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Abstract 

Pyrite oxidation in marine shales during weathering has been widely studied, however, the 

effects of this process on geochemical proxies commonly used to reconstruct ocean redox 

conditions, or the details of pyrite oxidation at the mineral grain scale, have not received 

much scientific attention. We conducted a four-week laboratory experiment designed to 

stimulate pyrite oxidation at shale outcrops, and to assess effects on the chemical phase of 

iron and sulphur in the samples both in bulk sediments (useful for comparison to palaeo-

environmental geochemistry) and at a finer scale (to gain a better understanding of the 

nature of these changes). Geochemical and scanning electron microscopy (SEM) techniques 

provide evidence for pyrite oxidation, carbonate dissolution, and iron (oxyhydr)oxide 
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formation during the experiment. The net effect of the experiment on the ratio of highly 

reactive iron phases (FeHR) to total iron (FeT) is minimal (<0.03% difference), suggesting that 

this redox proxy behaves relatively conservatively during weathering. The effect of 

weathering on the ratio of pyrite-bound iron to highly reactive iron (FePY/FeHR), used to 

investigate the availability of sulphur, in contrast, is pronounced (up to 32.5% difference) 

due to the oxidation of pyrite and the precipitation of iron (oxyhydr)oxides in the shale 

samples. Electron microscopy provides evidence that iron (oxyhydr)oxides precipitated in 

situ ĂƐ ƌŝŵƐ ĂƌŽƵŶĚ ĐŽƌĞƐ ŽĨ ƉǇƌŝƚĞ ƉĂƌƚŝĐůĞƐ͕ ͞ƉĂƐƐŝǀĂƚŝŶŐ͟ ĂŶĚ ƉƌŽƚĞĐƚŝŶŐ ƚŚĞŵ ĨƌŽŵ ĨƵƌƚŚĞƌ 

oxidation. The quantification of these partly oxidised pyrite particles is now possible using a 

novel automated particle analysis method coupled to chemical mapping, developed in this 

study. We conclude that this method can be of wide use, both to quantify pyrite oxidation, 

and assess the significance of FePY/FeHR at  measured in shale outcrop samples.   

Keywords: weathering, pyrite, geochemistry, shale, mudrock, Fe-Speciation 

 

1. Introduction 

Black shales are organic-rich mudrocks that not only represent sources of fossil fuels 

but also serve as important palaeoenvironmental archives (Brumsack, 2006; Negri et al., 

2006). Understanding the lateral and temporal dynamics of shale deposition often requires 

a combination of drill core and outcrop material, the latter potentially having experienced 

variable degrees of chemical modification due to outcrop weathering processes. The 

leaching of elements from shale by weathering is well documented and known to be an 

important process mobilising nutrients and other critical elements from the bedrock to soils, 

rivers and eventually the ocean (Pye and Miller, 1990; Zhu et al. 2008; Tuttle and Breit, 
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2009; Marthur et al., 2012; Zhu and Wu, 2012; Perkins and Mason, 2015). However, the 

selective loss of elements from weathered shale and the related alteration of its 

geochemical inventory create challenges for the interpretation of palaeoenvironmental 

conditions based on geochemical proxies determined from shale samples. In this study we 

focus on iron compounds as a well-established proxy for reconstructing water column redox 

conditions and sulphate availability in the depositional environment (Berner and Raiswell, 

1984; Raiswell et al., 1988; Poulton and Canfield, 2011; Raiswell and Canfield, 2012), and its 

modification by weathering. 

Different iron (Fe) minerals, while being important proxies for palaeo-redox 

conditions, are also important to the process of weathering itself. The oxidation of pyrite 

(FeS2), the dominant Fe sulphide in rocks, is key to the chemical weathering behaviour of 

shale. The net chemical reaction of pyrite oxidation in an aqueous solution is: 

FeS2 + 3.5O2 + H2O ї FĞ2+
 + 2H

+
 + 2SO4

2- 
(Equation 1) 

Although this is the net reaction, it is complicated by intermediary reactions which 

can involve different species of Fe and sulphur (S) (Chandra and Gerson, 2010). Ferrous iron 

produced in Eq. 1 either remains in solution or precipitates as Fe (oxyhydr)oxides or Fe 

sulphates like jarosite, depending on the chemical environment. As evident from Eq. 1, 

pyrite oxidation provides protons, which are then available for the hydrolysis of 

aluminosilicates and the dissolution of carbonates (Pye and Miller, 1990). The reaction also 

consumes oxygen, thereby inhibiting organic matter oxidation (Petsch et al., 2000; Tuttle 

and Breit, 2009). Understanding the processes which control the rate and mechanism of 

pyrite oxidation is, therefore, vital for understanding the degree of geochemical overprint 

imposed by shale weathering at an outcrop. 
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Studies on Fe compounds changes during weathering in shale are mostly limited to 

changes in pyrite contents (Littke et al., 1991; Petsch et al., 2000; Wildman et al., 2004; Zhu 

et al., 2008; Jin et al., 2013; Liao et al., 2014). Iron mineral transformations due to 

weathering have been studied in naturally weathered rocks using X-ray diffraction (XRD) 

(Pye and Miller, 1990; Tuttle and Breit, 2009) and Mössbauer spectroscopy (Odin et al., 

2015a, 2015b). To our knowledge, no experiment has yet examined changes in Fe 

mineralogy during organic-rich mudstone weathering using the wet chemical extraction 

method developed by Poulton and Canfield (2005). Taking advantage of this sequential 

extraction method (developed from earlier methods of Raiswell et al., 1988, 1994; Poulton 

et al., 2004), quantitative information on the different Fe compounds present in a 

sedimentary rock based on their reactivity with free hydrogen sulphide (H2S) can be derived. 

In this scheme, all sedimentary Fe that has already reacted with H2S (mainly pyrite, FePY) or 

can react with H2S over short timescales (days to years; mainly Fe carbonates and 

(oxyhydr)oxides, including magnetite) are collectively summarised as the highly reactive Fe 

fraction (FeHR). In combination with the analysis of total Fe (FeT) in a sample, empirically 

tested ratios can be calculated that allow a differentiation of redox conditions in the 

seawater and porewater during the time of deposition. The FeHR/FeT ratio has been 

proposed as proxy to differentiate between oxic and anoxic (no free oxygen) conditions 

during deposition, while the FePY/FeHR ratio allows to differentiate between anoxic, non-

sulphidic (or ferruginous) and anoxic, sulphidic (or euxinic) conditions (e.g., Raiswell et al., 

1988; Poulton and Canfield, 2005; Poulton and Canfield, 2011; Poulton et al., 2015). Since 

the FeHR fraction includes both pyrite and common products of pyrite oxidation (mainly Fe 

(oxyhydr)oxides), it is expected that the FeHR/FeT redox proxy will be less affected by 

outcrop weathering than the FePY/FeHR ratio. 
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Dissolution of carbonate minerals (mainly calcite, CaCO3) is considered a key reaction 

in response to proton release by pyrite oxidation: 

CaCO3 + H
+ 

+ HCO3
-
 ї CĂ2+

 + 2HCO3
-    

(Equation 2) 

This reaction increases the porosity of the mudrock and allows oxygen and water to 

penetrate further into its fabric (Pye and Miller, 1990; Brantley and White, 2009; Jin et al., 

2013). In the field, carbonate and pyrite weathering fronts can coincide (e.g. Brantley et al., 

2017), suggesting close pyrite oxidation-carbonate dissolution relationships in shale.  

Besides the chemical quantification of Fe phases using sequential or total wet 

chemical extraction techniques, there has been increasing interest in the applications of 

scanning electron microscopy (SEM) for the analysis of shales and mudrocks (Camp et al., 

2013). Automated heavy mineral particle analysis in SEM allows for the rapid assessment of 

the morphology and chemical composition (via energy-dispersive x-ray analysis, EDX) of all 

dense particles (including pyrite), and for a quantitative analysis of Fe-containing minerals. 

Buckman et al. (2018) used automated particle analysis data from SEM-EDX to show how 

quantitative data can be gathered about the location of partially oxidised pyrite particles.  

