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Abstract

Modelling global biogeochemical cycles requires an understanding of processes at a
range of scales. Small-scale redox processes are often modelled as a succession of
successively less energy efficient reactions which are predominantly mediated by
bacteria. This thesis is a series of discrete studies which examine early diagenetic

processes in a peatbog, saltmarsh and an ancient marine sequence.

In an ombrotrophic peat bog at Thorne Moors, redox horizons, which influence the
behaviour of sulfur and iron, are complex because they are impacted by abiotic and
biotic processes, roots, lateral flows and potentially “hotspots” of organic matter
(OM) degradation. In these systems the long-term fate of trace metals was found to
be predominantly controlled by dust deposition suggesting that they are immobile;

this was confirmed by the DET and DGT data.

Warham salt marsh results show that due to the rapid sedimentation rates, more
reactive iron is buried which then partially oxidises sulfide to elemental sulfur in the

deeper sediment and to sulfate in the near-surface.

The ancient site (Shales-with-Beef Member) has concretionary horizons that
coincide with partial oxidation of sulfide to elemental sulfur and a change in iron
chemistry, whilst the organic matter input and anoxic conditions remained the same.
The changes in diagenetic conditions arose from slow sedimentation rates which

cause the less reactive iron to remain longer in the biogeochemical zone.

This study shows that redox zones are much more complex than the series of
cascading reactions which successively yield less energy and are predominantly

mediated by bacteria.
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Introduction

Chapter 1 Introduction

1.1 Introduction

This thesis is concerned with metal interactions with the sulfur cycle in aquatic
sediments. The work has been carried out in both modern and ancient environments
and as a consequence has been undertaken as discrete studies, each with a separate
literature review. This chapter introduces the rationale behind the research and
provides a basic understanding of biogeochemical cycles, and rudimentary

interactions between sulfur and metals in aquatic sediments.

1.2. Overview of biogeochemical cycles

The interaction between biogeochemical cycles is the key link to understanding
many earth surface processes over geological time (e.g. Berner, 1989; Falkowski et
al., 1998; Zachos et al., 2008). At the highest level, geochemical systems can be
broken down into reservoirs and fluxes (e.g. Schimel, 1995). Reservoirs are often
grouped into: atmosphere, hydrosphere, biosphere, sediments, and rocks (Figure
1.1), although they are much more complex in reality (e.g. Hedges, 1991; Schimel,
1995; Jickells et al., 2005). As biogeochemical cycles are known to be intrinsically
linked, then changes to one geochemical reservoir can affect another, which could
then impact on another and so forth (e.g. Berner, 1982; Ku et al., 1999; Friedl and
Waest, 2002; Jickells et al., 2005). For instance, an increase of bioavailable Fe by a
factor of 2 to the global oceans could cause a decrease in atmospheric CO, by 13-30

ppm (Lefevre and Watson, 1999).
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Weathering
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& Transportation Sediments
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Figure 1.1  Interactions between global fluxes and large-scale reservoirs.
This schematic diagram represents the basic fluxes between large-
scale reservoirs and fluxes. The interactions between reservoirs are
complex and the biogeochemical cycles are intrinsically linked, thus it
IS important to understand how the fluxes and reservoirs interact both
on a global and local scale.
Earth system modelling can predict the consequences of changing one or more
variables of the geochemical cycles (e.g. Cox and Kwaitkowski, 2013; Hopkins et
al., 2014). However, to achieve this robustly the detail needs to be incorporated into
the models, with refinements made as our knowledge-base increases. Clearly, we
need to be able to understand the impacts of the changes to the big-scale reservoirs,
but also understand the fine detail of each reservoir and fluxes, as well as the
interactions between them (Muraoka et al., 2010). Moreover, as carbon is one of the
biogeochemical cycles, this has clear implications of understanding and modelling

the effects of CO, and CH,4 on greenhouse warming and future climate change (e.g.

Clauseen et al., 2002; Cox and Kwaitkowski, 2013; Hopkins et al., 2014).
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1.3 Redox reactions: small-scale interactions within biogeochemical

cycles

Redox reactions illustrate how global geochemical cycles are intrinsically linked on

a small-scale (e.g. Berner, 1982; Ku et al., 1999). Redox zones are a series of

characteristic changes within sediments that are directly related to a cascade of

microbial respiration reactions (although they can be abiotic) that successively yield

less energy in the presence of organic matter (e.g. Froelich et al., 1979; Burdige,

2006 and references therein; Sevenson et al., 1997 and references therein). The

energy yielded from highest to lowest is: oxygen reduction; nitrate reduction;

manganese reduction; iron reduction; sulfate reduction and finally the formation of

methane (Figure 1.2; Table 1.1: Froelich et al., 1979). Importantly, oxygen is added

to the atmospheric reservoir when organic matter accumulates in marine sediments

and rocks (e.g. Berner, 1982).

Process

Aerobic respiration

Denitrification

Manganese reduction

Iron reduction

Sulfate reduction

Methanogenesis

Chemical Reaction

C6H1205 + 602 - 6C02 + 6Hzo

5CsH1,06+ 24NO5 —
12N, + 24HCO;- + 6CO, +18H,0
CgH1,06 + 18CO, + 6H,0 + 12 8-MnO, —
12Mn?* + 24HCO4
CgH1,0¢ + 42C0, +24Fe(OH);—
24Fe®* + 48HCO; + 18H,0
CgH1206 + 650,57 —
6H,S + 12HCOy
2CgH1,05 — 6CH, + 6CO;,

AG° (kJ mol Glucose %) Eq.

-2.82

-2.66

-2.38

-0.79

-0.45

-0.30

11

1.2

13

14

1.5

1.6

Table 1.1 Microbially mediated reactions using OM as an energy source.
This table show which reactions yield more energy (using glucose as
an example) and therefore which species are more favourable for
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bacteria. Aerobic respiration yields the most and methanogenesis
yields the least energy (Burdige, 2006 and references therein).

Bottom water (02)

Concentration l
e

502 Oxygen reduction
0
INltrate reduction

H <+— Mn," oxidation

Depth

<—— Fe," oxidation
(sediments) Iron reduction

< CH, oxidation
IMethane formation

Figure 1.2  The relationship between depth and redox reactions.

This figure shows the same as Table 1.1; the successive dominate use
of TEAPs by bacteria during the remineralisation of OM in marine
sediments. The figure, however, relates the reactions to depth showing
that aerobic respiration is the most dominate reaction by bacteria in
the very near shallow and methanogenesis is the most dominate
reaction in the deeper part of the sediment (modified from Burdige,
2006 and references therein). This is oversimplified however as there
are more variables which have an impact on the way bacteria use
species for terminal electron transfer (modified from Froelich et al,
1979; Burdige, 2006).

Figure 1.2 and Table 1.1 would suggest that these initial redox reactions happen in
an ordered fashion down through the sediment profile. In reality, this model is
oversimplified as it does not include a whole range of variables that impact the
natural environment. For example, burrowing organisms introduce O, into
previously anoxic sediment causing lateral variability of redox zones across the

sediment. Nor does it include the complex nature of bacteria, for instance, sulfate

reducing bacteria (SRB) can reduce sulfate, oxygen, nitrate and nitrite, and oxidise
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different states of sulfur, e.g. zerovalent sulfur (Fuseler et al., 1996). Additionally,

abiotic reactions have an influence over the redox zones in sediments, for example:

2FeOOH + H,S —  2Fe* +S°+40H (1.7),
MnO, + H,S —  Mn*+8%°+20H (1.8),
MnO, + 2Fe** + 2H20 —  Mn®"+2FeOOH + H* (1.9),

(Thamdrup et al., 1994 and references therein).

Sediments will vary with regards to the concentration of chemical species within the
pore-waters, for instance in euxinic basins where the bottom waters are H,S rich. In

this instance O, reduction cannot occur in the upper part of the sediment.

1.3.1 Redox reactions between sulfur and metals in natural aquatic

sediments

Equation 1.5 shows how bacteria use sedimentary organic matter (OM) as a reducing
agent and energy source to produce H,S from SO,*. Sulfate is unstable in the
presence of organic matter in reduced environments, leading to microbial sulfate
reduction (MSR). The products of MSR are stable, including the neutralisation of
acidity, as long as the conditions remain anoxic and the reduced sulfur species
produced are not re-oxidized (e.g. Giblin et al., 1990; Morgan, 1995; Chapman,
2001). Once sulfide is formed it has two (major) ultimate sinks; binding with metals
or with organic matter (e.g. Peters et al., 2005). In most aquatic sedimentary systems,

sulfide will react with Fe to form metastable monosulfides,

2H* + SO,* + 2CH,0 — H,S + 2CO, +2H,0 (1.10).

Sulfur may go through many cycles of oxidation and reduction before final burial as

pyrite (or organo-sulfur). Additionally, trace metals can often be incorporated into
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the crystal lattice during formation of sulfide minerals, (e.g. Bousiquot et al., 2002;

Mullet et al., 2004).

Redox reactions mediate transfer of material between reservoirs and can therefore
exert control on important fluxes between reservoirs in biogeochemical cycles. Large
systems for example, marine systems, clearly play a substantial role in global
biogeochemical cycles. As do the cumulative effect of many small reservoirs, for
example, peatbogs. Residence times, however, are also important in factoring how
sensitive a system will be to either contributing to or reacting to global
biogeochemical changes. The shorter the residence time the more sensitive they will
be (e.g. Morris and Waddington, 2011), for example, chemical species in rocks will
have significantly longer residence times than chemical species in a wetland
ecosystem. Indeed, wetlands are good examples of aquatic sediment systems, with
relatively short residence times that have large stocks of organic carbon, thus they
are of global importance for carbon storage (Moore et al., 2013; Scharlemann et al.,

2014), as well as being important ecosystems in their own right.

1.4 The importance of understanding wetland environments

Wetlands are notoriously difficult to define as there is not one definition that
encompasses every type. The Environmental Protection Agency (EPA) uses a
definition that was taken from the U.S. Army Corps of Engineers and defines
wetlands as “areas that are inundated or saturated by surface or groundwater at a
frequency and duration sufficient to support, and that under normal circumstances do
support, a prevalence of vegetation typically adapted for life in saturated soil
conditions” (USACE, 1987). Cowardin et al. (1979) use a similar definition which is

widely accepted in the scientific community: “land where an excess of water is the
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dominant factor determining the nature of soil development and the types of animals
and plant communities living at the soil surface. It spans a continuum of

environments where terrestrial and aquatic systems integrate”.

The largest constituent of the terrestrial carbon pool are wetlands, with much focus
on northern peatlands, which are estimated to sequester 20-30 g CO, m yr™* (Roulet,
2000) and salt marshes which are thought to sequester 210g CO, m yr, thus these
environments play an important role in the global carbon cycle (Chmura et al.,
2003). Not only can changes in anthropogenic activity potentially turn these carbon
sinks into sources, but they can also have detrimental consequences to the local
environment. For example, if sulfide minerals are oxidised, due to the instability of
the wetland then this adds acidity to the surrounding pore-waters (generating Acid
Sulfate Soils; e.g. Powell and Martens 2005) (equation 1.11), and releases trace
metals which were incorporated in the crystal lattice of the sulfide minerals. The
trace metals can be toxic (Bousiquot et al., 2002; Mullet et al., 2004) and in some

cases (due to anthropogenic activities) radioactive (Livens et al., 2004).

FeS, +3.50; — Fe?* +2S0,% + 2H* (1.11)

The study outlined in this thesis focuses on two major types of wetlands; peatlands
and saltmarshes. Peatlands can be separated into two major types depending on how
they are fed; ombrotrophic, where they receive all their nutrients from the
atmosphere (e.g. Damman, 1978); and minerotrophic, where they receive nutrients
from the atmosphere but are also fed from waters which have been in contact with
the bedrock (e.g. Verhoeven, 1986). This study deals with ombrotrophic peatbogs.

Peatbogs are a carbon sink (e.g. Turunen et al., 2002; Holden, 2005; Belyea and
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Baird, 2006) and are estimated to have stored enough carbon to reduce global
temperatures by 1.5° to 2° C over the last 10,000 years (Holden, 2005). Extraction of
peatbogs and fires, for example, reduces the ability of peatbogs to sequester carbon
and may ultimately cause them to become a source of carbon (Holden, 2005; Novak
et al., 2008; Clark et al., 2010; Silvola et al., 1996). Peatbog preservation is
therefore an important factor in climate change. Additionally, peatbogs and
saltmarshes are important in ecology, providing niche environments for plants,
animals and insects, including being an important stop-over for migrating birds (e.g.
English Nature, 2002) and in salt marshes, shellfish and fish (e.g. Natural England,

2014).

1.5 Linking the past to the present

Understanding any type of depositional system is useful for understanding past
environments. This is especially so for the energy industry as costs associated with
extracting sour crude oil and coal with large amounts of S are high. More
information and models during the early stages of the exploration process could
potentially reduce production costs. This is because models could better constrain S-
content within oil or coal, but only if the depositional and diagenetic processes are
fully understood. Understanding modern day processes, however, cannot include
large temporal variations, including Earth’s positive or negative feedback systems.
The rock record can identify global-scale changes within the biogeochemical cycles.
The Palaeocene-Eocene boundary, for example, shows a major change in
atmospheric composition, preserved in the rock records as carbon isotope excursions
(CIE) (Kurtz et al., 2003; Moore and Kurtz, 2008; Cui et al., 2011). Typical carbon
isotope signatures have been identified from processes that occur today, thus

understanding isotope excursions are relating modern day signatures with the past. In
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the case of the Late Palaeocene Thermal Maximum, it has been postulated that there
was a loss of peat via burning that was a contributing factor to the CIE (e.g. Kurtz et
al., 2003; Cui et al., 2011), although certainly not proven (Moore and Kurtz, 2008).
Therefore, elucidating the intrinsic workings of depositional systems that store
significant amounts of C will help understand present day systems, but also serve as

an analogue for both past and future systems in Earth System Modelling.

1.6. Approach of this work

1.6.1 Rationale / approach

Metal and sulfur cycling in different aquatic environments is complex. Higher
resolution geochemical studies and comparison of modern and ancient environments
will advance our understanding of these cycles and how they interact with other

chemical species (e.g. trace metals, carbon).

1.6.2 Aims and objectives

Redox reactions in sediments tend to occur over small vertical distances and are
expected to control most of the fate of sulfur and metal within the sediments. In
modern day aquatic sediment studies the methodology needs to have sufficiently

high resolution to pick up the detail in the pore-waters.

To identify the redox zones within the upper 40 cm of a peat bog in order to

understand the chemical evolution of the peat.

» To understand the (small scale) heterogeneity.
» To understand the geochemical gradients that may be important loci
of biogeochemical activity.

» To link the hydrology, ecology and biogeochemistry.
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» To determine if the diplotelmic model is consistent with the small-

scale processes.

After the redox zones within the peat bog have been evaluated then undertake a

metals study.

To understand potential sources of trace metals.
To evaluate metal mobility within this system.

>

>

» To understand the relative mobility of different metals.

» To determine if using Pb dating in these sediments is suitable.
>

To relate the redox zones with trace metal mobility.
To understand iron and sulfur cycling within a salt marsh.

» To elucidate the redox zones.
» To understand early diagenesis.

» To link the unusual geochemistry to the depositional system.

To use the knowledge learnt from the previous sub-set of modern day studies and
apply this to an ancient rock to elucidate the processes occurring during early

diagenesis.

» To identify differences in geochemistry and relate to sedimentary
horizons.
» To elucidate the changing redox state(s) of the environment during

early diagenesis.
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1.7 Site details

Three differing sites were identified to test the hypothesis. Thorne Moors in the
Humberhead Levels is a raised peatbog that has been used prior to this study to
determine peat atmospheric archives (e.g. Novak et al., 2008a). Warham salt marsh
in Norfolk is a well-studied salt marsh that shows peculiar geochemistry (Pye et al.,
1990). The Shales-with-Beef Member (Jurassic) is a test case for applying modern

day observations and relating them to understand the depositional systems.

1.7.1 Warham Salt Marsh, Norfolk

Warham Salt Marsh is located on the North Norfolk Coast, England (Figure 1.3) and
is separated into an upper marsh (c. 2000 to 400 years old) and a lower marsh (post-
1850). These are separated by aeolian sands on a low beach ridge (Pye et al., 1990;
Penthick, 1980). Underlying the salt marshes are eroded boulder clay and chalk
(Funnell and Pearson, 1984). The lower salt marsh has developed quickly. Aerial
photography taken in 1948 shows that the area was poorly vegetated with a limited
creek system; and by 1960 there was a well-defined creek system on a well vegetated

salt marsh.
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Figure 1.3  Warham Salt Marsh, North Norfolk Coast.

Warham site is an accreting salt marsh located in North Norfolk, U.K.
The aim of using this site was to understand the iron and sulfur
cycling within these sediments. Image modified from Google Maps
(2010).

There are two main sites used at Warham, one is a permanent water pan which has

developed on the lower, younger marsh (Ant’s Pan), while the other site, also located

on the younger lower marsh is well-developed grasses found between permanent

pans (Lawns Site). Two other sites were used, one mainly comprising predominantly

‘bush’ vegetation and one comprising predominantly Halimone vegetation; these are

located near the main sites (Figures 1.3 and 1.4).
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Figure 1.4  Warham sites.
These are the differing sediments types that were sampled at Warham,
which are; a water pan (Ant’s Pan), grass which is located close to a
major creek, three sites that are dominated by Halimone, bushes, and
grass vegetation respectively. Warham Salt Marsh image taken from
Google Maps (2010) and photographs taken during field trips.

