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The Yilgarn Craton of Western Australia is composed of Archean basement, a variety of discontinuous Cenozoic
sedimentary rocks, and thousands of ephemeral saline lakes. Many of these lakes have extreme chemistry,
with pH values down to ~1.5. Previous workers have suggested that the regionally acidic groundwater that
feeds these lakes has reached its unusually low pH as the result of long-term continental denudation and may
be a characteristic of late-stage continental weathering and may have been important in the geologic past.
However, it is difficult to evaluate the relationship between weathering history and fluid chemistry. Here, we
usemineralogy, major oxide geochemistry, and trace element geochemistry to compare theweathering histories
of rocks preserved in drill cores frombelow two saline lakes in this region—one acid (Prado Lake, pH ~ 3) and one
neutral (Gastropod Lake, pH ~ 7). The cores preserve a combination of relatively unweathered basement,weath-
ered saprolite, detrital sediments, and authigenic precipitates. Geochemical and mineralogical data show that
while extreme chemical weathering has occurred at both sites there are significant differences between the
two systems thatmay explain the difference inmodern surface chemistry. The regolith below the neutral Gastro-
pod Lake is overall more highly weathered than at the acidic Prado Lake, although the Prado Lake core material
transitions through a greater gradient from less weathered to more highly weathered material up the core. The
Prado Lake core includes several meters of paleodrainage fill sediments on top of the weathered regolith, which
may have provided a rejuvenated source of reactive surfaces to locally generate acidity with further chemical
weathering in a system already lacking buffering capacity. In contrast, there is only a thin veneer of detrital
sediments, which appear to have been sourced from proximal high weathered Archean basement, within the
Gastropod Lake core. The influence of the modern acid saline lake water and groundwater is reflected in the
mineralogy and geochemistry of the regolith, which no doubt complicates simple interpretations of geochemical
records andweathering indices. This study reveals new insight about the range of processes that have influenced
the Yilgarn Craton, one of the oldest intact pieces of Archean crust in the world.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Western Australia is host to the Yilgarn Craton, which is, at
~657,000 km2 (~260,619 mi2), one of the largest intact pieces of
Archean crust in the world (Anand and Paine, 2002). This ancient
terrain is composed primarily of granitoids and belts of north–
northwest-trending greenstone belts, as well as more localized oc-
currences of ultramafic and mafic volcanic rocks and banded iron
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formations. Although many of the Archean rocks are found as out-
crops, some of these basement materials are overlain by packages
(0–150 m thick) of deeply weathered regolith (unconsolidated in-
place or transported rock material, indurated silcretes, calcretes, and
ferricretes), saprolite (chemically weathered in situ rock), and/or sedi-
mentary rocks and unconsolidated sediments of various Cenozoic ages
(Ollier and Pain, 1996; Anand and Paine, 2002; Oboh-Ikuenobe, 2013).
The craton is tectonically stable and believed to have been exposed
since the Middle Eocene (deBrokert and Sandiford, 2005) and possibly
since incision initiated during the Permian to Jurassic (Clarke et al.,
1996). After separating from Antarctica (~65 Ma), continued northward
pate motion resulted in a marked increase in regional aridity approxi-
mately 10 Ma (Zheng et al., 1998; Hou et al., 2008). This change in
climate, northeast continental tilting (Sandiford, 2007; DiCaprio et al.,
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2011), and fluctuations in sea level led to the infilling of the extensive
network of channels that once drained the majority of southern West-
ern Australia (e.g. Gregory, 1914; Alley et al., 1999). The remaining sur-
face expressions of these paleodrainages are many of the thousands of
ephemeral, acid and alkaline saline terminal lakes (e.g. Clarke et al.,
2003; Hou et al., 2003, 2008) (Fig. 1).

One example of a paleodrainage system on the Yilgarn Craton is the
Cowan Paleodrainage, which is comprised of the large, ephemeral Lake
Cowan near Norseman and many smaller ephemeral lakes to the south
(Fig. 1B). Within the Cowan Paleodrainage, modern lake water pH
values range from 2.5 to 8.6 (avg = 5.2) with salinities from 1.2% to
24% TDS (avg = 9%), and groundwater pH values range from 2.4
to 6.9 (avg = 3.6) with salinities from 5% to 24% TDS (avg = 16%)
(n = 26, sites 31–32 and 35–58; Bowen and Benison, 2009). Previous
studies described the surface sedimentology, geochemistry,mineralogy,
hydrology, microbiology and subsurface stratigraphy associated with
these lakes (e.g. Mann, 1983; McArthur et al., 1991; Alpers et al., 1992;
Clarke, 1993, 1994a, 1994b; Salama, 1994; Clarke et al., 1996; Gray,
2001; Clarke et al., 2003; Benison et al., 2007; Bowen et al., 2008; Hou
et al., 2008; Mormile et al., 2009; Story et al., 2010).

A longstanding question is what processes have contributed the
formation of acidity in this system. It has been proposed that the acidity
is the result of long-term continental weathering (e.g., Long and
Lyons, 1992; Rey, 2013), however, the relationship between basement
weathering and local lake water chemistry remains unclear. The objec-
tive of this work is to examine two drill cores on the Yilgarn Craton
from areas with different modern surface aqueous chemistry to evaluate
the potential relationship between weathering history and surface
chemistry. To this end, two small shallow saline lakes located within
the Cowan Paleodrainage approximately 60 km from one another were
chosen as representative acid and neutral end members—informally
named Prado Lake (lake and groundwater pH ~ 3) and Gastropod Lake
(lake pH ~ 7 and groundwater pH ~ 4; Fig. 1). The region that the lakes
occupy is mapped as Quaternary sand deposits, Paleogene–Neogene
sedimentary rocks (e.g. Princess Royal Spongolite at Prado Lake and
Pallinup Siltstone at Gastropod Lake), and Archean granitic basement
(e.g. granite, biotite–granite at Prado Lake and banded garnet–biotite
gneiss and varied granites at Gastropod Lake) (Doepell et al., 1972;
Morgan and Peers, 1972). The acid saline surface water at Prado Lake
contains high concentrations of Si (~3700 mg/L), Al (~2500 mg/L) and
Fe (~176 mg/L). In contrast, the neutral saline surface water at Gastro-
pod Lake has considerably lower concentrations of Si (~61 mg/L), Al
(~128 mg/L) and Fe (~11 mg/L). The groundwater at both lakes is
acidic and saline with spatially variable concentrations of Al, Si, and Fe
(Bowen and Benison, 2009). The surface water chemistry is spatially
and temporally heterogeneous, being influenced by regional acidic
saline groundwater influx, flooding–evaporation–desiccation cycles, as
well as eolian and aerosol input (Benison et al., 2007). While the phys-
ical hydrology of these specific lakes has not been examined in detail,
more regional studies show that groundwater movement in this area
is sluggish, perhaps moving on million year time scales (Gray, 2001).

2. Material and methods

2.1. Field work and core analysis

The drill cores used for this study were obtained from the modern,
groundwater-saturated sandflats at Prado Lake (PL2-09: 13.09 m eleva-
tion; S32.43° E121.72°) and Gastropod Lake (GLE1-09: 12.74 m eleva-
tion; S33.08° E121.68°) in January 2009 as part of a larger collaborative
drilling campaign in 2009 focused on the evolution of acidification
in this region (Fig. 2). Each ~9 cm diameter core was drilled using a
minisonic drill rig owned and operated by Boart Longyear. This method
was used since no drilling fluids are needed which minimizes the po-
tential for dissolution or alteration of minerals during the drilling pro-
cess and increases the potential for retrieval of soluble minerals. In
addition, inminisonic drilling, the drill pipe vibrateswhile beingpushed
down and rotated, allowing for recovery of intact unconsolidated sedi-
mentary layers. The minisonic drill rig is also lightweight, mobile on
treads, and operated by remote control, which makes it appropriate
for drilling on unconsolidatedwet sediment. Overall, drill core recovery
was good, although unconsolidated zones “caved in” through some
sections (“x” zones in stratigraphic column of Fig. 3) and the some of
the core became locally distorted or convoluted along the outermost
edges (~1–2 cm). The cores were transported to the Joe Lord Core
Library at the Geological Survey of Western Australia in Kalgoorlie-
Boulder where they were manually cut into three vertical sections (on
a rock saw with limited water used), digitally imaged, subsampled,
and described in detail. Each core was sampled for later mineralogical,
geochemical analysis, palynological, and geochronological data.