In this study, we present the findings of a laboratory experiment designed to 

stimulate pyrite oxidation within two Mesozoic black shale samples. We measured the bulk 

geochemistry, Fe mineralogy, and inorganic and organic carbon (TIC and TOC) in the original 

and treated shale samples. By comparing pyrite oxidation in the two geochemically different 

samples we demonstrate how the initial shale composition affects the extent, nature and 

further geochemical effects of pyrite oxidation. Our study differs from most laboratory 

weathering studies (e.g., Senkayi et al., 1981; Pye and Miller, 1990; Jeng, 1992; Schillawaski, 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

6 

 

2008; Jin et al., 2013; Odin et al., 2015b) as it focuses on changes to Fe phase, and thus 

provides novel insights into the preservation or overprint of this proxy at outcrop level.  

 

2. Materials 

One bulk sample was taken from two different shale localities for the experiment: the 

Blackstone band (BSB) of the Jurassic Kimmeridge Clay Formation collected at CůĂǀĞůů͛Ɛ HĂƌĚ͕ 

Kimmeridge, Dorset (e.g., Washburn and Birdwell, 2013; Armstrong et al., 2016; Bolin et al., 

2016); and a Late Cretaceous shale of the Chipaque Formation taken from Quebrada Vara 

Santa (QVS) in the Eastern Cordillera of Colombia. Both bulk samples were collected from 

outcrops and therefore have already been exposed to weathering, but were collected from 

outcrop types commonly chosen for geochemical studies, i.e. from a quickly eroding cliff 

face (BSB) and a mountainous river bed (QVS). Neither showed any visible sign of chemical 

weathering (discolouration or surface salts), and they were collected as one large, solid 

sample, which had not lost physical integrity because of weathering. 

Both samples differ markedly in their geochemistry. BSB is a mudstone dominated by TOC 

(~50 wt%; Raiswell et al., 2001; Tribovillard et al., 2004) and carbonate (35 %, this study). 

QVS is dominated by siliciclastic detrital material (Blanco, 2012) and has lower carbonate 

(3.1 %, this study) and TOC contents (2.6 %, this study), representing a mudstone with a 

carbonate content close to average shale (3.9 % CaCO3, Wedepohl, 1971, 1991). Both 

samples, however, contain similar amounts of pyrite (QVS 2.2 %, BSB 1.7 %).  
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3. Experimental setup  

To stimulate pyrite oxidation in the selected shale samples, a soxhlet extractor was modified 

to continually drip distilled water over the shale chips contained within a cellulose thimble, 

before being collected in a flask, in a setup suggested by Pedro et al. (1961) (Fig. 1). The 

condenser was left open, allowing exchange with the atmosphere; no attempt was made to 

control/monitor oxygen and carbon dioxide (O2 and CO2) concentrations. In order to remove 

any areas of potentially chemically altered sample, the external faces of the two solid, bulk 

samples were removed. The innermost section of each bulk sample was further 

disaggregated with a rock hammer. These chips were sieved to 2-6mm in diameter and 

immediately freeze dried to remove water and minimise further weathering reactions. This 

process generated dry, relatively homogenous, bulk samples of QVS and BSB rock chips.  The 

experiment was repeated four times, once with a subsample of the prepared BSB rock chips, 

and with three identical experiments running concurrently with subsamples of the QVS rock 

chips, in order to test the reproducibility of the experiment. 

In each experiment, a subsample of 35-40 g of the bulk prepared chipped samples was 

added to a cellulose thimble in the sample container. Distilled water was added to the 

round bottom flask and heat was applied to generate water vapour which, when reaching 

the condenser, dripped onto the sample (3-6 drops/minute). The recirculating water 

(hereafter called effluent) was monitored and replaced periodically with distilled water. The 

periods between this replacement and the volume of effluent were adjusted to attempt to 

minimise mineral precipitation within the effluent, however, a white precipitate did form 

occasionally. Prior to each effluent replacement, the pH was measured using a pHenomenal 
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pH1000L meter (Fig. 2a), and samples of the effluent were taken. At the same time the 

effluent was changed, the temperature within the cellulose thimble was recorded. The 

temperature varied with room temperature from 33-58°C (Fig. 2b). A subsample of each 

effluent was treated with 20 % v/v nitric acid to adjust pH to <2 and stored at 5 °C for 

further analysis. Eighteen effluent samples were taken during the BSB experiment and 11 

effluent samples were taken from each of the three QVS experiments.  

At the end of the four-week experiment, the rock chips were removed from the thimble, 

freeze-dried to halt further weathering reactions, and the majority was ground in an agate 

ball mill for geochemical analysis. Untreated subsamples of the original freeze dried shale 

chips were also ground in an agate ball mill. In total, two untreated subsamples of the 

original homogeneous bulk, chipped sample (hereafter named QVS.1 and BSB.1) and four 

treated subsamples of the bulk, chipped sample (hereafter named BSB.2, and QVS.2a, 

QVS.2b and QVS.2c) were ground and analysed.  A subsample of untreated chips from the 

bulk samples and treated chips was prepared for analysis by SEM.  
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4. Methods 

4.1 Bulk sample analysis 

The bulk geochemistry (measured elements listed in Table 1) of the original and treated 

samples was determined using wavelength-dispersive X-ray fluorescence (XRF) (Axios Plus 

XRF, PANalytical).  A subsample of around 0.7 g  was mixed with 2 g of di-lithium tetraborate 

(Li2B4O10) and pre-oxidised overnight with 1 g ammonium nitrate (NH4NO3) for preoxidation 

of organic matter and sulphides prior to fusion to produce a glass bead (Eckert et al., 2013).  

Samples were measured alongside an in-house standard with a precision of RSD <5 % for all 

elements reported. 

One hundred mg of each bulk ground sample was weighed into a ceramic vessel for total 

carbon (TC) determination by a Leco CS230 Carbon-Sulphur analyser. Total organic carbon 

was determined by the same method on a second subsample after the removal of 

carbonates by hot hydrochloric acid. Total inorganic carbon (TIC) was calculated as the 

difference between TC and TOC. Total inorganic carbon is likely to reside in calcium 

carbonate (calcite), with minor contributions of dolomite (magnesium calcite) and Fe-

associated carbonates. Triplicate analysis showed an average precision of 5.1 % relative 

standard deviation (RSD) for the LECO analysis. Fifty mg of powdered sample were 

accurately weighed into clean ceramic crucibles and analysed for their S contents using an 

Elementar Vario Max CNS Macro Elemental Analyzer, alongside sulfadiazine as a calibration 

standard. Repeat measurements (triplicate on two samples) showed an average precision of 

<5 % RSD for TC and TOC. Duplicate measurements on four samples show a precision of <1% 

RSD for S. 
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The nature of the Fe compounds was determined using a sequential extraction method 

developed by Poulton and Canfield (2005). This procedure involves exposing samples to 

progressively stronger reagents to extract Fe from progressively less reactive Fe compound 

pools (Table 1). Four Fe pools were extracted, Fecarb (carbonate-associated Fe including 

siderite and ankerite), FeOX1 (amorphous and poorly crystalline (oxyhydr)oxides, e.g. 

ferrihydrite and lepidocrocite), FeOX2 (crystalline oxides, e.g. goethite, akaganéite and 

hematite) and Femag (magnetite). The resultant extraction solutions were analysed for Fe 

concentrations using atomic absorption spectroscopy (AAS). From separate subsamples 

from the bulk ground samples, pyrite was extracted using the stoichiometric technique 

prescribed by Canfield et al. (1986), whereby metal sulphides (predominately pyrite) are 

reduced using a boiling chromous chloride (Cr(II)Cl2) solution. Triplicate measurements (four 

samples for the sequential extraction and three samples for the pyrite extraction) indicated 

an average precision of 7 % RSD in the sequential extraction and 2 % RSD in the pyrite 

extraction. Poorly reactive Fe (FePRS) was defined as the difference between total Fe and the 

sum of the five extracted Fe species (Fe in pyrite (FePY), Fecarb, FeOX1, FeOX2, Femag). 