1.7.2 Thorne Moors, Humberhead Levels

Thorne Moors (Figure 1.5) is a raised ombrotrophic peatland located in the
Humberhead Levels, Northern England, which covers 1909 hectares and its
approximate central point is 53° 38 17” N, 00° 53° 51” W. The central area was
chosen because this it has been managed as a National Nature Reserve, and here the
shallow (2.5 m) Sphagnum and Eriophorum dominated peat bog has developed in
previously cut bays that have not been disturbed since pre-1920. Additionally, the
peatland water table has been stabilized for over a decade as a result of a pro-active
conservation programme (Roworth, 2000). Pollution at this site is derived from coal

burning industries and power generation in industrialized northern England; acid
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sulfate deposition at this site peaked in the 1970s and has declined ever since (Novak
et al., 2005). Within the cut bay, six sites were chosen for sampling approximately 5
m apart. Site 1 was an area of flat Sphagnum ‘lawn’ close to the water table with
small, very shallow open pools and minor Eriophorum; site 2 was a hummocky area
(hummocks up to 150 mm high above water table) and comprised of a more equal
mix of Sphagnum and Eriophorum. Site 3 was an open pool whilst sites 4, 5 and 6

were also Sphagnum ‘lawns’.

Legend

Waterway

Motorway Village / town
Road D Sites
Extent of - Novak’s Site

! Thorne Moors (approx.)

Figure 1.5  Thorne Moor site.
Thorne Moors is an ombrotrophic peat bog located in the
Humberhead Levels, UK. The aim of visiting this site was to
understand where the redox zones were located and the behaviour of
metals in these sediment types. Maps modified from Google Map
(2010). Site locations were obtained by GPS data (Garmin
Forerunner 410).

1.7.3 Charmouth Beach, Dorset

Much of the cliff outcrops in this area are Jurassic in age. At that time much of

Britain was under shallow marine conditions (Bradshaw et al., 1992; Evans et al.,
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2003; Ziegler, 1990). Although there were eustatic sea-level fluctuations (Hallam,

2001), the (Present Day) Dorset Coast stayed sub-aqueous (Figure 1.6).

Figure 1.6  Palaeogeography of the British Isles and surrounding area.
This is the palaeotopography for (what is now) Europe during the
Sinemurian (Lower Jurassic). The light blues are shallow marine and
the dark blues are deeper; the darker greens are low lying land and
the lighter greens are topographically higher. The aim of this study is
to elucidate the changing redox states(s) of the environment during
early diagenesis. Image courtesy of Getech (2013).
During the Sinemurian, the Shales-with-Beef Member was deposited, a 28-30m
thick basal member of the Charmouth Mudstone Formation. The member comprises
fossiliferous marine paper shales, with limestone beds and interbedded seams of
“beef”, fibrous calcite separated by clay parting (Lang et al., 1923; Gallois, 2008;
Paul et al., 2008; Page, 2009). This formation also contains concretions which have
been studied by Wolff et al. (1991) who undertook a chemical analysis of them and
noted that they comprised of a calcitic core, dolomitic zone and calcitic outer rim.

The zones represent the different bacterial processes during the time of carbonate

formation which show that the environment was reduced throughout. This is
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consistent with the overlying Birchi Beds, which show 8*3C values between -10 to -
14%, in the carbonate concretions, suggesting an important contribution of carbonate
derived sulfate reduction, and associated reducing environment. Additionally, the
shales are finely laminated with no evidence of benthic activity (Marshall, 1982).
This member has been well studied (Lang et al., 1923; Marshall, 1982; Wolff et al.,
1991; Parkinson, 1996; Gallois, 2008; Paul et al., 2008; Page, 2009) and the
formation of concretions highlight a change in the pore-water chemistry during
burial. Thus it should be a good test case to see if there are any preserved changes

between sulfur species and metals.

1.8 Bulk properties of peatbogs and saltmarshes

To ensure that the appropriate sampling method is used we need to understand the

bulk properties of the types of sediments used in this study.

1.8.1 Peatbogs

Peats are formed from decomposing plants, and are often dominated by one or two
species, which in part dictates the internal structure of the peat which can range from
fibrous to amorphous (Shotyk, 1988). The plant types also have some control on the
peat shear strength which may be elevated if there are root zones (Waldron et al.,
1981). For instance Sphagnum does not have roots whilst Eriophorum has roots and
a high root turnover (Gebauer et al., 1995; Tolvanen et al., 2004; Currey et al.,
2011), leading to a well-developed “root mat” layer (thus Eriophorum contributes to
higher peat strength where there are roots). At Thorne Moors Sphagnum and
Eriophorum are the predominant species (Novak et al., 2008). The seasonal
variation in plant growth and subsequent decay, internal structure, amount of OM

and depth mainly determine the permeability (K) and porosity (g) of peat bogs
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(Brown et al, 2000; Aldrich and Feng, 2000; Ma and Tobin, 2004). These changes
are important as they can modify lateral and vertical water flows either via creating
new channels, changing the size of the channels, or a change in direction of
channels. Such changes to channels will ultimately introduce oxygen into new areas
of the peat thus changing the redox chemistry of the surrounding area. Clearly
peatbogs cannot be seen as a homogenous system, however they are often described
as a two layered system; the acrotelm, which has high hydraulic conductivity and a
fluctuating water table, and catotelm, the inert permanently saturated layer. The latter
is the main body of the peatbog. Importantly, this two layered approach is regularly
used in peatbog modelling for both ecohydrology and carbon budgeting (e.g. Holden

and Burt, 2003; Holden, 2005).

1.8.2 Saltmarshes

Salt marshes form on accreting intertidal zones in areas of low energy. The
sediments comprise muddy silts with a low organic matter and low g and K,
however, if the sand content increases then so do @ and K (Boorman, 2009). As with
peat bogs, there is a reduction in g and K in the deeper sediments compared to the
surface, due to compaction and more decomposed states of organic matter. Salt
marshes have high rates of microbial respiration, thus oxygen diffusion is limited to
the shallow parts of the sediment (Teal and Kanwisher, 1966). Therefore, bacteria
will use other chemical species, which yield less energy when used in their
respiration (Figure 1.2 and Table 1.1), which should be stable; this results in high
amounts of H,S in these sediments (e.g. Alongi, 1998; Howes et al., 1981). Split-
cores at Warham salt marsh illustrate the change in redox by a change in sediment
colour from the surface to the deeper parts of the peat (from lighter orange/brown

colours at the top of the sediment, to predominantly very dark grey/black coloured
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sediments over a short vertical distance). However, although lateral-water flows are
uncommon at this site and burrowing is common in the shallower parts of the
sediment, there are clear lighter brown coloured horizons deeper in the sediments,
suggesting that the conditions become less reduced (Watts, 2006; Wilmot, 2007).
The reasons for this are not well understood but it is suggested that rapid burial rates
at this site, due to the high sedimentation rates, could have initiated conditions which
favour the reduction of iron more than sulfate, which may have allowed SRB to

reduce iron (Pye, 1981; Coleman et al., 1993).

1.9 Thesis outline

This aim of this chapter was to introduce the project and sampling sites; Chapter 2
covers the methodology and the rationale for choosing the sampling methods.
Chapter 3 identifies redox zones, specifically the reduction of nitrate and sulfate, at
Thorne Moors using pore-water and other complimentary data. Whilst Chapter 4
looks at iron and selected trace metals (both solid-phase and pore-waters) profiles
from the same site to determine their mobility. Pore-water data (iron, sulfate,
chloride and nitrate) and solid-phase data collected (elemental sulfur) from Warham
Salt marsh are discussed in Chapter 5. The final data chapter covers the
environmental conditions under which the Jurassic Shales-with-Beef Member was
deposited (Chapter 6). The discussion and conclusions (Chapter 7) synthesises key
findings from this study and identify where it fits in with current scientific

understanding.
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Chapter 2  Methodology

2.1 Pore-water sampling: theory and applications

There are numerous methods to measure pore-waters in aquatic sediments, and many
studies require high resolution sampling because element mobilisation typically
occurs over mm scales (e.g. Docekalova et al., 2002; Davison et al., 1991; Davison
et al., 1994; Devries and Wang, 2003; Teasdale et al., 1995; Chapman et al., 2002;
Xu et al., 2012). The methods used, however, depend on the research question
proposed, with the most appropriate method (or combination of methods) depending
on factors such as the chemical species determined, the nature of the sediment, and

the vertical, spatial and temporal sampling resolution required.

In this study, the key driver for the method of pore-water sampling is the need to
obtain vertical depth data for YFe, CI', NOg", SO4%, Zn, Cu, Co, Cd, Pb and Ni at
high resolution (mm). Limited disturbance of the sediment was also vital; especially
at the sediment-water interface (SWI) as this is often where the key redox reactions
occur and steep gradients result (e.g. Fones et al., 2001; Docekalova et al., 2002;
Devries and Wang, 2003; Davison et al., 1991; Fones et al., 1998; Xu et al., 2012).
These methods need to be compatible with both a peatbog and a saltmarsh, which are
both difficult to sample. Evaluating the methods for pore-water sampling has been
an integral part of the study. Although there are more pore-water sampling methods
than discussed below, these are usually modified versions of the main samplers or

have been designed for a particular site in mind, thus they have been omitted.
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2.1.1 Coring, slicing and centrifuging

Coring is one of the simplest and cheapest procedures for obtaining interstitial pore-
waters and solid-phase chemistry, and as a consequence it is a long-established
method (e.g. LaForce et al., 1998; Blomgvist, 1991 and references therein; Jezequel
et al., 2007; van Oploo et al., 2008). Additionally, any unused samples can easily be
preserved as long as the sample remains frozen. As this method is not in-situ, the
integrity of the data can be compromised during sample collection from compaction,
due to mechanical disturbance (Blomqvist, 1991), and the introduction of oxygen
(Bufflap and Allen, 1995 and references therein; Bender, 1983), with the latter
altering the pore-water redox state (Davison et al., 1982; Mortimer et al., 1998
Bufflap and Allen, 1995 and references therein). Additional problems may arise
(mainly sample oxidation) from transportation of the cores from the field to the
laboratory (LaForce et al., 1998). Moreover, it is not always possible to retrieve
enough pore-water when centrifuging the sample (note that this process can also
induce changes in chemistry), allowing for only cm scale resolution (Carignan et al.,
1985; Davison et al., 1982; Jezequel et al., 2007), which could give rise to critical

geochemistry being missed resulting in erroneous geochemical interpretations.

Summary: this method is cheap and simple, with the main advantage being that both
the solid-phase and pore-water chemistry data come from the same core. However,
potential problems include compaction, oxygenation, contamination and low spatial

resolution.
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2.1.2 Well-type suction methods

2.1.2.1 Suction lysimeters / sediment sippers

Sediment sippers are an array of different length PVVC tubes which have porous bases
that are commonly used in coarser grained sediments (Montgomery et al., 1979;
Berg and McGlathery, 2001; Balistrieri et al., 2007). Equilibration takes between one
day and one week, although some workers have modified the design so that pore-
waters equilibrate within hours (Fourqurean et al., 1992). Retrieval of the pore-
waters is by suction, usually syringes, allowing for multiple temporal samples as the
device does not need to be removed. The initial equilibration time allows for
mitigation of sediment disturbance. Vertical resolution is often low, in some cases
between 5 and 10 cm, which may miss key gradients due to redox processes

(Montgomery et al., 1979; Berg and McGlathery, 2001).

Summary: This method is useful for long-term pore-water monitoring or studies
where replicates are needed in sandy sediments, however the vertical resolution is
relatively low compared to other methods. As the samplers can be left in place,

sediment disturbance is diminished.

2.1.2.2 Piezometers/ depth samplers

Piezometers are pipes which are placed into the ground. They essentially are small
scale wells and are predominantly used to determine the hydraulic head in shallow
unconsolidated aquifers using dip meters. Water can also be sampled directly
following flushing. Modifying the piezometers by the addition of chambers allows
measurements of temperature, pH, trace metals, anions, cations and isotopic data, but
prevents use for head measurements (Wassenaar and Hendry, 1999; Hendry and

Wassenaar, 2000). The time of equilibration varies depending on the substrate being

Page 22 Chapter 2



Metal Interactions with the Sulfur Cycle in Modern and Ancient Environments

sampled, for example, if they are placed into fine-grained clays, which have low K
values, then the chambers could take months to years to fill (Wassenaar and Hendry,

1999).

Contamination of the piezometers is a concern. In coarse-grained substrates it is
possible that leaks from the higher elevated waters down into the boreholes could
induce chemical and microbial community contamination (Wassenaar and Hendry,
1999). Wassenaar and Hendry (1999) noted that the piezometers had a faint smell of
H,S a year and a half after construction which most likely came from formation of a
microbial community within the piezometers themselves. As standard piezometers
are open wells oxygen can diffuse down into the pore-waters. Using a piezometer
with a seal does prevent oxygen diffusion but can cause additional contamination
issues from the sealing materials, e.g. Na* and SO,* contamination from bentonitic
seals (Keller et al., 1991; Remenda and van der Kamp, 1997). However, if an air
pocket is maintained between the sealing material and the top of the well screen then
this can delay sealing material contamination for longer time periods (Remenda and
van der Kamp, 1997); up to three years (Wassenaar and Hendry, 1999). Similar to
sediment sippers, the main advantage of using piezometers is for long-term

sampling.

Summary: Piezometers have the potential to collect an array of data. If results are
needed over years or months, the use of piezometers ensures that data are collected
from the same locality. Depending on the substrate, fluxes can take a long time to
sample, and there is also potential for contamination. This method is more
appropriate for aquifers and long-term sampling and is not very suitable for short-

term salt marsh or peat bog studies.
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2.1.3 Microelectrodes

Microelectrodes (Figure 2.1) were introduced in biology to understand ion transport
over biological membranes (Revsbech and Jorgensen, 1986). Revsbech and
Jorgensen (1986) first introduced the use of oxygen microelectrodes in sediments,
after which they developed the method to measure pH and sulfide. The method has
been continually developed to measure other species including nitrate, nitrite, carbon
dioxide and ammonium (Fones et al., 1998; Luther 11l et al., 1998). VVoltametric type
microelectrodes can measure more than one species at a time including metals
(Luther 111 et al., 1998; Luther Il et al., 2008; Brendel and Luther Il1l, 1995). This
method is excellent for measuring pore-profiles at a very high resolution (sub-
millimetre) within the upper centimetres of sediments (Berg and McGlathery, 2001).
Additionally, results are obtained immediately in the field. The probes, however, are
often delicate and can break if the sediment if compact or hard, or if the probe

encounters a shell or gravel.

Figure 2.1  Unisense redox microelectrode in the field measuring O..
The main advantage of this method is that results are obtained within
the field.

Summary: The major disadvantages are that the electrodes can break in hard and

very compacted sediments, and that not all analytes can be measured from this
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method yet. This method can be used for long-term sampling but the device is not
left in-situ thus another method may be more useful if the samplers are needed to be
left in place. A major advantage of this method is that results are collected in the

field without further analysis.

2.1.4 Diffusion and equilibration methods

2.1.4.1 Diffusion dialysis samplers (peepers)

Peepers contain vertical fixed cells for pore-water sampling which are deployed
straight in to the substrate. This type of sampling was developed by Hesslein (1976)
and is a well-established method for sediment/soil sampling (e.g. Teasdale et al.,
1995; Jezequel et al., 2007; Jacobs, 2002; Bufflap and Allen, 1995; van Oploo et al.,
2008). Peepers work by having discrete cells (typically 6mm vertical thickness)
which are filled with Milli-Q-water and are separated from each other by a
polycarbonate layer (typically 4 mm vertical thickness) (Hesslein, 1976; Teasdale et
al., 1995). A membrane filter (HT-450 0.45 um) separates the direct contact between
the cells and the sediment and allows ions to diffuse through (Hesslein, 1976). The
clear advantage of this method is that it is in-situ sampling. Equilibration varies
between analytes but is typically days to weeks (e.g. Brandl and Hasselmann, 1991;
Teasdale et al., 1995; Bufflap and Allen, 1995; Jezequel et al., 2007; van Oploo et
al., 2008). Sub-sampling from a peeper needs to be quick (approximately in 20
minutes) as the rate of oxygen diffusion into the chambers is high, which will alter
the redox state of the pore-waters (Carignan, 1984). Using N, or Ar will allow for

slower sampling (Teasdale et al., 1995).

Summary: Peepers can be carried out in-situ which greatly reduces the risk of

oxidation. Equilibration time is typically days to weeks. The chambers/cells are at a
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fixed size and are separated by a polycarbonate layer, which could miss out on
important geochemistry; however, each cell can measure more than one analyte.
Sub-sampling has to be quick or under N2/Ar so that there is no oxidation of species

after removal from the sediment.

2.1.4.2 DET and the DGT methods

Diffusive equilibration in thin film (DET) gels measure dissolved species in waters,
sediment pore-waters and soil pore-waters, whilst diffusive gradient in thin film
(DGT) gels measure fluxes of solutes to the pore-water (e.g. Davison et al., 1994;
Davison and Zhang, 1994; Krom et al., 1994; Denney et al., 1999; Zhang and
Davison, 1995; Zhang and Davison, 1999). Thin polyacrylamide gels have been used
in biology for DNA sequencing since the late 1970s, although the practice has been
used since 1959 (Sanger and Coulson, 1978). DET gel probes were first used in
geochemistry by Davison et al. (1991) with the technique being modified and refined
by others (e.g. Krom et al., 1994; Mortimer et al., 1998; Morford et al., 2003;
Robertson et al., 2008; Jezequel et al., 2007; Fones et al., 2001). Polyacrylamide
gels work by diffusive equilibration of dissolved species from pore-waters into the
gel through a cellulose nitrate filter membrane (e.g. Davison et al., 1994; Davison
and Zhang, 1994; Harper et al., 1997; Mortimer et al., 1998). The gels are then sliced
into measured sections which can be cm to mm scale, and then a known volume of
liquid is added (this is usually Milli-Q-water or acid) which extracts the analytes
(e.g. Davison et al., 1994; Harper et al., 1997). The use of DET gels for many
procedures often only requires a small amount of volume for analysis (e.g. Harris

and Mortimer, 2002)

Page 26 Chapter 2



Metal Interactions with the Sulfur Cycle in Modern and Ancient Environments

The DGT method is very similar except there is a ‘backing’ or ‘trapping’ gel which
the species of interest either stick to, or undergo an irreversible chemical reaction
with. For the most part the gels are also sliced and processed using the same
procedure as the DET gels, but in some cases analysis may not involve slicing the
gels, e.g. sulfide gels which are scanned and sulfide is measured by densitometry
(Teasdale et al., 1999; Devries and Wang, 2003) and iron (1) as well (Robertson et
al., 2008; Jezequel et al., 2007). Theoretically the DET method can be used to
measure any major ions within pore-waters (Fones et al., 1998). The limiting factor
on what DGT can measure is the availability of a suitable binding agent. Both the
DET and DGT methods however, are predominantly limited to aquatic sediments as
they are 96-98% water (e.g. Krom et al., 1994; Jezequel et al., 2007; Fones et al.,

2001) and need to be kept hydrated when sampling.