Thin sections of cores were made and examined for petrography.
Large format (2″ × 3″) thin sections were prepared using epoxy im-
pregnation, no water, and no heat. Forty-two thin sections from the
PL2-09 core and 25 thin sections from the GLE1-09 core were examined
with plane transmitted, polarized, and reflected light on an Olympus
SZX binocular microscope (6.3–90× magnification) equipped with a
digital camera and Spot imaging system.

Grabel (2012) analyzed the dispersed organic matter and paly-
nology of the core materials from these two lakes, and those results
are discussed herein in interpreting the type of materials present in the
cores (e.g., detrital sediment versus in situ regolith).

2.2. Mineralogy

2.2.1. VNIR–SWIR reflectance spectroscopy
Approximately 20 g of sediment samples was analyzed at 5 cm in-

tervals along each core (PL2-09: n = 248 samples; GLE1-09: n = 256
samples; Fig. 3). In addition, powdered rock retrieved from the base of
PL2-09 (1245–1309 cm) was analyzed as a single sample. All sam-
ples were allowed to dry at room temperature before being analyzed
using a FieldSpec 3 Analytical Spectral Device (ASD), which has a visible/
near-infrared to shortwave infrared spectral range from 350 to 2500 nm
and wavelength sampling ranging from 3 to 10 nm. The ASD contact
probe is self-illuminated and has a 1 cm diameter spot size. Analysis of
the spectral data focused on the visible/near-infrared ferric iron absorp-
tion feature (750–1000 nm) and the shortwave infrared ~2200 nm
Al–OH absorption feature (Clark, 1999). These analyses used continuum
removed reflectance spectra. The continuum (i.e. background) repre-
sents the overall albedo of the reflectance pattern and removing it
normalizes the spectra and enhances specific absorption features
(e.g. Clark and Roush, 1984). The wavelengths of the continuum re-
moved absorption feature minima were used to identify specific
minerals (e.g. hematite: ~850 nm, goethite: ~960 nm and kaolinite:
~2200 nm), while changes in the spectral depth of the absorption fea-
tures were used to infer variations in the relative abundances of these
minerals (Fig. 3).

2.2.2. X-ray diffraction
Results from theASD analyseswere used to help select a representa-

tive subset of samples (PL2-09: n = 9; GLE1-09: n = 8) to analyze for
mineralogy using X-ray diffraction. Samples were prepared as pressed
powders and analyzed on a PANalytial X'Pert PROMPDX-ray diffraction
system at Purdue University. The bulk mineralogy of each sample was
identified using the X'Pert High Score Plus software package (Table 1
and Fig. 3).

2.3. Geochemistry

Subsamples from each core were collected at ~50 cm intervals
(PL2-09: n = 27; GLE1-09: n = 21), with the exception of any
zones where the core was interpreted to have been significantly dis-
turbed by the drilling process. A portion of each subsample was
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analyzed for major oxides and trace elements by Activation Laborato-
ries (Ancaster, Ontario) using lithium metaborate/tetraborate fusion
ICP/MS.
2.3.1. Weathering indices
The major oxide geochemical data serve as input for three

weathering indices—the Chemical Index of Alteration (CIA; Nesbitt
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and Young, 1982), the Chemical Index of Weathering (CIW; Harnois,
1988), and the Weathering Index of Parker (WIP; Parker, 1970)
(Fig. 4). These weathering indices typically illustrate the degree of
chemical weathering, but in a system with extensive acid diagenesis
such as this, are also indicators of groundwater-related alteration. All
three indices use molecular proportions of major element oxides in
their calculation (e.g. Al2O3 = wt.% Al2O3/molecular wt Al2O3), and
provide a unitless value.

The calculation used for theCIA (Eq. (1); Braun et al., 2009; Strømsøe
and Paasche, 2011) assumes that Al is immobile and restricts the CaO
contribution to that derived from silicate materials (Eq. (2)). Addi-
tionally, soluble salts (e.g. halite, sylvite) which were identified in
trace amounts via XRD, were likely dissolved after XRD analysis dur-
ing ICP/MS sample preparation, so it is assumed that they do not con-
tribute to the total Na2O or K2O. Unaltered basement samples are
suggested to have CIA values of b50 (Price and Velbel, 2003), while
highly weathered samples have CIA values of 70–100 (Nesbitt and
Markovics, 1997).

CIA ¼ 100 Al2O3= Al2O3 þ CaOsilicates þNa2Oþ K2O
� �h i

ð1Þ

CaOsilicates ¼ CaO–10=3 P2O5ð Þ ð2Þ

In order evaluate geochemical evidence of paleosols, CIW was also
employed. This calculation (Eq. (3)) is similar to that of the CIA, but
because paleosols tend to be enriched with respect to K2O, it removes
K2O from the equation. Because the term “weathering” in CIW implies
a direct genetic relationship that may or may not exist, this is labeled
CIA-K instead of CIW (Maynard, 1992). Highly weathered samples are
suggested to have CIA-K values of N90 (Maynard, 1992). For both the
CIA and CIA-K, the removal of Al results in higher values, which suggest
a higher degree of chemical weathering (Strømsøe and Paasche, 2011).
Additionally, a strong correlation between CIA and CIA-K values
(R2 = 0.97) is indicative of a modern soil (Maynard, 1992) (Fig. 4).

CIA‐K ¼ 100 Al2O3= Al2O3 þ CaOsilicates þNa2O
� �h i

ð3Þ

The calculation for theWIP (Eq. (4); Braun et al., 2009; Strømsøe and
Paasche, 2011) removes Al from consideration and includes only highly
mobile alkali and alkaline earth elements (Price and Velbel, 2003). The
denominators in this equation reflect the molecular bond strength of
each oxide. Unaltered basement typically have WIP values of N100,
while weathered samples have WIP values of zero (Price and Velbel,
2003). In this case, lowerWIP values indicate the removal of highlymo-
bile alkali and alkaline earth elements, which suggests a higher degree
of weathering (Parker, 1970).

WIP ¼ 100 2Na2O=0:35ð Þ þ MgO=0:9ð Þ þ 2K2O=0:25ð Þ þ CaO=0:7ð Þ½ �
ð4Þ
2.3.2. Trace element variability
The same samples analyzed for major oxides were also analyzed for

a suite of trace elements. Trace element concentrations were evaluated
with various ratios and rare earth elements were normalized to report-
ed values for Australian Archean crust (e.g., Nance and Taylor, 1977).

Coefficients of variation (CV; Eq. (5)) for each drill core were used to
quantify element variability and to evaluate if the regolith was formed in
Fig. 1. Location of study area. A) False color Landsat ETM+ image of southernWestern Australia
location of regional faults. Dashedwhite box shows location offield site for this study that is show
the subject of this study (denotedwithwhite stars) in the context of the approximate location of
shows) system based on the presence of abundant laterally adjacentmodern saline lakes. Locati
of nearly lakes and road. D) Map Gastropod Lake area. E) Field photo of acidic Prado Lake. G
G) GoogleEarth images of Prado Lake—32.433, 121.718, and H) Gastropod Lake—33.083, 121
Stars mark the drilling location at each lake. (For interpretation of the references to color in th
situ or transported (e.g. CV Ti/Al, CV Ti/Zr, CV Zr/Hf;Maynard, 1992). This
equation assumes that these elements are evenly distributed throughout
the source rock (e.g. basement) and that they are immobile during chem-
icalweathering. This equation yields a single value for each element ratio,
where higher values suggest input from external sources (Strømsøe and
Paasche, 2011).