 

4.2 Effluent analysis 

Acidified effluent samples were analysed using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) (Varian Vista-MPX). A multi-element standard was used to correct 

for instrument deviation every 10 samples and Scandium was used as an internal recovery 

standard at 5 ppm. Each sample was measured three times with an RSD of <5.5 % for major 

elements. 
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4.3 SEM-EDX analysis 

After vacuum impregnation with resin, rock chips before and after the experiment were 

made into polished thin sections. They were then analysed, uncoated, using SEM (Quanta 

650 field-emission SEM) operated in low-vacuum mode. Images were collected with a 

standard quad back-scattered electron (BSE) detector at 20kV, with a spot size of 4.5. In 

addition, an EDX detector (Oxford Instruments X-Max
N 

150 mm) was used to scan across the 

sample using the particle analysis software AZtecFeature to detect heavy mineral particles. 

A series of fields of view were scanned, with a dwell time of 35 microseconds, having a 

horizontal field of view of 259 microns and 1024 pixels. Each image was thresholded and all 

bright particles were automatically selected for analysis by EDX. The whole area of each 

feature was scanned, using a process time of 1 and an acquisition time of 0.50 live seconds. 

Particles smaller than 0.49 microns equivalent circular diameter (ECD), equating to 3 pixels, 

were automatically filtered out. Each particle was analysed in terms of its elemental 

composition and a range of physical parameters, which included X-Y location coordinates. 

 

4.4 Reproducibility  

Three sub-samples of QVS were treated simultaneously, confirming that the experiment 

generated overall reproducible results. Within the weathered sample (QVS.2a, QVS.2b and 

QVS.2c), XRF analyses showed a RSD <5 % for bulk elements. Calcium (Ca) had a higher RSD 

(29 %) not accountable for by analytical errors. The deviating results may be due to slight 

differences in the composition of the original material, different solubility of host 

components caused by slight variation in temperature of the samples (Fig. 2b), or in the case 

of Ca the possible precipitation of gypsum in the effluent. The standard error is included in 
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Figs. 3 and 4 and is negligible in relation to the geochemical trends described below.  For the 

remainder of the manuscript, the average results from the three samples are reported.  

 

5. Results 

5.1 Geochemical composition of solid material 

The bulk geochemistry results highlight the differences between the BSB and QVS samples 

before the experiment (the pre-experiment samples will hereafter be named BSB.1 and 

QVS.1). BSB.1 is depleted relative to QVS.1 in elements associated with detrital material (Si, 

Ti, Al, Fe and K, Table 2). Total inorganic carbon content is an order of magnitude higher in 

BSB.1 than in QVS.1 (4.18 wt% and 0.37 wt%, respectively; Table 3). BSB.1 is enriched in TOC 

relative to QVS.1 (49.5 wt% and 2.61 wt%, respectively), comparable with data previously 

published on the Kimmeridge Blackstone band (on average 46.3 wt%, Raiswell et al., 2001). 

BSB.1 has a lower total Fe content and corresponding lower absolute contents of all Fe 

species (Table 4), with an excess of total S relative to pyrite S (Table 3). This non-pyritic S is 

likely bound as sulphurised organic matter (SOM) as noted by Raiswell et al. (2001). Within 

QVS.1, pyrite accounts for all S contained in the sample (Table 3), with no non-pyritic S. Both 

samples have FeHR/FeT values indicative of anoxia (>0.38; Poulton and Canfield, 2005). BSB.1 

has FePY/FeHR values indicative of euxinia (>0.8) whilst QVS.1 has values indicative of 

ferruginous depositional conditions (<0.7). 

As element contents in the samples post experiment (hereafter named BSB.2 and QVS.2) 

may have been affected by changes in density and overall mass loss, we compared the 

changes of elements of concern relative to titanium (Ti), an element which is not lost from 

either sample during the experiments (Table 2, S1 and S2) and which has successfully been 
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used in other weathering studies using similar material as a weathering-conservative 

element (e.g. Tuttle and Breit, 2009; Marthur et al., 2012; Jin et al., 2013; Ling et al., 2015). 

This generates the mass ƚƌĂŶƐĨĞƌ ĐŽĞĨĨŝĐŝĞŶƚ ;ʏ͕ EƋƵĂƚŝŽŶ ϯͿ ĨŽƌ ŵŽŶŝƚŽƌŝŶŐ ůŽƐƐ Žƌ 

conservation of elements in the absence of bulk density data, as developed by Brimhall et al. 

(1992) (Fig. 3). 

ʏ с ;;Cj.w/Cj.p)/(Ci.w/Ci.p))-1   Equation 3. 

Here the concentration of the element of concern (Cj) is calculated as its ratio between the 

weathered (w) and parent (p) sample, and this is then expressed as a proportion of the ratio 

of the index element which is considered immobile (Ci) in the weathered and parent sample. 

In this case, Ti ŚĂƐ ĂůƐŽ ďĞĞŶ ƵƐĞĚ ĂƐ ĂŶ ŝŶĚĞǆ ĞůĞŵĞŶƚ͕ ĂŶĚ ŝƚ ŐĞŶĞƌĂƚĞĚ ʏ ǀĂůƵĞƐ ǀĞƌǇ ƐŝŵŝůĂƌ 

to those calculated based on zirconium (Zr) (not reported). 

Fig. 3Ă ƐŚŽǁƐ ŚŝŐŚůǇ ŶĞŐĂƚŝǀĞ ʏ ǀĂůƵĞƐ ĨŽƌ TIC͕ ǁŝƚŚ ŶĞĂƌ ϭϬϬ й ůŽƐƐ ;ʏ ĐůŽƐĞ ƚŽ -1) in QVS ;ʏ с -

0.94 in QVS, compared to -0.49 in BSB). This is matched with a loss of Ca ;ʏ с -0.36 in QVS, 

compared to -0.14 in BSB), indicating loss of CaCO3 from the samples during the experiment. 

TŽƚĂů ŽƌŐĂŶŝĐ ĐĂƌďŽŶ ŝƐ ƐŝŵŝůĂƌůǇ ĐŽŶƐĞƌǀĂƚŝǀĞ ŝŶ ďŽƚŚ ƐĂŵƉůĞƐ͘  TŚĞ ǀĂůƵĞƐ ŽĨ ʏ ĂƌĞ ĂůƐŽ 

negative for sodium (Na), magnesium (Mg) and for S, indicating notable losses of these 

elements. Iron values are close to 0 (ʏ с -0.0003 in QVS, -0.0086 in BSB), which is evidence 

for conservation and no significant Fe loss during the experiment. Other bulk elements 

(phosphorous (P), silicon (Si), aluminium (Al), manganese (Mn), potassium (K)) show values 

between +0.06 and -0.06, indicating only minor losses of these elements during the 

experiment. QVS showed a greater relative depletion of Ca, TIC, S and Mn compared to BSB.  

Some differences in Fe compound content between BSB.2 and QVS.2 were found (Table 4). 

After the experiment, both samples showed decreases in FeCarb and FePy, but increases in Fe 
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(oxyhydr)oxides (sum of FeOX1 and FeOX2, Table 4, Fig. 3b). The latter is limited to the FeOX2 

fraction in QVS.2, whereas in BSB.2 there is an increase in both FeOX1 and FeOX2. This 

increase is absolute, and not due to a reduction in sample mass, as evidenced by the very 

ƉŽƐŝƚŝǀĞ ʏ ǀĂůƵĞƐ ƐĞĞŶ ŝŶ FŝŐ͘ 3b. These weathering-induced transformations in the Fe phase 

of both samples cause only minor changes in their FeHR/FeT ratios (0.07% increase for BSB, 

0.03% decrease for QVS), as there is little net loss of Fe from the rock chips (Fig. 3a) and an 

almost quantitative switch from reduced to oxidised Fe species, as reflected by the lower 

FePY/FeHR ratios in both samples (32.5% decrease in BSB, 23.1 % decrease in QVS) (Table 4).  