The DET/ DGT gels sit within a Perspex/plastic probe with a protective cellulose
nitrate filter membrane on top, which are sparged in nitrogen prior to deployment if
sampling in reduced environments. These methods are carried out in-situ, with
sediment disturbance usually minimal and mitigated by leaving the probe in for
twenty-four hours. The gels only take around 10 minutes to equilibrate (e.g.
Shuttleworth et al., 1999; Morford et al., 2003). After the gels are sliced and
collected in the field they need to be back-equilibrated in liquid as it is the gel
eluent(s) which are analysed. If measuring pore-waters with low ionic strength that
are close to the lower limits of detection, then the process of eluting the gel could

push the samples below detection.

Summary: The DET /DGT methods can measure an array of major ions (with more
than one analyte being measured from one probe) and have quick equilibration times

in saturated sediments. There is limited disturbance of the sediments during

Page 27 Chapter 2



Methodology

sampling, and as the methods are in-situ with gels that are already conditioned to
reduced environments, then oxidation reactions are unlikely after site sampling. The
gels are sliced after deployment which can be defined per probe, thus resolution can
often be high enough to distinguish the products of redox reactions. Depending on
the type of analysis, often only a small volume is needed; however, if the pore-
waters have a low ionic strength, this could push the samples below detection, due to

the dilution steps used.

2.2 Methods used for this study

This study uses three field sites, two of which are modern day depositional
environments: a saltmarsh and a raised peat bog. These have been discussed in detail
in Chapter 1 (sections 1.7.1 and 1.7.2 respectively). The third site is a coastal
Jurassic cliff. Rock sampling that was undertaken here was carried out by Nick
Rukin, David Hatfield and Simon Bottrell in 1989 and 1990. As the sampling and
analysis was not carried out by the author, evaluation of the methods is not included
in this chapter. However, an overview of the pore-water sampling was an integral
part of this study as it was necessary to evaluate an appropriate combination of pore-
water sampling methods. A priority order was made to determine which methods
would be the most useful for the field sites and research questions posed.
Requirements were: 1) being able to have a vertical resolution of 1 cm or less; 2) be
able to measure a suite of anions, cations (i.e. ) Fe) and trace metals; 3) have

minimum sediment disturbance to limit introduction of oxygen.

Sediment sippers have a low resolution and are more suitable for long-term
monitoring, as are piezometers which are designed to be used in aquifers and are

prone to contamination. Peepers have fixed cells and take a long-time to equilibrate.
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Thus these three methods have not been used. Coring, which usually only obtains a
low vertical resolution, is useful as both pore-waters and solid-phase chemistry are
obtained from the same sample. DET and DGT gel probes acquire concentrations
and fluxes respectively, equilibrate quickly and have a high vertical resolution,
whilst having limited disturbance of the sediment. Detailed vertical measurements
of oxygen are important as the amount of O, in the pore-waters will, in part, drive
key redox zones and microelectrodes are the best tool for this. Combining the results
from these three methods will help identify where steep gradients occur, thus

identifying processes occurring in the substrate.

2.3 Data collection

Data have been collected at various field sites at various times. This section details

the timings and the procedures undertaken.

2.3.1 Data collection from Thorne Moors

There were three visits to Thorne Moors, in spring of 2010, 2011 and 2012 (see
Chapter 1 section 1.7.1 for a site overview) Six sites were chosen for sampling in
three separate bays spread over a total distance of 200 m. Site 1 was an area of flat
Sphagnum “lawn” close to the water table with small, shallow open pools and minor
Eriophorum; site 2 was a hummocky area (hummocks up to 150 mm high above the
water table) comprised of a more equal mix of Sphagnum and Eriophorum. Site 3
was an open pool and sites 4, 5 and 6 were also Sphagnum “lawns”. Cores were
collected and DET gels were deployed in sites 1 and 2 in 2010. Sites 1 and 2 are
located approximately 5 metres apart and approximately 8 m away from the site
sampled by Novak et al., (2008). The cores were taken very close to where the gel

probes were deployed, but far enough away that any sediment disturbance due to the
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gel deployment was avoided. DET gels were deployed at sites 2-6 in 2011. Oxygen
profiles were measured in situ at site 1 in 2010 only using Unisense microsensors.
Oxygen profile A was taken in a small open pool and profile B was taken from

within a Sphagnum-filled area. Shear Vane tests were undertaken in 2012.

Legend
Waterway
Motsiway [ Village / town
Road [ sites
Extent of - Novak's Site
! Thorne Moors (approx.)

Figure 2.2  Thorne Moors study site.
Six sites were used, but data for site 6 was contaminated and thus
ignored; however, the site is marked on the image for completion.
Images modified from Google Map (2010). Site locations were
obtained by GPS data (Garmin Forerunner 410).
Additional data were used; (sulfate and chloride analysed) rainwater was collected
by Rebecca Bartlett between January to March and March to June 2009 immediately
prior to the DET gel probe sampling from two stations on Thorne Moors following

the methods described in Bottrell and Novak (1997).
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Thorne Moors (Trace metals study and redox reactions)

Site = Cores Metals Metals Iron Iron Anions Sulfide = 02 Vane Shear
(DET) (DGT) (DET) (DGT) (DET) (DGT) (Probes) Tests
1 1 1 1 1 1 1;2 1 1 3
2 1 1 1 1 1 1;2 1 1 3
3 2 3
4 2 &
5) 2 3
6 2 8

Table 2.1 Collection of data for Thorne Moor.
Data collection information for Chapters 3 and 4. The key for the
dates of data collection are: 1 is May 2009; 2 is April 2011; 3 is
September 2012.

2.3.2 Data collection from Warham

Field trips to Warham were conducted in February and March 2008, February 2009,
October 2011 and February 2012. Ants Pan (AP) is a large salt pan which is
influenced heavily by the tides and is close to Concretion Creek, with a grassy area
in between. The samples were taken from the grassy area (CC). Close to this there
were two grassy areas; one was dominated by Halimone vegetation (HV), whilst the
other was dominated by bush vegetation (BV); both of these areas were sampled, as
well as a flat grassy area in between two pans (LWS). Figures 2.3 to 2.5 show the
type of vegetation and sampling areas and Figure 2.3 shows where all the sites are in

relation to one another.
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Figure 2.3  Warham study site.

Cores were collected from this site both for solid-phase (elemental
sulfur profiles) and pore-water profiles (nitrate, sulfate and chloride).
DET and DGT gel probes were also deployed here, however, only Fe
DET probes were recovered. Image modified from Google Maps

(2010).

Location of
oxygen profile 1

Ants Pan

Location of
oxygen profile 2
/

Figure 2.4  Ants Pan site.
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This image shows the site sampling areas in relation to one another at
Ants Pan. The samples were taken from the same place throughout all
field trips at this site. Figure 2.3 shows this site in relation to the
other sites at Warham.

Grass near Concretion Creek

Figure 2.5
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Concretion Creek.

This image shows the site sampling areas in relation to one another at
the site near Concretion Creek. Figure 2.3 shows this site in relation
to the other sites at Warham. This site was only used during the field
trip undertaken in March 2008.
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Figure 2.6  Lawns site, Halimone and Bush.
This image shows the site sampling areas in relation to one another at
Lawns, Halimone and Bush. Lawns samples were taken in the same
place for all field trips; Halimone and Bush were only used for the
field trip which was undertaken in March 2008. Figure 2.3 shows this
site in relation to the other sites at Warham.

Table 2.2 summarises the data that were collected during the various field trips.

Warham
Site Cores Anions Cations Sulfide Iron Iron 02
(DET) (DET) (DGT) (DET) (DGT) (Probes)

AP 1,2 2,3,4,5 2 2,3,4,5 2,3,4,5 2,3,4,5 2,3
LWS 1,2 2,3,4,5 2 2,3,4,5 2,3,4,5 2,3,4,5 2,3
cC 2 2 - - - - -
HV - 2 - - - - -
BV - 2 - - - - -

Table 2.2 Collection of data for Warham.
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Data collection information for Chapter 5. The dates of the data
collection are; 1 in February 2008: 2 in March 2008; 3 in February
2009; 4 in October 2001; and 5 in February 2012.

2.3.3 Data collection from Dorset

Nick Rukin collected the samples labelled Bv (humber) in 1989, whilst the samples
labelled Bv (letter) were collected by Simon Bottrell in 1991. David Hatfield carried
out the analysis. Samples collected were from the Lower Lias “Shales-with-Beef”
Member, from Black Ven, Dorset Coast, near Charmouth, U.K. Samples taken were
from: 1) the paper shales (BV8, bed 74b of Lang et al., 1923), located directly above
the Birchi nodular horizon; Il) from the Birchi nodular horizon (BV9, bed 75a of
Lang et al., 1923); IlI) the paper shales located directly below the Birchi nodular
horizon (BV10, 11 and 12, the upper part of bed 74 of Lang et al. (1923)). These

horizons are illustrated in Figure 6.2.

2.4 Sampling

2.4.1 Cores

Cores used were modified drain pipes (8*50cm) that had been sharpened at the
bottom to aid penetration of the core into the ground. At Warham only, a knife was
used to cut the roots on the outside of the core, again aiding penetration of the core
tube. However, this procedure wasn’t necessary at Thorne moors as the cores went
into the sediment easily. Additionally, trace metal concentrations were being
measured at Thorne Moors and a knife would pose a contamination risk. The cores
were removed as soon as compaction was measured, capped, placed into heavy duty
plastic bags, labelled and taped up, and immediately placed into dry ice. The cores

were always kept upright. On return to the laboratory the cores were transferred into
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freezers. Prior to slicing the cores, they were used as a visual guide to assist with
establishing the locations of zones, e.g. root zones and obvious changes in sediment
density and hydraulic conductivity. Cores were then sliced in a nitrogen glove bag.
The cores were sliced and divided into two portions at a resolution of 4 cm for both
sites. One half of the sample was placed into a sample bag and returned to the freezer
ready for solid-phase analysis. The other half of the sample (Warham only)
underwent a pore-water extraction where the samples were placed into centrifuged

tubes.

2.4.1.1 Pore-water chemistry obtained from cores

Warham samples were centrifuged at 10,000 rpm for 5 minutes and returned to the
nitrogen glove bag, filtered and syringed into new tubes. The separated pore-waters

were then kept in a fridge until analysis.

2.4.1.2 Solid-phase chemistry obtained from cores (elemental sulfur)

Elemental sulfur was extracted from half of the core for Warham only. Whilst still
frozen, the solid sediment was placed in a reducing environment (nitrogen-flushed
bottles), which contained 100 ml of acetone. These were mixed well so that the
acetone could dissolve the sulfur. The acetone was then separated from the sediment
using glass microfiber filtration, leaving the sulfur and residual salts. Flushing the
washings with dichloromethyl (DCM) and filtering it with glass microfiber isolated

the elemental sulfur. Results have been reported in Mortimer et al. (2011).

2.4.1.3 Solid-phase chemistry obtained from cores (trace metals)

Metals analysis of peats followed the protocol developed by Rowe et al. (1997). The
peat cores were sliced at a resolution of 4 cm, dried, weighed and ground into a fine

powder using a blender. Aliquots were weighed into crucibles (average weight of dry
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sample was 2.76 g) and ashed in a furnace to 410 C. Crucibles were reweighed to
determine ash content; then the ash was transferred to pre-cleaned beakers, 40 mL
7M ultrapure HNO3 added and then heated (covered) to ~70°C. After 1 hour 5 mL
ultrapure HCI was added and the reaction continued overnight. Samples were then
quantitatively transferred to filtration on a pre-weighed 0.45 um cellulose nitrate
filter. Before each sample was filtered, the filter and apparatus were flushed with 2M
ultrapure HCI. Filtrate was made up to 100 mL and transferred to pre-cleaned sample
vials for analysis by ICP-MS (Perkin Elmer Optima 5300DV emission ICP) at the
University of Hull. The filters were dried and reweighed to determine insoluble

residue mass.

2.4.2 Gels: making the gels and constructing the probes

The DET gels and the backing gels are often stored in 0.01M NaNO3 or 0.01M NaCl
solution prior to construction. However, as this study measures both nitrate and

chloride the gels are predominantly stored in Milli-Q-water (Krom et al., 1994).

2.4.2.1 DET gels

To prepare the polyacrylamide gels (following the method of Krom et al., 1994), 9.5
ml of Milli-Q water, 7.5 ml of Acrylamide (15%), 3 ml of Cross-linker (AcrylAide),
20 ul of TEMED (Tetramethylethylenediamine) and 200 pl of initiator (0.3 g di-
potassium peroxdisulfate + Milli-Q water in a 10 ml volumetric flask) are mixed
together in a beaker. These are then carefully pipetted into the mould, which are two
clean dry glass plates (15.5*6 cm) that are separated by three plastic inserts in a U-
shape (0.8 mm). The moulds are then placed in a pre-heated oven at 35°C for one
hour for the mix to polymerise, after which, the polyacrylamide gels are left to

hydrate in Milli-Q-water for at least twenty-four hours.
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Once the gels are hydrated, they can be placed into the Perspex frame (Figure 2.7). A
strip of wet (for ease of handling) 0.45 uM cellulose nitrate filter membrane is
placed over the gel. The top frame can then be screwed into place (e.g. Krom et al.,
1994; Mortimer et al., 1998). Once the gel probes were assembled, they were placed
in 50 cm long Perspex canister filled with 18 MQ deionised water and de-

oxygenated by sparging with N, for 24 hours prior to deployment.

Probe Trapping Diffusive Cellulose Probe front
gel gel nitrate plate
(DGT only) filter paper

<
= :

D
D

D D D D D D
|

D D D D DO D

\

=

Figure 2.7  Construction of the gel probe.
The trapping gel (DGT only) sits in front of the frame, with the
polyacrylamide gel next to it and finally the cellulose nitrate filter
membrane over the top of these. Once the gel probes are constructed
they are placed in water and sparged with nitrogen in preparation for
deployment in anoxic sediments.

2.4.2.2 DGT gels

Davison and Zhang (1994) developed this method for measuring trace metals within

waters and sediments. The backing gels are thinner (0.24mm thick) than the DET

Page 38 Chapter 2



Metal Interactions with the Sulfur Cycle in Modern and Ancient Environments

gels and have chelex (100-um bead size) resin impregnated in them (Zhang et al.,
2002; Zhang et al., 1995). For this work the gels were ordered in from DGT
Research, Lancaster, as they have facilities to reduce metal contamination (e.g. Pb
within the atmosphere) when the gels were being made. However, the probes were
assembled in a clean room to reduce Pb contamination from the atmosphere at the

University of Leeds.

Sulfide gels were made for this study, however due to deployment problems, results
were unobtainable, but the methodology has been included for completeness. Agl is
impregnated onto a backing gel so that an irreversible reaction occurs when deployed

in sediment where there is available hydrogen sulfide (Teasdale et al., 1999):

2Agl + HS — Ag,S + H' + 21 (2.1),

In a dark room, 0.6 g of Agl and plastic beads are added to a small container and
shaken vigorously to grind the Agl into a fine powder. After which 9.5 ml of Milli-Q
water, 7.5 ml of Acrylamide (15%), 1.5 ml of Cross-linker (AcrylAide) 6 pl of
TEMED (Tetramethylethylenediamine) and 60 pl of initiator (0.3 g di-potassium
peroxdisulfate + Milli-Q water in a 10 ml volumetric flask) are added and mixed
vigorously. As with the normal polyacrylamide gels, the mix is placed into a mould,
however the U-shaped inserts are thinner and once the mix is in the moulds they
need to be placed into black plastic so that no light penetrates though onto the gel.
These are then placed into a pre-heated oven at 35°C until the gel polymerises. The
Agl impregnated backing gels are also left to hydrate in Milli-Q-water, however they
must be stored in containers which are suitable for light-sensitive materials (Teasdale

etal., 1999).
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The DGT gel probes are assembled in a similar way to the DET gel probes. The
backing gels are placed onto the Perspex frame first. Both the chelex and Agl
impregnated gels undergo gravitational settling and concentrate on one side of the
gel; this side needs to be facing upwards with the polyacrylamide gel on top. A wet
0.45 puM cellulose nitrate filter membrane sits on top of the polyacrylamide gel and
then the top frame can be screwed in (Zhang et al., 1995). These are also placed in
50 cm long Perspex canisters (filled with 18 MQ deionised water) and de-

oxygenated by sparging with N, for 24 hours prior to deployment.