CV ¼ σ Ti=Alregolith
� �

=mean Ti=Alregolith
� �

ð5Þ

Trace element ratios (Ti/Al, Ti/Zr, and Zr/Hf),were also used to calcu-
late the degree of deviation from the parent material and to determine
if the basement was the lithological source of the regolith (Eq. (6);
Maynard, 1992; Fig. 6). This equation assumes that the parent basement
sample used for comparison is unaltered. The use of altered basement
samples will result in an underestimation of the degree of chemical
weathering (Strømsøe and Paasche, 2011). This same equation was
also applied to theweathering indices (e.g.Δ-CIA) as tool for visualizing
the vertical changes of each index (Fig. 4).

ΔTi=Al ¼ Ti=Alregolith–Ti=Alparent
� �

=Ti=Alparent ð6Þ

In order to better quantify the variability between relatively fresh
basement and any overlying weathered material, Δ-index values
(Δ-CIA, Δ-CIA-K, Δ-WIP; Fig. 4) as well as Δ-ratio values (Δ-Ti/Al,
Δ-Ti/Zr, Δ-Zr/Hf; Fig. 6) and coefficients of variation (CV Ti/Al, CV
Ti/Zr, CV Zr/Hf; Table 3), were calculated for both drill cores. All of the
calculations assume that unweathered basement is used as a baseline;
however, because the crystalline basement was mixed with either
potential paleosol material and/or saprolite, the three weathering indi-
ces were used to identify the least altered sample at depth. In both drill
cores, this sample occurred at 1205 cm (Table 3, Fig. 4); thus, the sam-
ples from this depth served as the baseline for the Δ-index, Δ-ratio and
CV calculations. Plotting the Δ-index values with depth illustrates the
response of each weathering index. For example, positive values indi-
cate a higher degree of chemical weathering, while negative values in-
dicate a lesser degree of chemical weathering.

Several coefficients of variation (CV = σ / mean) were calculated
using the same three element ratios (Ti/Al, Ti/Zr and Zr/Hf) in order to
determine if the weathered material in each core weathered in situ
(Table 3). This calculation provides information similar to that derived
from the Δ-ratio values (e.g. Δ-Ti/Al). However it simplifies this infor-
mation by providing a single value that represents the overall degree
of similarity between thematerial at depth and the overlyingmaterials.
As a result, lower CV values indicate less variability from the parentma-
terials (Strømsøe and Paasche, 2011).

3. Results

3.1. Core materials and stratigraphy

Textural observations of the core materials show that the cores
preserve a combination of basement, saprolite, detrital sediments,
and authigenic precipitates (Figs. 2 and 3), yet it is very difficult to
visually distinguish between the different types of materials that are
present within the regolith.

The Prado Lake core was drilled on amodern, thin (~1 cm) sandflat/
shoreline (Fig. 1) directly underlain by a lithified sandstone unit,
with location of lakes where pHwasmeasured (data after Bowen and Benison, 2009) and
n inB. B)GoogleEarth satellite image showing the locations of the two saline lakes that are
theCenozoic northward-flowing (e.g., Hou et al., 2008) Cowanpaleodrainage (dashed line
ons shown in C and D outline inwhite boxes. C)Map of Prado Lake area showing locations
eochemistry after Bowen and Benison (2009). F) Field photo of neutral Gastropod Lake.
.684. White surface on lake indicates the presence of salt crust at the time of the photo.
is figure legend, the reader is referred to the web version of this article.)
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interpreted as recently cemented at the surface. This sandstone unit
extends from 1 to 107 cm. From 107 cm to 525 cm, there is a package
of silty/sandy clay of varying color (e.g.whitish claywithmm to cmscale
blebs of red, yellow andpink iron oxide accumulations). From525 cm to
1022 cm, color variation is significantly less, and the silty/sandy clay be-
comes a consistent dark yellow/bronze color. This bronze colored unit
also has intermittent layered beds (cm scale, at 569–618 cm, 724–
756 cm) and grades into a coarser-grained clayey sand unit starting at
819 cm. The first definite appearance of saprolite (e.g. preserved bed-
rock texture) occurs in the bronze unit at 991 cm, and the first appear-
ance of highly weathered basement rock occurs at 1022 cm. Here it
appears as coarsely crystalline granite in the bronze clayey sandmatrix.
The vibrations from the coring process began to fragment the base-
ment rock near the base of the core (~1079 cm) until it was reduced
to crystalline gravel and powdered rock by 1229 cm.

The Gastropod Lake core was also drilled from a modern sandflat/
shoreline (Fig. 1), which consists of reddish/brown clayey sand from
0 cm to 13 cm and grades downward into a massive, micaceous white
and pink clay that continues to the top of the saprolite at 154 cm.
The white portion of this unit (41 cm to 57 cm) contains a significant
amount (~5%) of coarse grained floating quartz grains. The saprolite
at Gastropod Lake is dark gray and ~equal parts clay and medium-
grained sand, and retains the original fabric of the parent granite
(e.g. quartz bands). Small pieces (mm- to cm-scale) of the basement
are present throughout the saprolite, but are more abundant toward
the base of the core. Despite this increase, this core does not appear
to have penetrated the boundary between saprolite and unweathered
basement.

Thin section petrography showed that both the Prado Lake and the
Gastropod Lake cores contain sediment composed of angular—rounded,
spherical—subangular abundant quartz sand grains, less common feld-
spar sand grains, and books of clay minerals. Some core depths contain
well-sorted sand, but much of the cores contain poorly-sorted sand in a
mud matrix. Clay books are silt—coarse sand-sized and seem randomly
distributed. Abundant crack features, including autoclastic breccia and
circumgranular cracks, suggest wetting and drying processes. Less
common root features are observed. Faint lamina can be distinguished
in some thin sections, but most seem disrupted by cracks and roots.
Fe-oxides exist as grain coatings and as Fe-oxide concretions. In some
places, displacive halite and gypsum were observed. Gypsum cement
lines many cracks. Thin section petrography shows both similarities
and differences between the two cores. The characteristics described
above are similar for both cores. However, the Gastropod Lake core
has more clay books, less Fe-oxides, and more pink color. Petrographic
observations suggest that both cores reflect bedrockweathering, detrital
deposition, authigenic precipitation, and physical disruption by wetting
and drying and root growth.
3.2. Mineralogy

Visible/near infrared–shortwave infrared (VNIR–SWIR) reflectance
spectroscopywas used to evaluate the relative abundance and variability
in the type of iron oxide and phyllosilicate minerals at high resolution in
both drill cores (Fig. 3). Since the grain size of the sediments does not
change significantly through the drill cores, changes in the depth of the
absorption features are likely dominantly due to changes in mineral
abundance (Clark, 1999).
Fig. 2. Color images of cores and representative micrographs illustrating the complex textures o
photographs of corematerials retrieved from belowPrado Lake and B) Gastropod Lake. Cores im
and are not artifacts of drilling. C–H) Petrographic reflected light micrographs showing represe
location of porosity (samples vacuum impregnated with blue epoxy). C) Prado Lake core 236–
Lake core 599–601 cm. G) Prado Lake core 435–442 cm. H) Gastropod Lake core 780–785. (For
web version of this article.)
In the Prado Lake drill core, changes in the depth of the ferric iron ab-
sorption feature suggest that the relative abundance of iron oxides is
highly variable but generally increases with depth to about ~1000 cm.
It peaks between 819 cm and 1022 cm before decreasing sharply in
the saprolite and disappearing in the basement (1245–1300 cm). Varia-
tions in the wavelength of the absorption minima show that goethite is
the dominant iron oxide throughout thedrill core, but hematite becomes
more prevalent above 525 cm. The depth of the Al–OH absorption fea-
ture at 2200 nm, which is interpreted to reflect changes in the relative
abundance of clay (dominantly kaolinite), is low near the surface, but
peaks between 400 cm and 500 cm. Below 525 cm, the relative abun-
dance of clay drops off significantly, with a small peak around 800 cm
before becoming negligible in the basement. While there is some vari-
ability in the wavelengths of the absorption minima of the clay features,
they remain relatively constant, never shifting more than 5 nm, likely
reflecting changes in crystallinity.