 

5.2 Effluent composition 

Over the duration of the experiment, the pH of the effluent varied between 8.9 to 9.9 for 

BSB and, more pronounced, from 5.3 to 8.9 for QVS (Fig. 2a). For the majority of the 

experiment the effluent was clear, however, in a few incidences (nine in the BSB 

experiment, one in the QVS experiment) a small amount of white precipitate was noted. 

Unfortunately, it was not possible to analyse the composition of the white precipitate, but it 

is known that gypsum (CaSO4ͼ2H20) is a common product of pyrite weathering (Forster et 

al., 1995) and could have reached oversaturation in the effluent. We therefore note that 

element concentrations analysed in the effluent samples containing precipitates are 

minimum estimates (in particular for Ca and S), and do not represent the full inventory of 

leached elements in these incidences. 

To enable direct comparison of the loss of elements from the two samples into the effluents 

over time, we express the effluent element contents as relative percentages (rel%) of the 

original contents of these elements in the solid phase before the experiments (actual 
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concentrations available in Table S1 and S2). There are some noticeable differences in the 

changes of effluent composition over time, and between the BSB and QVS samples. In both 

samples, most Fe remained in the rock chips (loss of 0.015 rel% in BSB, 0.004 rel% in QVS 

Fig. 4a), while K, Al, S, Na and Mg lost between 1.0 and 7.5 rel% of their original contents 

into the effluent (Fig. 4b-e). Fig. 4f shows 70.6 % of original Ca was measured in the effluent 

from QVS and 36.5 % from BSB, providing additional evidence of Ca loss identified in the 

solid sample (Figure 3a). There are also some differences in the rates of loss during the 

duration of the experiment (Fig. 4a-h). Rates of loss tend to slow in BSB, whilst they are 

maintained in QVS.  Cumulative S released into effluent over time as a proportion of total 

pyrite S available in the parent sample can be used as an approximation of the rate of pyrite 

oxidation. In Fig. 4g and 4h we see that the rates of loss begin to slow towards the end of 

the experiment in BSB (a trend not seen in QVS).  These rates are likely underestimated, 

given the possible precipitation of S-containing minerals in the effluent.  

Considering the amount (mg) of elements lost from the rock chips into solution over each 

time interval (Fig. 5), there does not appear to be a direct relationship between loss of S and 

Fe (r
2
< 0.01, Fig. 5a and b). Sulphur, however, correlates well with Ca in the effluents from 

both samples (r
2 

= 0.93 in QVS, 0.89 in BSB, Figs. 5c and d). 

 

5.3 SEM-EDX analysis 

When comparing rock chips from the samples before and after the experiment, there 

appears to be no major overall changes in either of the rock types. In BSB.2, coccolith-

shaped fragments remain in faecal clusters as they were in BSB.1, and the organic matter 

remains concentrated in lenses (Fig. 6a and b). In QVS.2, a number of large pores are 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

16 

 

observed that are not present in QVS.1 (Fig. 7). These could have been foraminifera plucked 

out in the sample preparation process, but more likely, given the evident loss of carbonate 

minerals during the experiment, the tests were dissolved. A white precipitate, dominated by 

Ca and S (measured by EDX, Fig. 5c), possibly gypsum or anhydrite, encrusts the chips in 

BSB.2 (Fig. 6c). 

Automated heavy mineral particle analysis allows for the rapid assessment of geochemistry 

(via EDX) and morphology of all dense particles in SEM (brighter in BSE mode), and for a 

quantitative analysis of Fe:S of all Fe-containing minerals (Fig. 8). Before the experiment, 

both samples contained populations of particles with Fe:S ratios indicative of pyrite or other 

Fe sulphides (Figs. 8a, 8c,  light grey and dark grey). Upon inspection of 50 randomly 

selected particles (in QVS.1), around 50 % of these Fe sulphides are framboidal, with the 

rest being present as (clusters of) euhedral crystals. Based on EDX data, the pyrite particles 

ĂƌĞ ƐƵďĚŝǀŝĚĞĚ ŝŶƚŽ ͚ƉƌŝƐƚŝŶĞ͛ ƉǇƌŝƚĞ ;FĞ͗“ фϭ ďĂƐĞĚ ŽŶ ĂƉƉĂƌĞŶƚ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ;йͿ ƌĂƚŝŽ͖ ůŝŐŚƚ 

grey in Fig. 8Ϳ ĂŶĚ ͚ƐƵůƉŚƵƌ-deplĞƚĞĚ͛ ƉǇƌŝƚĞ ƉĂƌƚŝĐůĞƐ ;FĞ͗“ хϭ͕ ĚĂƌŬ ŐƌĞǇ ŝŶ FŝŐ͘ 8Ϳ͘ ͚PƌŝƐƚŝŶĞ͛ 

pyrite particles are overall smaller in BSB.1 than in QVS.1, with an average equivalent 

circular diameter (ECD) of 2 µm and an average area of 4.4 µm
2
, compared to 2.82 µm ECD 

and area of 9.36 µm
2
 in QVS.1. These statistical data imply a greater surface area of pyrite 

particles available for weathering in BSB.1. Iron (oxyhydr)oxides (Fe-rich particles with <5 % 

S, black circles in Fig. 8) are often present as large (often up to 50  µm ECD) irregular crystals 

in QVS.1 (Fig. 9d), and small (average ECD of 1.3 µm) irregularly shaped particles often 

associated with carbonate minerals in BSB.1 (not shown).  

AĨƚĞƌ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚ͕ ďŽƚŚ ƐĂŵƉůĞƐ ƐŚŽǁ ŽǀĞƌĂůů ƐŚŝĨƚƐ ĨƌŽŵ ͚ƉƌŝƐƚŝŶĞ͛ ;FĞ͗“ фϭͿ ƚŽ ͚ƐƵůƉŚƵƌ-

ĚĞƉůĞƚĞĚ͛ ;FĞ͗“ хϭͿ ƉǇƌŝƚĞ͕ ĂŶĚ ĨƌŽŵ FĞ ƐƵůƉŚŝĚĞƐ ƚŽ FĞ ;ŽǆǇŚǇĚƌͿŽǆŝĚĞƐ Žƌ ŽƚŚĞƌ FĞ-
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containing phases (with <5 wt% Fe) (Table S3, Figs. 8b, 8d). On visual inspection, these new 

and chemically different Fe particles, ĚĞĨŝŶĞĚ ĂƐ ͚ƐƵůƉŚƵƌ-ĚĞƉůĞƚĞĚ͛ ĂƌĞ ĨƌĂŵďŽŝĚƐ ĂŶĚ 

euhedral crystals consisting of microcrystals which appear (from density comparisons) to 

have a pyrite core and Fe (oxyhydr)oxide rims (Fig. 9a, 9b), and thus overall lower sulphur 

contents. BSB shows a slighƚůǇ ŵŽƌĞ ƉƌŽŶŽƵŶĐĞĚ ƐŚŝĨƚ ĨƌŽŵ ͚ƉƌŝƐƚŝŶĞ͛ ƚŽ ͚ƐƵůƉŚƵƌ-ĚĞƉůĞƚĞĚ͛ 

particles (Table S3Ϳ͘ PĂƌƚŝĐůĞƐ ŝĚĞŶƚŝĨŝĞĚ ĂƐ ͚ƐƵůƉŚƵƌ-ĚĞƉůĞƚĞĚ͛ ĂƌĞ ĐŽŶĐĞŶƚƌĂƚĞĚ ĂƌŽƵŶĚ ƚŚĞ 

outside of chips, in layers approximately 0.2 mm thick (Fig. 10). Some particles labelled Fe 

oxides in Fig. 8  are framboidal in shape (Fig. 9c). Large euhedral Fe oxides identified in 

QVS.1 have a mottled nature in QVS.2 (Fig. 9e). 