2.4.2.3 DGT and DET gel deployment and retrieval

Once the probes have been sparged for twenty-four hours, the gels can be placed into
the sediments. All gel probes were inserted directly into the sediment by hand. At
densely vegetated sites a dummy probe was inserted first to protect the gel from
rupturing. In the earlier stages of this work, longer gel probes were used (50 cm),
however, these often bent which allowed sediment to contaminate the gel. This
problem was resolved by using two smaller probes (18 cm in length) placed on an

aluminium rod (Figure 2.8).
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Figure 2.8  Method for gel deployment.
The long gel probes which can measure 40 cm of sediment tend to
bend during deployment rendering the gel useless, thus a new method
was used comprising two gel probes placed on an aluminium rod.
Aluminium was used so that there wasn 't any chemical contamination
during sampling.
All probes at all sites were left in the sediment for twenty-four hours. The probes that
were being analysed for anions, trace metals and (DET) total iron were sliced
immediately in the field into 1 cm sections before being further subdivided in half,
all within five minutes and placed into small (pre-weighed) centrifuge tubes. The
rapid processing of the gel reduces any diffusional relaxation of gradients within the

profile. The DGT total iron gels were placed in sodium hydroxide which chemically

fixes the gels. These were also cut into 5 mm sections on the same day.
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2.4.3 Vane shear

Vane shear testing is an in-situ procedure which tests the strength of soils by
dropping a vane into the soil to measured depths, and obtaining a quantitative value
for the amount of force that is needed to pivot the blades at the bottom of the vane
(Geotechdata, 2010). This test has been used to determine changes in peat properties,
which in conjunction with the visual overview of the peat cores, indicates where
lateral water flows are likely to occur, which would drive redox zones in peats. The
only complication in this test is when the blades became clogged with roots:
however, it was clear when this happened as with every rotation of the blades, the
pressure needed increased exponentially. At least two tests were performed at each
site, with measurements made every 5 cm for the upper 30 cm and then every 10 cm

down to a depth of one meter.

2.4.4 Microelectrodes

Oxygen profiles were measured using Unisense Microsensors that were calibrated in
aerated DDW (100% oxygen saturation) and an anoxic solution (DDW sparged with
N2: 0% oxygen saturation) in the laboratory, immediately prior to field work. In the
field, the microelectrodes were placed on a micromanipulator mounted on a stand
and measured (using SensorTrace Pro) O, in the sediments at 0.5 mm (Thorne

Moors) and 0.25 mm (Warham) vertical depth intervals.

2.4.5 Methods undertaken for Shales-with-Beef Member

The following work was carried out in 1990 and 1992 by David Hatfield; outlined

below are the methods which were written up at the time.
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Samples were crushed and dried; no acid-volatile sulfur was detected in the samples
studied. Pyrite sulfur was extracted using the chromous chloride digestion of
Canfield et al. (1986) and the H,S evolved was precipitated as CuS from a
standardised Cu solution and then back titrated with EDTA to determine pyrite
sulfur. CuS precipitates were retained for isotopic analysis of pyrite-S. Reactive Fe
was determined by both extractions with boiling HCI (Berner, 1970; Raiswell et al.,
1988) and with dithionite (Canfield, 1989). Bitumen and zerovalent sulfur were
extracted from the rock using dichloromethane in a soxhlet apparatus, and zerovalent
sulfur was precipitated as CuS on Cu-wool and bitumen recovered by evaporation of
the solvent. Extracted residues were treated with HF to removed mineral matter and
hence beneficiate kerogen. Elemental analysis of total organic carbon (TOC),
bitumen and kerogen were carried out on a Carlo-Erba 1106 Elemental Analyzer.
Bitumen and kerogen sulfur were oxidised to sulfate by combustion at 30 bar O, in a
Parr Bomb and recovered as BaSO,, which was converted to SO, for isotopic
analysis using the method of Halas et al. (1982). CuS precipitates were combusted
with cuprous oxide to produce SO, for isotopic analysis (Robinson and Kusakabe,
1975) and bitumens combusted with CuO to produce CO, for carbon isotope
analysis. All isotopic analyses were performed on a VG SIRA 10 gas source mass
spectrometer and the data were corrected using standard procedures (e.g. Craig,
1957; Coleman, 1980). Molecular analysis of the bitumen fraction of BV8 was
performed on a Hewlett Packard 1890 gas chromatograph with 25 m Scientific Glass
Engineering DB5 fused silica column (id. 0.33mm, film thickness 0.5um) using
helium as carrier gas. The oven was held at 100°C for one minute, ramped at 6° C

min™ to 300C and held at 300° C for 20 minutes. Detection was by a VG Trio-1
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qguadruple mass spectrometer, scan range 40-500amu, 0.90s scan time, 0.10s

interscan time.

2.5 Analysis procedures

2.5.1 Anions

2.5.1.1 Preparing the anions from DET gels

Gel samples were immediately weighed to determine weight by weight difference.
They were then eluted in Milli-Q-water overnight to ensure back-equilibration and
transferred into suitable Dionex sample tubes. Warham samples were eluted in
1500ul of Milli-Q-water, whilst Thorne Moors samples were eluted in 1000ul Milli-
Q-water, reflecting the higher ionic strength of the salt marshes pore-waters
compared with the peat pore-waters. Samples were gently agitated overnight on an
orbital shaker prior to CI", NOs", SO,* measurements being taken by a Dionex ICS
90 ion chromatograph with AS14 analytical column. This system separated the ions
by measuring their charge which took a set amount of time per anion. Each sample
took 20 minutes to analyse for CI", NO3” and SO,%. Every Dionex run had two blanks
followed by a series of standards and then two reference materials before samples
were run. The standards were different for both Thorne Moors and Warham due to
the high concentrations at Warham and the low concentrations at Thorne Moors (see
section 2.7 for both tables). Certified and quality assured reference materials used
were Hamilton-20 and Thames River Water. Hamilton-20 is water taken from the
Hamilton Harbour (Lake Ontario, Canada) and had 56 laboratories participating in
analysis (National water Research Institute, 2006). The Thames River water
reference material was taken downstream from Henley-on-Thames, UK by LGC

Standards. Two standards were run after every 10 samples, as was Hamilton-20 and

Page 44 Chapter 2



Metal Interactions with the Sulfur Cycle in Modern and Ancient Environments

a full set of standards were analysed at the beginning and the end of each Dionex run
to ensure analytical accuracy (see appendix A.l). The repeated measuring of the
reference material aided in determining how much, if any, analytical drift had
occurred as well as the accuracy of the data. Precision of the data was determined by
the repeated measuring of the standards. A few of the full sample runs were analysed
twice as part of a quality control check (with runs being nearly identical). Although
the samples and standards prepared had Milli-Q-water water used throughout (18.2
MQ), the mean was taken from all blanks and removed from the final value which

the Dionex calculated (all in mg/L).

The samples collected at Thorne Moors had very low concentrations of nitrate and
sulfate and, due to the dilution step inherent in the DET method, were close to
detection limits on the lon Chromatography system used. Therefore the data were
carefully checked, and detection limits were calculated individually for each
analytical run (see appendix A.2). The detection limit for the blank corrected data
was set at 3 times the standard deviation of the blank analyses (Miller and Miller,
1993). In all sites, chloride was well above the detection limit, unlike nitrate or
sulfate, which were close to (and occasionally below) detection. The same procedure
was carried out for the nitrate analysis at Warham due to the concentrations being

low.

2.5.1.2 Preparing the anions from cores

Once the pore-waters were extracted from the sediment (this Chapter: 2.4.1.2), the

samples were analysed on the Dionex and treated in the same way as the gels.
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2.5.2 Total iron

Concentrations and fluxes of total iron (Fe (I1) and Fe (Ill)) were measured from
samples collected from Thorne Moors using the DET and DGT gel probes
respectively. The method (based on Viollier et al., 2000) uses spectrophotometry to
determine the amount of total iron in the eluted gel sample. As with the anions, the
iron DET and DGT gel samples were weighed so that the weight can be determined
from the difference. Samples were eluted (and gently agitated in an orbital shaker)
overnight in 300ul nitric acid for a back-equilibration (oxidising Fe (I1) to Fe (111)).
100 pL of gel eluent was added to a sample tube, followed by 50uL of sodium
hydroxide, 100uL of ferrozine solution (0.492 g of ferrozine and 0.76g of
ammonium acetate added to 100 ml Milli-Q-water), 200 uL of hydroxylammonium
hydrochloride (9.7g of H,NOH.HCI made up to 100ml with 2M Analar HCI), and
100uL of buffer solution (ammonium acetate: adjusting to pH 9.5 with concentrated
ammonium hydroxide solution, and then made up to 100ml with Milli-Q-water). Full
colour development takes ten minutes after which the samples were measured on the
UV spectrometer. For each sample run, full standards were measured (Table 2.9),
then standard 6 and 8 followed by a repetition of ten samples and standard 6 and 8,
until all samples were measured in that run. To finish the run three reference
materials (from another stock solution) were measured followed by the full set of
standards. The repetition of standard 6 was used to calculate the RSD (see appendix

A.1) and drift calculations were applied by using standard 7.

2.5.3 Metals

The gels were ordered in to the University of Leeds from DGT Research, who also

conducted the metal analysis on their own ICP-MS. Prior to the samples being sent
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to Lancaster, both metal DET and DGT gels were sliced at 0.5 cm resolution and
eluted into 300ul 0.1M HNO3; and 1M HNO3 respectively. Samples were also left to

be gently agitated overnight on an orbital shaker.

2.6 Standards used for analysis

The following tables show the concentrations of the standards that were used for
analysis of both anions and iron. Full standards were run at the beginning and at the

end of analyses; two standards were run after every ten samples and a blank.

2.6.1 Anions
Standards (Thorne Moors) mg/L
la 1b 2 3 4 5 6 7 8
Cr 0 2 20 40 80 120 160 200 200
NOs 0 0.5 5 10 20 30 40 50 100
sos 0 0.5 5 10 20 30 40 50 200

Table 2.3 Standards used for the analysis of Thorne Moors.
The concentrations of the standards used prior, during, and at the end
of each run for Throne Moors IC analysis. As the concentrations are
lower in the peat bog than in the salt marsh, the concentrations of the
standards were lower for 1B than for Warham's standards.

Standards (Warham) mg/L

la 1b 2 3 4 5 6 7 8
CI 0 5 20 40 80 120 160 200 200
NO; O 2 5 10 20 30 40 50 100
so,/” 0 2 5 10 20 30 40 50 200

Table 2.4 Standards used for the analysis of Warham.
The concentrations of the standards used prior, during, and at the end
of each run for Warham Salt Marsh IC analysis. As the
concentrations are higher in the salt marsh than in the peat bog, the
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concentrations of the standards were higher for 1B than for Thorne
Moors’ standards.

2.6.2 Ferrozine

Standards
Standard number 1 2 g} 4 5 6 7 8 9 10
Mg/L Fe (from 1000 O 0.025 0.05 | 0.1 0.25]|05 1 2 3 4
mg/L Fe stock solution)

Into 0.01 M acid
Table 2.5 Standards used during iron analysis.

The concentrations of the standards used prior, during, and at the end
of each run for both Warham Salt Marsh and Thorne Moors peat bog.

2.7 Data retrieval

Numerous field trips have been carried out at these two sites, with not all data

collection being successful. This section briefly describes the problems encountered.

2.7.1 Thorne Moors

The sediment here is very water-logged with gel probes easily penetrating the
sediment, as did the oxygen microelectrodes, thus data collection was successful.
However, one data set (from one probe) had to be discounted as it became

contaminated.

2.7.2 Warham

Many of the trips to Warham were not successful for the DET and DGT methods.
This is because the gel probes bent when penetrating the sediment and allowed

sediment onto the gel. After reviewing the methodology and placing two probes onto
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an aluminium rod, sediment still got on to the gels thus rendering them useless.
Other problems included fauna (e.g. crabs) “attacking” the gel probes, sediment
being too hard, or too much vegetation which damaged the gels on deployment.
Probes that appeared to have successful deployment, did not give sensible results,
that is, concentrations were an order of magnitude out of the expected range (relative
to seawater concentrations and previous studies). The gels not working properly may
be due to a marked difference between ionic strength between the Milli-Q water
which the probes were stored in prior to deployment and the hyper-saline pore-
waters. Conversely, cores were very successful at this site, with results that were in
the expected concentration ranges; as was the oxygen data collected using the

microelectrodes.

Page 49 Chapter 2



Thorne Moors Redox Zones

Chapter 3  Thorne Moors Redox Zones

3.1 Introduction

Ombrotrophic peatbogs, which receive all their nutrients from the atmosphere, are a
carbon sink (e.g. Turunen et al., 2002; Holden, 2005; Belyea and Baird, 2006) and
are estimated to have stored enough carbon to reduce global temperatures by 1.5° to
2°C over the last 10,000 years (Holden, 2005). However, due to anthropogenic
activity the ability of a peatbog to sequester carbon may be compromised and in fact
they may become a source of carbon rather than a sink (Holden, 2005; Novak et al.,
2008; Clark et al., 2010; Silvola et al., 1996). Different disciplines tend to focus on
their specialized key aspects of peatland processes and an integrated approach is
needed to define the interactions between small-scale processes (e.g. Damman, 1978;
Morris et al., 2011). For instance, hydrologists have often used a two-layered
acrotelm-catotelm model to explain processes occurring in peat. This model is also
used in ecohydrology as well as peat development modelling and budgeting (Holden,
2005). This two—layered model consists of an upper layer (acrotelm), which is
considered to have a fluctuating water table and high hydraulic conductivity, in
contrast to the lower layer (catotelm), the main body of the peatland, which has
much lower hydraulic conductivity, is permanently saturated and relatively passive
(Ingram, 1978; Holden, 2005; Morris et al., 2011). In contrast, geochemists often
define processes taking place in peat layers by a series of characteristic changes in
pore-water chemistry that are related to redox zonation. This redox zonation arises
from a series of microbial respiration reactions that yield successively less energy:
oxygen reduction; nitrate reduction; iron reduction (which converts Fe(l11) in mineral

form to dissolved Fe*); and sulfate reduction. For instance, sulfate is unstable in the
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presence of organic matter in reduced environments leading to microbial sulfate

reduction (MSR), reaction 3.1:
2H* + SO4% + 2CH,0 — H,S + 2C0O, +2H,0 (3.1).

The products of MSR are stable, including the neutralisation of acidity, as long as
the conditions remain anoxic and the reduced sulfur species produced are not re-

oxidized (e.g. Giblin et al., 1990; Morgan, 1995; Chapman, 2001).

Free oxygen is typically consumed close to the surface of peats by microbial and
plant respiration typically within the “acrotelm” layer, and oxygen is not readily
supplied to the deeper parts of the peatland (e.g. Shotyk, 1988; Shotyk et al., 1992).
Unless there are mechanisms to add oxygen into the catotelm part of the system then
the reduced products will be stable. Mechanisms to introduce oxygen deeper in the
peat could be related to: a change in the water-table (Bottrell et al., 2004); plants
releasing oxygen from their roots (e.g. Armstrong et al., 1991); lateral water flows
(Holden, 2005); or peat disturbance e.g. through removal or drainage. Degradation of
plant matter can also release relatively oxidized species (e.g. sulfate, nitrate)
(Shotyk, 1988; Blodau et al., 2007). Introduction of oxygenated waters into the
previously anoxic depths will result in sulfate and nitrate being released into the

pore-waters, by reactions such as:
2FeS, + 70, +2H,0 — 2Fe?* +4S0,% + 4H" (3.2)

R-S-H + 20, + H;0 — R-O-H +S0,% + 2H" 3.3)

(R- is an organic molecule)
2NH;" + 30, — 2NO; + 2H,0 + 4H" (3.4)

2NO, +10, — 2 NO3 (35)
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Conditions for nitrification (reactions 3.4 and 3.5) in a peat bog, however, are not
ideal. Nitrosomonas, which mediate nitrification, are inhibited at acidic pH (e.g.
Jones and Hood, 1980; Bowden, 1987), although laboratory experiments have shown
that the inhibition of nitrification at low pH has been underestimated (Tarre et al.,
2004). Additionally, nitrification needs a good supply of O, (see reaction 3.4).
However, it is not impossible for nitrification to happen in reduced environments;
indeed, Mortimer et al. (2004) demonstrated that anoxic nitrification occurred in

marine sediments by reducing Mn Oxide (equations 3.6 and 3.7),
8MnOOH +NH," + 14H* — 8Mn®" + NO3™ + 13H,0 (3.6),
AMnO; + NH;" + 6H+  — 4Mn?* + NO3™ + 5H,0 (3.7).

Peatlands are often dominated by one or two types of plant species, which in part,
during the decomposition process, dictates the internal structure of the peat which
can range from fibrous to amorphous (Shotyk, 1988). The plant types also have some
control on the peat shear strength which can be reinforced within the root zone
(Waldron et al.,, 1981), for instance Sphagnum does not have roots whilst
Eriophorum does and furthermore has a high root turnover (Gebauer et al., 1995;
Tolvanen et al., 2004; Currey et al., 2011), leading to a well-developed “root mat”
layer. Thus Eriophorum contributes to higher peat strength where the roots are
present. Additionally, plants exert some control over the micro-topology, which in
turn controls the small-scale runoff and drainage channels. The dominant species of
plant and the amount of organic matter present in peatbogs are some of the most
important factors determining the overall porosity and permeability (Brown et al.,
2000; Aldrich and Feng, 2000; Ma and Tobin, 2004). However, the porosity will not

be homogenous throughout the peat due to seasonal and longer-term variation in
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plant growth and therefore decay, which will cause vertical variability in the porosity
and structure. Porosity and permeability are also affected by the amount of root
layers and compaction that the peat has undergone. If lower density/higher porosity
and permeability layers exist within the peat profile they may permit lateral water
flows which could ultimately introduce oxygen (and/or other chemical contrasts) into
the peat and thus change the redox chemistry in that layer, ultimately affecting the

peatlands potential to store carbon, sulfur and other elements.

Over longer time-scales the decomposition of peatlands is usually viewed as
essentially a homogeneous process (Clymo, 1984; Hatcher et al., 1986; Stevenson,
1994), although over shorter time-scales it is more heterogeneous as different
components can undergo selective decomposition (Hatcher et al., 1983; Hatcher and
Spiker, 1988). This selective decomposition would increase pore-water concentration
of certain compounds in localised areas, for instance, the breakdown of organic S
from OM may contribute significant amounts of sulfate to peatland pore-waters
(Shotyk, 1988; Blodau et al., 2007). Peatland pore-waters contain a much smaller
reservoir of reactive species, such as S and N, than the solid peat matrix. The pore-
water reservoir is thus sensitive to short-term changes in inputs and outputs of these
species and reflects active processes, whereas the peat matrix records the sum of all
processes that have taken place during plant growth, decay and burial. Study of pore-
water profiles is thus best suited to establishing the structure of active processes

within the peat and their relation to peat structure.