In the Gastropod Lake drill core, all spectral features are significantly
less variable than those in the Prado Lake core. The depth of the ferric
iron absorption feature suggests that the relative abundance of iron
oxides ranges from moderately abundant near the surface (0–154 cm)
and below ~1000 cm to negligible amounts through the middle of the
drill core. Goethite is again the dominant iron oxide throughout, with
the exception of the multicolored clay near the surface (13–154 cm),
where hematite dominates. The depth of the Al–OH absorption feature
suggests that the relative abundance of clay is low in the sandflat but
increases at ~13 cm and remains roughly constant throughout the rest
of the drill core. Thewavelength of the Al–OHabsorptionminima is sim-
ilar to that in much of the Prado Lake core (e.g., kaolinite), but shows a
striking lack of variation throughout the entire length of the drill core
(Fig. 3B).

X-ray diffraction confirmed the composition of the corematerials sug-
gested through petrographic and spectroscopic investigation (Fig. 3F and
Table 1). Themajority of the sampleswere composed of a combination of
quartz, potassium feldspar, kaolinite, and iron oxide, with trace amounts
of muscovite, rectorite, bixbyite, anatase, halite and sylvite.

3.3. Geochemistry and weathering indices

Major oxide (SiO2, Al2O3, Fe2O3, MgO, MnO, CaO, TiO2, Na2O, K2O,
P2O5 and LOI) and trace element (Cr, Hf, Pb, Rb, Sr, Zr, Ce, Nd, etc.) com-
position varies throughout both cores (Tables 2 and 3). Trace
amounts of soluble salts detected in the samples via XRDwere dissolved
during preparation of the subsample and are included in the total
LOI. These data were used to calculate the range of CIA, CIA-K, WIP,
Δ-index values, and coefficients of variation for each of the cores
(Table 4).

4. Discussion

The presence of regionally extensive naturally acid surface and
groundwaters in Western Australia generally requires a source of acid-
ity and a lack of buffering alkalinity across the southern Yilgarn Craton
(e.g., Long and Lyons, 1992; Gray, 2001). The Yilgarn is one of the oldest
intact pieces of Archean crust on Earth and has been exposed to
weathering processes for millennia, characteristics that align with
the hypothesis that long-term exposure and continental denudation
are key factors in creating this acid system. However, not all of the
f regolith. Left column = Prado Lake, right column = Gastropod Lake. A) Representative
aged are ~9 cm in diameter. Color variations are the product of weathering and diagenesis
ntative textures between grains and authigenic precipitates within regolith. Blue indicates
244 cm. D) Gastropod Lake core 38–45 cm. E) Prado Lake core 294–298 cm. F) Gastropod
interpretation of the references to color in this figure legend, the reader is referred to the
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lakes in this region are acidic, suggesting the local spatial variations
in themany factors that influence acidity such as basement composition,
depositional history, paleosol development, subsurface fluid flow path-
ways, surface hydrology and geomorphology, and the presence of ex-
tremophile archea and bacteria (Mormile et al., 2009). Here we explore
the differences in subsurface composition and geochemistry at these
two acid and neutral endmember lakes to evaluate how the differences
in weathering, depositional, and diagenetic history may have influenced
themodern surface chemistry. Our observations show that the two lakes
have experienced very different histories of regolith evolution, which
may explainwhy the surfacewater at Prado Lake is acidic and Gastropod
Lake is not.

4.1. Weathering zones and stratigraphy within the Prado Lake core

Differences inmineralogy (Fig. 3), the relationship betweenWIP and
CIA (Fig. 4B andD), and changes in trace element concentrations (Fig. 5)
show four weathering zones within the Prado Lake core (P1 to P4 from
the base of the core to the surface) that correspond to other observed
changes in texture, mineralogy, and geochemistry. At the base of the
Prado Lake core, theweathering indices reveal the presence of relatively
unweathered in situ basement (WIP: 70–92), with the highest value
(i.e. least altered sample) occurring at 1205 cm (Fig. 4A). The lower-
most zone of the core (P1: ~1000 cm–1300 cm) also corresponds to
the material in core with textures indicative of low concentrations of
clay (Fig. 3e) and amajor transition in the amount of apparent chemical
weathering (Fig. 4A). This zone also corresponds to an abrupt decrease
(up-section) in the concentration of Pb, Rb, and Sr (Fig. 6D), suggesting
that these elements are components of the crystalline basement that are
mobilized throughweathering in the overlying regolith while the top of
PI is highly weathered, relative to the overlying materials, suggesting
that it may have been an exposure surface before deposition of the
overlying unit. The difference in CIA versus CIA-K (Fig. 5A) and the
high ΔTi/Al values suggest that there may be a paleosol developed in
this zone, however as there are only two samples, a lack of correlation
cannot be shown (e.g., no apparent K2O accumulation).

Moving up-section, zone P2 (~500 cm–1000 cm) is characterized by
a shift to slightly less weathered material and then shows a steady in-
crease in weathering up-section (Fig. 5B), This shift corresponds to the
section of the core where goethite dominates as the iron oxide, and
Al-clays consistently increase in abundance (Fig. 3A). The top of this
zone is characterized by a marked increase in the concentration of kao-
linite up-section. We interpret this zone to be a sedimentary deposit of
transported regolith composed of reworked proximal basement. None
of the data suggest an influx of materials with an exotic provenance
through this part of the section. However, this section of the core does
not contain the high trace element concentrations (Pb, Rb, Sr) that
were characteristic of the basement, suggesting a different weathering
history if not provenance. The base of P2 is highly enriched in Fe
and depleted in Ce (Fig. 6), suggesting a major redox boundary at
the contact between sedimentary cover and in situ basement where
both ferrunginization and leaching of rare earth elements have occurred
with past groundwater flow.

There are portions of each drill core where the WIP indicates a
lesser overall degree of weathering than either of the other two indi-
ces, especially at depth (PL2-09: below ~1000 cm; GLE1-09: below
Fig. 3. Stratigraphic columns and mineralogical data for A) Prado Lake (PL2-09) and B) Gastro
showing changes in lithologic textures observed in cores. (b) Percent visible to near infrared
for each analyzed subsample (5 cm sampling interval). Lower reflectance (to the right) is regar
increaseswith abundance. (c)Wavelength (in nm) of the Fe3+ absorption featureminima illust
eralogy,while lighter gray to the right consistentwith goethite or other ferric oxyhydroxides. (d
Al–OHbearing clay (e.g., kaolinite). (e)Wavelength (in nm) ofAl–OHabsorption featureminim
weight percent via X-ray diffraction (Qtz = quartz, Kao = kaolinite, Ksp = potassium feldspar
geochemical data (e.g., Fig. 5B and D). At Prado Lake, we interpret P1 to be in situ regolith and
stratigraphic contacts. At Gastropod Lake,we interpret G1–G2 to be in situ regolith andG3 to be
with a shift in the intensity of chemical leaching.
~600 cm). These are examples of locations where the CIA and CIA-K
are overestimating the degree of weathering (Strømsøe and Paasche,
2011) as a result of Al being leached from the system at acid ground-
water related redox fronts. Evidence of redox fronts and diagenetic
changes in composition are also indicated by the abrupt change in
Fe/Ti and Ce/Nd (Figs. 5 and 6;McQueen, 2006). At Prado Lake, variations
between the weathering indices may also be impacted by basement
heterogeneity and the presence of clasts of relatively unweathered base-
ment interspersed throughout the saprolite.

In contrast, zone P3 (~100 cm–500 cm), is characterized by an ex-
treme shift to much less weathered materials (e.g., comparable level of
weathering to materials from ~8 m below) (Fig. 4A) and is interpreted
as a transported more arkosic sedimentary deposit that has undergone
more recent chemical weathering and diagenesis. The level of apparent
weathering increases significantly over a short stratigraphic section
and is accompanied by an increase in the amounts of Cr and Ti (Fig. 6).
Comparison of CIA and WIP (Fig. 5B) suggests that this section of the
core includes some of the least weathered materials, and trace ele-
ment concentrations (Fig. 6) suggest that these materials have ei-
ther an exotic provenance or have been highly altered relative to
the underlying material. This zone is also characterized by a shift
from what had been increasing amounts of Al-clay below, to de-
creasing amounts of clay and increasing amounts of quartz, which
is consistent with the interpretation of a change to more distal detri-
tal source. There is also an increase in hematite, perhaps suggesting
a change in environmental chemistry to more oxidizing or poten-
tially acidic conditions.

