-13 yes
Bk 13-38 yes yes
C1 38-75 yes yes
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Optical microscopy of basalts shows that samples used as parent material are composed
predominantly of primary phases (plagioclase, clinopyroxene, olivine, oxides), but that some
slight alteration had occurred to these samples due to weathering. This alteration is visible in the
rims and fractures of olivine or clinopyroxene phenocrysts. Basaltic glass in sample matrices
also appears to have undergone alteration and may currently be palagonite (a hydrated basaltic
glass).

Optical microscopy of the indurated soil horizons shows that they are cemented by a
variety of phases, some of which are unidentifiable using optical microscopy due to small grain
size or lack of distinguishing optical characteristics. Many of these horizons maintain the
textural relationships of the parent basalts, but the primary minerals are often completely
replaced by weathering products, except for the opaques. Images of one of the indurated
carbonate horizons from the Hawi soil, along with semiquantitative EMPA analyses, illustrate
the replacement of almost all primary basalt phases with secondary phases, without disturbing
textural relationships of the parent rock (Figure 2.7). A significant and easily identifiable phase
in these horizons is calcite, which replaces plagioclase or fills voids within in the original basalt.
A light-colored isotropic phase or mixture of phases also replaces plagioclase in addition to
calcite and is easily distinguished from carbonate in cross-polarized light (Figure 2.7). Other
secondary phases or mixtures of phases include a yellow anisotropic fine-grained material that
appears to replace clinopyroxene or basaltic glass, an orange or red anisotropic material
replacing olivine, and a dark brown material of which it is difficult to discern the optical
properties (Figure 2.7). A qualitative element map from EMPA of a similar thin section from the
Pololu soil also allows insight into the chemical composition of these weathering phases. This

map shows that the light-colored isotropic phase or mixture of phases replacing plagioclase is
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associated with Si and Al, void spaces in the original parent basalt are associated with Ca and
Mg, and phases replacing olivine and CPX are associated with Fe and to a lesser extent Mg
(Figure 2.8).

Some indurated horizons do not maintain the original textures of parent materials. These
horizons contain many similar phases to the indurated horizons described before, but the
aluminosilicate and oxide secondary phases are contained in spheroidal aggregates cemented
together by calcite (Figure 2.9).

Our carbonate staining technique allowed us to determine that most of the carbonate
filling voids is a ferroan calcite phase (Figure 2.10). CL microscopy focused on carbonates only
produced weak luminescence and was unable to assist in discerning different generations of
carbonate. This may be due to the presence of Fe in the carbonate, which often acts as a

quenching agent to luminescence (Machel 1985).
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Oxide | Weight Oxide | Weight Oxide | Weight Oxide | Weight
Percent Percent Percent Percent
MgO |3.42 MgO | 0.38 MgO | 6.5
MgO | 1.44
ALO; | 14.11 Na,0 |0.42 CaO | 93.47
AlLO; | 1.57 Sio 793
i .
Tio, |27.12 2 Al O; | 42.96
MnO | 0.87 ii;) g'; Si0, | 51.80
i .
Fe,0; | 68.96 2 Fe,0; |3.05
MnO |3.99
Fe,05 | 67.85

Figure 2.7: Image of an indurated Hawi soil horizon in plane polarized light (left) and cross
polarized light (right), along with semiquantitative EMPA analyses for weathering products in
these horizons. Note replacement of all primary phases except for opaque oxides.
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Figure 2.9: Image of an indurated Hawi soil horizon in plane polarized light (left) and cross
polarized light (right). Carbonate matrix surrounds spheroidal aggregates of other secondary
phases.
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Figure 2.10: Image of an indurated Hawi soil horizon in plane polarized light after the staining
technique of Dickson et al. 1966. The carbonate has taken the stain and turned blue, suggesting a
ferroan calcite phase. This procedure also enhances the contrast between the carbonate
cementing matrix and the spheroidal aggregates of other secondary phases.
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2.4.2. Parent Material and Precipitation

Data for the bulk chemistry of basalt dissolutions are presented in Table 2.3 and
elemental ratios in Table 2.4. Chemistry values of the Pololu tholeiitic basalts are more
consistent than the Hawi alkalic basalts. Mg/Zr ratios can vary significantly in these parent
materials from different locations, due to the partitioning of Mg into major phases, and the
partitioning of Zr into trace phases. By using chemistry values from basalts sampled directly
beneath the soil profiles, the uncertainty should be limited to basalt heterogeneity at the meter
scale.

Average precipitation chemistry values for the island of Hawaii from Carrillo et al.
(2002) are 1600 pg/l Na, 60 pg/l Mg, 200 pg/l K, and 50 pg/l Ca, but these values are highly
variable. Basalt weathering and precipitation are the two main Mg inputs to our soil system.

Basalts have Mg/Ca molar ratios ~1, and rainfall Mg/Ca molar ratios are ~2.
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2.4.3. Bulk Soil Samples

Data for the chemistry of the <2-mm portion of each soil horizon are shown in Tables 2.5
and 2.6. Table 2.7 and 2.8 show the arithmetically weighted average chemistry values for each
entire bulk soil horizon, given the proportions of the <2-mm and >2-mm fractions of each.
Values from Table 2.5 and 2.7 are used to create soil depletion index plots (Teiement) With Zr as an
immobile index element in Figures 2.11 and 2.12 (Anderson et al. 2002). These plots are

calculated by the equation:

Telement =

(element/Zr) sampie .
(element/Zr) ,urens

These plots illustrate the diminished concentrations of alkali and alkaline earth elements in the
soils compared to parent materials, and they also show the overall greater extent of weathering in
the Pololu soil compared to the Hawi, especially for Na, Mg, K and Ca. When looking at the
combined <2-mm and >2-mm tau plots (Figure 2.12), we see that much of the Na, K, Ca and Sr
leached from the upper Hawi soil horizon has been translocated to depth. In the Pololu soil,

however, these elements have been exported from all soil horizons.
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Figure 2.11: Soil depletion index plots for the Hawi and Pololu soils, using Zr as an immobile

index element for the <2-mm fractions of our soils.
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index element for the combined <2-mm and >2-mm fractions of our soils.
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2.4.4. Individual Carbonate Extraction

Data for the individual carbonate dissolutions are presented in Tables 2.9 and 2.10. The
chemical makeup of the extracted solutions suggests that the method designed to target
carbonates was successful. Ca and Mg dominate the makeup of these fractions. Mg/Ca ratios
for these carbonates increase with depth from 0.139+0.005 to 1.192+0.004 in the Pololu soil,
suggesting the presence of a dolomitic phase. Pedogenic dolomite has previously been identified

in these soils (Whipkey et al. 2002).

2.4.5. Vegetation

Chemistry and elemental ratios for the vegetation dissolutions are presented in Tables
2.11 and 2.12. The samples all have enriched K/Na ratios, suggesting that the dissolution was
successful as plant samples should be enriched in K. Included in this dataset are two additional

samples from a nearby study site “Mauna Kea” for comparison.
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2.4.6. Sequential Extractions

2.4.6.1. Adsorbed Cations

Data for the chemistry of the adsorbed cations by soil horizon for the <2-mm soil
fractions can be found in Tables 2.13 and 2.14. The chemical composition of the adsorbed
cation extraction suggests that this extraction was not confounded, with the exception of the
lowest soil horizons in both the Hawi and Pololu soils. Elements not usually found adsorbed
onto surfaces (Al Fe, Mn, Ti) are below our analytical abilities to quantify. Other elements
show well-documented trends due to biological uptake, such as the concentration of Ca and K in
surface horizons. Mg and Ca concentrations increase in the lowest horizons of both the Pololu
and Hawi soils in this fraction. This increase is a result of the inadvertent dissolution of reactive
calcite. The dissolution of calcite is inferred from the decrease in both Mg/Ca and Sr/Ca ratios

for these horizons, as calcite has low Mg and Sr partition coefficients (Rimstidt et al. 1998).

2.4.6.2. SOM

The chemistry of SOM fractions is presented in Tables 2.15 and 2.16. The chemistry of
the SOM extraction shows similar trends to the adsorbed cation extraction, with Al, Fe, Mn, and
Ti at low concentrations or below our analytical capabilities. This suggests that the extraction
successfully targeted the SOM, with the exception of the lower soil horizons that contain
carbonates. Mg/Ca and Sr/Ca ratios decrease in the lower soil horizons. These trends indicate
the dissolution of calcite, which is expected for this extraction, as the pH of these solutions was

not buffered, and the addition of H,O; to these soils would produce acidity (Mikutta et al. 2005).
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2.4.6.3. Sequential Carbonates

The chemical analyses of the sequential carbonate dissolution are presented in Tables
2.17 and 2.18. These extractions are dominated by Ca and Mg as expected for an extraction
targeting carbonates, but evidence of significant quantities of Al suggests other phases may have
dissolved. The petrologic work illustrating the intermingling of carbonate and aluminum silicate
phases in indurated horizons may explain the release of some Al during the dissolution of
carbonate (Figure 2.7). High molar ratios of Mg/Ca in the carbonates suggest that the carbonate
phase is predominantly high-Mg calcite or mixtures of calcite and dolomite. As carbonate
contamination of the adsorbed cation and SOM sequential extractions has been illustrated, it
should be noted that this extraction does not accurately portray the chemistry of all the carbonate
in the <2-mm soil fraction of each horizon. Preferential dissolution of certain carbonate
generations during the earlier extractions could lead to skewed results. Comparing elemental
ratios between the individual carbonate extraction and the sequential carbonate extraction
supports this view, as Mg/Ca ratios and Sr/Ca ratios are consistently higher in the sequential

extraction.
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2.4.6.4. SRO phases

The chemistry data for the SRO extraction are in Tables 2.19 and 2.20. In these soils the
dominant SRO materials should be allophane [Al,03(Si03); 3-2¢2.5-3H,0], imogolite
[(OH);ALO3Si0H], and ferrihydrite [SFe,O3*9H,0]. These phases are dominated by Al, Si, and
Fe, as are the results from our chemical analyses, suggesting that the sequential extraction was
successful in targeting SRO materials. Si:Al ratios vary between 0.366+0.008 and 0.95+0.02 in
our results and are indicative of the dissolution of allophane and imogolite, which have Si:Al
ratios that range from 0.5 to 1 (Parfitt 2009). The chemistry results also suggest that a significant
amount of Mg, Mn, and Ti can be sequestered in these phases. Ti concentrations correlate with
Fe concentrations in the Pololu soil horizons, suggesting Ti is predominantly sequestered in
ferrihydrite (Figure 2.13). Mg follows a similar trend but is less strongly correlated with Fe
concentrations, suggesting that allophane and imogolite play a role as well. High Mg/Ca ratios

show that Mg is preferentially retained in these SRO phases compared to Ca.
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Figure 2.13: Mg and Ti trends with Fe for the SRO extraction. One ¢ analytical errors are
smaller than symbol size.
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2.4.6.5. Sesquioxides

Sesquioxide fraction chemistry data are presented in Tables 2.21 and 2.22. The
sesquioxide extraction is designed to remove the crystalline iron phases hematite (Fe,Os) and
goethite (FeOOH) from the soil. Chemical analyses support the efficacy of the extraction, as
iron is the predominant cation liberated to solution. Significant amounts of Si and Al are also
liberated, which may suggest dissolution of other phases, although Al is known to substitute into
hematite and goethite (Schwertmann and Taylor 1989). Ti and Mg concentrations correlate with
Fe concentrations in the Pololu soil horizons, suggesting that Mg and Ti are derived from
hematite or goethite, rather than from the dissolution of Si- and Al-based phases (Figure 2.14).
Mg and Ca are relatively minor in this extraction, and Mg/Ca ratios vary significantly between

the Pololu soil and Hawi soil, with Mg/Ca ratios higher in the older Pololu soil.

2.4.6.6. Kaolin Group Minerals

Tables 2.23 and 2.24 show the chemical analysis of the kaolin group minerals sequential
extraction. This extraction is designed to remove kaolinite (Al,Si,0s5(OH)4) and its polymorphs,
as well as poorly crystallized clays of similar chemistry. This extraction has large amounts of Si
and Al in an approximately 1:1 elemental ratio with relatively little else at analyzable
concentrations, as expected for the dissolution of kaolin phases and poorly crystalline clays. In
addition to the large quantities of Si and Al, there is a small amount of Fe and Mg. When
concentrations of Fe and Mg are plotted against Al concentrations, Fe and Mg individually do
not correlate with Al concentration, but Fe + Mg does (Figure 2.15). This trend may illustrate
competition of Fe and Mg over defects in the structure of kaolin group minerals and poorly

crystalline clays.
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2.4.6.7. Residuum

The chemistry of the residuum fractions is presented in Tables 2.25 and 2.26. Potential
mineral phases remaining after the previous six sequential extractions include primary basalt
phases, gibbsite [AI(OH);], and members of various spinel solid solution series and their
weathering products (ulvospinel [Fe,TiO4], ilmenite [FeTiOs], magnetite [Fe;O4], maghemite
[Fe,Os], etc.). These phases are predominantly composed of Al, Fe, and Ti, as is the chemical
composition of the extraction. Si concentrations for this extraction do not exist, as HF was used
during the dissolution, ultimately removing Si from our samples as SiF,,). Unfortunately the
complicated nature of this extraction convolutes the sources of elements of interest. One of the
few distinct trends involves the concentration of Mn, which is correlated with Fe in the Pololu
soil horizons (Figure 2.16). This trend can be explained if Fe and Mn are both derived from the

same source phase, as Mn often substitutes for Fe.
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Figure 2.16: Mn trend with Fe for the residuum sequential extraction. One ¢ analytical errors are
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2.4.6.8. Sequential Extraction Totals

We can total the chemistry values from each of the sequential extractions to see if they
approach the total chemistry values of our <2-mm bulk horizon dissolutions, as a check on the
efficacy of the sequential extraction. Total elemental data from the sequential extractions are
shown in Tables 2.27 and 2.28 and can be compared to Tables 2.5 and 2.6. Some caveats apply
to this summation process that should be noted. As the sesquioxide extraction utilized Na citrate
and Na dithionite, Na data for this extraction do not exist. The kaolin extraction required NaOH,
therefore Na data do not exist for this extraction either. The residuum dissolution destroyed any
Si by using HF in the dissolution process. Further, the sequential extraction and <2-mm bulk
horizon dissolutions were not performed on exactly the same sample split, adding some
additional uncertainty due to sample heterogeneity. Given those caveats, the results from the
sequential extraction and <2-mm bulk horizon dissolutions agree well. Some significant
differences exist between Al and Ca concentrations ascertained by the two methods, and this
may be a result of contamination during our sequential extraction steps, as the sequential
extraction data are consistently higher for both elements. This contamination could result from
the reagents used in the sequential extraction, as reagent blanks were analyzed for Mg, but not
for Ca and Al. Significant differences in the chemistry of the second horizon of the Hawi soil
between methods are most likely the result of sample heterogeneity, due to the nature of this
horizon as a thin, heterogeneous, indurated carbonate horizon.

The sequential extraction also provides us with mineralogic data for the <2-mm fractions
of these soils, and the weight percentage of soil mass removed during each sequential extraction
step by horizon is illustrated in Figure 2.17. Mineralogically, the upper horizons of the Pololu

soil and upper horizon of the Hawi soil are quite similar. Looking at horizon C1 and the subset
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of horizon C1 sampled from the Pololu soil provides an idea of intra-horizon heterogeneity
amongst sequential extraction fractions.

Mg distribution by sequential extraction fraction and soil horizon is shown in Figure 2.18
for both soils. If Mg were uniformly distributed among sequential extraction fractions this
diagram would mirror Figure 2.17. In both soils it becomes clear that SRO phases are an
important reservoir of Mg, particularly in soil horizons without carbonate. Kaolin phases, on the
other hand, are a negligible reservoir of Mg in any horizon, even though they play a large role in
the mineralogy of the soil. Adsorbed cations are also important in Mg budgets, and in those
horizons that contain carbonate, carbonate has a significant influence on the overall Mg budget.
Note that in those horizons that contain carbonate, adsorbed cation and SOM Mg numbers have
been inflated by contamination with carbonate, so the total amount of Mg in carbonate is
probably greater than shown, at the expense of adsorbed cations and SOM. Mg in the residuum
extraction is variable, but can be an important reservoir of Mg, particularly in upper soil
horizons. SOM and sesquioxides contribute to the Mg budget roughly in accordance with their
mineralogical abundances.