It is clear that peat structure, decomposition, fauna and hydrology are inter-related in
complex ways (e.g. Belyea and Baird, 2006; Holden, 2005; Morris et al., 2011),
which influence the development of redox zones within a peat matrix and the rate of

bog growth (e.g. Belyea and Baird, 2006; Holden, 2005), which ultimately control
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the ability of a peat bog to sequester carbon from the atmosphere (Holden, 2005).
This is especially important for northern peatlands as they are a significant global
carbon reservoir (e.g. Gorham, 1991; Turunen et al., 2002). It is also clear the two-
layered acrotelm-catotelm model is too simplified and therefore when rigidly
applied, it rarely achieves proper explanation of small-scale processes occurring
within the peat (e.g. Morris et al., 2011; Belyea and Baird, 2006). Instead, the
hydraulic behaviour in these systems must be controlled by a combination of
processes including flora, root layers, seasonality, rates of decomposition,
macropores, topographical relief and other changes in peat matrix properties which
define porosity and permeability (e.g. Holden, 2005; Morris et al., 2011). These
processes allow heterogeneity in the geochemistry, sediment strength and hydrology,

both horizontally and vertically, within peatlands.

3.2 Aims and approach of this work

Chemical evolution of peat and the processes involved are usually investigated via
study of the peat matrix (which gives a time-integrated history of changes with
depth) (e.g. Ukonmaanaho et al., 2006; Grover and Baldock, 2013) or by study of
pore-water chemistry (e.g. Rausch et al., 2005). However, the spatial resolution of
pore-water sampling by most techniques will fail to identify chemical changes
associated with processes and interactions that operate at the small scales of
heterogeneity associated with features such as macropores (Harper et al., 1997) and
individual roots within the peat, or even possibly contrasts in peat matrix properties.
Small scale features that affect the hydrology of the peat are likely to introduce
geochemical gradients that may be important loci of biogeochemical activity. DET
gel probes provide the opportunity to sample pore-water chemistry at mm-scale

resolution and address the importance of these features. This coupled with vane
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shear tests to measure the strength of peat (as a proxy for hydraulic conductivity) and
a visual examination of peat cores allows us to investigate the processes occurring in
a section of peatbog. Morris et al., (2011) noted that the well accepted theory of
decomposition hot spots seen in many terrestrial sedimentary environments is
relevant to peatlands, thus linking the hydrology, ecology, and biogeochemistry, and
furthermore is not inconsistent with the use of the diplotelmic model to describe
small-scale processes. Here, the combination of DET gels, vane shear tests and an
assessment of peat cores are used to elucidate the biogeochemical processes which

occur in the top 40 cm of peatland.

3.3 Results

The two cores show similar features with discrete layers of variable density. As these
cores were frozen, it was visually very clear where there were large amounts of pore-
water present in lower density layers. The top 5 cm in core A, and top 8 cm in core
B, were comprised mainly of live and recently dead organic matter, and both of these
layers also contained large amounts of frozen pore-water (Figure 3.1). Below this,
both cores had low density and high pore-water content (5-12 cm in core A; 8-13
cm: core B). In core A there is dense root material from 12-37 cm, whilst a similar
zone can be seen from 13-34 cm in core B. Fewer roots are present from 37-31cm
(core A) and 34-37 cm (core B), with more humified peat. In core A from 31 cm to
the end of the profile (approximately 44 cm) there is denser humified peat with a
lower water content, although there is an exception at 33 cm, at the base of the root
mat, where there is a thin low density zone with a large amount of pore-water. In
core B from 37-41 cm, the core is similar to core A with well humified peat and low
water content, with the exception between 33-34 cm where a zone of lower density

and high pore-water content again coincides with the base of the root zone.
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Figure 3.1 Frozen cores.
Core A to the left and core B to the right. The visual overviews of the
cores reveal that there are areas of high and low density peat; this
could allow for water pipes within the peat. These cores also show
that roots are present throughout much of the depth sampled.
The vane shear profiles can be seen in Figure 3.2. In general, peat strength
increases with depth, though there is a wide range of strength at depth in some sites,
particularly sites 1 and 3. The exception is site 4 which has highest strength at
around 25 cm depth, probably due to very strong root mat development. However, at
sites 3, 4 and 5 there is a consistent local minimum in strength at 30 to 40 cm depth.
This corresponds closely to the depth where a low density zone was observed below
the root mat in the cores. Thus the vane shear strength data support the hypothesis

that there may be a widely developed low density (= high permeability) feature

below the root mat at many sites.
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Figure 3.2  Vane shear depth profiles.
Vane shear profiles taken for all sites. There are three sets of data for
all sites apart from site 2 (2) and 3 (6). The vane shear results show
that strength of the peat is variable throughout all sites, however, the
strength generally increases as depth does with localised zones of
weaker peat.

In both oxygen profiles, oxygen concentrations are around 110% atmospheric
saturation at the surface and quickly decrease to 0% by about 5 mm depth (Figure
3.3). Below this, both profiles exhibit fluctuating O, concentration, between 0% to
50% in profile A and 0% to 40% in profile B. The fluctuations decrease in amplitude
with depth, and between 35 and 50 mm depth in site A the fluctuations are between

0% and 20%. In site B, there is a large increase in O, concentration between 26 mm
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and 32 mm depth (up to 96% saturation) below which O, concentration fluctuates

around 0%.

Depth {(mm)
Depth (mm)

-10 40 90 -10 40 90

Oxygen (% atmospheric 0,) Oxygen (% atmospheric 0,)

Figure 3.3  Oxygen depth profiles.

A) open pool and B) Sphagnum lawn which were taken from site 1
only. The shallowest two points are individual measurements, other
points are a 5-point binomially weighted running mean which was
applied to remove high frequency noise that was prevalent in the
deeper parts of both profiles. Although there is noise in the profiles,
they do show that by 5 mm, and in both sites, O, is depleted or at very
low atmospheric O, saturation.

The chloride profiles are plotted in Figure 3.4. All chloride profiles exhibit fairly
uniform concentrations with depth, with some superimposed peaks. At site 1,
chloride concentrations are higher and more variable (20 to 45 mgL™) in the upper
10 cm, and fall to a range of 10 to 15 mgL™ lower in the profile. At site 2(A)
chloride concentrations are fairly uniform with depth (10 to 15 mgL™) but with an
increase to around 35 mgL™ between 20 and 23 cm depth. Site 2(B) has

concentrations ranging from 15 to 35 mgL™ throughout the profile. Two main
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features are seen at site 3. In the top 20 cm values average out at 12 mgL™ but range
between 10 to 25 mgL™. Below 20 cm there is a general increase in concentrations
from 12.5 to 25 mgL™. At site 4, pore-waters in the upper 7 cm have concentrations
around 20 mgL™ and there is a large peak at 7-10 cm which reaches 55 mgL™.
Below 14 cm, chloride concentrations are generally higher at around 30 mgL™
(range 21 to 40 mgL™). At site 5 chloride concentrations generally show a similar
range at all depths (18 to 32 mgL™), superimposed in this are two peaks at 13.5cm
and 28 cm of about 70 and 55 mgL™, respectively. Local rainwater data have been
included for the chloride profiles, plotted as data points at 5 cm above water level in
sites 1 and 2(A). In both sites the rainwater concentrations are significantly lower

than the shallowest pore-water concentrations obtained from the gels.
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Figure 3.4  Chloride DET depth profiles.

Zero on the depth scale refers to the water level on deployment of the
probes (i.e. it is the same zero as the oxygen profiles in Figure 3.3).
Rainwater data for chloride is plotted at 5 cm above water surface on
the depth axis at sites 1 and 2(A) only. Detection limits vary for each
species in each gel deployment and are plotted as a vertical line in
each profile. N.B. that these detection limits apply to gel data only
and detection limits for rainwater data are far lower. Chloride
profiles show variability through all sites. Excluding sites 1 and 2(A),
depth profiles were obtained by placing two probes on an aluminium
rod, which created a gap in the depth profiles. These are at; site 2(B)
~ 15.5 and ~ 20 cm depth; site 3 ~ 15 and ~17.5 cm depth; site 4 ~ 15
and ~20 cm depth; site 5 ~ 15 and ~19.5 cm depth.

The nitrate profile obtained from site 1 (Figure 3.5) shows that although there is an

immediate drop in concentration at the top of the profile, concentrations then rise

again (to about 15 mgL™) between 2 and 8 cm depth. Below this depth,

concentrations are generally very low throughout the profile (1 to 4 mgL™ but

generally above detection limit), with some superimposed narrow peaks of nitrate at
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18 to 21 cm, 31 and 33 cm. In site 2 (A), nitrate concentrations are generally lower
(<2 mgL™, many points below detection limit in lower part of profile below 25 cm)
but again there are large superimposed peaks at 3, 11, 18, 30 to 31 cm and 34.5cm
(Figure 3.5). In the upper 20cm of site 2 (B) the concentrations are low and fairly
uniform (mostly between detection limit and 1 mgL™, ranging to 2.5 mgL™), below
20 cm there is a trend of generally increasing concentrations with depth up to 2 mgL"
! at the base of the profile. At site 3 there are two distinct peaks at 15 and 20 cm (7
and 5 mgL™ respectively). The profile is otherwise below detection limit which is
relatively high at 2 mgL™ in this case. Site 4 has elevated concentrations in the upper
3 cm of the profile reaching 13 mgL™. Below this, concentrations are lower around
2.5 mgL ™ until 14cm where there is an increase to 7.5 mgL™, below which there is a
general, steady decrease for the rest of the profile. At site 5 the detection limit is

higher than at other sites (5.1 mgL™) and all data lie below this.
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Figure 3.5  Nitrate DET depth profiles

Zero on the depth scale refers to the water level on deployment of the
probes (i.e. it is the same zero as the oxygen profiles in Figure 3.3).
Detection limits vary for each species in each gel deployment and are
plotted as a vertical line in each profile. Nitrate is often close to
detection or below detection in all sites; although all sites (excluding
5) show that there are small, sharp positive excursions of nitrate
concentrations. Excluding sites 1 and 2(A), depth profiles were
obtained by placing two probes on an aluminium rod, which created a
gap in the depth profiles. These are at; site 2(B) ~ 15.5 and ~ 20 cm
depth; site 3 ~ 15 and ~17.5 cm depth; site 4 ~ 15 and ~20 cm depth;
site 5 ~ 15 and ~19.5 cm depth.

At site 1 there is a marked increase between rainwater sulfate concentrations (around
3 mgL™) and the shallowest pore-waters (5.5 mgL™, Figure 3.6). Below this, sulfate
concentrations are generally lower (1 to 4 mgL™) but with several superimposed
peaks at 7.5, 11.5, 16 and 19 cm depth. Between 22 and 28 cm depth, sulfate
concentrations are below detection limit (<1.2 mgL™) or slightly above (up to 2

mgL™). Below 28 cm there are three large peaks in sulfate concentration and a rise to
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~3.5 mgL™ at the base of the profile. At site 2(A), sulfate concentrations in the upper
30 cm of the profile mostly fluctuate around the detection limit of 3.3 mgL™ and are
thus similar to rainfall inputs. Indeed, surficial sulfate concentrations are below
detection limit and therefore lower than the rainwater values. Once again
superimposed on these low values are large increases in sulfate concentration at
various points through the profile. Below 30 cm depth there is one very large sulfate
peak, below which sulfate concentrations are above detection limit, rising to 5.5
mgL™%. In the top 15cm of site 2(B), concentrations are fairly uniform around 5 mgL"
! below this there is a general increase in concentrations from 4 mgL™ to 9 mgL™,
One large peak is found on this profile at 15 cm with maximum sulfate concentration
at 17.5 mgL™. At site 3 the upper 23 cm has sulfate concentrations around 4 mgL™
(values range from below detection limit to 6 mgL™) but with one large sharp peak
(maximum 16 mgL™) superimposed at 19.5 cm. Below this, sulfate concentration
increases to around 14 mgL™ at the base of the profile. Site 4 has higher sulfate
concentrations than other sites; in the top 7 cm concentrations are around 10 mgL™;
there is a general increase in concentration between 10 and 25 cm, from 10 to 35
mgL™ superimposed on which are two large excursions, both reaching around 400
mgL™, at 7-10 cm and 25-26 cm. Below the lower peak concentrations fall to around
10 mgL™ and increase to ~20 mgL™ at the base of the profile. In the uppermost 15
cm at site 5 sulfate concentrations are close to (mostly below) detection limit of 3.7
mgL™%. Below this there is a slight increase in concentration above a sharp peak (30
mgL™) at 26 cm. Below the peak concentrations are around 4 mgL™ at the base of

the profile.
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Figure 3.6

Sulfate DET depth profiles.

Zero on the depth scale refers to the water level on deployment of the
probes (i.e. it is the same zero as the oxygen profiles in Figure 3.3).
Rainwater data for sulfate is plotted at 5 cm above water surface on
the depth axis at sites 1 and 2(A) only. Detection limits vary for each
species in each gel deployment and are plotted as a vertical line in
each profile. N.B. that these detection limits apply to gel data only
and detection limits for rainwater data are far lower. Sulfate profiles
show that in all sites the concentrations are variable; however as with
nitrate there are clear sharp positive excursions throughout the
profiles of So,”. Excluding sites 1 and 2(A), depth profiles were
obtained by placing two probes on an aluminium rod, which created a
gap in the depth profiles. These are at; site 2(B) ~ 15.5 and ~ 20 cm
depth; site 3 ~ 15 and ~17.5 cm depth; site 4 ~ 15 and ~20 cm depth;
site 5 ~ 15 and ~19.5 cm depth.

3.4 Discussion

3.4.1 Core characteristics and vane shear strength

Two cores were taken from sites A and B, which underwent a visual examination

(Figure 3.1). In both cores, there is a large root mass and clear evidence for low
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density/high permeability zones that might promote lateral water flow. The
widespread areal extent of some of these zones is revealed by the peat strength data.
Roots are found throughout the cores and will have increased the strength of the peat
in those areas. Figure 3.2 demonstrates that there is greater fluctuation in peat
strength over the top half of the profile than the bottom half. The bottom half has
strength changes which are over a greater distance than in the top half, which
contains both peaks and troughs in strength. This reveals a combination of low
density zones (decreasing the strength), roots (increasing the strength) and
potentially the amount of decay that has occurred (the more humified and compacted
the peat the more likely the strength will increase). Higher strength root mats and
more compacted zones will both tend to have lower porosity and permeability than
the weaker, less dense layers. Additionally, apart from site 5 there is some
heterogeneity within the sites. This probably reflects roots reaching different depths,
differing amounts of organic matter decomposition and differing states of

decomposition and lower density zones of various thicknesses across the peat.

3.4.2 Chloride

The shallowest waters recorded in all the gel probe profiles have higher chloride
concentrations than the rainwater inputs (Figure 3.4). This results from
evapotranspiration, which removes water but not dissolved ions, resulting in
increased chloride concentrations. Chloride is not expected to show major changes in
concentration down through the profile, because it is chemically conservative as it is
not released or taken up by plants and it doesn’t undergo any speciation changes by
redox reactions (Bottrell et al., 2007). Sites 1, 2(B) and 5 illustrate this, with the
near-surface chloride concentrations representing recent evapotranspiration while the

deeper values represent the averaged effect of evapotranspiration on the input
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concentrations. However, in site 2(A) whilst the majority of chloride concentrations
indicate the same averaged evapotranspiration as site 1, there is a major peak in
chloride concentration around 17 cm depth. At site 3 there is a trend to higher
chloride toward the base of the profile (25 vs. 12 mgL™) and site 4 has chloride
concentrations around 30 mgL™ below 13.5 cm compared with 15 to 20 mgL™* above
(albeit with a peak superimposed at 8 to 10 cm). Bottrell et al. (2007) showed that
evapotranspiration caused seasonal increases in chloride at similar sites at Thorne
Moors, thus increases in chloride at the base of some profiles could represent mixing
with deeper (and older) more evapo-concentrated waters. The presence of distinct
peaks in chloride concentration at sites 2(A) and 4 cannot be explained in this way;
these peaks could be due to lateral water flows (which could have slightly differing
chloride concentrations, thus they would appear to peak at these horizons) at these
depths and there is evidence for low density (and thus higher porosity and
permeability) layers in both the vane shear tests and the cores. High chloride
concentrations could result from summer evapo-concentration or winter additions of
chloride from road gritting via aerosol/dust transport (e.g. Nicholson and Branson,
1990; Blomgqvist, 2001). Thorne Moors lies close to two motorways (Figure 2.2;
Chapter 2) and there was significant road salt application during the winters of the
study period. Whichever the source of elevated surface-water chloride, high chloride
waters could then migrate from surface to depth via lateral flow along higher

permeability pathways.

3.4.3 Oxygen

In both profiles there is a high oxygen concentration very close to the surface (up to
110% saturation) that quickly decreases to a lower but variable concentration (10 to

40% saturation) by 5 mm depth (Figure 3.3). This is the result of photosynthetic
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production of O, close to the surface and diffusion of O, from the atmosphere which
is then rapidly consumed by respiration below this. The subsurface peak in profile B
is probably due to plant roots (e.g. Eriophorum) releasing oxygen; the core data back
this up as both cores have large amounts of live plant material in the top 5cm. The
variable low concentrations below 5 mm depth in both profiles thus represent
competition between minor oxygen input from roots and consumption by respiration.
Negative oxygen concentrations recorded at depth are probably due to a small offset
between the laboratory calibration and field response in the more complex peatland

groundwater solution.