Vertical changes in Δ-Ti/Al and Δ-Ti/Zr values suggest that the least
weathered material encountered near the base of the core was not
the lithological source for the overlying sediment (Maynard, 1992)
(Fig. 6). However, while Δ-Ti/Al and Δ-Ti/Zr values are typically good
parameters for determining the lithologic source of weatheredmaterial,
authigenic Ti- and Al-bearing minerals have been documented at
other acid saline lakes in Western Australia (e.g. kaolinite, alunite
and anatase; Story et al., 2010). Because of this, it is possible that
the fluctuations in Δ-Ti/Al and Δ-Ti/Zr values may be due to changes
in groundwater and/or surface water chemistry, and subsequently
the mineralogy, rather than changes in the lithologic provenance (Du
et al., 2012). Unlike Ti and Al, Zr andHf tend to only occur in zircon crys-
tals, which are unlikely to be affected by the extreme chemistry of the
lakes and as a result are generally considered better tracers of prove-
nance (Maynard, 1992) although recent studies have shown that even
these elements may be mobile in intensely weathered regolith. In the
Prado Lake core, the majority of the Δ-Zr/Hf values are similar to
those in the crystalline basement and do not fall outside of the defined
cutoffs. The only exceptions occur at 805 cm and 55 cm. This indicates
that the majority of the core material weathered in place, and had little
input from external lithological sources, suggesting that the elevated
Δ-Ti/Al andΔ-Ti/Zr values aremore a function of chemistry than chang-
ing provenance. However, the overall trend of variability in the Δ-Zr/Hf
data is similar to that observed in the Δ-Ti/Al and Δ-Ti/Zr datasets. This
suggests that while the Δ-Ti/Al and Δ-Ti/Zr values may be affected by
the acid saline chemistry in the study area, they are still accurate predic-
tors of weathering trends and can be used in conjunction with Δ-Zr/Hf
to more accurately distinguish between changes in chemistry and
changes in provenance.
pod Lake (GLE1-09) cores. Data shown for each core includes: (a) Stratigraphic columns
reflectance at the minima of the Fe3+ absorption feature in continuum removed spectra
ded as a proxy for relative abundance of iron oxide as the depth of the absorption feature
rating changes in iron oxidemineralogy. Dark gray zone to the left suggests hematitemin-
) Percent reflectance at Al–OHabsorption featureminima illustrating relative abundance of
a illustrating changes inAl–OHclaymineralogy. (f) Bulkmineralogy of select subsamples in
, and FeO = iron oxide (hematite and/or goethite)). (g)Weathering zones identified from
P2–P4 to be transported material. The boundaries between P2–P4 are interpreted to be

transportedmaterial. The boundary between G1–G2 is interpreted to be a redox boundary



Table 1
Chemical sediments, early diagenetic precipitates and long-termweathering products expected inWestern Australian saline lakes (Story et al., 2010). * Indicatesminerals detected byXRD
in the Prado Lake and Gastropod Lake cores.

Mineral name Chemical formula Chemical sediments Early diagenetic precipitates Long-term weathering products

Silicates
*Muscovite KAl2(AlSi3O10)(OH)2 X
*Kaolinite Al2(Si2O5)(OH)4 X X
*Rectorite (Na,Ca)Al4((Si,Al)8O20)(OH)4·2H2O X
*Quartz SiO2 X
*Feldspar (K,Na,Ca)Al1–2Si2–3O8 X

Sulfates
Alunite KAl3(SO4)2(OH)6 X
Jarosite KFe3+3(SO4)2(OH)6 X
Gypsum Ca(SO4) · 2H2O X X

Oxides
*Hematite Fe2O3 X X
*Goethite FeO(OH) X X
*Bixbyite (Mn,Fe)2O3 X
*Anatase TiO2 X

Chlorides
*Halite NaCl X X
*Sylvite KCl X
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The uppermost section of the Prado Lake core, P4 (0 cm–100 cm),
differs from the other zones in that it is characterized by a shift from
more highly weathered materials to less weathered material at the
Fig. 4. Comparison of the three weathering indices: CIA, CIA-K andWIP and Δ-index values (re
core. Dashed lines indicate locations of interpretedweathering zones. Arrowshighlight the over
show that the degree of weathering increases to the right for all three indices, and the scale fo
surface. This zone is marked by an abrupt transition to more sandy
and feldspar-rich material with relatively low clay content (Fig. 3).
Trace element ratios suggest a potentially unique provenance for the
lative to sample at 1300 cm) with depth for the A) Prado Lake core and B) Gastropod Lake
all direction of eachweathering trend. Note that the scale for theWIP is reversed in order to
r the CIA is the same for the CIA-K.
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materials in this section of the core (Fig. 6A) and suggest a chance in
source from P3. This surface layer also contains a ferrunginized zone.
This shift in geochemistry in the surface sediments likely illustrates
the impact of the high ionic strength and extremely acidic fluids that
saturate this zone (e.g., Bowen and Benison, 2009) as typically immobile
are known to be mobile under these extreme acid conditions (e.g., Butt,
1985; Du et al., 2012).

4.2. Weathering zones and stratigraphy within the Gastropod Lake core

The Gastropod Lake core has three different zones of weathering
based on differences in correlation between the WIP and CIA (Fig. 5D)
and changes in trace element geochemistry (Fig. 6) (G1 to G3 from
the base of the core to the surface). The lowermost zone, G1, includes
the base of the core up to ~800 cm where there appears to be a major
unconformity andwell developed paleosol (Fig. 5C). In general, correla-
tions between the CIA and CIA-K (Fig. 5) can help distinguish modern
weathering surfaces frompaleosols (Maynard, 1992). Because paleosols
tend to exhibit a marked concentration of K2O, their presence will arti-
ficially depress the CIA value. As a result, strong correlations between
Table 2
Major oxide data.

Max sample depth (cm) Major oxides (0.001–0.01%)

SiO2 Al2O3 Fe2O3(T)

Prado Lake (PL2-09) 5 80.36 7.22 3.17
55 64.11 8.03 17.41

105 70.84 11.81 5.47
155 50.70 17.17 11.44
205 63.67 10.97 11.06
255 63.63 13.16 4.12
305 48.81 17.00 6.74
355 53.73 16.56 6.90
405 79.44 8.40 2.65
455 74.54 14.23 0.93
505 49.64 21.33 9.31
555 70.26 15.70 1.89
605 78.09 9.10 3.40
655 80.25 9.30 2.13
705 75.99 9.37 5.19
755 74.73 9.91 3.83
805 60.72 8.84 15.28
855 70.05 6.66 9.46
905 61.90 4.94 19.36
955 63.90 5.14 15.55

1005 78.01 7.07 6.11
1055 67.45 16.22 3.65
1105 59.36 15.35 10.18
1155 72.49 13.72 1.92
1205 69.74 13.69 1.28
1245 71.64 16.15 1.27
1309 71.80 14.86 1.36

Gastropod Lake (GLE1-09) 5 76.46 8.67 2.67
55 64.02 21.87 1.17

105 62.19 22.16 2.14
154 69.52 15.52 2.02
215 56.70 19.88 3.53
255 64.34 21.20 1.14
305 64.53 21.40 0.86
355 64.22 20.32 0.87
405 65.17 21.04 0.68
455 66.13 20.15 0.79
505 64.39 20.83 0.92
555 65.45 20.98 0.72
605 62.50 22.45 0.64
755 59.48 21.31 1.35
800 66.72 18.33 1.45