Weighing each soil horizon accordingly for the Hawi and Pololu soils based on soil
density, thickness and proportion of horizon <2-mm, we create Figure 2.19, which shows the
average sequential extraction mineralogy and Mg distribution within the <2-mm portion of each
soil. We see that the trends described for Figures 2.17 and 2.18 are maintained after this
averaging process. One caveat to note is that carbonates are very minor in this figure, but this is

an artifact of using the <2-mm fraction of the soils for the sequential extractions.
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Figure 2.17: Sequential extraction fractions by weight percent of the <2-mm soil fractions by
horizon for the Hawi (top) and Pololu (bottom) soils.
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Figure 2.18: Percentage of Mg in each sequential extraction fraction of the <2-mm soil fractions
by horizon for the Hawi (top) and Pololu (bottom) soils.
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Hawi and Pololu (bottom).
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2.5. DISCUSSION

The results of the mineralogical and chemical analyses of these soils must be put into a
pedological framework in order to understand the processes that influence Mg and the
distribution of Mg between soil phases. Soils are complex, with multiple weathering processes
operating on different time-scales. Previous work has outlined the development of the

morphology and mineralogy of these soils.

2.5.1. Kohala Pedogenesis: Morphology

As outlined in Ziegler et al. (2003) formation of all Hawaiian soils follows a predictable
sequence after the emplacement of a lava flow. The sequence starts with the gradual trapping of
dust by the lava flow. This dust can begin to hold water, as well as allow for the germination of
plant life, leading to the beginnings of true soil genesis on the lava flow. The increased water-
holding capacity, as well as plant productivity and the addition of organic compounds and acids
increases weathering and soil formation rates.

In the arid Kohala study sites the gradual weathering and the capture of dust may lead to
the formation of a desert pavement surface, due to the settling of fine-grained materials around
larger basalt fragments, gradually rafting these pieces to the surface. This process may lead to
relatively unweathered rock fragments sitting atop horizons of very fine-grained secondary
weathering products, protecting the fine-grained secondary weathering products from wind
erosion.

Other morphologic features may also develop in these young soils. The establishment of
a community of grasses adds organic matter to the surface of the soil while preventing erosion of

the underlying fine material. This leads to the development of an A horizon.
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The fine material captured by the desert pavement, as well as the fine amorphous and
crystalline phases produced by secondary mineral formation in situ, develop into cambic B
horizons, which gradually increase in depth through time. These horizons no longer have any of
the structure of the parent material. They may accumulate secondary clay minerals but are
otherwise considered weakly developed, due to the lack of water available to translocate clays
throughout the soil profile.

The lack of water in these weathering environments also influences the formation of salts
and carbonates within the soil. High rates of evaporation prevent the leaching of soluble cations
and anions completely from the soil profile. These cations and anions may precipitate at depth in
the soil profile as evaporation concentrates soil porewater and translocation of soil porewater
down profile brings solutes into an environment with lower carbon dioxide concentrations
(Whipkey et al. 2002). Initially carbonates form as diffuse coatings within the fine material, but
after dissolution and reprecipitation through time, carbonates may become concentrated in an
indurated petrocalcic horizon (Whipkey et al. 2002). The first presence of carbonates in these
arid Kohala soils is after 10 ka of soil development, and more indurated carbonates form by 170
ka of development (Whipkey et al. 2002). As weathering continues and the water-holding
capacity in soil systems increases, carbonates form deeper within the soil profile (Whipkey et al.

2002).

2.5.2. Kohala Pedogenesis: Mineralogy

As the morphology of the soils on Kohala evolves through time, so does the mineralogy
of the soils, and in some instances, the two are inextricably related. Basaltic glass and minerals

are parent materials susceptible to weathering, and they weather rapidly under pedologic
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conditions. Secondary soil minerals may then either form directly from solutes in solution, or
replace existing primary minerals.

The first products of weathering are short-range-order materials such as allophane,
imogolite, and ferrihydrite. These phases are metastable, and as the soil profile thickens these
phases gradually recrystallize into more stable secondary phases. This recrystallization is due in
part to the increased water-holding capacity of the soil generated by the formation of the
metastable secondary soil minerals, as well as the strong wet-dry cycles within the Kohala soils
(Hsieh et al. 1998; Zeigler et al. 2003). The recrystallization results in the replacement of
allophane and imogolite by halloysite and gibbsite and the replacement of ferrihydrite by
hematite over time. Halloysite and gibbsite may also precipitate directly from soil solution, but
the dominant mechanism of their formation appears to be from the short-range-order
aluminosilicate phases (Hsu, 1989). Gibbsite formation in this environment also tends to be
limited to microenvironments of extreme desilication and areas of the most intense weathering.
Carbonate formation may also begin in the soil profile after 10 ka, but the carbonate appears to
become increasingly magnesian with age and development, even to the point where dolomite is

an important carbonate phase (Whipkey et al. 2002).

2.5.3. Integrating Our Soil Characterization with the Pedological Model

We can interpret our findings using the pedological model outlined above to understand
the soil-forming processes occurring in the Hawi (170 ka) and Pololu (350 ka) soils and the
differences between them. We can also focus on Mg within this context and identify processes
that may be important to the distribution of Mg within the soil and among phases. Biotic uplift
of Mg to surface horizons, redistribution of Mg through the formation of a desert pavement, and
leaching of Mg from the soil profile will all be important drivers in the ultimate fate of Mg. Also
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important in the fate of Mg will be how Mg is released from primary phases during weathering,
which secondary phases form and incorporate Mg, and the fate of Mg during the recrystallization
of metastable secondary phases through time. We can look at how these processes affect our

soils horizon by horizon, as well as how they differ between the Hawi and Pololu soils.

2.5.4. A Horizons

The A horizons of the Hawi and Pololu soils are dominated mineralogically by short-
range-order phases, kaolin group minerals, gibbsite, and hematite, and their bulk chemistry data
illustrate the leaching of alkali and alkaline earth cations from both soils in these uppermost
horizons (Tables 2.1 and 2.2, Figures 2.12 and 2.17). These horizons are similar between both
soils, illustrating many of the same mineralogical and chemical trends. However, as the upper
horizon of the Pololu soil has experienced weathering and leaching over a longer time interval, it
is more depleted in the alkali and alkaline earth elements than the Hawi (Figures 2.11 and 2.12).
Neither the Hawi or Pololu soils have carbonates in the A horizons.

Both A horizons also show an enrichment of K relative to Na (Table 2.6) when compared
to K:Na ratios of basalt (Table 2.4) and rainfall. This evidence suggests that vegetation is playing
a role in the translocation of elements at these sites, as vegetation has highly enriched K:Na
ratios (Table 2.12). This trend is more distinct in the Pololu soil than the Hawi soil, suggesting
that this process of K enrichment via plant translocation operates continually through time. This
trend is also apparent in the adsorbed cation sequential extraction (Table 2.14) suggesting that K
is fairly mobile and not incorporated into mineral phases, another piece of evidence supporting
plant translocation as an explanation.

These A horizons also have <2-mm bulk soil Mg:Ca ratios that are higher than those of
basalts and of rainfall, suggesting that Mg is preferentially retained compared to Ca during the
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formation of secondary phases in these horizons (Table 2.5). With our detailed sequential
extraction results of the <2-mm soil fractions, we can clearly see that Mg:Ca ratios are largest in
short-range-order phases and residuum phases (Tables 2.20 and 2.26), and the ratios may also be
high for kaolin group minerals (Table 2.24), but Ca numbers do not exist for kaolin group
minerals due to analytical limits. The formation of these secondary phases therefore drives the
preferential enrichment of Mg with respect to Ca in these soils over time.

Based on the <2-mm soil fractions, the distributions of mineralogical phases in the A
horizons of the Hawi and Pololu soils are similar (Figure 2.17). In order to maintain this
distribution of phases over the course of an additional 180 ka of weathering to transition from the
Hawi to Pololu soil, relatively fresh material must be supplied to the A horizon to maintain the
production of short-range-order phases, as these phases would otherwise be depleted by
recrystallization over time. This resupply of short-range-order phases may occur by weathering
of material in the >2-mm soil fractions or by rafting of relatively unweathered material to the soil
surface via the formation of a desert pavement. This process could maintain the formation of
SRO phases through time and would move indurated clasts of >2-mm material upwards through
the soil profile.

Mg distributions in the <2-mm soil fractions of the A horizons are dominated by short-
range-order phases, along with residual materials (Figure 2.18). By looking in detail at the
chemistry results of the sequential extractions for these two reservoirs of Mg, we can understand
which phases within these sequential extraction fractions are important.

Analysis of the short-range-order phase chemistry from the sequential extraction shows
that Mg concentrations correlate poorly with Fe concentrations (Figure 2.13). The same is true

for the correlation of Mg concentrations with Si concentrations. These results suggest that Mg is
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not only incorporated into ferrihydrite phases, but allophane and imogolite phases. Poor
correlation with endmember chemistry is also a product of the highly variable chemical
compositions of these phases. For instance, ferrihydrites often contain some Al in their
structures and may have silica directly adsorbed onto their surfaces, as adsorbed silica is
important in preventing the transformation of ferrihydrite into more stable iron oxide phases
(Carlson and Schwertmann 1981; Campbell and Schwertmann 1984).

However, the short-range-order phases are not stable over the long term in these soils and
will recrystallize over time. By studying the mineralogical prevalence of short-range-order
phases, kaolin group minerals, and sesquioxides, along with the Mg content of each of these
extractions (Figures 2.17 and 2.18), we can interpolate that the recrystallization process, from
allophane, imogolite and ferrihydrite to halloysite, other kaolin group minerals, and hematite,
results in the expulsion of Mg. Estimates of how important this process may be to the Mg
budget of the soils are hampered by the limited knowledge of how much halloysite and kaolin
group minerals form directly from solution rather than from recrystallization of SRO phases. It
also appears that the transition from ferrihydrite to hematite results in less expulsion of Mg than
the transitions of allophane and imogolite to hallosite and kaolin group minerals, but this trend is
difficult to establish given the unknown distribution of Mg between allophane, imogolite, and
ferrihydrite.

The phases comprising the residuum fraction consist potentially of gibbsite, remaining
primary basaltic phases, spinels, and oxide weathering products of spinels. These stable and
recalcitrant phases are enriched in the A horizons of the Hawi and Pololu soils (Figure 2.17).
The variety of phases that are part of this sequential extraction fraction makes it difficult to

discern exactly from which phase Mg is derived. The extreme desilication usually associated
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with the formation of gibbsite either directly from soil solution or following alteration of
halloysite probably prevents much Mg from being incorporated into this phase. As such, Mg is

most likely derived from phases other than gibbsite in this extraction.

2.5.5. B Horizons

As the Pololu soil has been subjected to weathering over a longer time period it has
developed deeper and more weathered B horizons (Bw1 and Bw?2) than the Hawi soil B horizon
(Bk). The process of leaching has removed much of the alkali and alkaline earth cations from
the Pololu B horizons, and these horizons are dominated by the same mineral phases as in the A
horizons (Table 2.2, Figure 2.12). The B horizon of the Hawi soil is different. This horizon is a
Bk horizon with calcite and dolomite in addition to other secondary phases. In Figure 2.12 we
see that the presence of these carbonates leads to the enrichment of Ca and Sr at depth in this soil
horizon, and we see that the horizon overall is less depleted in alkali and alkaline earth elements.
In the Hawi soil the B horizon carbonate is a store of soluble elements leached from the A
horizon above including Mg, Ca, and Sr.

The Pololu soil B horizons are quite similar to the Pololu and Hawi A horizons. We see
that the <2-mm fractions of these horizons have high Mg:Ca ratios (Table 2.6), and that Mg
distribution is dominated by short-range-order phases and residuum in the <2-mm soil fractions
(Figure 2.18). Much of the discussion for the A horizons applies to these two soil horizons as
well. One interesting difference is that the Mg distribution in the <2-mm sequential extraction
fractions of the Bw2 horizon is almost entirely dominated by short-range-order phases, further
highlighting the importance of short-range-order phases in the Mg budgets of these soils (Figure

2.18).
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The Hawi Bk horizon is indurated by carbonates and other secondary phases. As such
there is no <2-mm fraction on which to perform a series of sequential extraction steps. By
looking at data for the combined >2-mm and <2-mm bulk soil dissolution (Table 2.7) and the
individual carbonate extraction (Table 2.9) we can see the importance of carbonate formation in
this horizon. In particular, as soon as the Bk horizon is reached, the Mg and Ca concentrations in
the soil increase sharply, and Al and Fe concentrations are diluted by this increase. Mg:Ca ratios
for the Hawi B horizon shows the opposite trend from the B horizons of the Pololu (Table 2.7).
These Hawi B horizon Mg:Ca ratios decrease significantly, suggesting preferential retention of
Ca with respect to Mg. This makes sense for the precipitation of calcite in these horizons, as
experimentally derived Mg distribution coefficients are usually < 0.05 for calcite (Rimstidt et al.
1998). Even with the relative exclusion of Mg from carbonates forming in this soil horizon, the
carbonate is still the largest reservoir of Mg in this soil horizon (83+3%). Also, given the low
distribution coefficients of Mg and Sr during the precipitation of calcite, the carbonates have
high Mg:Ca and Sr:Ca ratios. These high Mg:Ca and Sr:Ca ratios can be resolved with fractional
crystallization during the evaporative precipitation of carbonates and will be discussed in more

detail in Chapter 3.

2.5.6. C Horizons

The C horizons, C1 and C2, are where carbonates first appear in the Pololu soil. The C1
horizon of the Pololu soil is not completely indurated and provides sequential extraction
information for the <2-mm soil fraction. This sequential extraction data shows that the <2-mm
fraction is similar mineralogically to the soil horizons above it, with the relatively minor addition
of carbonates (Figure 2.17). However, these <2-mm values are biased against carbonates and do

not reflect the total influence of carbonate when looking at the combined <2-mm and >2-mm
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bulk soil (Table 2.9). The C2 horizon of the Pololu soil is sufficiently indurated such that no <2-
mm fraction exists for this soil horizon. The Hawi C horizon also contains carbonates like the
Hawi Bk horizon above it, and the induration of the Hawi C horizon means that this horizon
lacks a <2-mm soil fraction as well.

In the Pololu soil we see increases in soil depletion index values for Na, K, Ca, Mg, and
Sr in the C horizons compared to the B and A horizons, but these increases are small compared
to those of the Hawi soil C horizon, which has positive soil depletion index values for Na, K, Ca,
and Sr (Figure 2.12). Ca and Mg values in Table 2.9 show that carbonate concentrations in the
Pololu C horizons are on average lower than in the Hawi Bk and C horizons. These values
suggest that in the Hawi soil many of the cations leached from the A horizon are transferred to
the lower soil horizons and sequestered within carbonate phases, causing soil depletion index
plots to be positive. In the Pololu soil, cations leached from upper soil horizons are also
transferred to lower soil horizons and sequestered within carbonate phases, but over time much
of this flux of cations has been leached away completely from the soil, leading to negative soil
depletion index values overall in these horizons. Ultimately, the relative abundance of carbonate
is less in the Pololu C horizons and the carbonates that exist are playing a smaller role in the
functioning of the Pololu C horizons, when compared to the Hawi C horizon. For the C2 horizon
of the Pololu soil, the Mg:Ca ratios of the carbonate extraction provide clear chemical evidence
of the existence of dolomite. This evidence supports the scheme for the evolution of the Mg
content of carbonates described by Whipkey et al. (2002).

Mg distribution in the Pololu C horizons for the combined <2-mm and >2-mm bulk soil
fractions shows that most Mg is in non-carbonate phases when looking at the C1 and C2

horizons (64+5% and 86+3%, respectively). The Hawi soil C horizon is quite different in that
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most Mg is within carbonate phases (69+3%). The lower importance of carbonates as a store of
Mg in the Pololu C horizons is tied to the lower relative abundance of carbonates.

As a check on intra-horizon heterogeneity, the C1 horizon of the Pololu soil was sampled
twice, once in a region representative of the overall bulk horizon, and again in a portion of the
horizon that had a distinctly different texture. This allows us an estimate of the intra-horizon
variability in these soils. For any analysis, C1 (57-106) represents the bulk horizon, whereas C1
(57-106 subset) represents the subset of the horizon with a different texture. The primary
difference between these two samples is the amount of carbonate, as represented by the much
higher Ca concentration for the subset sample of the horizon (Table 2.9). This evidence shows
that the distribution of carbonate in these soil horizons can be a source of heterogeneity, which
conceptually makes sense given the movement of precipitating solutions along preferential flow
paths through soils.