 

6. Discussion 

In both samples, Fe behaved conservatively during the experiments, and is neither leached 

into the effluent in any considerable quantities (Table S1, S2) nor is it lost from the samples 

ĚƵƌŝŶŐ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚƐ ;ʏ ǀĂůƵĞƐ ǀĞƌǇ ĐůŽƐĞ ƚŽ ǌĞƌŽ ŝŶ ďŽƚŚ ƐĂŵƉůĞƐ͕ FŝŐ͘ 3a). This limited loss 

of Fe from a weathering shale sample is consistent with findings by Pye and Miller (1990) 

and Perkins and Mason (2015) as well as with natural weathering studies (Littke et al., 1991; 

Odin et al., 2015). Different from this study, Tuttle and Breit (2009) found Fe to be labile in 

naturally weathered shale, and measurements of shale weathering profiles also show 

ŶĞŐĂƚŝǀĞ ʏ ǀĂůƵĞƐ ĨŽƌ FĞ ;MĂƌĐĞůůƵƐ “ŚĂůĞ ʏ ƵƉ ƚŽ -0.27 (Jin et al., 2013); Rose Hill Shale 

ŵĂǆŝŵƵŵ ʏ -0.51 to -0.77 (Jin et al., 2013; Brantley et al., 2013). Iron was also released from 

shales into experimental leachate solutions, as reported by Lierman et al. (2011), Bhatti 

(2015), and Perkins and Mason (2015).  
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Natural variability in the permeability of the shales, as well as climate and period of time 

exposed to the ambient climate could account for some of these differences. However, the 

geochemical composition of the shales has been implicated in different weathering 

scenarios for Fe in previous studies. Tuttle and Breit (2009) and Brantley et al. (2013) 

suggested that low pH conditions and the lack of carbonate buffering were responsible for 

the dissolution and removal of most Fe-containing pyrite weathering products. In contrast, 

it has been shown that neutral to alkaline pH inhibits pyrite oxidation in laboratory 

experiments (Nordstrom, 1982; Nicholson et al., 1988), in soils (Lara et al., 2015), in acid 

mine drainage situations (Wiggering, 1993; Evangelou and Zhang, 1995; Huminicki and 

Rimstidt, 2009), and when storing wet shale samples (Kraal et al., 2009). In this study, the 

most notable change in the geochemical composition of shale samples after the experiment 

is the dissolution of carbonates. Fig. 3a shows that TIC and Ca are significantly depleted 

from both shale samples following the experiment, suggesting almost complete loss of 

CaCO3 from QVS.2, supported also by the high amounts of Ca present in the effluent (Fig. 

4f). The relative instability of carbonate (calcite) during shale weathering has been noted in 

previous experiments (e.g. Ritsema and Groenenberg, 1993; White et al., 2005) and field 

observations (e.g. Brantley et al., 2013). This, and the resultant release of HCO3
-
 (Equation 

2), are contributing factors to the increasing and ultimately slightly alkaline pH values in the 

effluents of both experiments (Fig. 2a), which is different to previous shale weathering 

experiments where the pH was often much lower (e.g. Liao et al., 2014, pH 4.2-6.0; Bhatti, 

2015, pH 1.2-2.2; Perkins and Mason, 2015, pH 3.6-6.2). The reason for this divergence in pH 

is that earlier experiments either removed carbonate from the shale samples prior to the 

artificial weathering or used shales that were initially very low in Ca (and so presumably low 

in carbonate). A correlation between Ca and S in the effluents of both samples (Fig. 5c and 
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5d) and the identification of calcium sulphur compounds on the edges of BSB.2 rock chips 

hint at the formation of gypsum, a common product of carbonate dissolution driven by 

pyrite oxidation (Forster et al., 1995).   

At neutral to alkaline pH, as in this experiment, one of the intermediate products of pyrite 

oxidation, ferric hydroxide, precipitates in the shale pore spaces (Nordstrom, 1982). As Fe
3+

 

is also an oxidant, removing it from solution by precipitation of ferric hydroxide (which is 

particularly important in the low O2 environments likely in mudrock pores) would also likely 

slow pyrite oxidation (Rimstidt and Newcomb, 1993; Chandra and Gerson, 2010). In 

experiments where pyrite was weathered in the presence of carbonate, and thus in higher 

pH environments (Nicholson et al., 1988; Lara et al., 2015), the build-up of Fe 

(oxyhydr)oxides on pyrite surfaces caused decreasing rates of pyrite oxidation, due to the 

shrinking core model. In this model, rates of pyrite oxidation are limited by the rate of 

oxygen diffusion through the build-up of the oxidation products around the edge of a 

particle (Nicholson et al., 1990). The microscopic evidence for Fe (oxyhydr)oxide rims 

ĂƌŽƵŶĚ ƉǇƌŝƚĞ ĐŽƌĞƐ ŽŶ ŝŶĚŝǀŝĚƵĂů ͚ƐƵůƉŚƵƌ-ĚĞƉůĞƚĞĚ͛ ŵŝĐƌŽĐƌǇƐƚĂůƐ ŝŶ ƉŽƐƚ ĞǆƉĞƌŝŵĞŶƚ 

samples (Figs. 9a, 9b) supports this model of rate limitation in carbonate-containing shale 

(Fig. 11). Since the Fe (oxyhydr)oxides are relatively stable compared to pyrite under 

prevailing weathering conditions ;“ĐŚǁĞƌƚŵĂŶŶ ĂŶĚ TĂǇůŽƌ͕ ϭϵϴϵͿ͕ ͚ƐƵůƉŚƵƌ-ĚĞƉůĞƚĞĚ͛ ƉǇƌŝƚĞ 

ƉĂƌƚŝĐůĞƐ ĂƌĞ ĞƐƐĞŶƚŝĂůůǇ ͚ƉĂƐƐŝǀĂƚĞĚ͛ ďǇ FĞ ;ŽǆǇŚǇĚƌͿŽǆŝĚĞ ĐŽĂƚŝŶŐƐ͘ ͚AƌŵŽƵƌŝŶŐ͛ ŽĨ ŵŝŶĞƌĂůƐ 

was proposed to explain why experiments using powder and weathering models required 

unusually small surface areas to force modelling results to match field observations of pyrite 

oxidation (Heidari Ğƚ Ăů͕͘ ϮϬϭϳͿ ĂŶĚ ƚŚĞƐĞ ͚ƉĂƐƐŝǀĂƚĞĚ͛ ƉǇƌŝƚĞ ŐƌĂŝŶƐ ŵĂǇ ďĞ ĂŶ ĞǆĂŵƉůĞ ŽĨ 

this armouring.  
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Quantitative data produced by the SEM EDX technique also allow for a comparison of 

͚ƉĂƐƐŝǀĂƚŝŽŶ͛ ŝŶ QV“ ĂŶĚ BSB (Table S3). Compared to QVS, there was a more pronounced 

ƐŚŝĨƚ ĨƌŽŵ ͚ƉƌŝƐƚŝŶĞ͛ ƚŽ ͚ƐƵůƉŚƵƌ-ĚĞƉůĞƚĞĚ͛ ƉǇƌŝƚĞ ;TĂďůĞ S3) during the experiment within 

BSB, combined with a more pronounced increase in the FeOX1 pool identified by sequential 

Fe extraction (Table 4). This, coupled with a slowing rate of S and Ca removal into the 

effluent (Figs. 4a, b, c) in BSB compared to QVS (where Ca and S removal continues at 

similar rates until the end of the experiment) could suggest decreasing pyrite oxidation and 

ĐĂƌďŽŶĂƚĞ ĚŝƐƐŽůƵƚŝŽŶ͕ ŚŝŶƚŝŶŐ Ăƚ ĞŶŚĂŶĐĞĚ ƉǇƌŝƚĞ ͚ƉĂƐƐŝǀĂƚŝŽŶ͛͘  

TŚŝƐ ŵŽƌĞ ƐŝŐŶŝĨŝĐĂŶƚ ͚ƉĂƐƐŝǀĂƚŝŽŶ͛ ŝŶ BSB could have a number of reasons linked to factors 

controlling rates of pyrite oxidation seen in other studies. (A) Higher surface area for pyrite 

oxidation and Fe (oxyhydr)oxide precipitation to take place (Chandra and Gerson, 2010; 

Heidari et al., 2017); in both BSB.1 and BSB.2, pyrite grains had a smaller average ECD than 

in QVS.1 and QVS.2; (B) The flow rate of oxygenated water (Heidari et al., 2017), linked to 

permeability, may also have been higher in BSB samples, however, there are no data 

available to compare flow rates in the two samples; (C) the slightly higher temperature in 

the BSB experiment which was carried out in the summer (Fig. 2a); or (D) the higher pH in 

BSB.1, especially within pH buffered microenvironments caused by carbonate dissolution 

amongst the coccolithophore debris (Fig. 6), allowed more pervasive precipitation of Fe
3+

 

than in QVS, where pH of the effluent and carbonate concentrations within the sample were 

much lower, and eventually most carbonate had been dissolved.  