1010 66.86 18.90 1.05
1055 65.02 18.59 0.99
1105 66.21 19.43 1.28
1155 68.78 17.94 1.24
1205 62.64 19.65 1.22
1255 67.27 19.92 1.42
the two (R2 = 0.97) indicate that K2O has not accumulated in the sam-
pledmaterial, thereby suggesting the presence of a modern weathering
surface (Maynard, 1992). The basement below this surface is extremely
weathered, and unlike the basement at Prado Lake, does not exhibit
the uniformly high concentrations of Sr, Rb, and Pb (Fig. 6). The bottom-
most sample (1255 cm) is highly weathered (CIA = 86; CIA-K = 93,
WIP = 24), and after an initial increase, the degree of apparent
weathering remains relatively constant (Fig. 4). Throughout the Gastro-
pod Lake core, themajority of theΔ-Ti/Al andΔ-Ti/Zr values appear to be
genetically related to the crystalline basement (Fig. 6), suggesting that
most of the material is in situ regolith. The exceptions to this (at
755 cm, 215 cm and b55 cm) occur at the boundaries between the 3
identified zones. The spikes in Δ-Ti/Al and Δ-Ti/Zr values at the base of
G2 (Fig. 6B) correspond to the surfaces overlying the paleosol identified
by the correlation between CIA and CIA-K values and the K2O content
(Fig. 5).

ZoneG2 (255 cm–755 cm) is composed ofmineralogically homoge-
neous andhighlyweatheredmaterial (Figs. 3B and 4B). Accumulation of
Pb and depletion of Fe at the base of G2 suggests the presence of a dia-
genetic front. We interpret this zone to be in situ but highly weathered
Total

MnO MgO CaO Na2O K2O TiO2 P2O5 LOI

0.026 0.19 0.42 2.35 2.23 0.380 0.02 3.63 100.00
0.011 0.15 0.30 1.04 1.64 0.400 0.02 5.64 98.76
0.012 0.52 0.06 1.45 0.85 0.643 0.01 9.19 100.90
0.020 1.11 0.06 2.30 1.07 0.777 0.03 14.49 99.16
0.017 0.76 0.07 2.03 0.88 0.500 0.01 10.19 100.10
0.014 0.76 0.11 3.55 0.92 0.590 0.01 13.77 100.60
0.014 1.27 0.19 5.36 0.99 0.539 0.02 19.11 100.10
0.016 1.33 0.28 4.91 1.38 0.571 0.02 12.59 98.29
0.006 0.26 0.02 1.39 0.33 0.406 0.02 5.16 98.08
0.004 0.28 0.04 1.55 0.73 0.113 0.01 7.42 99.85
0.007 0.34 0.05 2.65 0.44 0.259 b0.01 15.07 99.09
0.005 0.33 0.04 1.84 0.77 0.159 b0.01 9.13 100.10
0.006 0.27 0.06 1.38 0.95 0.106 0.03 5.21 98.61
0.006 0.37 0.12 1.68 1.04 0.083 0.02 5.14 100.10
0.010 0.32 0.10 1.74 0.93 0.152 0.05 5.62 99.46
0.008 0.35 0.08 1.79 1.09 0.191 0.03 6.44 98.44
0.054 0.42 0.11 2.77 1.05 0.156 0.10 9.76 99.26
0.024 0.47 0.12 2.12 1.17 0.124 0.05 8.13 98.38
0.026 0.46 0.10 2.41 0.83 0.102 0.10 8.56 98.79
0.015 0.72 0.11 3.21 0.77 0.093 0.06 10.53 100.10
0.008 0.29 0.11 1.86 1.06 0.133 0.04 5.42 100.10
0.028 0.79 1.97 4.02 1.07 0.281 0.01 5.13 100.60
0.092 1.46 1.51 3.44 2.29 0.527 0.06 5.55 99.82
0.014 0.23 1.84 4.01 3.25 0.088 0.03 1.83 99.42
0.009 0.21 0.43 3.06 7.26 0.105 0.03 2.03 97.85
0.016 0.27 2.30 4.52 3.47 0.139 0.04 1.15 101.00
0.014 0.18 0.69 2.67 7.24 0.106 0.02 0.93 99.87
0.008 0.53 0.15 1.53 1.29 0.223 0.05 7.28 98.86
0.005 0.35 0.05 1.96 0.40 0.185 0.01 10.91 100.90
0.006 0.30 0.07 1.99 0.10 0.150 b0.01 11.31 100.40
0.008 0.44 0.40 1.83 0.39 0.151 0.02 8.98 99.28
0.006 0.32 0.02 1.94 0.26 0.352 0.01 14.96 97.98
0.005 0.28 0.03 1.92 0.11 0.152 0.01 11.66 100.80
0.005 0.27 0.03 1.68 0.12 0.152 b0.01 11.14 100.20
0.005 0.29 0.03 1.87 0.11 0.139 b0.01 11.10 98.95
0.004 0.28 0.03 1.82 0.09 0.143 0.01 10.99 100.30
0.004 0.27 0.03 1.77 0.09 0.160 b0.01 10.74 100.10
0.006 0.26 0.03 1.69 0.10 0.112 b0.01 11.34 99.68
0.005 0.31 0.03 2.12 0.08 0.163 b0.01 11.00 100.90
0.004 0.27 0.03 1.82 0.11 0.159 b0.01 11.48 99.45
0.006 0.42 0.04 2.50 1.00 0.467 0.05 12.21 98.83
0.012 0.34 0.05 1.75 1.28 0.123 b0.01 9.43 99.49
0.013 0.38 0.03 1.65 3.06 0.117 0.02 8.06 100.10
0.011 0.34 0.05 1.74 2.83 0.116 b0.01 8.49 98.17
0.013 0.35 0.03 1.79 1.97 0.152 b0.01 9.19 100.40
0.013 0.32 0.05 1.65 2.11 0.099 b0.01 8.10 100.30
0.013 0.37 0.04 1.85 4.23 0.110 0.01 8.15 98.28
0.016 0.41 0.03 0.90 1.65 0.166 b0.01 8.95 100.70



Table 3
Trace element data.

Max sample depth
(cm)

Trace elements (4, 0.2 ppm)

Zr Hf Sr Cr Rb Pb

Prado Lake
(PL2-09)

5 181 5.0 82 60 72 21
55 130 3.3 54 510 51 17

105 140 3.8 13 450 26 6
155 140 4.0 12 760 34 7
205 112 3.0 17 560 26 8
255 120 3.5 21 380 32 11
305 111 3.2 22 410 31 8
355 115 3.5 42 420 44 9
405 152 4.2 9 120 15 11
455 61 1.7 19 80 23 10
505 59 1.8 11 140 18 28
555 40 1.5 17 110 30 9
605 49 1.7 24 90 34 25
655 136 4.3 43 110 38 37
705 74 2.6 29 180 37 17
755 104 3.1 25 220 45 15
805 197 4.9 25 190 45 17
855 69 2.3 29 100 53 19
905 59 1.9 22 140 38 19
955 71 2.5 22 110 32 14

1005 89 4.1 28 130 39 21
1055 104 3.2 106 40 192 31
1105 162 4.7 89 30 329 33
1155 50 2.0 143 40 155 42
1205 77 2.7 158 b20 287 74
1245 45 1.8 170 b20 185 61
1300 23 0.9 169 b20 280 58

Gastropod Lake
(GLE1-09)

5 249 6.0 164 40 38 12
55 74 2.1 10 b20 7 5

105 120 3.1 11 b20 b2 10
154 122 3.3 26 30 16 10
215 86 2.6 9 b20 5 54
255 121 3.1 5 b20 2 20
305 122 3.2 5 b20 3 13
355 110 2.9 5 b20 2 22
405 127 3.3 5 b20 2 27
455 113 3.0 5 b20 b2 31
505 106 2.8 5 b20 2 36
555 127 3.2 7 b20 b2 51
605 117 3.0 7 b20 2 65
755 186 4.7 78 b20 16 66
800 115 2.9 85 b20 27 28

1010 71 2.0 174 b20 48 42
1055 92 2.4 244 b20 43 54
1105 121 3.1 152 b20 39 44
1155 104 2.7 207 b20 38 39
1205 89 2.3 376 b20 64 46
1255 138 3.6 134 b20 37 23
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and locally reworked regolith. Analysis of dispersed organic matter in
the cores shows that comminuted phytoclasts are the most common
type of organic matter throughout the analyzed portion of both the
Prado core (from ~830 cm depth to the surface) and the Gastropod
core (from~1030 cm to the surface) (Grabel, 2012). Palynomorph recov-
erywas poor inmany sample; however, they revealed two different veg-
etation communities: contemporaneous palynomorphs (Myrtaceae,
Poaceae, Chenopodiaceae, Dunaliella) representing the actual surround-
ing vegetation at the time of deposition, and reworked palynomorph
representing older vegetation (e.g., Eocene Werillup Formation) that
was recycled andmixedwith contemporaneous palynomorphs. This sug-
gests that although much of the Gastropod core appears to be saprolite,
there is some component of detrital sediment intermixedwithin the reg-
olith throughout much of both of the cores (Grabel, 2012).