The optical microscopy on thin sections of these horizons clearly shows that the
secondary phases can replace the textures of parent materials and that the distribution of these
secondary phases relates to the original chemistry of the basaltic phases being replaced (Figures
2.7 and 2.8). This observation suggests that there are complicated noncongruent dissolution
processes leading to the formation of secondary soil phases. Also, indurated horizons are
indurated not only by carbonates, but by a complex mixture of carbonates and non-carbonate
isotropic secondary mineral phases based on optical properties and chemical data (Figure 2.7).
Indurated horizons that lack parent material textures are composed of similar phases to indurated
horizons that replace parent material textures, with carbonate acting as a matrix surrounding
spherules of other secondary phases (Figures 2.9 and 2.10). This evidence also explains why Al

and Si are released into solution during carbonate dissolutions, as spherules of reactive secondary
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minerals are liberated by the dissolution of their encapsulating carbonate matrix. We also note
that Mg in these indurated horizons seems to be preferentially distributed between carbonates

and the secondary phases replacing olivine phenocrysts (Figure 2.8).

2.5.7. The Hawi and Pololu Soils as a Whole

The dominant pedologic process influencing these soils and controlling the differences
between them appears to be the removal of soluble cations via leaching. Overall the Pololu soil
is more weathered than the Hawi soil, having existed under similar or potentially wetter climatic
conditions for an additional 180 ka of soil development. This additional development resulted in
the leaching of more soluble cations from the Pololu soil system and a greater overall depth of
weathering when compared to the Hawi soil. As such the Pololu soil has thicker surficial soil
horizons without carbonates, and in those soil horizons with carbonates, the carbonates are of
less significance. This difference in the importance of carbonate is reflected in the Mg budgets
of both soils. The carbonates in the Hawi and Pololu soils, account for 69+11% and 16+2% of

the total magnesium averaged over the <2-mm and >2-mm bulk soil profiles, respectively.

2.5.8. The Fate of Mg

The fate of Mg in these soils depends primarily on which secondary phases are formed
during weathering and the residence time of these phases within the soils. Although none of
these phases have sites specifically for Mg (except dolomite), Mg is incorporated in almost all
secondary phases. In soil horizons without carbonate phases, short-range-order phases and
residuum phases are the largest reservoirs of Mg when looking at the <2-mm soil fractions
(Figure 2.19). Residuum phases are more significant in surface horizons than at depth, both in

terms of Mg budget and overall abundance (Figure 2.18). This trend could be explained if Mg in
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the residuum fraction is primarily in a recalcitrant phase that gradually accumulates in soil
surface horizons over time. Unfortunately, detailed analysis of the chemical compositions of
residuum sequential extraction fractions does not allow us to pinpoint exactly which phases
within the residuum fraction contain Mg. One of the few trends observed for this extraction
shows that Mn correlates with Fe, suggesting these are both derived from the same phase (Figure
2.16).

The short-range-order phases contain a significant amount of Mg in all <2-mm soil
horizons (Figure 2.18). This observation seems reasonable, given that these phases are some of
the first phases to form during weathering, when initial soil solutions should be rich in Mg. Our
detailed analysis of the chemical composition of these sequential extraction fractions fails to
distinguish if Mg is primarily derived from ferrihydrite, allophane, or imogolite. These phases,
however, will recrystallize over time to more stable mineral phases, and so their continued
presence in soil horizons requires continuous production from relatively unweathered saprolite or
parent material. The phases that the short-range-order phases recrystallize to, which are in the
sesquioxide and kaolin group mineral sequential extraction fractions, contain relatively little Mg,
suggesting that Mg is expelled during this recrystallization process. The phases in the
sesquioxide and kaolin group mineral sequential extraction fractions are stable over long time
periods in the soils and may maintain minimal Mg concentrations within soil profiles over
extended periods of time.

Translocation of Mg by vegetation is undoubtedly occurring as shown by K:Na ratios, but
the amount of organic matter and vegetation at these sites is relatively low. Even though these
reservoirs are small at any given time, the translocation of Mg via plants over the lifetime of a

soil can be significant, a point that will be explored further in Chapter 3. SOM can also stabilize
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short-range-order phases, increasing the residence time of both of these reservoirs in the soil
system (Parfitt et al. 2009).

The adsorbed cation sequential extraction reservoir can also be a moderate source of Mg
in our soils. This reservoir is the shortest-lived, and probably reflects more instantaneous
processes as Mg is shuffled between longer-lived reservoirs. The abundance of this reservoir
will also be altered over time by the transition of short-range-order phases to more stable phases,
as this is accompanied by a decrease in surface area and surface charge.

Soil horizons with carbonate have an additional reservoir of Mg that can dominate the
Mg budget or play a relatively minor role based on abundance. Although the abundance of
calcite and dolomite enriched in Mg is supposed to increase with time in these soils, the
importance of carbonate overall in the functioning of the soil decreases with time. So even
though the carbonates may become more Mg-rich over time, overall they play a smaller role in
the Mg budget of the older Pololu soil. This transition implies that carbonates are gradually

removed from these soil profiles over time through leaching.

2.6. CONCLUSIONS

This chapter characterizes the Hawaiian soil study sites and provides important
background information for the development of the rest of the dissertation. This arid
chronosequence on the Kohala Volcano of the Island of Hawaii can be interpreted in a
pedological framework, and our data illustrate processes that can influence the distribution of Mg
during soil formation. We see clear evidence of pedological processes, such as the translocation
of cations by vegetation, the rafting of clasts of saprolite, the leaching of soluble cations, the

formation of secondary mineral phases, and the recrystallization of metastable secondary phases.
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Major differences between our study sites are controlled by the amount of leaching of soluble
cations from each. We can also look at the distribution of Mg in soil phases to understand which
processes play major roles in the fate of Mg in these systems. In soil horizons without carbonate,
Mg appears to be predominantly sequestered in short-range-order phases and residuum phases.
The short-range-order phases recrystallize through time to more stable weathering products that
have relatively low Mg contents, resulting in the expulsion of Mg, whereas the residuum phases
are most likely a more stable reservoir of Mg. In soil horizons with carbonate, a large portion of
Mg is often sequestered in carbonate, but non-carbonate phases can also play an important role
depending on the abundance of carbonate. This difference in carbonate importance is seen when
comparing the Hawi soil and the Pololu soil. Carbonates play a large role in the younger, less
leached Hawi soil, but a minor role in the Pololu soil. Next we look at the bulk soil system in
Chapter 3, utilizing Mg isotopes to better understand the trends of Mg distribution elucidated

herein.
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CHAPTER 3
FRACTIONATION OF MAGNESIUM ISOTOPES DURING THE WEATHERING OF

HAWAITAN BASALTS UNDER ARID CLIMATIC CONDITIONS

Abstract

Our study combines Mg isotopic analyses with soil characterization methods to
determine Mg isotopic compositions of bulk soils and basalts, carbonate fractions, non-carbonate
fractions and vegetation at an arid (~30 cm mean annual precipitation) soil chronosequence on
the Island of Hawaii. The chronosequence is developed on Pololu (350 ka) and Hawi (170 ka)
lava flows. Bulk soil horizons at these sites range in 8°°Mg from -0.21%0.31%o to -1.75+0.22%o
for the Hawi site and -0.01£0.31%o to -0.21+0.31%o for the Pololu site. Basalts underlying the
soil profiles have average 8°°Mg values of -0.25+0.06%o. Carbonate 8°°Mg values at these sites
vary from -1.05+0.22%o to -2.31+0.22%o and can be used to calculate the isotopic compositions
of non-carbonate fractions when combined with bulk soil values for each soil horizon. The best-
constrained calculated non-carbonate fraction is isotopically heavier than basalt, with a value of
-0.07+0.28%o. Vegetation at these sites has an average §*°Mg value of -0.07+0.26%o. Integrating
the soils as a whole yields bulk soil isotopic compositions of -1.35+0.16%o. for the Hawi site and
-0.12+0.12%o for the Pololu site. This difference in overall 5**Mg between total soils may be
explained by the relative abundance of Mg in carbonate; in the Hawi soil 69+11% of Mg is
within carbonate phases, while in the Pololu soil only 16+2% of Mg is within carbonate phases.
Estimates of Mg input to the soils through time allow the calculation of the *°Mg of Mg
exported from these systems. The export of Mg from the Hawi soil is poorly constrained but the
exported Mg should be significantly isotopically heavier than basalt. The Pololu soil is much

better constrained and should have exported Mg with a °°Mg of -0.3620.26%o, near mixing
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estimates for basalt and rainfall. These differences support that the evolution of the soil
mineralogy and morphology through time results in changes in the isotopic composition of Mg

exported.

3.1. INTRODUCTION

The stable isotopes of magnesium aid in understanding ecosystem-scale magnesium
cycling. However, much work remains before the behavior of magnesium isotopes is completely
understood in the weathering environment. Previous work shows that magnesium isotopes are
fractionated in the weathering environment and that secondary mineral formation may play a role
in this fractionation (Tipper et al. 2006; Brenot et al. 2008; Pogge von Strandmann et al. 2008;
Tipper et al. 2010; Wimpenny et al. 2010; Bolou Bi et al. 2012; Opfergelt et al. 2012; Wimpenny
et al. 2014). We investigate this mechanism of Mg isotope fractionation by analyzing the bulk
soil and carbonate phase Mg isotopic values of the Hawi and Pololu soils dissected in Chapter 2.
We then determine the overall direction of Mg isotopic fractionation during arid soil formation.

Development of multi-collector inductively coupled plasma mass spectrometry has
enabled the use of Mg isotopes as a tool for investigating the weathering environment (Galy et
al. 2001). Workers have surveyed Mg isotopic compositions in plants, waters, soils and parent
materials, but analyses are still sparse. Figure 3.1 details the magnesium isotopic compositions
of a variety of reservoirs according to literature reports compiled by White, in press. It seems
that isotopically light Mg is released to streamwaters during weathering of parent materials, and
the remaining pool of isotopically heavy Mg is stored in soils or plants (Tipper et al. 2006;
Brenot et al. 2008). Although most studies indicate incorporation of isotopically heavy Mg into

secondary silicate minerals (Tipper et al. 2006; Teng et al. 2010; Opfergelt et al. 2012; Huang et
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al. 2012), other studies suggest the opposite (Pogge von Strandmann et al. 2008; Wimpenny et
al. 2010), which may be a result of processes involving the adsorption/desorption of Mg (Huang
et al. 2012; Opfergelt et al. 2014).

Magnesium isotopes are fractionated by plant uptake, with isotopically heavier
magnesium incorporated into plant roots from solution (Black et al. 2008; Bolou Bi et al. 2010;
Bolou Bi et al. 2012; Tipper et al. 2010). Thus it is possible that Mg in soil organic matter
(SOM) forms a separate isotopically heavy reservoir in weathering systems. However, Mg
assimilated into plants is subjected to further fractionation because isotopically light Mg may be
preferentially transferred within the plant leading to progressive depletion of heavy Mg away
from the roots (Black et al. 2008; Bolou Bi et al. 2010; Bolou Bi et al. 2012). Thus the source
and fate of plant tissues that contribute Mg to SOM may be important to consider in an overall
isotopic budget.

In contrast to pedogenic minerals and SOM, it is well documented that isotopically light
magnesium is preferentially incorporated into marine carbonate (Figure 3.1). The magnitude of
this fractionation is thought to be dependent upon vital effects and precipitation rate (Chang et al.
2003; Chang et al. 2004; Rose Koga et al. 2010; Saulnier et al. 2012; Mavromatis et al. 2013).

Magnesium isotope variations in pedogenic carbonates have not been previously studied.
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Figure 3.1: Magnesium isotopes in terrestrial materials. The 2¢ variation in peridotites, seawater,
OIB, and MORB are less than the size of the symbols. Data for peridotites, MORB, OIB, and
chondrites are from Teng et al. 2010. Flux-weighted average riverine 5°°Mg is shown by the
arrow and is from Tipper et al. 2006. Figure modified from White, in press. Bulk plant isotopic
values are presented as the range expected if the growth solution had the isotopic composition of
the flux-weighted average riverine flux, based on experimental plant-growth solution
fractionations found in Bolou Bi et al. 2010.
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3.1.1. Study Sites

The Kohala chronosequence (Hawi and Pololu) soil study sites are reviewed in Chapter 2

(2.1.3. Soil Sites).

3.2. METHODS

3.2.1. Soil Sampling

The methods behind soil and rock sampling, bulk soil and rock dissolutions, carbonate
dissolutions, and vegetation dissolutions may all be found in Chapter 2 (2.3. Methods). An
aliquot of each of these dissolved samples was prepared for isotopic analysis following the

methodology below.

3.2.2. Isotopic Analysis

Mg samples for isotopic analysis were purified through a series of ion exchange columns.
For dissolved soils, rock, vegetation, and carbonate, an amount of sample containing ~ 50 pg of
magnesium was evaporated to dryness. The evaporated samples were dissolved in 2 ml of
concentrated HNO; and heated at 80°C for five hours. This solution was evaporated to dryness
and redissolved in 1 ml of 7 N HCI heated at 80°C overnight. This solution was evaporated to
dryness, and then the sample was redissolved in 1 ml of 7 N HCI heated at 80°C for two hours.
This solution was sonicated and centrifuged to ensure complete dissolution; if residue was
observed following centrifugation we determined its identity and restarted the procedure from
the beginning, after appropriate chemical treatment.

The ion exchange chemistry used a four-step process (modified from Bolou Bi et al.
2009): an anion exchange column step to remove transition metals, a cation exchange column
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step to separate K from Mg, and a cation exchange column step, repeated twice, to purify Mg
from traces of other elements.

Individual ion exchange columns were calibrated with BE-N rock standard to ensure
adequate separation of magnesium from other elements. The products from this calibration were
analyzed to determine yield and solution purity, as well as 5°°Mg. After finding both good yields
(all yields >90%, average yield 97%) and appropriate 8°°Mg (-0.330.14%o) for our BE-N rock
standards using our modified ion exchange chemistry procedure, the columns were used for
sample preparation. A procedural blank and BHVO-2 rock standard or BE-N rock standard were
run with each batch of eight samples, to ensure the consistency and accuracy of our results.

Prior to isotopic analysis, the samples were treated to remove organic matter leached
from the ion exchange resin by dissolving them in 2 ml of concentrated HNOs for five hours on a
hotplate at 80 °C. Samples were then evaporated down, dissolved in a small amount of
concentrated nitric acid, and diluted to a concentration of ~ 100 ppb Mg and 0.05 N HNOs to run
on a Thermo Fisher Neptune multi-collector inductively coupled plasma mass spectrometer
(MCICPMS) at the Centre du Recherches Petrographiques et Geochimiques (CRPG) in Nancy,
France. The samples were run using a standard-sample bracketing technique with either SRM-

980 or DSM3 as the standard and check standard.