As CaCO3 is efficient at consuming H
+
 ions from pyrite oxidation, thereby buffering acidic 

solutions, Brantley et al. (2013) suggested calculating an R value (stoichiometrically derived 

from Equation 4) to calculate if all acid generated by pyrite oxidation can be consumed by 
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CaCO3 dissolution. Values for both parent samples are below 1, suggesting that there is 

sufficient CaCO3 to consume any acid produced by pyrite oxidation, minimising the effect of 

this acid on any other minerals. Therefore, losses of Na from our shale samples might be 

due to desorption from clay minerals and not from acid hydrolysis of aluminosilicates (Pye 

and Miller, 1990).  R values are an order of magnitude lower for BSB.1, because of the 

higher CaCO3 content (QVS.1 0.15, BSB.1 0.01). We suggest that if pyrite passivation is 

occurring in samples where carbonates are dissolving, R values of <1 may mean weathering 

is limited not only by the amount of acid available for weathering reactions, but also by 

ƉǇƌŝƚĞ ͚ƉĂƐƐŝǀĂƚŝŽŶ͛͘ TŚĞƌĞ ŵĂǇ ďĞ ĂŶ ŽƉƚŝŵƵŵ ‘ ǀĂůƵĞ ĨŽƌ ƉǇƌŝƚĞ ͚ƉĂƐƐŝǀĂƚŝŽŶ͛ ŝŶ ƐŚĂůĞƐ 

(close to the R value in BS), which could be further investigated taking advantage of the 

quantitative observations in SEM EDX.  

FeS2 + 3.75 O2 + 3.5 H2O + 4 CaCO3 = Fe(OH)3 +2 SO4
2- 

+ 4 Ca
2+ 

+ 4 HCO3
- 

R =  MPYR/4MCaCO3  Equation 4 (From Brantley et al., 2013) 

In both samples studied, the pyrite framboids indicate the same process of in situ Fe phase 

transformation from sulphides to (oxyhydr)oxides via diffusion at individual pyrite 

microcrystal surfaces, with little change in framboid morphology. The retention of pyrite 

ĨƌĂŵďŽŝĚ ;ĂŶĚ ĞƵŚĞĚƌĂůͿ ŵŽƌƉŚŽůŽŐǇ ĚƵƌŝŶŐ ƉǇƌŝƚĞ ͚ƉĂƐƐŝǀĂƚŝŽŶ͛ ƐĞĞŶ ŝŶ FŝŐƐ͘ 9a and 9b may 

be due to the two-stage oxidation process suggested by Huminicki and Rimstidt (2009). In 

that model, dissolved Fe forms poorly crystalline Fe (oxyhydr)oxide colloids which are 

attracted to the pyrite surface, forming a semi-permeable layer which encourages the 

precipitation of further Fe (oxyhydr)oxide between the pyrite surface and this colloidal 

layer.  There is even evidence that some pyrite particles have been almost completely 

oxidised retaining the original framboid morphology (Fig. 9c). The preservation of pyrite 
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(particularly framboid) morphology has also been identified in various palaeo-redox studies 

which use outcrop samples (Luning et al., 2003; Wignall et al., 2005; Stebbins et al., 2019).  

In terms of weathering overprints on palaeo-redox indicators, the observed changes in Fe 

phase (dissolution of FeCARB, oxidation of FePY and formation of FeOX) do not significantly 

affect the FeHR/FeT proxy as the Fe (oxyhydr)oxide products of pyrite oxidation (FeOX1 and 

FeOX2) are also part of the FeHR pool. Also, it appears that Fe-rich clay minerals (Fe species 

not considered as FeHR, defined here as FePRS) reported to form or being lost in natural 

weathering profiles (Caillaud et al., 2004; Heidari et al., 2017) are not being impacted on the 

timescale or the setup used in our experiment. Therefore, we conclude that the FeHR/FeT 

proxy can be reliably used in outcrop samples which have been exposed to oxygen and 

ǁĂƚĞƌ ĨŽƌ Ă ůŝŵŝƚĞĚ ĂŵŽƵŶƚ ŽĨ ƚŝŵĞ͕ ĂŶĚ ǁŚĞƌĞ ƚŚĞ ƚƌĂŶƐĨŽƌŵĂƚŝŽŶ ĨƌŽŵ ƉƌŝƐƚŝŶĞ ƚŽ ͚ƐƵůƉŚƵƌ 

ĚĞƉůĞƚĞĚ͛ ƉǇƌŝƚĞ ŚĂƐ ƚĂŬĞŶ ƉůĂĐĞ͘ DŝĨĨĞƌĞŶƚ ĨƌŽŵ ƚŚĞ FeHR/FeT ratio, the FePY/FeHR ratio was 

significantly modified during the experiment (Table 4). Loss of pyrite is evident from 

ŶĞŐĂƚŝǀĞ ʏ FĞPY and S values (Fig. 3c), and S has leached into the effluents of both samples 

(Fig. 4g).  Much more sulphur leached into the effluent than Fe (Figs. 3b, 4g, 5a, 5b; Table 

S1, S2), although there is some evidence of S-containing weathering products being retained 

in the rock, precipitating on the edge of rock chips as gypsum (Fig. 6c.). This reduction in 

FePY/FeHR in the shale samples would affect the interpretation of the hydrogen sulphide 

availability in the palaeo-depositional environment in the BSB sample, changing it from 

euxinic (>0.8) pre-experiment to ferruginous (<0.7) post experiment (Poulton and Canfield, 

2011), therefore this proxy may be less reliable in weathered shale samples.  

In BSB, the non-pyrite S fraction (Fig. 3c), assumed to be predominately sulphurised organic 

matter (Raiswell et al., 2001), ƌĞŵĂŝŶĞĚ ƵŶĐŚĂŶŐĞĚ ;ʏ ǀĂůƵĞƐ ĐůŽƐĞ ƚŽ ǌĞƌŽͿ ĚƵƌŝŶŐ ƚŚĞ 
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experiment. This is likely due to the conservative nature and oxidation resistance of 

sulphurised organic matter (Table 3), supporting previous findings by Petsch (2000). 

However, the possible formation of gypsum, some of which was retained within the rock 

chips analysed (Fig. 6c), will have also added to the non-pyritic sulphur pool. In both 

ƐĂŵƉůĞƐ͕ TOC ĐŽŶƚĞŶƚƐ ĂƉƉĞĂƌĞĚ ƚŽ ďĞ ƐƚĂďůĞ ŽǀĞƌ ƚŚĞ ĐŽƵƌƐĞ ŽĨ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚ ;ƉŽƐŝƚŝǀĞ ʏ 

values, Fig. 3a), supporting previous research that organic carbon compounds are relatively 

stable against weathering when compared to pyrite (Clayton and Swetland, 1978; Petsch, 

2000). In addition, as both P and TOC are conservative in this experiment (Fig. 3a), the 

TOC/P redox palaeoproxy (Ingall et al., 1993) also appears to be resistant to oxidative 

weathering.  Although the P containing mineral apatite is susceptible to acidic dissolution, it 

likely becomes associated with newly formed Fe (oxyhydr)oxides (Kraal et al., 2009) and so 

values within the bulk sediment are unaffected. 