The surface zone in the Gastropod Lake core, G3, begins at ~250 cm
and extends to the surface. This zone has two distinct pulses: 1) a lower
zone with a differing provenance or groundwater alteration zone at
~200 cm with high concentrations of Rb, Pb, and Cr (Fig. 6), and 2) an
upper zone constrained to the uppermost 100 cm with less weathered
(Fig. 4) andmore quart-rich detritus. Differences in the apparent degree
of weathering in the near-surface sandflat sediments at Gastropod Lake
and Prado Lake show that the materials at Gastropod Lake are more
highly weathered suggesting that the surface sediments at the two
sites are from different sources. G1 is marked by an increase in Δ-Ti/Al
and Δ-Ti/Zr suggesting a different lithologic source or the influence of
acidic groundwater. The Δ-Zr/Hf data suggest that the crystalline rock
near the base of the Gastropod Lake drill core is the lithologic source
of the overlying material. This suggests that the anomalously high
Δ-Ti/Al and Δ-Ti/Zr values are also likely related to changes in
groundwater and/or surface water chemistry and subsequent miner-
alogical variation, rather than changes in provenance. The CV values
for Ti/Al and Ti/Zr in both drill cores are high,which suggest the presence
of material unrelated to the parent rock; however, the CV values for
Zr/Hf, are much lower. As was the case with the Δ-ratio values, the
extreme chemistry of these lakes and associated acid groundwaters
allows for the mobilization and re-precipitation of elements such as Ti
and Al (e.g. Bowen and Benison, 2009; Story et al., 2010). Therefore,
the elevated CV values for Ti/Al and Ti/Zr likely reflect the influence of
chemistry rather than provenance.

Dunaliella, a unicellular organism considered to be the most
halotolerant algae, occurs in much of the regolith, but is absent in
samples from the shallowest depths in the Gastropod core whereas it
is present in the shallow acid lake samples (Grabel, 2012). This absence
coincides with the presence of the acidophobic gastropod Coxiella.
Gastropods are known to prey on algae (Williams and Mellor, 1991),
and it is possible that Coxiella preyed upon Dunaliella and eventually
exhausted all the specimens in the lake. If the species of Dunaliella re-
covered is acidophilic, then the presence of Dunaliella below 170 cm
in the Gastropod Lake core suggests a transition from past acidic to
the current neutral conditions (Grabel, 2012).

4.3. Implications of differing weathering histories on surface geochemistry

One challenge to our approach of using geochemistry andmineralogy
to interpret the weathering history and evolution of Prado and Gastro-
pod Lakes is recent overprinting related to dissolution and the formation
of diagenetic minerals as a result of the modern extreme acid saline
groundwater chemistry. While there is some overlap between the min-
erals that form as a result of basement weathering and those that form
as a result of the extreme chemistry, only a few of the early diagenetic
precipitates (e.g. kaolinite, alunite, jarosite) observed in acid saline sedi-
ments in nearby lakes (Benison et al., 2007; Story et al., 2010) have the
potential to affect the calculation of weathering indices. In this study,
kaolinite was the only such mineral detected in either of the drill core
samples (Table 1), and its appearance in the stratigraphic framework
was inconsistent with formation within the lake (e.g. as a kaolinite bed,
Story et al., 2010). However, features such as patchy kaolinite cements
and localized dissolution—that may potentially have mobilized typically
immobile or stable elements—have been observed as diagenetic features
in shallow sediments at nearby acid lakes (Bowen et al., 2012), and are
likely a product of the modern acid saline groundwater. Thus we take a
holistic approach, integrating our core observations, petrographic
textures, geochemical indices, and trace element variations, to eval-
uate: the location and composition of in situ basement, the location
and composition of detrital sediments, the genetic relationships of
materials throughout the cores, spatial changes in the intensity of
chemical weathering, and the location and characteristics of diagenetic
reaction fronts. Taken together, our data show that these characteristics
and the interpreted geochemical history related to their formation all
would have an impact on the modern surface chemistry and illustrate
the complexity of processes that have impacted these and other ancient
weathered cratons.

Chemicalweathering of in situ basement, detrital sediments, and the
precipitation and subsequent chemical weathering of authigenic
precipitates are all important to consider when evaluating the overall
effect weathering history of modern surface chemistry. Lakes Prado



Table 4
Weathering index values, element ratios, and Δ-values.

Location Max sample depth (cm) Weathering indices Ratios and Δ-values

CIA Δ CIA CIA-K Δ CIA-K WIP Δ WIP Ti/Al Δ Ti/Al CV Ti/Zr Δ Ti/Zr CV Zr/Hf Δ Zr/Hf CV

Prado Lake (PL2-09) 5 51 0.01 61 −0.13 42 −0.54 0.05 5.86 0.64 0.21 0.54 0.50 36.20 0.27 0.15
55 67 0.33 78 0.11 25 −0.73 0.05 5.49 0.31 1.26 39.39 0.38

105 78 0.55 83 0.17 22 −0.76 0.05 6.10 0.46 2.37 36.84 0.29
155 78 0.55 82 0.16 34 −0.63 0.05 4.90 0.56 3.07 35.00 0.23
205 71 0.42 76 0.08 28 −0.69 0.05 4.94 0.45 2.27 37.33 0.31
255 65 0.30 69 −0.03 43 −0.53 0.04 4.85 0.49 2.61 34.29 0.20
305 63 0.25 65 −0.08 62 −0.32 0.03 3.13 0.49 2.56 34.69 0.22
355 62 0.24 66 −0.06 61 −0.33 0.03 3.50 0.50 2.64 32.86 0.15
405 76 0.52 79 0.12 16 −0.82 0.05 5.30 0.27 0.96 36.19 0.27
455 81 0.61 85 0.20 21 −0.77 0.01 0.04 0.19 0.36 35.88 0.26
505 81 0.62 83 0.17 29 −0.68 0.01 0.58 0.44 2.22 32.78 0.15
555 80 0.59 84 0.19 25 −0.73 0.01 0.32 0.40 1.91 26.67 −0.06
605 73 0.46 80 0.13 22 −0.76 0.01 0.52 0.22 0.59 28.82 0.01
655 70 0.39 76 0.08 26 −0.72 0.01 0.16 0.06 −0.55 31.63 0.11
705 70 0.40 76 0.08 25 −0.73 0.02 1.11 0.21 0.51 28.46 0.00
755 70 0.40 77 0.09 27 −0.71 0.02 1.51 0.18 0.35 33.55 0.18
805 61 0.22 66 −0.06 36 −0.61 0.02 1.30 0.08 −0.42 40.20 0.41
855 58 0.15 65 −0.08 31 −0.66 0.02 1.43 0.18 0.32 30.00 0.05
905 51 0.01 56 −0.21 31 −0.66 0.02 1.69 0.17 0.27 31.05 0.09
955 45 −0.09 49 −0.30 38 −0.58 0.02 1.36 0.13 −0.04 28.40 0.00