98



3.3. RESULTS

3.3.1. Isotope Overview, Standards, and Blanks

All magnesium isotope data are presented in Table 3.1 as 8*°Mg and 8’ Mg relative to
DSM3. The “n” in this table refers to the total number of analyses for each sample, including
replicates during a single instrument run as well as replicates over multiple instrumental runs.
Figure 3.2 illustrates a three-isotope plot with all of our collected isotope data. All samples fall
near the terrestrial equilibrium mass fractionation line (our slope=0.516; terrestrial equilibrium
mass fractionation line slope=0.521 from Young and Galy (2004)). As such only 5°°Mg values
are shown in subsequent figures. Although standard deviations were calculated for each
magnesium isotopic value, one sample (HI-06-45) that underwent ion exchange column
chemistry was run every time (n=21) isotopic analyses were conducted, to monitor long-term
instrumental variability. The data in Figure 3.2 are all plotted with 2c values for this sample,
which are +£0.22%o for 8°°Mg and £0.12%o for 5>’ Mg. Basalt standards BHVO-2 and BE-N
yielded mean §*°Mg+2c values of -0.21+0.14%o (-0.19£0.05%o, Bizzaro et al. 2011) and -
0.3340.22%o (-0.28+0.08%0, Bolou Bi et al. 2009), respectively, over this period of time. These
standards were processed with each new batch of samples to ensure adequate ion exchange
chemistry (full chemistry replicates). Procedural blanks were processed with each batch of ion
exchange chemistry and varied from 3 ng to 52 ng, which is insignificant compared to the 50 ug

of Mg passed through the ion exchange columns during purification.
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Table 3.1: Overview of Mg isotope data. SE is the standard error of the mean.
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Sample or Standard 8*Mg Mg | n | SEond*Mg
Carbonates
Hawi
KT 8-6 C -1.05 -0.56 4 0.08
KT9-2C -1.50 -0.77 6 0.05
KT9-3C -2.24 -1.17 5 0.05
KT 9-2 PCD -2.06 -1.07 2 0.01
KT 9-3 PCD -1.88 -0.97 2 0.01
KT 9-4 PCD -1.97 -1.04 2 0.00
Pololu
KT 7-5C -1.81 -0.95 5 0.03
KT 7-6 C -2.31 -1.20 5 0.04
KT7-7C -1.28 -0.68 5 0.04
KT 7-5 PCD -1.89 -0.99 2 0.00
KT 7-6 PCD -1.99 -1.05 3 0.02
KT 7-7 PCD -1.08 -0.56 3 0.02
Soil Bulk Dissolutions
Hawi
KT9B -0.27 -0.14 2 0.02
KT9-1B -0.14 -0.07 2 0.01
KT9-2B -1.35 -0.70 1
KT9-3B -1.75 -0.89 2 0.01
KT9-4B -1.22 -0.61 1
Pololu
KT7B -0.04 0.00 1
KT7-1B -0.33 -0.18 1
KT7-2B -0.12 -0.07 1
KT7-3B 0.05 0.04 2 0.10
KT 7-4B -0.73 -0.40 2 0.05
KT7-5B -0.35 -0.16 2 0.07
KT 7-6 B -0.28 -0.14 3 0.08
KT7-7B -0.09 -0.07 1
Basalts
Hawi
KT 8-7R -0.18 -0.08 2 0.05
KT 9-5R -0.21 -0.11 2 0.02
Pololu
KT 7-8 R -0.30 -0.15 1
KT 7-9R -0.31 -0.16 2 0.10
Other Hawaiian basalts
KT1R -0.23 -0.14 6 0.03
KT4R -0.17 -0.11 2 0.05
KT 11-11 R -0.16 -0.07 1
Vegetation
Hawi
Bl 010 [ 005 | 8 | 0.06
Pololu
P2 022 | 011 [ 12 | 0.03
Other Hawaiian vegetation
AUW1 -0.07 -0.04 12 0.04
AUW?2 -0.09 -0.03 10 0.02
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Table 3.1 (Continued)

Sample or Standard | Mg | 3"Mg | n | SEond*Mg
Standards
Instrumental Reproducibility Sample
HI-06-45 046 [ -0.24 21 ] 0.02
Reference Materials
CRPG SRM980 -4.00 -2.06 8 0.03
CRPG SRM980b -4.08 -2.08 4 0.08
Column Processed Rock Standards

BHVO-2 -0.21 -0.12 15 0.02

BEN -0.33 -0.16 9 0.02

BEN -0.31 -0.18 5 0.08
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Figure 3.2: Three-isotope plot of all Mg data. All data fall on the terrestrial mass fractionation
line.
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3.3.2. Parent Material and Precipitation

Data for the bulk chemistry of basalt dissolutions are presented in Tables 2.3 and 2.4
from Chapter 2 (2.4.2. Parent Material and Precipitation). Average precipitation chemistry
values for the Island of Hawaii from Carrillo et al. (2002) are 1600 pg/l Na, 60 ng/l Mg, 200 pg/l
K, and 50 pg/l Ca, but these values are highly variable. Basalts and precipitation are the two
main Mg inputs to our soil system. Basalts have measured 5*°Mg values that average -
0.25+0.06%0 over both sites, and precipitation is estimated to have the isotopic composition of
seawater (-0.89%o average BCR-403 value from Bolou Bi et al. (2009)). Figure 3.3 displays the
8*°Mg values for all analyzed samples broken into categories by sample type, including the Mg
isotopic compositions of our basaltic parent materials and the seawater estimate for precipitation.

Our basalt values fall within the range of literature values for oceanic island basalts (Figure 3.3).

3.3.3. Soil Carbonates

Data for the chemistry of the individual carbonate dissolutions are presented in Tables 2.9
and 2.10 of Chapter 2 (2.4.4. Individual Carbonate Extraction). Mg isotopic values for our
pedogenic carbonates are shown in Figure 3.3 and fall within literature values for carbonate.
Pedogenic carbonates from both soils are similar in §*°Mg to oceanic carbonates at their lightest
values (-2.31+0.22%o), displaying a fractionation of ~2%o from an estimate of the §*°Mg of
mixing of basalt (-0.3%o0) and precipitation (-0.89%o). Experimental studies show that the Mg
isotopic composition of carbonates is controlled by calcite growth processes and that the
equilibrium A**Mgearcice-nuia is probably near -3.5+0.2%o, but that high precipitation rate or vital

effects can result in smaller fractionations (Chang et al. 2003; Chang et al. 2004; Rose Koga et
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al. 2010; Saulnier et al. 2012; Mavromatis et al. 2013). Our carbonate magnesium isotopic

values occupy a large range from -1.05%o to -2.31%eo.

3.3.4. Vegetation

Chemistry values for the vegetation dissolutions are presented in Tables 2.11 and 2.12 in
Chapter 2 (2.4.5. Vegetation). Included in this dataset are two additional samples from a nearby
study site “Mauna Kea” for comparison. Isotopically the 8*°Mg values for vegetation samples

range from 0.10+0.32%o to -0.22+0.24%o (Figure 3.3), with an average value of -0.07+0.26%o.
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3.3.5. Bulk Soil Samples

Data for the chemistry of the bulk soil samples are shown in Tables 2.5, 2.6, 2.7, and 2.8
in Chapter 2 (2.4.3. Bulk Soil Samples). Tables 2.5 and 2.6 show values for the <2-mm portion
of each horizon, and Tables 2.7 and 2.8 show the arithmetically weighted average chemistry
values for each horizon, given the proportions of the <2-mm and >2-mm fractions. These tables
are similar in layout to Tables 3.2 and 3.3. Table 3.2 shows the 8°°Mg values for the <2-mm
fractions of each horizon along with carbonates, vegetation and parent material. Table 3.3 shows
the weighted average **Mg values for the combined <2-mm and >2-mm fractions along with
carbonates, vegetation and parent material.

8*°Mg values for the <2-mm fractions of the bulk soil samples and the >2-mm saprolite
fraction range between -0.1440.22%o0 and -1.7540.22%o for the Hawi soil horizons, and between
0.05+0.22%o and -0.73+0.22%o. for the Pololu soil horizons (Figure 3.3, Table 3.2). Bulk isotopic
values for the Pololu soil tend to be heavier than those of the Hawi soil (Pololu mean value -
0.24%o vs. Hawi mean value -0.95%o). Calculating arithmetically weighted average Mg isotope
values for each horizon composed of <2-mm fractions and >2-mm fractions changes the ranges
slightly (Table 3.3); the Hawi values range from -0.21+0.31%eo to -1.75+0.22%0 and the Pololu

values range from -0.0140.31%eo to -0.21+0.31%o.
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Table 3.2: Magnesium isotopic compositions of bulk soils, carbonates, vegetation, and basalts.
Bulk soil isotopic compositions are for the <2-mm soil fraction if present in the horizon, with
“Saprolite” representing the combined >2-mm soil fractions for a soil. If the horizon is
indurated, the isotopic value represents the bulk horizon, since there is no <2-mm soil fraction.
Uncertainties are 1o from the analysis of that particular sample.

Soil Horizon H D?pth to Bulk Soil Carbonate Vegetation Basalt
orizon (cm)
Pololu (350 ka) Mg
Surface -0.224+0.12
A 0-25 -0.33
Bwl 25-41 -0.12
Bw2 41-57 0.05+0.14
57 (transition) | -0.73+0.07
C1 57-106 -0.35+0.10 -1.89+0.01
57-106 (subset)| -0.28+0.14 -1.99+0.04
C2 106-143 -0.09 -1.08+0.04
Saprolite Throughout -0.04
profile
Parent
Material 143+ -0.31+0.14
Hawi (170 ka) Mg
Surface 0.10+0.16
A 0-12 -0.14+0.02
12-13 -1.35 -2.06+£0.01
Bk 13-38 -1.75+0.02 -1.88+0.02
C1 38-75 -1.22 -1.97+0.01
Saprolite Throughout -0.274+0.03
profile
Parent
Material 143+ -0.20+0.07
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Table 3.3: Magnesium isotopic compositions of bulk soils, carbonates, vegetation, and basalts.
Bulk soil isotopic compositions are for the proportionally combined <2-mm and >2-mm soil
fractions. If the horizon is indurated, the value is the same as in Table 3.2. Uncertainties are 1o
values using our inter-run uncertainty from sample HI-06-45, as described in the text.

Soil Horizon D?pth to Bulk Soil Carbonate Vegetation Basalt
Horizon (cm)
Pololu (350 ka) Mg
Surface -0.22+0.11
A 0-25 -0.21£0.16
Bwl 25-41 -0.11+0.16
Bw2 41-57 -0.01+0.16
C1 57-106 -0.13+0.16 -1.89+0.11
C1 57-106 (subset)| -0.11+0.16 -1.99+0.11
C2 106-143 -0.09+0.11 -1.08+0.11
Parent
Material 143+ -0.31+0.11
Hawi (170 ka) Mg
Surface 0.10+0.11
A 0-12 -0.21+0.16
12-13 -0.43+0.16 -2.06+0.11
Bk 13-38 -1.75+0.11 -1.88+0.11
C1 38-75 -1.22+0.11 -1.97+0.11
Parent
Material 143+ -0.20+0.11




Figure 3.4 illustrates the Mg bulk soil chemistry and Mg isotopic data with depth for the
Hawi soil. The first 12 cm of the Hawi soil are more weathered than the rest and free of
carbonates based on the tau plots, XRD analyses, sequential extraction, and field observations of
Chapter 2 (Figures 2.11, 2.12, 2.18 and Tables 2.1, 2.2). This weathering has removed
magnesium from the upper soil preferentially, and Mg concentrations enrich downward.
Isotopically, the soil is dominated by the signature of carbonates at depth, but the surface horizon
has a bulk 8°°Mg near the isotopic composition of parent material. Knowing the bulk soil
isotopic composition, the carbonate isotopic composition, and the amount of Mg in both, we can
calculate a theoretical isotopic composition for the Mg not associated with carbonate in the soil,
which is also plotted in Figure 3.4. Excluded from this plot is the thin layer of carbonate from
12-13 cm in soil depth.

Figure 3.5 illustrates the total horizon bulk dissolution data for the Pololu soil, and shows
that the trends seen in the younger Hawi soil continue with further development. The first three
horizons of the Pololu soil are similar to the first horizon of the Hawi soil; they are more
weathered than the rest of the profile, similar mineralogically, and have preferentially lost Mg as
seen in soil depletion index plots, XRD analyses, and sequential extraction fractions from
Chapter 2 (Figures 2.11, 2.12, 2.18 and Tables 2.1, 2.2). These three horizons have isotopic
compositions heavier than mixing between parent material and precipitation should permit,
similar to the first horizon of the Hawi soil. As in the Hawi soil, we can calculate theoretical
isotopic compositions for Mg not associated with carbonate in the soil for the C1 and C2
horizons of the Pololu soil. Unfortunately, the mixing methodology used for calculating the total
amount of Mg from the <2-mm and >2-mm fractions is biased for the C1 horizon of the Pololu

soil. This calculation uses the average >2-mm saprolite for the soil and therefore does not

110



adequately account for Mg from carbonate in the >2-mm fraction for this horizon, since
carbonate is preferentially partitioned to the >2-mm portion of the soil (i.e. the saprolite in this
horizon is different from the average soil saprolite). This means that the amount of Mg in the
bulk soil for horizon C1 should be slightly higher than shown, and the bulk soil isotopic
composition should also be slightly lighter. These factors account for the significantly heavier
calculated non-carbonate 8°*Mg value shown for this horizon. These issues do not influence the
Bk or C horizon of the Hawi soil, or C2 horizon of the Pololu soil, as these horizons were

completely indurated; as such there is no <2-mm soil fraction.
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Figure 3.4: §*°Mg values of the carbonate and bulk soil with depth in the Hawi soil profile and
amount of Mg in each. Excluded from this plot is the thin layer of carbonate from 12-13 cm in
depth, for clarity. 8**Mg values for non-carbonate phases were calculated by mass and isotopic
balance for those horizons with both carbonate and non-carbonate phases. Uncertainties shown
are 20, except for our calculated non-carbonate 8°°Mg values, which have large 26 values (£2%o

and £1%o).
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Figure 3.5: §*°Mg values of the carbonate and bulk soil with depth in the Pololu soil profile and
amount of Mg in each. 8°°Mg values for non-carbonate phases were calculated by mass and

isotopic balance for those horizons with both carbonate and non-carbonate phases. Uncertainties
shown are 2c.
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3.4. DISCUSSION

3.4.1. Parent Material and Precipitation

Simple mixing between the two dominant sources of soil magnesium, magnesium derived
from basalt weathering and magnesium derived from rainfall, cannot explain the variation in
magnesium isotopic compositions analyzed. Figure 3.3 shows that most of the bulk soil and
carbonate isotopic data fall outside the range that mixing can account for (-0.25%0.13%o to -
0.89+0.1%o0). Other potential inputs, such as Asiatic dust, should be insignificant in this system
for Mg, given the limited range of 8**Mg values for most silicate minerals and the small amount
of Mg that these phases (quartz, illite, feldspar, kaolinite) should contain (Blank et al. 1985;
Leinen et al. 1994). Also, dust input to our arid leeward sites is limited compared to wetter and
older windward Long Substrate Age Gradient sites where dust input is important (Jackson et al.
1971; Kurtz et al. 2001). Without other significant inputs to the soil system our data suggest that
magnesium isotopic fractionation is occurring. In order to understand the extent and cause of
these fractionations, an estimate of the relative amount of input of Mg from basalt weathering

and rainfall is needed.

3.4.2. Estimating Inputs to the Soil System

The amount of Mg derived from basalt weathering in these soils can be estimated using
mass balance constraints provided by Zr, which is an immobile index element in these arid soils
(Chadwick et al. 2003). The total amount of Zr in the Hawi and Pololu soils can be used to
estimate the amount of Mg released to the soil system via basalt weathering, given that the Zr

and Mg concentrations in the parent basalt are known and the amount of Zr in the soil is
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accurately determined. The column-integrated Zr mass in a soil composed of n depth intervals of

thickness z is:
ZFint = gpn [Zr]n Zn

where p, is the dry bulk density for a soil interval and [Zr], is the concentration of Zr in that

interval. If Zr is conservative the ratio

Mg o _ [ Mg parent]

int

Zrint [Zr parent]

provides Mg;"", which is the amount of Mg that should be present in the soil if Mg behaved
conservatively.

For the Hawi soil Zriy = 19900900 pg/cm’, implying 35+2 kg/m® of Mg ( Mg:”" ) has
been derived from rock weathering given our [Mgparent|/[ Z1parens] ratio from basalt sampled
beneath our soil profile. Variations in this [Mgyaren:)/[ZFparen] Tatio due to basalt heterogeneity
may complicate this simple analysis, particularly for the more differentiated Hawi a’a lava flows.
An analysis of another Hawi basalt near our soil study site (Table 2.4) shows significantly higher
Mg/Zr ratios, which would translate to larger amounts of Mg derived from rock weathering, if
the Hawi soil has been derived from basaltic materials with similar Mg/Zr ratios.

Using modern rainfall rates of 28.0+0.5 cm MAP and rainfall chemistry from Carrillo et
al. (2002) extended over 170 ka of soil development, we calculate that 3+3 kg/m* of Mg have
been added to the Hawi soil system via precipitation. The total amount of Mg input to the Hawi
soil system is therefore 38+4 kg/m”.

Similarly, the total amount of Zr in the Pololu soil (Zriy) is 37800200 pg/cm?, yielding
an estimate that 141211 kg/m® of Mg ( Mg:”") has been released to the soil system via rock

weathering. Rainfall Mg input calculations (35.0+0.5 cm MAP for the Pololu site) yield 7+7
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kg/m® of Mg added. The Pololu soil system therefore has had a total of 148+13 kg/m” added to it
over the course of 350 ka of development.