3.4.4 Sulfate and nitrate

At all sites concentrations of sulfate in the shallowest waters are similar to, or higher
than rainwater inputs indicating variable degrees of evapoconcentration (Figures 3.5
and 3.6). The ratio of sulfate: chloride can be used to remove the effects of variable
evapoconcentration and vertical profiles of SO,/Cl are plotted in Figure 3.7.
Rainwater inputs have SO4/CI around 0.7 whereas SO,4/CI throughout all the pore-
water profiles are generally between 0.2 and 0.4 (albeit with superimposed peaks),
thus in all cases sulfate is rapidly consumed in the uppermost part of the profile, as
evidenced by a marked decrease in SO4/CI below that of the rainfall (Figure 3.7).
Consumption of sulfate at such shallow depths is most likely by plant uptake as
dissolved oxygen is still present and sulfate reducing bacteria are obligate anaerobes

(cf. Bartlett et al., 2009).
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Depth profiles of sulfate to chloride ratio.

As chloride is a conservative species and is not expected to undergo
changes deeper in the peat matric, any changes in sulfate/chloride
ratios are expected to be dominated by removal of sulfate by bacterial
processes. These profiles, however, show that there are large peaks of
sulfate relative to chloride in the peat matrix which can be seen in all
sites scattered throughout the depths measured; showing that there
are processes occurring deeper in the peat which must be either
oxidising the H,S species or there are oxidised zones. Average
SO,4/CI (ppm) for rainwater inputs is plotted at 5 cm above water
surface on the depth axis. Excluding sites 1 and 2(A), depth profiles
were obtained by placing two probes on an aluminium rod, which
created a gap in the depth profiles. These are at; site 2(B) ~ 15.5 and
~ 20 cm depth; site 3 ~ 15 and ~17.5 cm depth; site 4 ~ 15 and ~20
cm depth; site 5 ~ 15 and ~19.5 cm depth.

Deeper in most profiles, sulfate concentrations are close to or below detection, so

concentrations are very low (typically < 6 mgL™). In the lower part of the profiles

there is a steady increase in sulfate concentrations (Figure 3.6; and SO,/CI, Figure

3.7), to values above detection limit, toward the base. Superimposed on this
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increasing trend are peaks in sulfate concentration down through the peat profiles
that are at much higher concentrations than the background levels. The SO./CI ratios
increase at the same depths, confirming that this is the result of releasing sulfate to
the pore-water as the ratio of SO, to Cl increases at the same intervals as the peaks
(Figures 3.6 and 3.7). The nitrate depth profiles are similar to those of sulfate, in the
sense that there are sometimes higher concentrations in the surface layers before
decreasing to low concentrations or the nitrate is below detection limit. The nitrate
profiles also show narrow (one or two data points) sharp peaks of increased nitrate
down through the profile (Figure 3.5). Indeed, the loci of the sulfate and nitrate
peaks in each profile coincide, suggesting that both species are produced by the same
process. As these peaks are often defined by more than one data point, and can be
seen in all profiles, it suggests that they are genuine peaks and not an artefact due to
gel contamination or analytical procedures. Additionally, as these probes have been
placed up to 200m apart and over a year between them, there is clear evidence that
there is a continual and widespread process creating these excursions. Gel probe
techniques have the capability to record very high spatial variability in pore-water
chemistry (e.g. Stockdale et al., 2009) and have recently been used to identify
localized production of sulfide in reducing microniches in sediment (Stockdale et al.,
2010). Additionally, Widerlund and Davison (2007) were able to identify sulfide-
producing microniches <1 mm? in size. Thus the peaks observed in this study are
interpreted to record some localized process operating within the peat profile. Two
processes could cause such peaks: i) oxidation reactions (e.g. reactions 3.2 and 3.3
releasing sulfate or 3.4 and 3.5 releasing nitrate): or ii) localized zones of
degradation of plant matter. Oxidation processes will not be caused by water table

fluctuations as the management at this site has ensured they are stable, unless there is
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a major drought. No droughts were recorded at this site during the period of data
collection and historic draughts will not cause the geochemistry seen at this site due
to diffusion of these species. Any oxygen at depth, which is needed to fuel oxidation
processes, must be released from within the peat itself rather than diffusing in from
the surface, shown by the oxygen profiles in Figure 3.3. There are a few mechanisms
which could do this. Radial oxygen loss is where oxygen is released into the
rhizosphere by plant roots (Gaynard and Armstrong, 1987), oxidising the
surrounding sulfide and organically bound nitrogen. This will only happen in the
root zone; although roots are present throughout most of the profiles analysed.
Decaying plant material can release oxidised species. As plant material becomes
humified, S, N and O are lost (Novak et al., 2009; Zaccone et al., 2007; 2011). The
original photosynthetic carbohydrate is very oxygen-rich, close to CH,0, 53% O by
weight, and during humification large amounts of O are released and O:C and H:C in
the humus residue fall (Stevenson and Goh, 1971; Bohlin et al., 1989; Stevenson,
1994; Bottrell, 1996; Olk et al., 2000). Thus S and N can be released as oxidised
forms, as previously reported by Bartlett et al. (2005) and Blodau et al. (2007).
Although the water table has been stabilised, this does not have much, if any, control
over lateral flows within peatlands. Lateral flows within peatbogs are permitted by
the high porosity and permeability zones discussed above. These flows may
introduce oxygen-containing surficial waters into deeper anaerobic layers, locally
oxidising the surrounding sulfide and organically bound nitrogen. These are then
used up quickly by both the nitrate and sulfate reducing bacteria, returning them into
a reduced state. These reactions will be continuous unless the water flow is shut off,

leaving the reduced ions in a stable state. As discussed above these lateral water
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flows additionally add chloride to the system from the surface. However, as it is a

conservative ion, it will simply diffuse up and down into the surrounding peat layers.

Regardless of the mechanism for introducing oxygen within the peat, once it is used
up (with no more oxygen being introduced), the peaks observed will then only be
transient. As the sharp peaks in concentrations contain only a very small mass of
sulfate or nitrate, they will diffuse very quickly both to upper and lower depths. For
example, the large sulfate peak seen at 31 cm depth in site 2(A) will last only around

22 hours, according to the following calculation (Fick’s Law for diffusion);
R = D(dc/dz),

where R = diffusional flux, D = diffusion coefficient and (dc/dz) is the vertical
concentration gradient. The diffusion coefficient for sulfate was calculated from Li
and Gregory (1974) for a temperature of 10°C and a porosity of 80%. The peak
contains ~300 pg SO,> per cm? of plan area but SO4* is diffusing away at ~1.9 pg s”
! (both upward and downward) per cm? of plan area. The gels equilibrate with the
pore-waters very quickly and the peaks likely record loci of sulfate and nitrate
release during the latter part of the gel deployment period. The high vertical spatial

resolution of the gels, less than 0.5 cm, also allows these “flashes” to be resolved.

Furthermore, by integrating the flux of sulfate and nitrate away from all peaks in
each profile, it is possible to calculate the equivalent oxidation (expressed as O,

required) taking place (Table 3.1), using the following equation:
Z*A*(C'Cbackgr)*ﬂ

where; z = vertical thickness; A = area; C = concentration; Cpackgr = background

concentration; and @ = porosity; this calculation has been done for peaks within the
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anoxic zone only. The equivalent oxidation varies from 0.6 to 9.5 pg s cm™ O,, and
represents the combination of oxidation capacity of humics, root oxygen release and
oxygen introduced by lateral flow. This shows that most of the processes occurring
in the deeper peat must be dominated the addition of O, as more sulfate is produced
than nitrate, whereas if OM decay were the dominant source of the spikes, than more
nitrate should be released than sulfate due to the N:S ratio being an average of 5:1 in
the peat matrix (Moore et al., 2004). This is confirmed in the N:S ratios calculated
for individual peaks in the pore-waters (Table 3.2). The molar ratios indicate that the
addition of O, must be the main source of the nitrate and sulfate peaks; however,
there are other peaks that suggest that OM release (i.e. hotspots of decomposition)
occur as the ratios are nitrate-dominated, closer to the N:S of the peat (site 1, 4 cm
depth 4:1; site 3, 14.5 cm depth; 3:1). Whilst not conclusive evidence for anoxic
hotspot decomposition, these data imply that there may be zones of OM degradation

that supply nitrate and sulfate to the peat pore-waters.

Site number
Species 1 2(A) 2(B) 3 4 5
SO~ 5.0 4.4 0.7 1.2 13.4 0.9
NOs 31 2.0 0.6 0.4 0.7 b.d.
Total, recalculated as O, | 5.7 4.5 0.9 1.1 9.5 0.6

Table 3.1 Calculated fluxes of oxidized species produced in a vertical
section.
This table demonstrates how much O, is needed to produce the
‘outliers’, that is, the positive concentration excursions of sulfate and
nitrate deviating away from the background concentrations. Fluxes
are in pg s* per cm® b.d: all concentrations in profile lie below
detection limit.
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Table 3.2

Page 73

Site 1

Depth Molar ratio
cm N/S N:S
4.0 4.1 4:1
7.0 1.0 1:1
19.5 0.3 1:2
33.5 0.6 1:2

Site 2(A)

Depth Molar ratio
cm N/S N:S
10.5 0.4 1:2
17.5 1.2 1:1
18.5 0.2 1:3

30.75 0.3 1:3

Site 2(B)

Depth Molar ratio

cm N/S N:S

5 2.3 1:1

14.5 0.1 1:12
Site 3

Depth Molar ratio
cm N/S N:S
4.8 0.1 1:5
14.5 2.5 3:1
17.8 0.1 1:6
19.3 0.2 1:5

Site 4

Depth Molar ratio
cm N/S N:S
9.1 0.000 1:1843
25.6 0.001 1:480

Calculated nitrogen and sulfur ratios.

The concentration background levels close to the peaks and the peaks
themselves were determined for both sulfate and nitrate. This was
then used to calculate the molar ratios of N:S in the pore-water
concentration within the deeper peat matrix (no spikes shallower 4 cm
depth were calculated). As the N:S ratio of peats average at
5:1(Moore et al., 2004), then this table would suggest that most of the
spikes are an introduction of pore-waters into the peat matrix rather
than purely coming from the decomposition of peats. However, there
are some concentration excursions (site 1 and site 3) which would
suggest that there is more of an influence of peat decomposition. NB:
site 5 nitrate was below detection and thus not collected. Site 4 shows
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very high sulfate throughout the profile and is therefore reflected in
the N:S ratios.

3.4.5 Thorne Moors peatland recovery

Peatlands exhibit complex responses to acid sulfate pollution (e.g. Lamers et al.,
2001, 2002) and there is considerable debate over their ability to recover and
timescale over which this could occur. The recent concentration profiles of sulfate
reported here in surface waters at Thorne Moors are similar to profiles seen in non-
polluted, non-maritime peatlands (Steinman and Shotyk, 1997). This would suggest
that Thorne Moors has recovered from acid deposition and the dominant sink for
sulfur is no longer BSR at depth but near-surface plant uptake, as happens in
unpolluted wetlands (Lamers et al.,, 2002). Thus, from the perspective of the
biogeochemical cycling of sulfur, the peatland ecosystem at Thorne Moors appears
to largely have recovered in the 40 years since the peak sulfur loadings of the early
1970s. This is in line with model predictions for recovery of headwater lakes in
peatland catchments in Finland, where declining sulfate and increasing acid
neutralising capacity (ANC) should lead to recovery during the period 2010 to 2030

(Posch et al., 2003).

3.5 Conclusions

Figure 3.8 (below) is a schematic representation of the processes occurring in the top
40 cm of a peat bog at Thorne Moors. In the surface of the peat, Sphagnum and
Eriophorum take up the sulfate and nitrate from the surface pore-waters (A), below
which the background values are close to detection limits (B). The chloride is not
reactive, although there are some subsurface peaks, which may be related to
transport of higher chloride water from the surface via preferential flow paths. There

are three major processes which increase the sulfate and nitrate at depth and one of
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these will affect the chloride concentrations as well. Process C (Figure 3.8) is where
there is a “hotspot of decomposition” and can occur at any depth; this can produce

elevated sulfate and nitrate but not chloride.
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Figure 3.8
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An overview diagram of the processes affecting the DET profiles at Thorne Moors. The far left are real profiles from site 1; the X-
axis does not show absolute values due to values being different for each species. Oxidised species of S and N are added to the
peatbogs in the surface by atmospheric deposition which bacteria then use up as a source of energy (A) leaving low values
throughout the peat (B). Over time the peat can be seen to decompose at the same rates but over very short-periods the peat
decomposes differentially which adds short-lived spikes of SO4% and NO3™ (but not CI") which diffuse quickly both up and down the
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peat (C). Eriophorum have roots and these exude O, which could
release O, and thus create a microenvironment whereby oxidation of
both N and S occur (D). The visual examination of the peat and the
shear-vane show evidence for lateral water flows (pipes) which could
bring in O, from the surface, or at least differing amounts of CI", SO*
and NOj3 from other parts of the peat (E).

When plant material decays and gradually becomes humified to form peat, it releases
oxygen, sulfur and nitrogen (Novak et al., 2009; Zaccone et al., 2007, 2011). The
decaying plant material releases oxidised forms of sulfur (sulfate) and nitrogen
(nitrate). Release of oxidised forms of sulfur at depth has previously been reported
by Bartlett et al. (2005) and Blodau et al. (2007) and Knorr and Blodau (2009)
suggested that S could be recycled to sulfate by the electron accepting capacity of
humics. This process can be seen as discrete peaks in the DET gels that must be
only transitory as a steep diffusion gradient is set up, moving nitrate and sulfate
upwards and downwards away from the locus of production. Although the
decomposition of peat is essentially homogenous, the use of DET gels reveals the
heterogeneity of decaying plants when the gel is placed in close proximity to the site
of a decay hotspot allowing the observation of transient species on very small spatial
and time-scales. At Thorne Moors, there are two main species present within the
peatbog, Sphagnum and Eriophorum, with only the latter having roots. These roots
are long which is evident from both the vane shear tests and the cores which were
examined before being sliced. The end of the roots release oxygen (Gaynard and
Armstrong, 1987) which then reacts with the reduced forms of nitrogen and sulfur,
releasing both nitrate and sulfate in the surrounding pore-waters (Process D, Figure
3.8). The data from the DET results strongly suggest that this process occurs
between the depths of 30 to 35 cm, additionally the vane shear tests and the visual

examination of the peat-cores concur with this. Again, this process will not add
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chloride to the pore-water. Where peaks in chloride, nitrate and sulfate coincide,
then lateral flow (process E, Figure 3.8) is occurring, associated with a change in
hydraulic conductivity that allows lateral water flows to introduce water containing
oxygen and high chloride into previously reduced environments, promoting reactions
such as 3.2, 3.3, 3.4, and 3.5. Depending on the type of flow, the oxygen may be
continuously introduced or it may be a short-lived event. If it is the latter then the
resultant sulfate and nitrate will be quickly reduced. The chloride, which is a

conservative ion, will diffuse into the surrounding pore-waters.

This sub-study highlights the need for more data and better peat monitoring, if we
are to move away from the more simplified acrotelm - catotelm concept, to
understand the functionality of peatlands as carbon sinks or sources. The multiple
fine scale processes are more complicated than previously thought, and although not
directly demonstrating how these systems are likely to respond to changes in
anthropogenic activity/inputs, it does suggest that the reduced sulfur loading which
Thorne Moors was subjected to until the early 1970s, has now been mitigated giving

a recovery of approximately 40 yrs.

3.6  Further work

This work was originally undertaken to compliment the trace metals data; however,
the results show that processes occurring in the upper 40 cm are more complicated
than previously thought. This dataset was never intended to be a whole sub-study,
thus field samples have been collected at different times for different methods.
Indeed, a more robust dataset is needed to understand the peat dynamics. Information
should be obtained on: water table, peat soil moisture, conductivity porosity and

density to understand the bulk properties quantitatively. O, data should be acquired
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until at least 40 cm depth. The data presented above clearly shows trends both
spatially and temporally. Nitrate and sulfate are released at depth whilst chloride
isn’t suggesting that the process(es) releasing these species are not related to
evapotranspiration. It has been hypothesised that some of these peaks are related to
‘hotspots’ of decomposition, if so then there should be correlating ammonium peaks.
Testing for ammonium can be done via the DET gels which can then be analysed by
IC for example. Additionally, as the formation of nitrate via nitrification is typically
slow, then the amounts of nitrate, ammonium and sulfate should give sensible N:S
ratios, which are approximately 5:1. Further knowledge could be gained on the
reactions under which sulfate and nitrate are subjected to by sulfur and nitrogen
isotope data, which would determine bacterial fractionation of these species.
Moreover, if sampled regularly over a set distance and time then a 3D model could
be developed, thus so would a comprehensive understanding of how the peat

dynamics change over time.
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4.1 Introduction

Ombrotrophic peatbogs have often been used to reconstruct atmospheric deposition
as they receive all their inputs, including trace metals, from the atmosphere (e.g. Xia
et al., 1997; Shotyk, 1996; Shotyk et al., 2001). These atmospheric trace metals can
be from natural sources, e.g. volcanic dust, meteoric and windblown dust (e.g.
Nieminen et al., 2007), or anthropogenic, e.g. from heavy industries, hydrocarbon
combustion, coal burning, transport, municipal waste, sewage sludge incineration
(e.g. Hutton and Symon, 1986) and motor vehicles (Ndiokwere, 1984 and references
therein).  Consequently anthropogenic sources have significantly increased the
amount of trace metals in the atmosphere since the industrial revolution (e.g. Settle
and Patterson, 1980; Fengxiang et al., 2002). These trace metals are considered by
many to be immobile once deposited because of the peat’s high metal-binding
capacity (Shotyk, 1996; Crist et al., 1996; Olid et al., 2010). At a broad scale, this
appears to be confirmed; many studies using Pb*® dated ombrotrophic peatlands
have shown that there is a strong correlation between increased atmospheric
deposition of trace metals and the start of the industrial revolution, and a decrease in
trace metal concentrations with more recent decline of heavy industry and use of
leaded petrol (e.g. Mackenzie et al., 1998a; Mackenzie et al., 1998b; Martinez
Cortizas et al., 2002; Novak et al., 2008). Similarly in older peat, Bronze Age copper
mining can be linked to increased trace metal concentrations (Appleby and Oldfield,
1992; Mighall et al., 2009). Nevertheless, it is still contentious whether peat
faithfully records trace metal atmospheric deposition because there are a number of

earlier studies that clearly highlighted trace metal mobility within peat bogs (e.g.
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Damman, 1978; Urban et al., 1990; MacKenzie et al., 1997). Remobilisation of trace
metals within peat bogs could be attributed to any of the following factors: change in
the chemical speciation of an element; whether the trace metals were strongly bound
to organic matter (OM) or to dust particles when they entered the peat bog;
dissolution or precipitation of sorbing phases, e.g. Fe-Mn (hydr)oxides; reactivity
and redox sensitivity; changes in physico-chemical conditions within the peatbog
(e.g. Shotyk, 1996a; Martinez Cortizas et al., 1997; Twardowska et al., 1999; Brown
et al., 2001; Koretsy et al., 2006; Kumpiene et al., 2007 and references therein; Sipos

et al., 2008).