1005 62 0.24 69 −0.02 27 −0.70 0.02 1.45 0.15 0.10 21.71 −0.24
1055 59 0.17 61 −0.13 53 −0.42 0.02 1.26 0.27 0.98 32.50 0.14
1105 59 0.17 65 −0.08 59 −0.36 0.03 3.48 0.33 1.39 34.47 0.21
1155 51 0.01 58 −0.17 70 −0.24 0.01 −0.16 0.18 0.29 25.00 −0.12
1205 50 0.00 70 0.00 92 0.00 0.01 0.00 0.14 0.00 28.52 0.00
1245 51 0.02 58 −0.17 78 −0.15 0.01 0.12 0.31 1.27 25.00 −0.12
1300 53 0.05 73 0.03 88 −0.03 0.01 −0.07 0.46 2.38 25.56 −0.10

Gastropod Lake (GLE1-09) 5 68 −0.05 76 −0.12 27 −0.50 0.03 3.59 0.60 0.09 −0.28 0.50 41.50 0.07 0.05
55 85 0.19 87 0.01 23 −0.58 0.01 0.51 0.25 1.02 35.24 −0.09

105 86 0.20 87 0.00 20 −0.63 0.01 0.21 0.13 0.01 38.71 0.00
154 79 0.10 81 −0.06 22 −0.59 0.01 0.74 0.12 0.00 36.97 −0.04
215 85 0.18 86 0.00 21 −0.61 0.02 2.16 0.41 2.31 33.08 −0.15
255 87 0.20 87 0.01 19 −0.64 0.01 0.28 0.13 0.02 39.03 0.01
305 88 0.22 88 0.02 17 −0.68 0.01 0.27 0.12 0.01 38.13 −0.01
355 86 0.20 87 0.00 19 −0.65 0.01 0.22 0.13 0.02 37.93 −0.02
405 87 0.21 87 0.01 18 −0.66 0.01 0.21 0.11 −0.09 38.48 −0.01
455 87 0.21 87 0.01 18 −0.67 0.01 0.42 0.14 0.15 37.67 −0.03
505 88 0.22 88 0.02 17 −0.68 0.01 −0.04 0.11 −0.15 37.86 −0.02
555 85 0.19 86 −0.01 21 −0.61 0.01 0.39 0.13 0.04 39.69 0.03
605 88 0.22 88 0.02 19 −0.66 0.01 0.27 0.14 0.10 39.00 0.01
755 81 0.12 84 −0.03 33 −0.39 0.02 2.91 0.25 1.03 39.57 0.02
800 81 0.12 86 0.00 28 −0.48 0.01 0.20 0.11 −0.13 39.66 0.02

1010 76 0.05 87 0.01 42 −0.22 0.01 0.11 0.16 0.33 35.50 −0.08
1055 76 0.05 86 0.00 41 −0.24 0.01 0.11 0.13 0.02 38.33 −0.01
1105 79 0.10 87 0.00 34 −0.37 0.01 0.40 0.13 0.02 39.03 0.01
1155 78 0.08 86 0.00 34 −0.37 0.01 −0.01 0.10 −0.23 38.52 0.00
1205 72 0.00 86 0.00 54 0.00 0.01 0.00 0.12 0.00 38.70 0.00
1255 86 0.19 93 0.07 24 −0.57 0.01 0.49 0.12 −0.03 38.33 −0.01
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andGastropod are primarily fed by local groundwater, but also receive a
minor surface component of meteoric water (Bowen and Benison,
2009). Differences in the mineralogy and geochemistry of materials
observed in cores from below these two lakes reveal different histories
of basement denudation, sedimentary influx, paleosol development,
and groundwater-related digenesis. Regionally, the production of acid-
ity has been attributed to oxidative weathering reactions on reactive
mineral surfaces such as sulfide oxidation and ferrolysis. Given themin-
eralogical homogeneity of the Gastropod core, it is possible that these
materials have been so completely weathered that they no longer con-
tain any available reaction sites and therefore lack the ability to gener-
ate acidity. Thus, even though the basement is highly weathered and
lacks any neutralization capacity, the lack of reactive minerals in the
system may locally limit the production of acidity. The material in the
Prado core is also highlyweathered, but in contrast toGastropod, the in-
flux of less weathered detrital sand in P3 and the presence of iron oxide
rich redox boundaries (e.g., base of P2) will result in continued oxida-
tion and acid generation.While both Prado and Gastropod Lakes overlie
highly weathered Archean basement that lacks buffers, the presence of
less weathered detrital sediment and iron-rich ferrunginized zones
increases the acidification potential via oxidative weathering in the
subsurface below Prado Lake and may explain why Prado Lake water
is acidic while Gastropod Lake water is not.

These results have implications not only for understanding the
evolution of this specific environment, but also for better understanding
the role that long term continental denudation plays in influencing geo-
chemistry surface depositional environments in other areas of theworld
with highlyweathered Archean cratons (e.g. Indian craton and Brazilian
shield), the role that these processes may have played in the geologic
past, and the impact that acid systems may have on authigenic mineral
systems that are important as environmental records (redbeds, paleosols,
ferricretes, etc.) and economic resources (reservoir development, ore
deposits, etc.).

5. Conclusions

Understanding the relationship between basement weathering and
surface chemistry is challenging. Thousands of acid and alkaline saline



Fig. 5. Geochemical comparisons for the Prado Lake core (n = 27) and the Gastropod Lake core (n = 21). A–B) CIA-K versus CIA indices with linear regression statistics for the A) Prado
Lake core and B)Gastropod Lake core. C–D) Linear regressions betweenCIA andWIP for C) Prado Lake core andD)Gastropod Lake core. Dashed horizontal lines at CIA = 50 and CIA = 70
indicate the range ofWIP values forwhich samples are considered fresh basement (CIA b 50) andweathered basement (CIA N 70). Linear regression lines for each zone of the core (P1–P4
and G1–G3) shown. E–F) Ferrunginization index (weight proportions of Fe/Al versus Fe/Ti) for the E) Prado Lake core and F) Gastropod Lake core. A change from a negative (leaching) to a
positive (ferrunginization) trend typically marks a redox boundary. Sonic.

138 B.B. Bowen et al. / Chemical Geology 356 (2013) 126–140
lakes in Western Australia are directly underlain by highly weathered
crystalline Archean basement that has been exposed for tens of millions
to hundreds ofmillions of years. Analysis ofmineralogy and geochemis-
try of cores from below an acid and neutral saline lake on the Archean
Yilgarn Craton provides insight into the relationship between basement
weathering and surface chemistry at Prado Lake and Gastropod Lake.
Mineralogical and geochemical patterns in the Prado lake core reflect
weathering of the original crystalline basement as well as that of a youn-
ger sandstone and the variably weathered surface materials. Weathering
patterns in the Gastropod Lake core reflect extensive weathering of the
original crystalline basement as well as the variably weathered surface
materials. The relationship between the basement weathering histories
at both lakes and their surface pH appears to be dependent on the
availability of reactive surfaces within the detrital sediments and the
oxidative potential of iron rich redox boundaries. The deposition of a
younger sand body on top of the highly weathered material at Prado
Lake may have reset the weathering cycle, making acid generation
possible, whereas at Gastropod Lake, there is no record of more recent
deposition and all that remains is the relatively unreactive weathered
material. When compared to other global data (e.g. Maynard, 1992;
Price andVelbel, 2003; Strømsøe and Paasche, 2011), thiswork andpre-
viously published studies in the region (e.g. Glassford and Semeniuk,
1995; Anand et al., 1997; Anand and Paine, 2002) confirm that not
only is the Yilgarn Craton is one of the largest intact pieces of Archean
crust, it is also host to some of the most highly weathered regolith in
the world.



Fig. 6. Comparison of Δ-ratio values for Ti/Al, Ti/Zr, and Zr/Hf and select trace element concentrations including Sr, Rb, Pb, Cr, Ce/Nd, and Fe/Ti through the A) Prado Lake core and B) Gas-
tropod Lake core. The column on the far right shows the location of interpreted zones for each core.
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