With assumptions that the initial liberation of magnesium from minerals does not involve
an isotopic fractionation (Ryu et al. 2011), and that rainfall rates have not varied greatly through
time, a homogeneous soil derived from basalt and rainfall mixing should approach a 8**Mg of -
0.24+0.22%o for the Hawi soil system and -0.3340.22%o for the Pololu soil system, statistically
indistinguishable from basalt isotopic values (Figure 3.6). This illustrates the dominance of the
rock weathering input of magnesium in these soils, and this dominance is supported in other
studies by looking at cation provenance using Sr isotopes in carbonates (Whipkey et al. 2002).
Climate variations through time associated with glacial-interglacial cycles complicate this
picture, but even with enhanced rainfall during the glacial cycles (estimated to be up to 3x as
high (Ziegler et al. 2003)), rock weathering will still be the dominant source of Mg to our

systems.
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Figure 3.6: Soil Mg inputs and isotopic compositions from basalt weathering and rainfall in the
Hawi and Pololu soil systems integrated over soil development (upper diagram).

Combination of soil Mg inputs and isotopic compositions with actual measured soil Mg
concentrations and isotopic compositions to determine fluxes from the soil systems integrated
over soil development (lower diagram). The uncertainty associated with the isotopic export from
the Hawi soil is large due to the small amount of Mg exported from the system, but the mean
value is shown. Other uncertainties are 2c.
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3.4.3. Integrating the Hawi Soil

Derived in the same way as Zrin, Mgin: describes the total amount of Mg present in our

soils.
Mg, = ?Pn[Mg]nzn

By comparing these values to Mg, we can estimate the amount of Mg that must have been
exported from our soil systems. Mg, and §*°Mg values integrated through the entire Hawi soil
profile for the bulk soil samples reveal 29+4 kg/m” of magnesium within the soil, with a °°Mg
of -1.35+0.16%o. When these numbers are combined with our estimates of Mg input to and
resulting isotopic composition of the Hawi soil system (38+4 kg/m?, -0.24+0.22%o), we can
calculate the mass and isotopic composition of the export flux of Mg from the Hawi soil system
(Figure 3.6). We obtain an export flux of 9+6 kg/m?, with a mean isotopic composition of
3.21%o0. The uncertainty associated with the mean isotopic composition of the export flux is
large due to the relatively small amount of Mg exported and large relative uncertainty of that
flux, but it is conservative to say that the soil has exported isotopically heavy Mg during its 170
ka of development in order to get to its present state. These uncertainties were calculated using a
Monte Carlo approach. Also, variability in parent material Mg/Zr ratios for the Hawi soil may
play a role in adjusting these calculations as described in Section 3.4.2 Estimating Inputs to the
Soil Systems. Higher Mg/Zr ratios in parental basalts would lead to larger calculated amounts of
Mg derived from basalt weathering and larger calculated amounts of Mg exported from the soil
system, thereby altering the extremely heavy Mg isotopic flux from the Hawi soil to lighter

values.
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3.4.4. Integrating the Pololu Soil

Similar calculations for the Pololu soil allow us to compare and contrast it with the Hawi
soil. Integrating Mg concentrations and §*°Mg values for the Pololu soil shows that even though
the soil is thicker (143 cm vs. 75cm), there is less Mg within the soil system, around 21+1 kg/m’
Mg with an overall §*°Mg of -0.124+0.12%o. Combining these data with our estimates of Mg
input and resulting isotopic composition (148+13 kg/m?, -0.33+0.22%o) yields an export flux of
Mg from the Pololu soil of 127+13 kg/m* with 8*°Mg = -0.36+0.26%o (Figure 3.6). Integrated
over its development, the Pololu soil has exported Mg with a mean isotopic composition similar

to basalt, unlike the Hawi soil.

3.4.5. Chronosequence

The Mg export and isotopic calculations from the Hawi and Pololu soils have interesting
implications when the soils are considered as a chronosequence. There are three data points for
Mg isotopic and Mg mass evolution through time: t =0, t = 170 ka, and t = 350 ka (Figure 3.7).
At t = 0 soil formation is initiated, and the soil evolves over the course of 170 ka until it reaches
the state currently shown by the Hawi site, an isotopically light soil still rich in Mg that has
exported isotopically heavy Mg during the course of its development. From that point forward to
get to the state of the Pololu soil, isotopically light Mg would need to be exported as the Pololu
soil has less negative 8*°Mg and is more depleted in Mg. To derive the Pololu soil from the Hawi
soil requires Mg export of 118+14 kg/m® with mean 8°°Mg = -0.62+0.22%o. The mineralogy

and morphology of these soils can explain these trends.
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Figure 3.7: Evolution of Hawaiian soils in Mg isotopic composition and the fraction of Mg
remaining within soils with time. Errors are 2c.
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3.4.6. Pedogenic Carbonates

The differences between the integrated Hawi and Pololu soils can be explained in part by
the relative abundance of pedogenic carbonates in each. Pedogenic carbonates in both soils
serve as an important reservoir of magnesium, influencing the magnesium budget and isotopic
composition in those horizons in which they appear (Figures 3.4 and 3.5). The carbonates in the
Hawi and Pololu soil, account for 69+11% and 16+2% of the total magnesium integrated over
the soil profiles, respectively. As the carbonates are an isotopically light reservoir of Mg (Figure
3.3), they drive the bulk Hawi soil to isotopically light values. In the Hawi soil, the carbonates
are present at a very shallow depth and dominate the Mg budget in those horizons in which they
appear (Figure 3.4). In the Pololu soil, the carbonates are found only at greater depth and are
less important in the budgets of Mg for the horizons in which they appear (Figure 3.5). The
pedogenic carbonates play an important role in setting the overall soil isotopic composition

(Figure 3.8).
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3.4.7. Forming Pedogenic Carbonates

How carbonates are formed in these soils allows us to determine why they are of
differing importance between the Hawi and Pololu soils and what this means for Mg isotopic
systematics through time. The range in 8**Mg of our carbonates (-1.05%o to -2.31%o) suggests a
complicated system, as do the high Mg and Sr concentrations (Tables 2.9 and 2.10 in Chapter 2).
Additionally, the inability of our carbonate dissolution technique to discriminate between various
generations of carbonate averages out detail that sampling on a smaller scale could provide.

Rainfall in these regions is sporadic, and carbonates form during the slow evaporation of
soil porewater, as supported by stable isotope studies from Whipkey et al. (2002). This process
should result in Rayleigh fractionation of Mg isotopes (Figure 3.9) and fractional crystallization
for trace element chemistry. Rate of carbonate formation is important and will determine the
Acalcite-water in OUr Rayleigh fractionation equation (Mavromatis et al. 2013). Within this system,
the initial carbonates precipitated would have the lightest Mg isotopic compositions, but over
time if all of the magnesium present ends up in the carbonate, no overall isotopic fractionation
can actually occur for the carbonate as a whole. Using the equilibrium Acajcite-water Of -3.5%0 from
Mavromatis et al. (2013) and an estimate of initial soil solution 8*°Mg of -0.35%o, we can
estimate the average amount of Mg that ends up in carbonates based on our carbonate Mg
isotopic compositions if we assume the initial carbonates precipitated remain in our system.
These estimates suggest that ~ 60 to 90% of the Mg in solution at the initiation of carbonate
precipitation is ultimately incorporated into carbonate and that the remaining fraction of
isotopically heavy fluid is exported or partitioned to another phase. At the most rapid rates (2.5

x 10”7 mol/m*-s) of carbonate precipitation in experimental studies by Mavromatis et al. (2013),
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and a corresponding Acalcite-water OF -2%o, the range broadens to 3 to 80% of the Mg being

incorporated into carbonate.
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Figure 3.9: Model of Rayleigh fractionation assuming an initial solution 8°°Mg of -0.35%o and
calcite-water A of -3.5%eo.
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The removal Mg by subsequent rainfall events and leaching, uptake by vegetation, or the
contemporaneous formation of another secondary soil mineral to act as a sink for isotopically
heavy Mg, allow fractionations of §*°Mg in the carbonate system to manifest. As such the
variations in carbonate 8°°Mg can be explained as differences in flushing through the soils or
availability of other secondary minerals or vegetation for Mg sinks. This hypothesis may be
tested by sampling at the scale of individual carbonate generations, rather than by bulk
dissolutions that average out the details of the Rayleigh fractionation occurring. Flushing
through the soil system can occur because the high permeability of the basalts allows water to
escape from the soil if a rainfall event overwhelms the water-holding capacity of the soil (Stearns
and MacDonald 1946; Takasaki 1978).

Further convoluting this picture is evidence that the carbonates are recycled within the
soil through time, often becoming more magnesian with age, even forming dolomite (Whipkey et
al. 2002). However, neither depth, nor mineralogy, age, or overall carbonate content in the soil
show distinctive trends with Mg isotopic composition. One interesting correlation is the high
Mg:Ca ratio (1.192+0.004) in the C2 horizon of the Pololu soil along with a heavy §*°Mg value
(-1.08+0.08%0), which most likely results from the presence of dolomite. Even the formation of
dolomite, however, is linked to the amount of flushing through the soil system, with dolomite
formation only occurring when soil water is maintained in the soil for extended periods of time
(Whipkey et al. 2002). Overall this suggests that the variation in carbonate §*°Mg among our
samples appears to be dominated by the amount of flushing through the soil system or the
availability of another Mg sink within the soils to sequester isotopically heavier Mg while the

carbonates are forming.
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Trace element chemistry further supports that fractional crystallization, and hence
Rayleigh fractionation of Mg isotopes, is taking place during the formation of carbonates in these
soils. Partition coefficients for both Sr and Mg into calcite are significantly less than 1, and yet
these cations make up a significant portion of the bulk carbonate (Tables 2.9 and 2.10 in Chapter
2). This can be explained using a fractional crystallization model. Partition coefficients for
these elements are precipitation rate dependent, similar to Acajcite-water fOr Mg isotopes during
Rayleigh fractionation. As we do not know precipitation rates in these systems but expect them
to be rapid, we utilized the fastest experimental rates (2.5 x 10”7 mol/m*-s) from Mavromatis et

al. (2013) to determine an appropriate value for D), where:

Dy (Mg/Ca)(mﬁd)
(Mg/Ca)(ﬂuid)
This rate gives us a partition coefficient for Mg incorporation into calcite of 0.027. Sr partition
coefficients can also be found in the literature over similar precipitation rates in Tang et al.
(2008), who provide a Dy, value of 0.092, where D, is analgous to Dys. Using initial solution

compositions that mirror Ca:Mg and Sr:Mg ratios in basalts from the Pololu soil, we generate the

model of fractional crystallization shown in Figure 3.10.
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Figure 3.10: Model of fractional crystallization assuming initial solution Mg/Ca ratios and Sr/Ca
ratios of Pololu basalt and rate of precipitation 2.5 x 107 mol/m?-s.
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Given these conditions for our model of fractional crystallization, Mg and Sr contents
within bulk carbonate only make sense if almost all of the Mg and Sr in the initial solutions end
up within calcite, and the model suggests that the final fraction of “calcite” precipitating should
have a Mg:Ca ratio greater than 3. As such bulk carbonate values cannot be reproduced without
the export of the initial low Mg/Ca and Sr/Ca carbonates precipitated or the addition of the
precipitation of dolomite and perhaps magnesite. Although the addition of dolomite to our
system makes sense given the phase has been identified in these soils, issues with our simple
model may also be resolved by acknowledging a variety of flaws. The first issue is that our
initial solution Mg/Ca and Sr/Ca ratios are unknown and could be highly variable given basalt-
derived cations mixing with rainfall, the recycling of earlier carbonate phases, and the
preferential removal of Sr and Mg with respect to Ca by secondary phases. The second issue is
that rate is not well-constrained in our system, and increases in rate would serve to increase
partition coefficients to higher values, making it easier to reach bulk carbonate Sr and Mg values
without invoking dolomite precipitation. Associated with this issue is that the partition
coefficients used for Mg and Sr into calcite are dependent upon the solution composition in the
particular precipitation study, and it is highly unlikely that our soil solution happens to mirror the
conditions found in Mavromatis et al. (2013) and Tang et al. (2008). The third issue is that there
are difficulties with Mg incorporation into calcite and non-trace element behavior, as significant
Mg incorporation alters the structure of calcite, which in turn influences partition coefficients,
particularly of Sr, increasing the amount of Sr that may be incorporated into the calcite lattice
(Ichikuni 1973; Carpenter and Lohmann 1992; Rimstidt et al. 1998). Given the caveats cited
above, the use of Sr and Mg trace element chemistry is woefully underconstrained in trying to

model fractional crystallization in these systems. However, even with these flaws in our model,
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the high Mg:Ca and Sr:Ca ratios present in our bulk carbonates suggest that at some point
solutions with extremely high Mg:Ca and Sr:Ca ratios must have existed in this system. The
creation of these high Mg:Ca and Sr:Ca solutions given our evaporative model of carbonate

formation is best explained through fractional crystallization.

3.4.8. Differences in the Soil Functioning of the Hawi and Pololu Soils

Carbonates may dominate the Hawi study site, but they take on a secondary role in the
Pololu site (Figure 3.8). This difference is the result of mineralogical and morphologic changes
in the soil system through time. The Hawi soil has a relatively thin surface horizon free of
carbonate, dominated by kaolinite, noncrystalline silicate phases, hematite, and gibbsite (Figures
2.11,2.12,2.18 and Tables 2.1, 2.2 in Chapter 2). Over an additional 180 ka of development, the
Pololu soil has developed thicker surficial horizons free of carbonate and dominated by the same
phases as in the upper Hawi soil horizon (Figures 2.11, 2.12, 2.18 and Tables 2.1, 2.2 in Chapter
2). These thicker horizons in turn increase the water-holding capacity of the soil system,
preventing flushing through the system from happening as easily and increasing the amount of
time that soil water is maintained in the soil. These factors limit carbonate production while
promoting formation of other secondary soil phases, such as halloysite (Zeigler et al 2003). As
such, the Pololu soil has evolved to a point where the Mg budget is dominated by phases other

than carbonate.

3.4.9. Other Secondary Soil Minerals

In order to understand Mg isotopic fractionation in the Pololu soil, we must understand
the influence that other secondary soil minerals have on Mg budgets and isotopic fractionations.

The uppermost horizons of the Hawi and Pololu soils are free of carbonates and have bulk soil
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8*°Mg values that reflect this. These values range from -0.0120.31%o to -0.21£0.31%o,
suggesting that kaolinite, short-range-order phases, hematite, and gibbsite as a whole may be
associated with the incorporation of isotopically heavy Mg, as these values are heavier than
mixing between basalt weathering and precipitation would allow. This observation suggests that
the weathering products of these upper horizons follow previously reported ideas of how Mg
isotopic fractionation during weathering works, with isotopically heavier Mg sequestered into
weathering products and isotopically lighter Mg released to solution. Because each individual
soil horizon is somewhat different in the relative abundance of each of the weathering products,
and yet they are all statistically indistinguishable in isotopic composition, the particular silicate
weathering product phase that the Mg is incorporated into may not be too important, and
fractionations around the same magnitude may occur for entire groups of phases. The surficial
horizons are strongly depleted in Mg overall, as can be seen in the soil depletion index plots for
the soils (Figures 2.11 and 2.12 in Chapter 2). It is only after a sufficiently thick layer of these
horizons forms, as in the Pololu soil, that the non-carbonate minerals dominate the soil Mg
budget. Further evidence for these minerals as a sink for isotopically heavy Mg can be seen in
the mass and isotopic balances for individual horizons in the Hawi and Pololu soils (Figures 3.4
and 3.5). In those horizons where carbonates occur, the bulk soil is often isotopically heavier
than carbonate values, implying that a significant isotopically heavy reservoir of non-carbonate
secondary soil minerals must exist. For example, balancing the C2 horizon in the Pololu soil
requires the presence of a non-carbonate soil reservoir with a §*°Mg of -0.07+0.28%. (Figure

3.5).
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3.4.10. Vegetation

Vegetation can play an important role in the translocation of elements throughout the soil
profile, enriching surface horizons in biologically essential elements and depleting those
elements at depth. We see this enrichment effect with K in both the Hawi and Pololu soils
(Table 2.6 in Chapter 2). Recent studies show that the export of elements such as Ca, Sr, and Ba
and resulting elemental isotopic compositions are influenced by biological uptake into plants
combined with aeolian erosion at the Hawi study site (Vitousek and Chadwick 2013; Bullen and
Chadwick, in press). Uptake of Mg by biota and subsequent acolian removal should result in the
preferential enrichment in isotopically light Mg, as Mg in vegetation removed at these sites is
isotopically heavy. However, if this phenomenon were dominating Mg export at our study sites
through time, the Pololu soil should be isotopically lighter than the Hawi soil. This mechanism
does not appear to be a major influence on the Mg system, as more Mg is retained in the soil
over time than either Ca or Sr (Figure 2.12 in Chapter 2), causing secondary mineral formation
and export via leaching to dominate Mg isotopic fractionation over biotic uptake and aeolian

removal.