Most studies that try to elucidate the mobility of trace metals in peatbogs use a
derivative method based on the collection and analysis of cores (e.g. Schell et al.,
1989; Urban et al., 1990; Jones and Hao, 1993; Vile et al., 1999; Shotyk et al., 2001;
Novak et al., 2011), which generally only achieves a low vertical spatial resolution
(typically cm-scale). Alternative methods that can achieve mm-scale resolution are
diffusive equilibration in thin films (DET) and diffusive gradient in thin films
(DGT), which quantitatively measure pore-water concentrations and fluxes
respectively (Zhang et al., 1995; Odzak et al., 2002; Scally et al., 2004; Leermakers
et al., 2005). The high spatial resolution allows identification of small individual
peaks and steep geochemical gradients, reducing the risk of erroneous
interpretations. These methods also make in-situ sampling easy in hydrologically

complex peat bogs.

Lead mobility has been previously identified by Urban et al. (1990), who
demonstrated (by mass balance equations among other methods) that Pb was
mobilised in peatlands. In contrast, Novak et al. (2008), who studied various

peatbogs in Europe, showed that there were good correlations with regional peaks in


http://www.sciencedirect.com/science/article/pii/S0269749106000868

Pb and increased atmospheric Pb emissions. This sub-study investigates the
mobility of trace metal behaviour in a peat bog using DET, which identifies pore-
water gradients in metal concentrations that might imply diffusional redistribution of
metals, combined with DGT, which identifies rates of supply from the solid to the
pore-water, to determine the behaviour of Pb and other metals in a peat bog. The use
of DET and DGT alone will not elucidate the sources of the metals, which is crucial
to understanding how the metals behave in the peatland, thus the solid-phase
concentrations (of major and trace components) are measured in order to help
identify their sources. For example, the ash content of the peat bog is a proxy for
atmospheric dust input and hence if the trace metal concentrations are related to ash
content, this suggests an atmospheric dust source (Kylander et al., 2005).
Additionally, the concentrations taken from the solid-phase chemistry help

understand longer term behaviour of the metals than is possible from DET or DGT.

4.2 Results

4.2.1 Core bulk properties

Whilst still frozen (Figure 4.1), cores were examined for any obvious changes in peat
density and hydraulic conductivity; both cores had discrete layers of variable density
which were comparable to each other in terms of depth and location. The upper parts
of both cores, i.e. the top 5 cm (core A) and 8cm (core B), contained large amounts
of frozen pore-water and live and dead organic matter. A dense root zone was seen
down to 37 (core A) and 34 cm (core B) whilst the deepest part of the peat contained
fewer roots. Throughout the profile there were discrete zones of lower peat density

where larger amounts of frozen pore-water were present.
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Figure4.1  Frozen cores.
Core A to the left and core B to the right. The visual overviews of the
cores reveal that there are areas of high and low density peat; this
could allow for water pipes within the peat. These cores also show
that roots are present throughout much of the core.

4.2.2 Ash

The uppermost peat has an ash content of around 2% in both cores, and it increases
with depth (Figure 4.2). In site 1 the ash content initially increases to ~4%, then
decreases to less than 2%, increasing to ~8% at approximately 33 cm. Below this
there is a sharp decrease, although the last data point shows that the ash content has
increased. Site 2 has lower values overall then site 1 and the peaks are less
pronounced. Ash in site 2 shows a generally increasing trend with depth, with a local

minimum at 26 cm.

4.2.3 Aluminium and scandium

Apart from a major difference in the magnitude of absolute concentrations (Figure
4.2), up to nearly 4000 ppm in Al and 1.5ppm in Sc, these profiles are very similar

and follow the ash trend closely in each core.
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Figure 4.2  Ash, Al and Sc solid-phase profiles.
Ash, Al and Sc profiles for Thorne Moors peat bogs for sites 1 and 2.
The concentrations of Al, Sc and ash increase towards the deeper
measured section, although there is a maximum concentration at
approximately 35 cm.

4.2.4 Iron

Solid Phase Iron (Fesp): Concentrations in the solid-phase (Figure 4.3) range from ~
2000 (site 1) and 1300 (site 2) to 4000 ppm, with a median of ~ 2900 in both sites
(Table 4.1). At site 1, there is an increase in total Fe concentrations from 21 cm to 40

cm. At site 2, iron concentrations show a local minimum around 26 cm.

Iron Concentrations from Pore-waters (Feper): At both sites the iron concentrations
(Figure 4.3) are similar throughout the profile, with some scatter and short localized

increases in concentrations.

Iron DGT Fluxes (Fepgr): The upper part of the DGT profiles (Figure 4.3) shows an
increase in availability with depth (from 0 to approximately 0.03 pgcm™s™ in both

sites) to a maximum at about 5 cm. Fluxes stay approximately constant to 10 cm
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then decrease to lower values in the rest of the profile. At site 2, there are a number

of localised peaks that are not evident in site 1.
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Figure 4.3  Solid-phase and pore-water profiles for iron.
The general trends for the solid-phase Fe concentrations are that it
increases with depth. Iron concentrations from DET, although noisy,
have a baseline between 0.2 and 0.3 ppm but have sharp ‘spikes’ in
concentrations. Fluxes of available Fe are higher in the near surface
than in the deeper part of the peat; again these profiles have flux
‘spikes’. S0 that a longer depth profile is obtained, two probes are
placed on an aluminium rod; this creates a gap between the two
probes and is between Site 1: 15 and 20 cm (DET) and 15 and 20 cm
(DGT). For Site 2 these gaps are at 15 and 20 cm (DET) and 14.5 and
17.5 cm (DGT).
4.2.5 Zinc

Solid Phase Zinc (Zns.p): Zinc concentrations within the solid phase (Figure 4.4)

show a narrow range in concentration between 40 and 50 ppm over the upper 22 cm,

below this

, concentrations are generally higher with the exception of a local

minimum at 26 cm in site 2.



Zinc DET Concentrations (Znpgr): Both sites (Figure 4.4) are generally
characterized by a narrow range of Zn concentrations (200 to 400 ppb) throughout
the profile, however, there are numerous localized increases in concentration at site 2

(compared with only one in site 1).

Zinc DGT Fluxes (Znpgr): Below 10 cm depth (Figure 4.4) both profiles generally
exhibit a narrow range in Zn flux (around 3 pgcm™?s™). However, in the uppermost
10 cm the two profiles are more different; site 1 shows a minimum of approximately
1 pgem™s™ between 2 and 4 cm depth whilst site 2 shows a maximum of 7 pgcm™?s™

over the same interval.
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Figure 4.4  Solid-phase and pore-water profiles for zinc.
The general trend for the solid-phase Zn concentrations is that it
increases with depth in both sites 1 and 2. Zn concentrations, similar
to the other trace metals data are noisy, but have a baseline between
300 and 350 ppb and also have sharp ‘spikes’ in concentrations.
Fluxes of available Zn are higher in the near surface for site 2 than in
the deeper part of the peat, whilst there are no major changes in
fluxes for site 1, again these profiles have flux ‘spikes’. S0 that a
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longer depth profile is obtained, two probes are placed on an
aluminium rod; this creates a gap between the two probes and is
between Site 1: 15 and 20 cm (DET) and 15 and 20 cm (DGT). For
Site 2 these gaps are at 15 and 20 cm (DET) and 14.5 and 17.5 cm
(DGT).

4.2.6 Nickel

Solid Phase Nickel (Nis.p): Nickel concentrations within the solid phase for both
sites (Figure 4.5) generally show a gradual increase with depth. However, site 2

shows a pronounced maximum (11 ppm) at 8 cm.

Nickel Concentrations from Pore-waters (Nipgr): For both sites the Ni
concentrations generally lie in a range of 15 to 40 ppb throughout the depth profile
(Figure 4.5), however, there are a number of localized increases in concentration in

the site 2 profile.

Nickel DGT Fluxes (Nipgr): Both sites (Figure 4.5) show a similar range of variation
(0.2 to 0.8pgcm?s™) but the locations of maxima and minima differ between the two

profiles.
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Figure 4.5  Solid-phase and pore-water profiles for nickel.

The general trend for the solid-phase Ni concentrations is that it
increases with depth in both sites 1 and 2. The DET pore-water
concentration profiles show lots of sharp increases in Ni
concentrations throughout the measured section superimposed on
background levels which are between ~12 and ~17 ppb (site 1) ~18
and ~30ppb (site 2). Fluxes of available Ni are higher in the near
surface for site 2 than in the deeper part of the peat, whilst in site 1
the near surface shows a lower amount of available Ni in the near-
surface; however, available Ni is between 0.2 and 0.8 pgem?s?
throughout the measured section. So that a longer depth profile is
obtained, two probes are placed on an aluminium rod; this creates a
gap between the two probes and is between Site 1: 15 and 20 cm
(DET) and 15 and 20 cm (DGT). For Site 2 these gaps are at 15 and
20 cm (DET) and 14.5 and 17.5 cm (DGT).

4.2.7 Cadmium

Solid Phase Cadmium (Cdsp): In both profiles (Figure 4.6), Cd concentrations
increase with depth from 0.3 ppm to 1.6 ppm, however, there are superimposed local

minima at 40 cm (site 1) and 26 cm (site 2).

Cadmium Concentrations from Pore-waters (Cdper): Both profiles (Figure 4.6) are

characterized by a similar range of variation (1 to 5 ppb) over the depth investigated.
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However, superimposed upon this there are a number of local maxima in both

profiles.

Cadmium DGT Fluxes (Cdpgr): Measured Cd fluxes are low compared to the other

metal fluxes described above (Table 4.1). In site 1, there is very little variation in

flux values (0.005 to 0.01 pgem?s™) over the whole profile, apart from a sharp peak

at 22.5 cm where fluxes reach 0.05pgecm™s™(Figure 4.6). Site 2 however, has higher

fluxes (0.02 to 0.05, single point at 0.3 pgcm™sec™) in the upper 15 cm. Below 15

cm, the profile at site 2 is similar to site 1.
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Figure 4.6  Solid-phase and pore-water profiles for cadmium.

The general trend for the solid-phase Cd concentrations is that it
increases with depth in both sites 1 and 2. The DET pore-water
concentration profiles for Cd show that the concentrations are low
throughout (around 1 to 2 ppb site 1; 1 to 5 ppb site 2); again there
are sharp increases in concentrations of Cd, particularly so for site 2.
Fluxes of available Cd are higher in the near surface for site 2 than in
the deeper part of the peat, whilst in site 1 the fluxes are close to
0.009 pgem2s™ throughout the measured section. Below ~20 cm, flux
values are close to 0.009 pgem™s™ throughout the rest of the profile.
So that a longer depth profile is obtained, two probes are placed on
an aluminium rod; this creates a gap between the two probes and is



between Site 1: 15 and 20 cm (DET) and 15 and 20 cm (DGT). For
Site 2 these gaps are at 15 and 20 cm (DET) and 14.5 and 17.5 cm
(DGT).

4.2.8 Cobalt

Solid Phase Cobalt (Cos.p): In both profiles (Figure 4.7), Co concentrations increase

with depth from 0.4 ppm to 1.8 ppm, however, there are superimposed local minima

at 40 cm (site 1) and 26 cm (site 2).

Cobalt Concentrations from Pore-waters (Coper): At both sites (Figure 4.7) Co
concentrations in the upper 1.5 cm (0.3 to 0.7 ppb) are lower than the rest of the

profile (0.8 to 1.5 ppb).

Cobalt DGT Fluxes (Copgr): Measured Co fluxes (Figure 4.7) are very low
compared to the other metal fluxes described above (Table 4.1). In site 1, there is
little variation in flux values (0.001 to 0.004 pgcm™s™) over the whole profile. Site 2
however, has far higher fluxes (0.003 to 0.006 pgcm™s™) in the upper 8 cm. Below

this the profile at site 2 is similar to site 1.
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Figure 4.7  Solid-phase and pore-water profiles for cobalt.

The general trend for the solid-phase Co concentrations is that it
increases with depth in both sites 1 and 2. There is a sharp decrease,
followed by a sharp increase in concentrations for both sites 1 and 2
in the very near-surface; after this and in both sites the Co
concentrations are close to 1 ppb. Fluxes of available Co are higher
in the near surface for site 2 than in the deeper part of the peat, whilst
in site 1 the fluxes are lower in the near surface. Deeper than this,
fluxes are close to 0.002 and 0.003 pgcms™ throughout the rest of the
profiles. So that a longer depth profile is obtained, two probes are
placed on an aluminium rod; this creates a gap between the two
probes and is between Site 1: 15 and 20 cm (DET) and 15 and 20 cm
(DGT). For Site 2 these gaps are at 15 and 20 cm (DET) and 14.5 and
17.5 cm (DGT).

4.2.9 Lead

Solid Phase Lead (Pbs.p): Both profiles are characterized by low concentrations in
the upper 20 cm (15 to 35 ppm) (Figure 4.8). Below this there are maxima at 32 cm
(102 ppm) site 1 and 34 cm (135 ppm) site 2, with superimposed local minima at 40

cm site 1 and 26 cm site 2.

Lead Concentrations from Pore-waters (Pbper): In both profiles Pb concentrations
in the uppermost 1.5 cm are low (5 to 20 ppb) below which there is a well-defined
maximum (93 ppb at 3 cm). Below 5 cm depth both profiles exhibit a similar range

of variability, between 20 and 40 ppb (Figure 4.8).

Lead DGT Fluxes (Pbpgr): Both profiles (Figure 4.8) are similar with fluxes
between 0.05 and 0.11 pgcm™s™ over the depth range measured, with the exception

of site 1 which has lower fluxes (0.03 to 0.06 pgcm™s™) in the upper 5 cm.
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Figure 4.8  Solid-phase and pore-water profiles for lead.

The general trend for the solid-phase Pb concentrations is that it
increases with depth in both sites 1 and 2. Similar to the profiles for
Co, there is a sharp decrease, followed by a sharp increase in
concentrations for both sites 1 and 2 in the very near-surface;
however the increase in much larger in Pb for site 1. Concentration
values lie between 25 and 35 ppb. Fluxes of available Pb are lower in
the near surface for sites 1 and 2 than in the deeper part of the peat.
Deeper than this, fluxes remain between 0.055 and 0.13 pgem™s™. So
that a longer depth profile is obtained, two probes are placed on an
aluminium rod; this creates a gap between the two probes and is
between Site 1: 15 and 20 cm (DET) and 15 and 20 cm (DGT). For
Site 2 these gaps are at 15 and 20 cm (DET) and 14.5 and 17.5 cm
(DGT).

4.2.10 Copper

Solid Phase Copper (Cusp): Both profiles (Figure 4.9) are characterized by low

concentrations in the upper 20 cm (3 to 13 ppm). Below this there are maxima at 32

cm (36 ppm) site 1; 37 cm (31 ppm) site 2, with a superimposed local minima at 40

cm site 1 and 26 cm site 2.
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Copper Concentrations from Pore-waters (Cuper): The profiles for sites 1 and 2 are
very similar to each other (Figure 4.9). Most data lie in the range 24 to 60 ppb but

there are numerous localized increases in both profiles (up to 250 ppb).

Copper DGT Fluxes (Cupcr): Over the depth interval 6 to 15 cm (Figure 4.9),
profiles for sites 1 and 2 are similar, with fluxes of 0.25 to 0.35pgcm™s™ between 6
and 12 cm depth increasing to approximately 0.7 pgcm?s?at 15 cm. In the
uppermost 6 cm, fluxes at site 1 (0.2 to 0.4 pgcms™) are lower than those at site 2
(0.4 to 0.65 pgcm™s™). Below 20 cm, fluxes are also generally higher at site 2 than

site 1.

NB: in the DGT data where the probe joins (between 15 and 20 cm) and in both
sites, there is potentially one large peak in the Cu flux or two sharp peaks. As this is
where the two probes join it is hard to interpret if this is an artefact of the probe
construction or is a real flux increase, thus interpretation has been approached with

caution.
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Figure 4.9  Solid-phase and pore-water profiles for copper.

The general trend for the solid-phase Cu concentrations is that it
increases with depth in both sites 1 and 2. The DET pore-water
profiles for site 2 shows that there are many spikes of Cu throughout
the measured section; however, the background concentrations of Cu
lie between 20 and 50 ppb for both sites 1 and 2. Fluxes of available
Cu are higher in the near-surface for site 2 and are then between 0.3
and 0.5 pgem?s™, however there are ‘spikes’ of flux increases
throughout the measured section. So that a longer depth profile is
obtained, two probes are placed on an aluminium rod; this creates a
gap between the two probes and is between Site 1: 15 and 20 cm
(DET) and 15 and 20 cm (DGT). For Site 2 these gaps are at 15 and
20 cm (DET) and 14.5 and 17.5 cm (DGT).