 

7. Implications and Conclusions 

This weathering experiment was not designed to replicate natural weathering conditions, 

but rather to stimulate some of the most common geochemical transformations taking 

place during shale weathering, and to observe the effects on common palaeo-redox proxies. 

The experiment caused leaching of carbonate minerals, oxidation of pyrite (decrease in 

ƉǇƌŝƚĞ ŝĚĞŶƚŝĨŝĞĚ ŝŶ ǁĞƚ ĐŚĞŵŝĐĂů ĞǆƚƌĂĐƚŝŽŶƐ ĂŶĚ ƚŚĞ ŝĚĞŶƚŝĨŝĐĂƚŝŽŶ ŽĨ ͚ƐƵůƉŚƵƌ ĚĞƉůĞƚĞĚ͛ 

pyrite particles), and possible production of gypsum (identified in SEM EDX) and Fe 

(oxyhydr)oxides as secondary precipitates. We therefore show that the relatively simple 

soxhlet setup selected in this study has caused reactions observed in more complicated 

weathering experiments and in natural systems. With the benefit of SEM EDX elemental 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

24 

 

mapping, it is possible to observe the spatial extent of these weathering reactions (Fig. 10). 

Despite the short duration of the experiment (four weeks), the affected pyrite particles can 

be observed on average 0.2 mm into each shale chip, suggesting a weathering/penetration 

rate of O2 and water of around 0.2 mm/month. Although more detailed work would be 

required to make a direct comparison between the laboratory experiment and field 

weathering rates, the laboratory experiment rates are likely to be faster, due to the higher 

temperatures involved, larger surface area and the complete exchange of weathering fluids. 

The 0.2mm/month is therefore relevant as it is orders of magnitude lower than reported 

physical erosion rates calculated for high physical denudation situations, including 

mountainous stream beds (mm to cm/yr Hsieh and Knuepfer, 2001; Cornwell et al., 2003) 

and coastal cliffs (m/yr, Rosser et al., 2005), which are often selected for sampling for 

geochemical studies. As the FeHR/FeT proxy appears to be relatively conservative during 

weathering on such timescales, high erosion rates would mean that affected QVS rocks in 

the Quebrada Vara Santa stream outcrop and the BSB ĐůŝĨĨ ŝŶ CůĂǀĞůů͛Ɛ HĂƌĚ ǁŽƵůĚ ďĞ 

physically eroded before these proxies would become unreliable.  

IƌŽŶ ĂƉƉĞĂƌƐ ƚŽ ďĞ ŵŽƌĞ ĐŽŶƐĞƌǀĂƚŝǀĞ ǁŚĞŶ ŽƵƌ ʏ ǀĂůƵĞƐ ĂƌĞ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚŽƐĞ in natural 

weathering studies. If, as suggested by some authors (e.g. Tuttle and Breit, 2009; Brantley et 

al., 2013), higher pH values reduce the rates of pyrite oxidation by precipitating Fe 

(oxyhydr)oxides as rims on pyrite particles, this may suggest that rocks containing a certain 

amount of CaCO3 (with an R value significantly less than 1) may be considered more reliable 

for FeHR/FeT (and P/TOC) proxies for reconstructing redox in the water column. Supporting 

this, Kraal et al. (2009) noted that drill core samples were less prone to pyrite oxidation if 

they contained more than 5% CaCO3. This mechanism for limiting pyrite oxidation may also 

affect other geochemical proxies. Since some redox-sensitive/sulphide-forming trace 
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elements (e.g. Ni, Cu, Mo and Zn) are known to be associated with pyrite (Huerta-Diaz and 

Morse, 1992; Gregory et al. 2015), their mobility during outcrop weathering should be 

determined by the degree of pyrite oxidation (Zhu et al., 2008; Perkins and Mason, 2015), 

ĂŶĚ ůŽƐƐ ĐŽƵůĚ ďĞ ůŝŵŝƚĞĚ ďǇ ƉǇƌŝƚĞ ͚ƉĂƐƐŝǀĂƚŝŽŶ͛͘  

GĞŽĐŚĞŵŝĐĂů ŝĚĞŶƚŝĨŝĐĂƚŝŽŶ ĂŶĚ ƋƵĂŶƚŝĨŝĐĂƚŝŽŶ ŽĨ ͚ƐƵůƉŚƵƌ ĚĞƉůĞƚĞĚ͛ ŽǆŝĚŝƐĞĚ ƉǇƌŝƚĞ ƉĂƌƚŝĐůĞƐ 

presented here provide a novel addition to the geochemical toolbox for quantifying pyrite 

oxidation and the extents of weathering. This could fill a gap in natural weathering studies, 

where quantification of weathering is often difficult as the geochemistry of the parent rock 

ƌĞƋƵŝƌĞĚ ĨŽƌ ʏ ĐĂůĐƵůĂƚŝŽŶƐ ;EƋƵĂƚŝŽŶ ϯͿ ŝƐ ĚŝĨĨŝĐƵůƚ ƚŽ ĂƐƐŝŐŶ ;JŝŶ Ğƚ Ăů͕͘ ϮϬϭ3; Brantley et al., 

2013;). Also, when applying the FePY/FeHR proxy to infer ferruginous/euxinic conditions from 

outcrop samples we recommend SEM EDX analyses to confirm the absence of affected 

pyrite particles, building confidence that geochemical interpretations were robust. The 

results reported in this paper invite further study into the nature (including high resolution 

geochemical analysis like time of flight secondary ion mass spectrometry (ToF-SIMS) and 

long-ƚĞƌŵ ĨĂƚĞ ŽĨ ͚ƉĂƐƐŝǀĂƚĞĚ͛ ƉǇƌŝƚĞ ƉĂƌƚŝĐůĞƐ͕ ŝŶ Žrder to investigate this effect on the use of 

geochemical proxies at outcrop, trace element contamination of drinking waters, and 

geological scale effect on the sulphur cycle.  
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Figure Captions 

Figure 1. Experimental set-up, with modified soxhlet extractor. Modified from Pedro et al., 

1961. 

Figure 2. Measurements taken during the experiment. a. pH measured within effluent 

during sampling. b. Temperature measured within the sample thimble. Error bars are 

standard error measured in three replicate experiments. Open circles are QVS, closed circles 

are BSB.  
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Figure 3. Mass transfer coefficient of elements and Fe species calculated using Equation 3, 

with Ti as the index element, used to compare element contents in the original and treated 

sample (after 4 weeks). Positive values indicate conservation, negative values indicate loss. 

Complete loss is indicated by a mass transfer coefficient of -1. Black bars are BSB, white bars 

are QVS. Error bars are standard error of three replicated experiments. Figure a. shows mass 

transfer coefficients of the bulk elements determined by XRF (apart from TOC, TIC and S 

from LECO and CNS analysis). Figure b. shows mass transfer coefficients of Fe compounds 

determined by sequential extraction and chromous chloride reduction. 

Figure 4.  Percentage of  element available in the solid samples before the experiment which 

has leached into effluent (cumulative mg leached into effluent as a percentage of mg of 

element in original sample, cumulative rel(%)). Figure h. is cumulative mg S leached into 

effluent as a percentage of mg in pyrite measured by chromous reduction. Open circles are 

QVS (error bars are the standard error of three replicates). Closed circles are BSB. Diamonds 

seen in Figures f., g. and h. are incidences where a  precipitate was present in the effluent.  

Figure 5. Correlations between concentrations of elements within the effluent samples 

(mg/l). Open data points (a and c) are from QVS (one sample chosen from the three 

experiments but all show similar trends) and closed data points (b. and d.) are from BSB.  

Figure 6. SEM BSE imagery of  randomly selected chips from BSB.1 (a.) and BSB.2 (b.). 

Features visible in these images include faecal pellets comprised of coccolith fragments, 

black material which is likely organic matter and pyrite. A coating of a mineral with high 

concentrations of Ca and S (possibly gypsum) is noted on the outside of a chip from BSB.2 

(c.). 
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Figure 7. SEM BSE imagery of randomly selected chips from QVS.1 (a) to QVS.2 (b). Quartz, 

pyrite, Fe oxyhydr(oxides) and carbonate minerals are identified. 