3.5. CONCLUSIONS

The Hawi and Pololu soils illustrate how Mg isotopes are fractionated during arid basalt
weathering overall and how Mg isotopes can be used within soil systems. The prevailing view
of weathering and Mg isotopic fractionation appears to be validated, in that isotopically light Mg
is exported to streamwaters and isotopically heavy Mg is sequestered in soils, if the weathering
products exclude carbonates. The formation of pedogenic carbonates, which, like their oceanic

counterparts, are associated with incorporation of isotopically light Mg, complicates this picture
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greatly. The carbonates themselves have a wide range of isotopic compositions, which appears
to be influenced by the ability of a soil to have a sink or export mechanism for isotopically heavy
Mg left in solution after carbonates begin to precipitate. We have also shown that the influence
of these carbonates varies over the lifetime of the soils, from being the dominant influence on the
export of Mg to being a secondary pool that influences individual horizons. This variation is the
result of the mineralogic and morphologic development of the soil through time, which in turn
influences soil characteristics such as water-holding capacity and rates of secondary mineral
formation and recrystallization. Importantly, as soil systems evolve through time, so can the

isotopic composition of the Mg exported.
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CHAPTER 4
MAGNESIUM ISOTOPIC COMPOSITIONS OF SEQUENTIAL EXTRACTION

FRACTIONS FROM TWO ARID HAWAIIAN (USA) SOILS

Abstract

This study uses a sequential extraction technique to investigate the Mg isotopic
compositions of soil phases in an arid soil chronosequence on the Island of Hawaii. This
procedure breaks soils into seven fractions: adsorbed cations, SOM, carbonates, short-range-
order phases, sesquioxides, kaolin group minerals, and residuum. The most interesting
sequential extraction fractions in the <2-mm portions of these soils are the adsorbed cations,
short-range-order phases, and residuum phases.

Adsorbed cations have an average 8°°Mg value of -1.05+0.06%o when looking at soil
horizons not influenced by carbonate. The adsorbed cations are isotopically lighter than
precipitation and the only reservoir of isotopically light Mg in soil horizons lacking carbonate.
The ephemeral nature of this fraction also suggests that both soils are exporting isotopically light
Mg. The short-range-order phases in both soils are near the Mg isotopic composition of basalt
(Hawi soil average 8*°Mg -0.30+0.12%o) or isotopically heavier than basalts (Pololu soil average
8*°Mg 0.00:£0.08%o), suggesting preferential incorporation of heavy Mg during the formation of
short-range-order phases. This fraction also dominates the distribution of Mg in these <2-mm
soil fractions. The residuum phases contained significant amounts of Mg and were one of the
most variable sequential extraction fractions, displaying isotopic differences with depth and
between soils. This variability suggests complex behavior that may be associated with the
complex variety of phases that make up this fraction. Looking at all the sequential extraction

fractions shows that only the adsorbed cations and carbonates are isotopically lighter than
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precipitation in our soil systems, with all other fractions isotopically similar to or isotopically
heavier than basalts. This shows that the formation of secondary silicate and oxide weathering
phases is associated with the incorporation of isotopically heavy Mg, leading to the export of

isotopically light Mg from the <2-mm portions these systems.

4.1. INTRODUCTION

As described in Chapter 3 (3.1. Introduction), Mg isotopes can be a useful tool in
understanding ecosystem-scale Mg cycling and may eventually be useful in understanding large-
scale continental weathering. However, previous work with Mg isotopes has focused on larger-
scale issues with analyses of bulk soils or sediments, waters and rocks. Over time studies have
incorporated finer detail analyses focusing on clay fractions and exchangeable cations (Opfergelt
et al. 2012; Wimpenny et al. 2014; Opfergelt et al. 2014), but no study has yet attempted to
understand the distribution of Mg and partitioning of Mg isotopes throughout a soil profile by a
detailed sequential extraction technique. This study characterizes the magnesium isotopic
compositions of soil mineralogical fractions from the sequential extraction technique described
in Chapter 2 (2.3.6. Soil Sequential Extractions). This method allows us to understand the roles
that mineralogy and secondary mineral formation play in magnesium isotope fractionation in
unprecedented detail.

The prevailing understanding of how Mg isotopes are fractionated during weathering
suggests that isotopically light Mg is released to streamwaters during the weathering of parent
materials, and the remaining pool of isotopically heavy Mg is stored in soils or plants (Tipper et
al. 2006; Brenot et al. 2008). We have shown in Chapter 3 that this is not necessarily the case in

all weathering environments and that in our arid Hawaiian soil system, the evolution of the
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functioning of the soil and soil mineralogy can lead to changes in the isotopic composition of the
Mg exported over time. This observation highlights the importance of analyzing individual
reservoirs of Mg within soil, to determine under which suites of secondary soil phases the
“isotopically light Mg to water, isotopically heavy Mg to soil and plants” gestalt of Mg isotope
fractionation should hold. Further, by looking at soil phase Mg contents and §°*Mg values, the

level of detail in ecosystem-scale Mg cycling is enriched.

4.1.1 Study Sites

The Kohala chronosequence (Hawi and Pololu) soil study sites are reviewed in Chapter 2

(2.1.3. Soil Sites).

4.2. METHODS

4.2.1. Soil Sampling

The methods behind soil and rock sampling, bulk soil and rock dissolutions, individual
carbonate dissolutions, vegetation dissolutions, and sequential extractions may all be found in

Chapter 2 (2.3. Methods).

4.2.2. Isotopic Analysis

Descriptions of the isotopic analysis of samples may be found in Chapter 3 (3.2.2.
Isotopic Analysis). One additional ion exchange chemistry step was used for the treatment of the
sesquioxide sequential extraction fractions prior to isotopic analysis. Due to the high
concentrations of Na in the extraction supernatant, an additional pretreatment ion exchange
column was used to separate Na from the sample. This ion exchange column consisted of 25 ml

of Dowex AG 50W X12 cation exchange resin (10x the exchange capacity of the columns used
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in Bolou Bi et al. (2009)). Samples were introduced in 10 ml of 0.5 M HCI and eluted from the

columns with 70 ml of 6 N HCI, after 300 ml of 0.5 M HCI was used to separate Na.

4.3. RESULTS

4.3.1. Isotope Overview, Standards, and Blanks

All magnesium isotope data are presented in Table 4.1 as 8*°Mg and Mg relative to
DSM3. Figure 4.1 illustrates a three-isotope plot with all of our collected data, but only §*°Mg
values are shown in subsequent figures as all samples fall near the terrestrial equilibrium mass
fractionation line (our slope=0.517; terrestrial equilibrium mass fractionation line slope=0.521
from Young and Galy (2004)). Although standard deviations were calculated for each
magnesium isotopic value, one sample (HI-06-45) was run every time (n=21) isotopic analyses
were conducted, to monitor long-term instrumental variability. The data in Figure 4.1 are all
plotted with 26 error values for this sample, which is 0.22%o for §**Mg and 0.12%o for 5*°Mg.
Basalt standards BHVO-2 and BE-N yielded mean 8**Mg values of -0.21£0.14%o (-0.19+0.05%o,
Bizzaro et al. 2011) and -0.33+0.22%o (-0.28+0.08%0, Bolou Bi et al. 2009), respectively over
this period of time. These standards were processed with each new batch of samples to ensure
adequate ion exchange chemistry. Procedural blanks were processed with each batch of ion
exchange chemistry and varied from 3 ng to 52 ng of Mg, which is insignificant compared to the

50 pg of Mg passed through the exchange columns during purification.
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Table 4.1: Overview of Mg isotope data. SE is the standard error of the mean.
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Sample or Standard | 8**Mg | 8*°Mg n SE on $’°Mg
Soil Bulk Dissolutions
Hawi
KT9-1B -0.14 -0.07 2 0.01
KT9-2B -1.35 -0.70 1
Pololu
KT7-1B 0.33 0.18 1
KT7-2B -0.12 -0.07 1
KT7-3B 0.05 0.04 2 0.10
KT7-5B -0.35 -0.16 2 0.07
KT7-6 B -0.28 -0.14 3 0.08
Individual Carbonates
Hawi
KT 8-6C -1.05 -0.56 4 0.08
KT9-2C -1.50 0.77 6 0.05
KT 9-2 PCD -2.06 -1.07 2 0.01
Pololu
KT 7-5C -1.81 0.95 5 0.04
KT 7-6C 231 -1.20 5 0.04
KT 7-5 PCD -1.89 -0.99 2 0.01
KT 7-6 PCD -1.99 -1.05 3 0.02
Basalts
Hawi
KT8-7R -0.18 -0.08 0.06
KT9-5R 021 -0.11 2 0.02
Pololu
KT 7-8 R -0.30 0.15 1
KT 7-9 R 0.31 0.16 2 0.10
Other Hawaiian basalts
KT 1R -0.23 -0.14 6 0.04
KT4R -0.17 -0.11 2 0.06
KT 11-11R -0.16 -0.07 1
Exchangeable Cations
Hawi
KT9-1A -1.17 -0.62 6 0.03
KT9-2A -1.15 -0.61 3 0.10
Pololu
KT7-1A -1.02 -0.55 5 0.06
KT7-2A -1.04 -0.58 4 0.06
KT7-3A -1.00 -0.54 4 0.09
KT7-5A -127 -0.66 5 0.04
KT7-6 A -1.24 -0.67 4 0.07
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Table 4.1 (Continued)

Sample or Standard | ’°Mg | Mg | n SE on $**Mg
Soil Organic Matter (SOM)
Hawi
KT 9-1 SOM 0.41 0.20 1
KT 9-2 SOM -1.66 -0.86 2 0.05
Pololu
KT 7-1 SOM -0.12 -0.06 1
KT 7-2 SOM 0.04 0.02 1
KT 7-3 SOM -0.08 -0.04 1
KT 7-5 SOM -1.32 -0.70 1
KT 7-6 SOM -1.55 -0.79 1
Short-Range-Order Phases (SRO)
Hawi
KT 9-1 SRO -0.21 -0.12 3 0.07
KT 9-2 SRO -0.38 -0.22 2 0.01
Pololu
KT 7-1 SRO -0.06 -0.05 2 0.03
KT 7-2 SRO -0.06 -0.03 2 0.07
KT 7-3 SRO 0.14 0.06 2 0.01
KT 7-5 SRO -0.02 -0.02 3 0.03
KT 7-6 SRO 0.02 -0.01 3 0.01
Sesquioxides
Hawi
KT 9-10x -0.39 -0.21 3 0.1
KT 9-2 Ox -0.45 -0.24 5 0.1
Pololu
KT 7-10x -0.29 -0.17 3 0.04
KT 7-2 Ox -0.02 -0.03 4 0.08
KT 7-3 Ox -0.21 -0.13 6 0.06
KT 7-5 Ox -0.39 -0.20 5 0.02
KT 7-6 Ox -0.32 -0.18 4 0.14
Residuum
Hawi
KT9-1F -0.13 -0.09 5 0.04
KT9-2F -0.15 -0.08 6 0.1
Pololu
KT 7-1F 0.05 0.04 6 0.09
KT7-2F 0.12 0.05 6 0.06
KT7-3F 0.74 0.36 5 0.09
KT 7-5F 0.62 031 6 0.05
KT 7-6 F 0.57 0.28 5 0.08
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Table 4.1 (Continued)

26 25 26
Sample or Standard | 6"Mg | 6"Mg | n | SE on 6"°"Mg
Vegetation

Hawi
BI 010 | 005 | 8 | 0.06

Pololu
P2 02 | on | 12 | 0.04

Other Hawaiian vegetation
AUWI1 -0.07 -0.04 12 0.04
AUW2 -0.09 -0.03 10 0.02
Standards
Instrumental Reproducibility Sample
HI-06-45 046 | 024 | 2 0.02
Reference Materials
CRPG SRM980 -4.00 -2.06 8 0.04
CRPG SRM980b -4.08 -2.08 4 0.08
Column Processed Rock Standards

BHVO-2 -0.21 -0.12 15 0.02
BEN -0.33 -0.16 9 0.02
BEN -0.31 -0.18 5 0.08
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Figure 4.1: Three-isotope plot of all Mg data. All data fall on the terrestrial mass fractionation

line.
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4.3.2. Parent Material and Precipitation

Data for the bulk chemistry of basalt dissolutions are presented in Tables 2.3 and 2.4
from Chapter 2 (2.4.2. Parent Material and Precipitation). Chapter 3 (3.3.2. Parent Material and
Precipitation) describes the Mg isotopic compositions of basalts and rainfall. These §*°Mg
values are also shown in Figure 4.2, which displays the §*°Mg values for all analyzed samples

broken into categories by sample type.

4.3.3. Individual Carbonate Extraction

Data for the chemistry of the individual carbonate dissolutions are presented in Tables 2.9
and 2.10 of Chapter 2 (2.4.4. Individual Carbonate Extraction). The 5**Mg values of these
carbonates are discussed in Chapter 3 (3.3.3. Soil Carbonates), and Mg isotopic values relevant

to this study are displayed in Figure 4.2.

4.3.4. Vegetation

Chemistry values for the vegetation dissolutions are presented in Tables 2.11 and 2.12 in
Chapter 2 (2.4.5. Vegetation). The 5°°Mg values of these dissolutions are discussed in Chapter 3

(3.3.4. Vegetation) and presented again in Figure 4.2.

4.3.5. Bulk Soil Samples

Data for the chemistry of the <2-mm bulk soil samples are shown in Tables 2.5 and 2.6 in
Chapter 2 (2.4.3. Bulk Soil Samples). Data for the Mg isotopic composition of the <2-mm soil
fractions may be found in Table 3.2 in Chapter 3 (3.3.5. Bulk Soil Samples). These §**Mg

values are presented in Figure 4.2.
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Figure 4.2: Overview of Mg isotope data for <2-mm bulk soils, carbonates, sequential extraction
fractions, vegetation, basaltic parent materials, and estimated rainfall. SOM §°°Mg values
exclude fractions contaminated by carbonate. Errors shown are 26.

149



4.3.6. Sequential Extraction

4.3.6.1. Adsorbed Cations

Data for the chemistry of the adsorbed cations by soil horizon are described in Chapter 2
(2.4.6.1. Adsorbed Cations). Mg isotopic data for this sequential extraction fraction by soil
horizon is presented in Table 4.2. Mg/Ca and Sr/Ca ratios of this sequential extraction fraction
suggest that the extraction inadvertently dissolved some carbonate in those horizons that contain
carbonate. Looking at the 5°°Mg values of the adsorbed cations in the lowest horizon of the
Pololu soil further supports the idea that reactive calcite was dissolved, as these values are the
isotopically lightest °°Mg values for the adsorbed Pololu cations. Even with this carbonate
influence in the lowest portions of both soils, the 5°*Mg of all the adsorbed cation fractions is
consistent with depth and between soils, only ranging from -1.00+0.17%o to -1.27+0.09%o.
Excluding horizons with carbonate influence from both soils, the unweighted average Mg

isotopic composition of adsorbed Mg is -1.0540.06%o.
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4.3.6.2. SOM

The chemistry data of the SOM fractions by soil horizon are presented in Chapter 2
(2.4.6.2. SOM). Mg isotopic data for this sequential extraction fraction by soil horizon are
shown in Table 4.2. The §**Mg values of the SOM fractions appear to be isotopically
homogeneous with depth, until reaching soil horizons with carbonate, where the §*°Mg values
shift toward lighter values. As with the adsorbed cation sequential extraction fraction, Mg/Ca
and Sr/Ca ratios, along with this shift in Mg isotopic composition, suggest contamination of the
SOM sequential extraction fraction with carbonate in those soil horizons that contain carbonate.
Uncontaminated isotopic values for the SOM fractions have an unweighted average 8°°Mg of -
0.05+0.08%o for the Pololu soil with a range of 0.04%o to -0.12%o. The only uncontaminated

value for the Hawi soil comes from the uppermost horizon and is 0.4 1%eo.

4.3.6.3. Sequential Carbonates

The chemical analyses of the sequential carbonate dissolution are presented in Chapter 2
(2.4.6.3. Sequential Carbonates). Isotopic analyses were not conducted on these carbonate
extractions, as the removal of carbonate during earlier adsorbed cation and SOM extractions
could bias 8°°Mg values for carbonates by preferentially removing more reactive carbonate. As
such the individual bulk soil carbonate dissolutions are a better representation of carbonate Mg
isotopic values in these systems. Furthermore, analyses of adsorbed cation fractions and SOM
extraction fractions contaminated by carbonates illustrate that the carbonate removed during
those steps was isotopically light, similar to carbonate §*°Mg values of the individual carbonate

extraction.
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4.3.6.4. SRO Phases

The chemistry data for the short-range-order phase extraction are in Chapter 2 (2.4.6.4.
SRO Phases). Mg isotopic data for this sequential extraction fraction by soil horizon are
presented in Table 4.2. Isotopically, the SRO phases are homogenous with depth, but there is a
slight difference between the Hawi and Pololu soils. The Pololu fractions range from
0.14+0.01%o to -0.06+0.09%o, with an unweighted average value of 0.00+0.08%o. The Hawi
values range from -0.2140.11%o to -0.384+0.01%o with an unweighted average value of -

0.30+0.12%o.

4.3.6.5. Sesquioxides

Sesquioxide fraction chemistry data are in Chapter 2 (2.4.6.5. Sesquioxides). Mg
isotopic data for this sequential extraction fraction by soil horizon are shown in Table 4.2. In
terms of isotopic composition the extraction is consistent with depth and between soils, only
ranging between -0.02+0.15%o and -0.454+0.25%0. Unfortunately, these samples were less
reproducible than others due to their complicated chemistry. An unweighted average isotopic

composition for this extraction is -0.30+0.14%o.

4.3.6.6. Kaolin Group Minerals

Chapter 2 (2.4.6.6. Kaolin Group Minerals) shows the chemical analysis of the kaolin
group mineral sequential extraction. The large amount of Na used in the sequential extraction
technique, as well as the small amount of Mg liberated from these phases, prevented analyzing

this fraction for 8°°Mg.
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4.3.6.7. Residuum

The chemistry data of the residuum fractions are presented in Chapter 2 (2.4.6.7.
Residuum). Mg isotopic data for this sequential extraction fraction by soil horizon are shown in
Table 4.2. The °°Mg values for this extraction show variability with depth and between the
Hawi and Pololu soils. Unfortunately these samples were less reproducible than others due to
their complicated chemistry, and so they have larger 1o uncertainties. The Pololu soil ranges
from 0.05+0.22%o to 0.74+0.20%o with isotopically heavier values deeper within the soil. The

Hawi soil has lighter isotopic values for both horizons, averaging -0.1440.02%eo.

4.3.6.8. Sequential Extraction Totals

Chapter 2 (2.4.6.8. Sequential Extraction Totals) shows total sequential extraction
chemistry values for analyzed elements by summing the concentrations of each element over all
sequential extraction fractions. We can do this summation with Mg concentrations and 8*°Mg
values to create a weighted total §*°Mg value. This calculation allows us to see if the weighted
8*°Mg value of the sequential extractions approaches the §*°Mg value of our <2-mm bulk
horizon dissolution, as a check on the efficacy of the sequential extraction’s isotopic results.
Figure 4.3 shows these calculations by horizon for the Hawi soil, and Figure 4.4 shows these
results by horizon for the Pololu soil. These values agree well with one another given the
caveats associated with this analysis. It should be noted that kaolin group minerals are excluded
from this analysis and that the sequential carbonates were not analyzed for Mg isotopic values
and instead individual carbonate 8°°Mg values are used in their place. Further, the sequential
extraction and <2-mm bulk horizon dissolutions were not performed on exactly the same sample

split, adding some additional uncertainty due to sample heterogeneity. The greatest differences
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in Mg isotopic composition occur in the horizons that contain carbonate, suggesting

heterogeneity in the carbonate phase.
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Figure 4.3: Comparison of Mg concentration and 8°°Mg of the Hawi soil with depth by
summation of sequential extraction fractions and actual bulk soil Mg concentrations and §*°Mg.
Uncertainties shown are 2c for isotope data.
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Figure 4.4: Comparison of Mg concentration and 8°°Mg of the Pololu soil with depth by
summation of sequential extraction fractions and actual bulk soil Mg concentrations and *°Mg.
Uncertainties shown are 2c for isotope data.
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4.4. DISCUSSION

4.4.1. Parent Material and Precipitation

Most measured sequential extraction fractions (Figure 4.2) fall outside the isotopic values
that mixing between parent material and rainfall allows (0.25+0.13%o to -0.89+0.1%o). Estimates
from Chapter 3 (3.4.2. Estimating Inputs to the Soil System) suggest that a homogeneous soil
derived from mixing of input endmembers would approach -0.27+0.24%o for the Hawi system
and -0.33+0.24%. for the Pololu soil system. This gives us a baseline to assess fractionation in

the soil environment.

4.4.2. Sequential Extractions

In order to interpret the meaning of the differences in Mg isotopic composition and Mg
content of our sequential extraction fractions, we must think of each of the sequential extractions
in their proper pedological framework, as described in Chapter 2 (2.5. Discussion). It is
important to bear in mind that these analyses are conducted on the >2-mm soil fractions,
preferentially excluding soil phases more prevalent in the >2-mm soil fraction. Sequential
extraction 8*°Mg values and Mg contents with depth are presented in Figures 4.5 and 4.6 for the

Hawi and Pololu soils, respectively.
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Figure 4.5: Mg concentrations and §*°Mg values of the Hawi soil sequential extraction fractions
by depth. Uncertainties shown are 2c for isotope data.
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Figure 4.6: Mg concentrations and §*°Mg values of the Pololu soil sequential extraction fractions
by depth. Uncertainties shown are 2c for isotope data.
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4.4.2.1. Adsorbed Cations

The adsorbed cations in both the Hawi and Pololu soils are a significant reservoir of Mg
(Figures 4.5 and 4.6), containing between 9% and 25% of the Mg in the <2-mm fractions of each
soil horizon. We have shown that the higher values in this range are inflated by accidental
carbonate dissolution in the soil horizons that contain carbonate and that the adsorbed cation
fractions for these horizons also have Mg isotopic compositions skewed to lighter values for the
same reason. Isotopically, adsorbed fractions uncontaminated by carbonate are lighter than what
mixing between precipitation and basalt weathering should allow, averaging -1.05+0.06%o
between both soils. This observation adds to the significance of the adsorbed cations, as they are
the only sequential extraction fractions isotopically lighter than precipitation in soil horizons
without carbonate (Figures 4.5 and 4.6). Understanding why this sequential extraction fraction is
isotopically light requires understanding the evolution of soil porewaters in the Hawi and Pololu
soil systems.

The adsorbed cations are the most ephemeral of the sequential extraction fractions and
the fraction most responsive in the soil system on short timescales. As such, their Mg isotopic
compositions are not indicative of long-term soil formation trends, but instead are dominated by
the evolution of soil porewaters following recent rainfall events in our soil systems. In Chapters
2 and 3 we explored how the sporadic nature of rainfall in these environments is one of the most
important influences on these soils, leading to the development of carbonates within the soil and
causing strong wet-dry cycles which modify mineralogy over time (Ziegler et al. 2003). This
sporadic nature of rainfall ultimately plays an important role in the Mg isotopic composition of

adsorbed cations in our soil systems.
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A rainfall event will mobilize a portion of the adsorbed cations in the soils and provide
the water necessary to weather primary and secondary phases. Rainfall also translocates these
cations and anions in the soil system, potentially exporting ions if the magnitude of the rainfall
event is greater than the water-holding capacity of the soil. The remaining soil porewater then
gradually evaporates away, with secondary phase precipitation, uptake by vegetation, and
adsorption/desorption modifying the soil porewater in a closed system until the next rainfall
event. As such, the elemental and isotopic compositions of our soil porewaters are likely
complicated and vary through time and space. In this conceptual model, the adsorbed cations we
measured probably reflect the final stages of this complicated system, as our samples were
collected after a long period of minimal rainfall at these study sites.

Studies have suggested that adsorbed Mg fractions reflect the Mg isotopic composition of
natural waters with little or no fractionation (Wimpenny et al. 2014). If this is the case, then the
isotopic compositions of the analyzed adsorbed cations should be equivalent to the isotopic
composition of soil porewater after the porewater has undergone the complicated modification
through time described above. As such, the isotopic compositions of the adsorbed cations should
be a recorder of the net processes influencing soil porewater isotopic evolution. As all the
adsorbed cations fractions have isotopic compositions consistently lighter than what mixing
between rainfall and basalt weathering should allow (Figure 4.2), this evidence suggests that at
both study sites the net processes influencing Mg isotopes in soil porewater yields the removal of
isotopically heavy Mg from porewater. The simplest way to accomplish this result is to have
isotopically heavy Mg preferentially incorporated into secondary mineral phases, a process that
the Mg isotopic compositions of our other sequential extraction fractions support. Futhermore,

as the adsorbed cations are a relatively mobile Mg fraction, the next time a significant rainstorm
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comes through the area, isotopically light Mg will most likely be removed from adsorption sites
and exported from each soil.

This idea may seem anathema to the conclusions drawn in Chapter 3 about the Hawi soil
being a net exporter of isotopically heavy Mg (3.4.3. Integrating the Hawi Soil), but the adsorbed
cations are simply describing the export of Mg over short timescales, whereas the analysis
conducted in Chapter 3 is based on the net export of Mg from this soil system throughout the
soil’s entire development. Taken at face value, this observation would imply that the Hawi soil
has begun to export isotopically light Mg, which will eventually allow it to progress to the state
of the modern Pololu soil, while still currently remaining a net exporter of isotopically heavy Mg
when looking at the integrated state of the soil over time. However, issues arise with this
straightforward analysis. As we do not know the duration or intensity of the last rainfall event at
these systems, we cannot definitively determine which processes led to the adsorbed Mg that was
analyzed.

The homogeneity of 8*°Mg values of the adsorbed cations between soils and with depth is
also of interest because the Hawi and Pololu soils vary with respect to mineralogy and SOM
content, both with depth and between soils (Chapter 2, Figure 2.18). This homogeneity supports
the findings of Wimpenny et al. (2014) that no significant fractionation occurs during this
adsorption, or at least that the fractionation is uniform no matter the substrate in our soils.

The homogeneity of the 8**Mg values is also of interest because of recent work by Bullen
and Chadwick (in press) at the Hawi study site. This work is described briefly in Chapter 3
(3.4.10. Vegetation) but is described in greater detail here. Their work suggests that biolifting
processes result in variations in the isotopic composition of exchangeable Ca, Sr, and Ba with

depth in soils, which is consistent with preferential partitioning of isotopically light Ca, Sr, and
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Ba into plants and the subsequent removal of that plant material from the soil system by erosive
forces. For Mg this process should result in isotopically light Mg remaining in the adsorbed Mg
fraction of soil surface horizons, as isotopically heavy Mg is preferentially partitioned to plants
(Black et al. 2008; Bolou Bi et al. 2010; Bolou Bi et al. 2012). Although all the adsorbed Mg
fractions are lighter than mixing estimates for both soils, there is no surficial enrichment that
would suggest preferential removal by vegetation and erosion. Furthermore, if we look at the
bulk <2-mm and >2-mm combined soils described in Chapter 3, we would expect this process to
enrich the bulk soil in isotopically light Mg over time, which is not seen when comparing the
Hawi and Pololu soils (Chapter 3, Figure 3.7). There are two potential reasons for this
discrepancy between Mg and Ca, Sr, and Ba. The first is that enough Mg is left in these soils
that biolifting is not a dominant process in the evolution of the isotopic composition of Mg. Mg
1 values are less negative than Ca t values (Chapter 2, Figure 2.11), and Mg/Ca ratios in the
initial basalts are near unity, suggesting that biolifting would have to be a larger influence on Mg
in order to result in significant variations in Mg isotopes. The second reason is simply that the
different roles of Mg and Ca (and also Ca mimics Sr and Ba) in biology allow Mg to be returned
to the soil system easily after plant death, prior to preferential removal by erosive forces. Mg in
vegetation is usually in intracellular spaces, whereas Ca, Sr, and Ba are usually in extracellular
spaces acting as glue between plant cell walls (Fratsto da Silva and Williams 1991). When a
plant dies it is much easier for Mg to be leached away prior to erosive transport compared to Ca,
Sr, and Ba. For either or both of these reasons biolifiting might not be important when looking at

Mg isotopes in these soils.
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4.4.2.2. Soil Organic Matter and Vegetation

SOM contains a relatively small portion of Mg within our soils (Figures 4.5 and 4.6),
holding between 1% and 5% of the Mg in the <2-mm fractions of each soil horizon. We have
shown that the higher values in this range are inflated by accidental carbonate dissolution in the
soil horizons that have carbonate and that the SOM fractions for these horizons also have Mg
isotopic compositions skewed to lighter values for the same reason. Isotopically, fractions
uncontaminated by carbonate are heavier than our estimates of mixing between precipitation and
basalt weathering should allow, averaging -0.05+0.08%o for the Pololu soil and 0.41%o for the
Hawi soil (Figures 4.5 and 4.6). Vegetation, meanwhile, ranges in isotopic composition from
0.1040.32%o to -0.22+0.24%o (Chapter 3, Figure 3.3), with an average value of -0.07+0.26%o.
This overlap suggests that the transformation of vegetation to SOM results in little Mg isotopic
fractionation in these systems, but the nature of SOM is complicated in any soil, and caveats
exist with this simple analysis.

Debates over the formation, nature, and residence time of SOM in soils continue to the
present day. However, SOM is a longer-lived reservoir than adsorbed cations or vegetation in
our soil systems and can interact in synergistic ways with short-range-order phases to create
stabilized aggregates that increase the residence time of both SOM and short-range order phases
(Parfitt 2009). As such, when comparing the overall Mg isotopic composition of the SOM pool
to that of vegetation, we must acknowledge that the isotopic composition of SOM is the
integrated result of soil processes operating over decades or centuries, whereas the vegetation
8*°Mg values are the product of processes operating over a much shorter timescale. It may
therefore be coincidence that our vegetation values and SOM values match in Mg isotopic

composition. The 8**Mg of SOM in other study sites has not yet been characterized in the
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literature, and so further work must be conducted to determine the exact relationship between
these two reservoirs of Mg in ecosystems.

Our vegetation 8°°Mg values support previous work (Black et al. 2008; Bolou Bi et al.
2010; Bolou Bi et al. 2012) that shows that isotopically heavy Mg is preferentially incorporated
into vegetation (Chapter 3, Section 3.3.4. Vegetation). If we assume that the soil porewater that
Mg is being withdrawn from by vegetation has an isotopic composition near our mixing
estimates for the Hawi and Pololu inputs (Chapter 3, Figure 3.6), we calculate a A26Mgvegetaﬁon.
porewater Of ~ 0.2%o, smaller than most fractionations found in the aforementioned studies. As
described previously in the section on adsorbed cations, the isotopic composition of soil
porewater varies through time and space in these soils. If we use the isotopic composition of the
adsorbed cations as an estimate of soil porewater 8*°Mg values, the calculation of the
fractionation factor would yield a A26Mg vegetation-porewater Of ~ 1%0. The range of A26Mg vegetation-
porewater Values from ~ 0.2%o to ~ 1%o0 seems reasonable, but the true fractionation factor is
somewhere in the middle of these A26Mg vegetation-porewater Values, as plants are simultaneously
removing Mg from these soil porewaters as the soil porewaters evolve to the light Mg isotopic

compositions displayed by the adsorbed cations.

4.4.2.3. Carbonates

As the sequential extraction is looking specifically at the <2-mm fractions of the Hawi
and Pololu soils, the importance of carbonate in our analyses is underplayed since soil particles
cemented together by carbonates are excluded by the sieving process. Even so in these <2-mm
fractions carbonates can be important reservoirs of Mg in the soil horizons in which they appear,
accounting for 16% of the Mg in the lowest horizon of the Pololu soil and 60% of the Mg in the

lowest portion of the Hawi soil (Figures 4.5 and 4.6). Also these two percentages of Mg derived
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from carbonate should be even higher, as both the adsorbed cation extraction and SOM
extraction have dissolved some portion of the carbonates present. Carbonates in these soils are a
longer-lived reservoir of Mg than adsorbed cations, SOM or vegetation, but their formation is
still heavily influenced by the sporadic nature of rainfall in these regions as described in detail in
Chapter 3 (3.4.7. Forming Pedogenic Carbonates).