Figure 8. SEM EDX elemental data with each data point showing the Fe and S concentration 

(in apparent %) of individual bright particles analysed by automated particle analysis of a 

thin section of BSB chips. Figure a. is pre-experiment BSB.1 and b. is post-experiment BSB.2, 

c. is pre experiment QVS.1 and d. is post experiment QVS.2. Black crosses are <5% Fe, light 

grey are particles with a Fe content >5% and Fe:S ratio less than 1 and are considered 

͚ƉƌŝƐƚŝŶĞ͛ ƉǇƌŝƚĞ͘ DĂƌŬ ŐƌĞǇ ĚĂƚĂ ƉŽŝŶƚƐ ŚĂǀĞ Ă FĞ͗“ ƌĂƚŝŽ ŐƌĞĂƚĞƌ ƚŚĂŶ ϭ ĂŶĚ ŚĂǀĞ ŵŽƌĞ ƚŚĂŶ 

5% S. Black circles contain less than 5% S and are considered to ďĞ FĞ ŽǆŝĚĞƐ͘  MŽĚŝĮĞĚ ĨƌŽŵ 

Buckman et al., 2018 

Figure 9. SEM Back scattered electron (BSE) images, examples of Fe particles and 

weathering products. Images a., b., c. and e. from QVS.2, post experiment. Image d. is from 

QVS.1. Images b. and c. are taken from Buckman et al., 2018. Pyrite is characteristically 

bright in BSE whereas Fe oxide rims are darker. Note rims around pyrite in b. have a similar 

brightness to Fe oxide framboid in c., providing evidence for their similar density and 

composition. 

Figure 10. Aztec generated image of automated particle data of BSB.2 combining EDX 

chemical data with SEM imagery͘ CůĞĂƌůǇ ǀŝƐŝďůĞ ĂƌĞ ͚ƐƵůƉŚƵƌ-ĚĞƉůĞƚĞĚ͛ ƉǇƌŝƚĞ ƉĂƌƚŝĐůĞƐ 

(those with Fe:S > 1) ŝŶ ǇĞůůŽǁ ĐŽŶĐĞŶƚƌĂƚĞĚ ĂƌŽƵŶĚ ƚŚĞ ŽƵƚƐŝĚĞ ŽĨ ƚŚĞ ĐŚŝƉƐ ĂŶĚ ͚ƉƌŝƐƚŝŶĞ͛ 

pyrite particles (with Fe:S <1) in red concentrated in the centre of each chip. Modified from 

Buckman et al., 2018 

Figure 11. Conceptual model of shrinking core model as seen in SEM BSE imagery of pyrite 

framboids in QVS.2 (adapted from Nicholson et al.,1990). This model implies the products of 
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pyrite oxidation (Fe(oxhydr)oxides) build up on the pyrite particle, minimising the 

penetration of O2 and water for further pyrite oxidation. IŵĂŐĞ ŵŽĚŝĮĞĚ ĨƌŽŵ BƵĐŬŵĂŶ Ğƚ 

al., 2018. 

 

Table Captions 

Table 1. Extraction scheme for Fe-speciation taken from Poulton and Canfield, 2005. All 

extractions at 25°C unless stated otherwise.  Details of chromous chloride distillation 

described in Canfield et al., 1986.  

Table 2. Bulk geochemistry analysed via XRF in pre-experiment samples and post-

experiment samples (shaded grey). Averages of three samples are shown for QVS.2, with 

standard error in brackets. 

Table 3. Bulk geochemistry (Total organic carbon (TOC), Total inorganic carbon (TIC)), 

analysed via LECO and CNS analyser, with PyS (pyrite S) analysed via chromium reduction 

methods. Non-PyS is calculated from total S minus PyS Pre-experiment samples and post-

experiment samples (shaded grey). Averages of three samples are shown for QVS.2, with 

standard error in brackets. 

Table 4. Results of Fe compound determination on the two studied samples before and after 

(shaded) experiment in wt%. QVS.2 is average (n=3) with standard error in brackets. 

 

Supplementary Material 

Table S1. Concentrations of elements in the effluent during experiment on BSB as measured 

by ICP-OES. Values in italic are below the limits of quantification. 
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Table S2. Concentrations of elements in the effluent during experiment of an example QVS 

sample as measured by ICP-OES. Values in italic are below the Limits of quantification (LOQ). 

Table S3. Presenting information shown in Figure 8 and 9 in a numerical format with 

proportions and actual numbers of particles in brackets. On the left, relative proportions are 

calculated only from particles with chemical compositions indicating Fe sulphides (particles 

with >5 % S), highlighting the shift to sulphur-depleted pyrite after the experiment. On the 

right, all Fe-containing particles are included, to show the increase in Fe (oxyhydr)oxides 

(particles with <5 % S). Particles identified in SEM-EDX with processing by IncaFeature. 
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Table 1 

Extraction Target Phases Terminology 

Na Acetate, pH 4.5, 24 h, 50°C 
Carbonate Fe (including 

siderite and ankerite) 
FeCARB 

Hydroxylamine-HCl, 48 h Ferrihydrite, lepidocrocite FeOX1 

Dithionite, 2 h 
Goethite, akaganéite, 

hematite 
FeOX2 

Oxalate, 6 h Magnetite FeMAG 

Chromous Chloride Distillation Pyrite Fe FePY 
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Table 2 

 

Al Si Ti Fe Mn Mg Ca Na K P 

 

% % % % % % % % % % 

BSB.1 2.50 5.57 0.14 1.76 0.01 0.22 5.34 0.09 0.61 0.32 

BSB.2 2.50 5.53 0.14 1.76 0.01 0.21 4.63 0.07 0.61 0.34 

QVS.1 11.78 25.70 0.58 3.37 0.02 0.45 0.80 0.05 1.76 0.07 

QVS.2 
11.80 

(±0.07) 

25.71 

(±0.20) 

0.58 

(±0.00) 

3.36 

(±0.03) 

0.02 

(±0.00) 

0.43 

(±0.01) 

0.51 

(±0.20) 

0.04 

(±0.01) 

1.70 

(±0.01) 

0.07 

(±0.00) 

 

Table 3 

 
TOC TIC S PyS Non-PyS 

 
(%) (%) (%) (%) (%) 

BSB.1 49.5 4.18 6.71 0.92 5.79 

BSB.2 51.15 2.16 6.6 0.59 6.01 

QVS.1 2.61 0.37 0.81 1.16 0 

QVS.2 
2.77 

(±0.06) 

0.02 

(±0.02) 

0.62 

(±0.02) 

0.91 

(±0.03) 
0 
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Table 4 

  Fe FeCarb FeOX1 FeOX2 FeMag FePy FePRS FeHR 
FeHR/FeT FePY/FeHR  

  wt% wt% wt% wt% wt% wt% wt% wt% 

BSB.1 1.76 0.14 0.04 0.02 0 0.8 0.76 1 0.57 0.8 

BSB.2 1.76 0.11 0.18 0.26 0.01 0.51 0.69 1.07 0.61 0.54 

QVS.1 3.37 0.33 0.6 0.05 0.13 1.01 1.26 2.12 0.63 0.39 

QVS.2 
3.36 

(±0.01) 

0.16 

(±0.01) 

0.54 

(±0.02) 

0.47 

(±0.03) 

0.08 

(±0.01) 

0.79 

(±0.02) 

1.32 

(±0.02) 
0 0.61 0.3 
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Highlights: 

Ɣ A laboratory experiment has stimulated weathering reactions in two different 

shales 

Ɣ Total Fe and the redox proxy (FeHR/FeT) are unaffected, so reliable in similar 

shales 

Ɣ Pyrite oxidation at high pH led to development of Fe oxide rims  

Ɣ Affected pyrite is observable in SEM and quantifiable with EDX ʹ a new 

weathering gauge 

Ɣ  Absence of these particles should be confirmed for studies using the 

FePY/FeHR proxy 
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