The sequential carbonates were not analyzed for 8°°Mg due to concerns with preferential
dissolution of reactive carbonate during the adsorbed cation and SOM sequential extractions.
Instead, Mg isotopic values from the bulk individual carbonate dissolution are used to represent
these fractions in our calculations (Chapter 3, 3.3.3. Soil Carbonates). We can also directly
estimate the Mg isotopic composition of the carbonates contaminating the SOM fraction if we
assume that the actual contribution from SOM to the amount of Mg in the horizon is the same as
the horizon above in the soil, and that the Mg in excess is derived from carbonate. This simple
calculation yields contamination by carbonate with a 8**Mg of -2.08%, a completely reasonable
value given the 8*°Mg values of the measured bulk carbonates in these horizons (Chapter 3,
Figure 3.3). This result suggests that the carbonate removed by the adsorbed cation and SOM

sequential extractions is not significantly different from the individual bulk carbonate.

4.4.2.4. Short-Range-Order Phases

The short-range-order phases dominate the Mg budget in the Pololu soil and are a
substantial reservoir of Mg in the Hawi soil, containing between 19% and 63% of the Mg in the
<2-mm portion of every soil horizon (Figures 4.5 and 4.6). The Pololu soil SRO fractions are
isotopically heavier than estimates from Chapter 3 of mixing between basalt weathering and
rainfall (average Pololu SRO 8*°Mg of 0.00:£0.08%o vs. mixing estimate of -0.33+0.22%o). The

Hawi soil SRO fractions are near our estimates of mixing between basalt weathering and rainfall
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(average Hawi SRO §*°Mg of -0.30+0.12%o vs. mixing estimate of -0.24+0.22%o). However,
calculating A**Mg values for the formation of these phases is complicated due to their extended
existence within the soils, as well as the mechanism of the formation of these phases.

The SRO phases are maintained in the soil environment over thousands of years,
gradually recrystallizing to the more stable phases sampled by our sesquioxide, kaolin group
mineral, and residuum sequential extractions. The longevity of these phases in the soils means
that the 8**Mg values of the SRO fractions analyzed are the integrated results of SRO formation
and modification over thousands of years. On shorter timescales, individual generations of SRO
phases may have variable 8*°Mg depending on the conditions of their formation. As such, when
looking over long timescales, mixing estimates between basalt weathering and rainfall are
probably better to assess Mg isotopic fractionation caused by the formation of the SRO phases,
rather than estimates of porewater isotopic values determined from our adsorbed cations
described above.

A further complication to this analysis is that SRO phases may not precipitate directly
from solution. This complexity is seen in Figures 2.7, 2.8, and 2.9 of Chapter 2 where these
phases appear to be direct alteration products of primary minerals. Within soil, heterogeneity is
important, and the simplifying assumption of direct precipitation from a homogeneous solution
does not hold.

Conservatively put given the caveats outlined above, SRO phases appear to preferentially
incorporate isotopically heavy Mg with a relatively small fractionation in the Pololu soil system
(~0.3%o0). The Hawi system does not appear to have this fractionation given our current mixing
estimates between basalt weathering and rainfall. The difference between the Mg isotopic

compositions of SRO phases in the two soils is currently not understood, but differences in the
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proportions of ferrihydrite, allophane, and imogolite between the soils might play a role. The
Hawi soil has lower Fe:Al ratios in the SRO fractions (Chapter 2, Table 2.20), suggesting less
ferrihydrite in these soils, which is supported by soil color as well. Attempts to characterize the
8**Mg values of the individual SRO phases may solve this problem.

These analyses are the first Mg isotopic analyses of the short-range-order phases in soils,
and given their importance in the Mg budget of these soils, as well as the ubiquitous nature of
ferrihydrite in the environment, these phases should play a large role in determining the
fractionation of Mg isotopes in soils around the globe. This discussion also sets the stage for
subsequent mineralogy fractions, many of which are derived from the recrystallization of the

short-range-order phases.

4.4.2.5. Sesquioxides

Sesquioxide phases account for 2% to 17% of the Mg budget in the <2-mm soil fractions
of the Pololu and Hawi soils (Figures 4.5 and 4.6). These phases display an average Mg isotopic
composition of -0.30+0.14%o, near mixing estimates between basalt weathering and rainfall
inputs for both soils. The **Mg values are also not significantly different between the Hawi and
Pololu soil systems at our level of analytical uncertainty. Once again the timescale over which
these phases form and are modified is important in understanding the meaning behind the §*°Mg
reported. The sesquioxide phase hematite is stable in this soil system over an extended period of
time, representing one of the final products of weathering in these systems (Chapter 2, Figure
2.5). As such the Mg isotopic composition of this sequential extraction fraction should be the
integrated product of hematite formation and modification over nearly the entire age range of our

soils.
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The §*°Mg values of the sesquioxide phases should be compared to the Mg isotopic
composition of ferrihydrite, which is the precursor of hematite in these soils. Hematite forms at
the expense of ferrihydrite due to aggregation, dehydration and internal structural rearrangements
(Schwertmann and Taylor 1989). These transitions do not involve dissolution and
reprecipitation from solution, which suggests that the initial Mg isotopic composition of
ferrihydrite plays a role in determining the Mg isotopic composition of the final hematite
produced. However, we must again note timescale differences between the residence time of the
ferrihydrite and hematite fractions in these soils, as ferrihydrite cycles more rapidly in these
systems than hematite. As such the Mg isotopic composition of the modern ferrihydrite in the
Hawi and Pololu soils does not necessarily represent the Mg isotopic composition of the average
ferrihydrite that has transformed over time to form hematite.

Unfortunately we were unable to deconvolute the complicated relationship of Mg
distribution among ferrihydrite, allophane, and imogolite, or of Mg isotopic composition among
ferrihydrite, allophane, and imogolite. This prevents us from understanding exactly where Mg
is in the short-range-order phases and whether or not the Mg isotopic composition varies among
ferrihydrite, allophane, and imogolite. If we assume that ferrihydrite has the 8°°Mg value we
have analyzed for the Pololu short-range-order phases (0.00+0.08%o), we find that the transition
from ferrihydrite to hematite appears to be associated with the preferential expulsion of
isotopically heavy Mg. If instead we assume that ferrihydrite has the 8°°Mg value we have
analyzed for the Hawi short-range-order phases (-0.30+0.12%.), it appears that no fractionation
occurs with this reorganization of the ferrihydrite into hematite. Only further work will resolve

this issue.
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One concept briefly discussed in Chapter 2 (2.5.4 A Horizons) is the idea that the
transformation from ferrihydrite to hematite most likely results in the expulsion of Mg from
hematite. This process may be important in providing a Mg flux within these soils as they age.
Comparisons of Figures 2.17 and 2.18 in Chapter 2 clearly show that short-range-order phases
are a small portion of the mineralogy, but a large Mg reservoir. Sesquioxide phases and kaolin
group minerals on the other hand are large portions of the mineralogy of these soils, but
relatively small Mg reservoirs. This difference in mineralogical abundance and Mg distribution
suggests that the transformation of short-range-order phases to more stable sesquioxides and
kaolin group minerals results in the release of Mg to the weathering environment. Unfortunately,
as we were unable to determine the Mg distribution amongst the SRO phases, it was impossible
to determine if the transition from ferrihydrite to hematite, or allophane and imogolite to kaolin
group phases, was ultimately responsible for most of the difference in Mg distribution between

these soil reservoirs.

4.4.2.6. Kaolin Group Minerals

The kaolin group minerals account for 1% to 3% of the Mg budget in the <2-mm soil
fractions of the Pololu and Hawi soils (Figure 4.5 and 4.6). Their low Mg contents, coupled with
the technique used for their extraction, prevented the analysis of §°°Mg values for these fractions.
However, their limited Mg contents suggest that these phases do not play an important role in the
overall Mg isotopic composition of the soils at either study site. The kaolin group minerals are
stable in these soils over extended periods of time, similar to hematite, but may eventually alter
to gibbsite after extreme desilication (Hsu 1989).

As discussed above in the section on sesquioxides, the kaolin group minerals can form at

the expense of allophane and imogolite over time, and this transformation may result in a
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significant expulsion of Mg as allophane and imogolite transform into these more stable phases.
Kaolin group minerals can also precipitate directly from solution, however, adding further

complexity to understanding the Mg contents of these phases.

4.4.2.7. Residuum

Residuum phases play a large role in the Mg budget of the <2-mm soil fractions of the
Pololu and Hawi soils providing 10% to 36% of the Mg in each soil horizon (Figure 4.5 and 4.6).
These phases also have variable Mg isotopic compositions that change with depth in the soils,
and change between the Hawi and Pololu soils (Figure 4.5 and 4.6). However all 8*°Mg values
for these fractions are heavier than mixing estimates between basalt weathering and rainfall
inputs for both soils. Understanding the complexity of this dissolution is important in
interpreting the variation in Mg isotopic composition between soils and with depth in the Pololu
soil.

The mineralogy of our residuum sequential extraction is diverse. This fraction removed
any remaining primary basalt phases, along with the weathering product gibbsite and the
weathering products of spinels. Elemental ratios and trends help us to decipher exactly what this
dissolution has extracted.

Gibbsite is one of the most stable products of weathering in these environments and most
likely provides a significant portion of the Al that we find in this sequential extraction fraction
(Chapter 2, Table 2.25). However, gibbsite probably contains very little Mg, as the kaolin group
minerals from which gibbsite can form have very little Mg. Gibbsite can also form from short-
range-order phases and directly from solution in some cases; it remains to be seen if such

formation mechanisms are associated incorporation of Mg.
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Other Mg reservoirs in the residuum sequential extraction are primary basalt phases like
plagioclase feldspar, orthopyroxene, and olivine. These phases would be associated with higher
concentrations of Na, Mg, Ca, Fe, and Al in the chemistry data for the residuum sequential
extraction. Fe and Al however, are also derived from other sources, so enriched Na, Mg, and Ca
numbers are a better indication of the dissolution of these phases. Broadly speaking, these
elements are enriched in the Hawi soil residuum sequential extraction fractions compared to the
Pololu soil residuum sequential extraction fractions (Chapter 2, Table 2.25).

Another primary phase from basalt that exists in these soils are spinel group minerals,
which are resilient to weathering. Chemical evidence for the existence of these phases, or of
their weathering products pedogenically produced over time, may be found in the horizons of the
Pololu soils. These horizons show significant amounts of Fe and Ti in approximately a 2:1
molar ratio, along with Mn concentrations positively correlated with Fe (Chapter 2, Figure 2.14).
Spinels are of particular interest because these oxide phases are an isotopically heavy reservoir of
Mg within basalt. Experimentally-derived A26Mgspinel-f0rsterjte values vary with temperature but
are on the order of 1%o at 700°C (Macris et al. 2013). Depending on the equilibration
temperature of the spinel and olivine phases in our basalts, spinel could be quite isotopically
heavy compared to the bulk basalt Mg isotopic compositions described (average 8°°Mg -
0.25+0.06%o).

We currently do not have a satisfactory explanation of the Mg isotopic variations in the
residuum sequential extraction fraction, but believe that further characterization work on the soil

phases represented by this dissolution will help to elucidate our results.
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4.4.2.8. Sequential Extraction Totals

Chapter 2 provides the weighted average of Mg in the sequential extraction fractions of
the <2-mm portions of the Hawi and Pololu soils (Chapter 2, Figure 2.19).

In a similar fashion we can also calculate the average Mg isotopic composition of each
sequential extraction fraction for all horizons in both soils (Figure 4.7). These two figures give
us a view of which soil phases dominate the Mg budget along with the Mg isotopic compositions
of the entire <2-mm soil fraction throughout the Hawi and Pololu soils. SRO and residuum
phases are isotopically heavy and significant reservoirs of Mg, but the enrichment in heavy Mg is
small enough that these fractions can be offset by the light isotopic compositions of adsorbed
cations and carbonates, which are smaller reservoirs of Mg in the total soils. This results in the
overall <2-mm fractions of our soils ending up with Mg isotopic compositions near our input
mixing estimates from Chapter 3 (-0.24+0.22%o for the Hawi, -0.33+0.22%o for the Pololu).

As many sequential extractions did not vary in Mg isotopic composition with depth in the
soils, the average values presented in the results section are similar to the total weighted average
Mg isotopic compositions throughout the soils in Figure 4.7. It should be noted that Figure 4.7
includes data from carbonate-contaminated adsorbed cation fractions skewing the weighted
averages of these sequential extractions to slightly isotopically lighter values. Of note is the
weighted average Mg isotopic composition of the residuum fraction for the Pololu soil, which is
significantly enriched in isotopically heavy Mg.

Figure 4.7 illustrates the consistency in Mg isotopic compositions in many of the
sequential extractions between the Hawi and Pololu soils, suggesting that the soil-forming
processes influencing the Mg isotopic compositions of the sequential extraction fractions are

operating similarly in both soils over these long (100 ka) timescales. This finding is important
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and suggests the trends in Mg isotopic composition we see are maintained through time, and not
the result of stochastic variations in these systems. The largest differences between soils
observed occur in the residuum phases and SOM fractions, which is probably a result of the
complicated nature of the residuum dissolution dissolution, and singular SOM analysis from the

Hawi soil.
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Figure 4.7: Weighted average 8>°Mg values of each sequential extraction fraction by soil. SOM
fractions contaminated by carbonate are excluded from this calculation. Uncertainties are not
shown for clarity.
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4.5. CONCLUSIONS

This study is the first of its kind to deconstruct a soil into its constituent parts and
measure the Mg isotopic compositions of those parts. We show that simple mixing between Mg
inputs to our soil systems can explain few of the variations in Mg isotopic compositions
observed in the <2-mm portions of these soil horizons.

Adsorbed cations in these soil systems are isotopically lighter than mixing can account
for, and are the only store of isotopically light Mg in soil horizons without carbonate. The nature
of the adsorbed cation fraction suggests that isotopically light Mg is being exported from both
the Hawi and Pololu soils, and that biolifting is not a dominant influence on Mg at these study
sites. SOM is isotopically heavy compared to mixing inputs, but is such a small fraction of Mg
that it plays little role in bulk soil Mg isotopic composition. Carbonate sequential extraction
fractions are important at depth in these soils and can be a large reservoir of isotopically light
Mg. The importance of carbonate in the <2-mm soil fractions, however, is limited compared to
the role these phases play in the <2-mm and >2-mm bulk soil described in Chapter 3, due to the
role of carbonate as a cementing agent in these systems. Short-range-order phases dominate the
Mg budget in the <2-mm fractions of these soils. The short-range-order fractions are isotopically
near basalt values in the Hawi soil and isotopically heavier than basalt values in the Pololu soil,
suggesting preferential incorporation of isotopically heavy Mg during the formation of these
phases. The short-range-order phases are of additional interest because of their metastability,
transforming into the sesquioxide phases and kaolin group minerals over time. The sequioxide
fractions contain less Mg than the short-range-order mineral phases and are isotopically similar
to basalts. Without knowing the Mg content and Mg isotopic composition of the ferrihydrite

portion of the short-range-order minerals, however, it is impossible to say anything definitively
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about the transition from ferrihydrite to hematite in terms of Mg explusion or Mg isotopic
fractionation. Kaolin group minerals contribute little to the Mg budgets of these soils, so little
that we were unable to analyze them for Mg isotopic compositions. The residuum sequential
extraction is a complex mixture of basalt-derived primary phases, gibbsite, and the weathering
products of spinels, making understanding the nature of this fraction difficult. This fraction
displays variations with depth and between soils, suggesting complex behavior that requires
further investigation.

These soil systems are complex, and understanding the functioning of all of the
sequential extraction fractions in the soil system and how they relate to one another as they
operate on different timescales is challenging. By using the chronosequence approach and
comparing the Hawi and Pololu soils, we can be reasonably certain that the Mg isotopic
compositions of many of our sequential extractions are meaningful and not the product of chance
fluctuations in the soils systems. Coupled with the results of Chapter 3, this work strongly
supports that the formation of most silicate and oxide weathering products results in preferential

uptake of isotopically heavy Mg, and expulsion of light Mg into soil solution.
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