4.3. Discussion

4.3.1 Solid-phase

4.3.1.1 Correlation with ash (mineral matter)

Atmospheric particles can be classified into three types; the “transient nuclei mode”
(~0.01um); “accumulation” (~0.1 to 1.0 um) and ‘mechanical aerosol’ (~10 um)
(e.g. Williams and Harrison, 1984; Allen et al., 2001). For any element, the size of
the particle, particle surface roughness and wind velocities determine the distance a
particle will travel before being washed out of the atmosphere (Williams and
Harrison, 1984), whilst the type of deposition process (i.e. dry or wet deposition) the
metal compounds undertake depends on particle size, vapour pressure, heat of
solution and solubility (e.g. Galloway et al., 1982). In the UK, the principal
anthropogenic source for Co and Ni is fossil fuel combustion and a large contributor
for Cu and Zn; Cd, Cu, Ni, Pb and Zn are produced from industrial metallurgical
processes (Pacyna, 1986; Allen et al., 2001; Lee et al., 1994). Exhaust emissions
(petrol and diesel) increase Pb, Fe, Cu, Zn, Ni and Cd into the atmosphere and tyre

rubber abrasion is a source of Zn and Cd (Pacyna, 1986; Allen et al., 2001). Allen et
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al. (2001) determined that Cu and Pb were mainly found in the accumulation mode
in sites across the UK, whilst Fe was mainly found in the coarse mode, and Ni, Zn,
Cu and Co were in varying modes in-between. Thus it is hard to determine which
type of deposition will be dominant at Thorne Moors. However, prevailing winds for
Thorne Moors are from the SW, therefore pollution will principally be from the
industrialised Midlands (Thorne Moors is downwind of power stations within the
Trent Valley), as well as pollution from the nearby motorway networks (Figure 1.5;
Chapter 1) and therefore most pollutants at this site are likely to be deposited via dry
deposition (e.g. dust). For example, some pollutants from the motorways will only
travel short distances as they are large particles, (Cd, derived principally from
impurities within zinc compounds (engine oil and tyre debris) could be as large as
30um; e.g. Ward et al.,, 1977; Mankovska, 1977; David and Williams, 1975).
Therefore most of the trace metal input to Thorne Moors is from vehicle and coal

burning activities.

By definition ombrotrophic peatbogs only receive metal inputs from the atmosphere
(e.g. Xia et al., 1997; Shotyk, 1996). Ash is a proxy for dust, which controls the
supply flux of metals into the peatbog and it is therefore assumed that the dust input
will correspond with the ash content profiles of the peat. Given that the profiles
follow similar trends to the ash, then it can be assumed that dust is the main source

(Figure 4.10).
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Figure 4.10 Solid-phase profiles for all sites and all elements.
The solid-phase data shows that all profiles (apart from Ni in site 2;
discussed later) show similar trends with maximum ash content and
concentrations for all trace metals are within the deeper part of the
peat whilst the minimum is within the shallower section.

The trends in the profiles show that for both sites the maximum ash content and
concentrations for all trace metals are within the deeper part of the peat whilst the
minimum is within the shallower section; the exception to this is Ni in site 2
(discussed later). This would suggest that all metals are relatively immobile as the
peaks in concentrations within the solid-phase broadly correlate with one another.
However, iron mimicking the pattern of the ash content is unexpected as it is a
redox-sensitive species and peatbogs show more reducing conditions with depth.
Additionally, Fe is likely to have been used in the uptake and recycling by vegetation
(e.g. MacKenzie et al., 1998). This therefore implies that, even though all metals
analysed largely follow the ash pattern, there must be detail missing. There are two

mechanisms which affect the ash content relative to the organic matter content: i)
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initial dust input relative to peat formation: ii) extent of organic matter
decomposition throughout the peat bog profile (Kylander et al., 2005). The latter
would cause an increase in ash content relative to organic matter with depth as
decomposition of organic matter proceeds. Comparing the ash content to Sc and Al
is useful as these are relatively geochemically conservative metals that have no
significant anthropogenic source and dust input is their only significant source (e.g.
Shotyk, 2000; Shotyk, 1996; Steinmann and Shotyk, 1997; Shotyk et al., 2001;
Voldrichova et al.,, 2014). Indeed, Al in surface waters in pH < 4.9 shows
conservative behaviour (Nordstrom and Ball, 1986) and is likely to be in the
relatively insoluble aluminosilicate fraction (Shotyk, 1996; Steinmann and Shotyk,
1997; MacKenzie et al., 1998; Shotyk et al., 2001). Additionally, Sc is widely
dispersed due to its association with light Fe- Mn-rich minerals (Curtis, 1972). Thus
any changes to inputs of atmospheric dust can be identified easily as coincident
changes in the profiles of ash content, Al, and Sc, which are very similar (Figure
4.2). As Al and Sc correlate so closely with ash, plots of metal ratios to Al and Sc in
the solid-phase can be used to remove the effects of variability of dust content

(Figures 4.11 and 4.12 respectively).
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Figure 4.11 Metal ratios to Al.
Al is added to the peatbog via dust and is likely to be in the relatively
insoluble aluminosilicate fraction. As Al correlates so closely with
ash, plots of metal ratios to Al in the solid-phase can be used to
remove the effects of variability of dust content. Any increases in the
trace metal will then identify either: i) increase or decrease in trace
metal deposition from the atmosphere or: ii) trace metal mobility.
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Figure 4.12 Metal ratios to Sc.
Similar to Al, Sc is added to the peatbog via dust and is unlikely to be
mobile. This data is useful to check against the Al data and see if the
Sc correlation matches with the Al:trace metals. As with Al, Sc in the
solid-phase can be used to remove the effects of variability of dust
content. Any increases in the trace metal will then identify either: i)
increase or decrease in trace metal deposition from the atmosphere
or: ii) trace metal mobility.
Al and Sc show that they are marginally variable compared to one another (Figures
4.11 and 4.12), with a minor amount of Sc increase with depth compared to Al;
suggesting either that one of the elements is mobile or that there has been a marginal
reduction in atmospheric Sc recently compared to Al. MacKenzie et al. (1998)
observed that in an ombrotrophic peatbog in Scotland, although for the most part the
trends matched between the Al and ash profiles, the maximum concentration peaks

did not; suggesting that ash had a significant source of another mineral that wasn’t

aluminosilicate minerals. Al:Sc profiles from this study suggest that there is an



increase in the aluminosilicate minerals compared to Sc minerals in the recent past.
This could potentially be related to minor changes in the composition of fly ash to

the atmosphere.

Fe/Al and Fe/Sc show similar trends with a zonation pattern of high values in the
upper part of the peat, lower values in the middle section and lowest values in the
deepest section measured. Clearly Fe has been mobilised relative to Al and Sc, and
the high near surface Fe/Al, Fe/Sc, ratios in the solid-phase records a history of Fe
accumulation in the upper parts of the peat. Similar to Fe, both Zn and Co also show
zonation patterns when normalised to Al or Sc, again with the same three zonation
patterns; highest values within the upper layers of the peat, lower values in the
middle section, and the lowest values within the deeper section (Figure 4.11 and
4.12). This suggests mobility with the ratios recording a history of accumulation of
Zn and Co within the upper parts of the peat. Ni/Al and Ni/Sc profiles (Figure 4.11
and Figure 4.12) in both sites show a decrease of Ni relative to Al and Sc throughout
the profiles from the top of the peat to the deeper section. In both datasets this shows
a near-surface accumulation of Ni within the peat. This suggests that Fe, Zn, Co and

Ni are mobile within Thorne Moor peatbogs.

Pb (site 2 only) shows two large peaks of Pb enrichment compared to Al at
approximately 12 and 25 cm depth, which is shallower than the large peak of Pb seen
within the Pb solid-phase profiles. This suggests that there is another source of Pb.
The most documented pollution from vehicles is lead tetraethyl which was added to
fuel from c. 1930’s to 2000 (dates are for the UK), where it was readily released into
the atmosphere when combusted (Lee & Tallis, 1973; Ndiokwere, 1984). Both peaks

are postulated to be related to anthropogenic activity and potentially both are related
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to the use of leaded petrol, which releases more Pb than Al into the atmosphere. It is

unclear why the lead peaks have been retained in site 2 and not site 1.

The ratios for Cd compared to Al and Sc do not show similar patterns. When
comparing Cd against Al, there doesn’t appear to be much change and therefore it is
suggested that Cd does correlate well with Al and therefore ash, suggesting that Cd
is immobile. Using Sc, however, there appears to be an enrichment of Cd from depth
to the near surface compared to Sc; suggesting mobility of Cd. Similarly, the profiles
for Cu compared to Al and Sc do not show similar trends, however the ratio profiles
do however suggest a near-surface sink (Figures 4.11 and 4.12). Cu/Sc profiles show
a slight enrichment of Cu compared to Sc from depth to the near surface. Cu/Al,
however, show no change in the profiles apart from a major enrichment of Cu in the
near-surface and a major decrease in the deeper part of the peat. It is unclear why the
comparisons of both Al and Sc to Cu and Cd are returning different results. As there
is not much variation between the other profiles and Al or Sc however, it suggests
that there must be some interaction between Al or Sc and Cd and Cu. As noted
earlier, the Al:Sc profiles from this study suggest an increase in the aluminosilicate
minerals compared to Sc minerals in the recent past, which has been postulated to be
related to variations in composition with fly ash received by the peatbog. If Cu has
also increased because of the fly ash than this would cause the profile of Cu/Al to not
vary much (ignoring the large enrichments of Cu relative to Al), which would also
cause an apparent increase of Cu relative to Sc from depth to the surface. This is the
same with Cd. Therefore it is postulated that some fraction of both Cd and Cu are
associated with the aluminosilicate minerals compared to Sc minerals in the recent

past.



Comparing the trace metals to Al and Sc has helped to identify which metals are
potentially mobile; however, plotting each metal against ash content determines how
strong the correlations are, as shown by r?, which helps identify which trace metals
are predominantly related to dust deposition (Figure 4.13 and Table 4.1). Al, Sc and
Co all correlate very strongly with ash (r>>0.8), Cu and Cd have r*>>0.7. Fe and Zn
correlate considerably less well with ash (r*>0.6) and Pb and Ni exhibit much
weaker correlations (r>>0.4); Table 4.1. Even though all trace metals appear to
closely follow the ash profiles, those with weaker correlations are likely to be more
strongly affected by post-depositional processes occurring within this peat or have

another atmospheric source.
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Figure 4.13 Metals against ash content.

Ash is a proxy for dust, which controls the supply flux of metals into
the peatbog. Given that the profiles follow similar trends to the ash,
then it can be assumed that dust is the main source. Numbers with a
higher r? show that there is a good correlation with ash, whilst
numbers with a lower r? do not correlate well with ash suggesting
more than one source (e.g. additional Pb from motor vehicle
emissions) or mobility within the peat matrix.
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R* Values Confidence Interval
Element Correlation with ash? Core A Core B Combined Cores A & B Core A CoreB Combined Cores A & B
Al Yes 0.882 0.9458 0.8976 >99.9% | >99.9% >99.9%
Sc Yes 0.9196 0.7662 0.839 >99.9% >99.9% >99.9%
Fe Not at the top 0.694 0.4817 0.6121 >99.9% | >99.9% >99.9%
Zn Not at the top 0.604 0.7972 0.6639 >99.9% >99.9% >99.9%
Ni Not at the top 0.7224 0.2051 0.438 >09.9% = 99.9% >909.9%
Cd Yes 0.7764 0.7386 0.7338 >99.9% >99.9% >99.9%
Co Yes 0.8544 0.8986 0.8664 >99.9%  >99.9% >99.9%
Pb Sometimes 0.7924 0.4254 0.4928 >99.9% >99.9% >99.9%
Cu Yes 0.8546 0.7164 0.7902 >99.9%  >99.9% >99.9%
Table 4.1 Information retrieved from solid-phase chemistry.

This data establishes if there is a correlation with ash and the overall trends. Numbers with a higher r2 show that there is
a good correlation with ash whilst numbers with a lower r? do not correlate well with ash suggesting more than one
source (e.g. additional Pb from motor vehicle emissions) or mobility within the peat matrix. The confidence interval
shows that the numbers were not determined by chance.



Al and Sc correlating well with dust is unsurprising as both these elements are
conservative and the main source for the elements are dust (e.g. Nordstrom and Ball,
1986; Shotyk, 1996; 2000; Steinmann and Shotyk, 1997; MacKenzie et al., 1998;
Shotyk et al., 2001; Voldrichova et al., 2014). Co correlating well with ash suggests
that it is immobile; this is in agreement with other studies and is due to Co not being
influenced by redox driven processes, and any uptake and recycling of Co in plants

is negligible (e.g. MacKenzie et al. 1998).

Major sources of Cu to the peatbog are expected to be trace Cu in natural dust inputs
or anthropogenic sources such as coal burning or smelter emissions. Within these
sources Cu is likely to be present as copper oxides or copper sulfides. The main
atmospheric source of Cu to a peatbog exerts influence over Cu diagenesis once
deposited in the peat matrix. For example, if the main source of Cu to the peatbog is
copper sulfide, and the peat accumulation rates are fast relative to the dissolution
rates, then the Cu sulfides which are thermodynamically stable under reducing
conditions, will be preserved and rendered immobile as long as the conditions
remain (Rausch et al., 2005). As coal burning is the main pollutant for this site then
Cu oxides are the main pollutant of Cu to Thorne Moors and these minerals are
expected to undergo dissolution within the peat (Rausch et al., 2005). Cu has a high
affinity with OM though and binds strongly in ombrotrophic peatbogs (e.g. Rothwell
et al., 2010) resulting in Cu being either mobile or immobile. The Cu data correlates
well with ash suggesting immobility, thus we postulate that the high affinity Cu has
with OM renders it immobile. It has been suggested that Cd also has a high affinity
with OM and forms stable organic compounds in peatbogs similar to Cu (Stewart
and Fergusson, 1994). Motor vehicles emit Cd predominantly as impurities within

zinc compounds, e.g. zinc dithiophosphate in engine oil and tyre debris when zinc-
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diethyl is used during tyre vulcanisation. These dust particles are typically large
(30um; e.g. Ward et al., 1977; Mankovska, 1977; David and Williams, 1975) and
therefore remain in the atmosphere for shorter periods of time. Therefore
concentrations of Cd at Thorne Moors are probably influenced by the network of
motorways close by and most likely entered the peatbog as dust. As ash is a proxy

for dust and ash correlates well with cadmium then Cd shows negligible mobility.

Fe and Zn are not expected to correlate well with ash as Fe is influenced by pH and
redox conditions within the peat and there is evidence that Zn is mobile within
peatbogs (e.g. Sugden, 1993; MacKenzie et al., 1998; Weiss et al., 2007). For
example, Weiss et al. (2007) showed that peaks in Zn concentrations and changes in
isotopic signatures pre-dated the anthropogenic input in three Finish peatbogs.
MacKenzie et al. (1998) also show that Zn is mobile as peatbog cores did not
faithfully record the heavy industry in Scotland. Post-depositional processes
included biological cycling by vegetation, and ion exchange and adsorption
(MacKenzie et al., 1998: Weiss et al., 2007). Iron is also strongly affected by
biological cycling by vegetation and is a well-known redox sensitive species (e.g.
Chesworth et al., 2006). In addition, the majority of iron entering the peatbog is
likely to be in the oxidised form which will undergo dissolution as it is buried in the
peat matrix. The redox - pH diagram (Figure 4.14) demonstrates that the most
dominate form of iron is Fe**, although a minor amount of iron sulfides are expected
to form in the deeper anoxic part of the peat, and iron oxides in the very oxygen-rich
near-surface. Iron is also expected to form complexes with OM (e.g. Chesworth et

al., 2006).



Peat bog
(Ombrotrophic)

Figure 4.14 Phase diagram for iron in ombrotrophic peatbogs.
The redox - pH diagram shows which Fe-species are stable in an
ombrotrophic peatbog; it is clear that most of the iron will be stable
in the divalent form (Fe**). The dashed black line represents the very
near-surface, or if the water table has substantially dropped (e.g. due
to a drought), as iron oxides can form in the oxic part of the peatbog.
Modified from Chesworth et al., 2006.

Nickel and lead showed no correlation with ash. Pb is well-known to strongly bind
with OM in ombrotrophic peatbogs (e.g. Rothwell et al., 2010), and if the only input
of Pb to the peatbog were dust than it would be expected to correlate well. Lead
tetraethyl, however, was added to fuel between c. 1930’s to 2000 (dates for the UK),
where it was readily released into the atmosphere when combusted (Lee & Tallis,
1973; Ndiokwere, 1984). This major additional vehicle pollutant which is not
related to ash or dust will weaken the ash correlation and no information can be
gained on the mobility of Pb in peatbogs in this manner. Although Ni also has a
source of pollution from vehicles (diesel oil e.g. Baralkiewicz and Siepak, 1999 and

references therein), this is not a major source of atmospheric Ni and the weak
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correlation suggests mobility. Ni mobility has been reported previously (e.g.
Rausch, 2005; Nieminen et al., 2007) and has been related to the mineral forms in
which Ni entered the peatbog, peat accumulation rates, the phyio-chemical
conditions of the peatbog, and if there has been oxidation of Ni sulfides in the
surface layers (Rausch, 2005; Nieminen et al., 2007). Only when Ni is related to dust

silicate minerals has Ni shown to be immobile (Nieminen et al., 2007).

4.3.1.2 Lead dating correlation

Novak et al. (2008) dated peat close to these sites using Pb®® (see Figure 1.5 Chapter
1 for location relative to this study) from samples collected in 1994. Novak’s peak in
Pb concentrations was at 12 cm and was dated to 1945. In our study, the maximum
peak in Pbs.p concentrations (Figure 4.8) is at 32 cm depth (site 1) and 34 cm depth
(site 2). Assuming the two peaks coincide (i.e. the age of the peak in Pb from this
data is at 1945), then this would equate to approximately 32 cm of peat accumulation
in 64 years; averaged out this gives approximately 0.5 cm of peat accumulation per
year. Average accumulation rates of peat are approximately 1 mm per year.
Although the value estimated from this dataset seems high, rapid rates of
accumulation have previously been recorded (e.g. up to 0.6-1.3 cm per year; Neuzil,
1997). This suggests that Pb is not mobile or negligibly mobile as the large peak
seen in Novak et al. (2008) data appears to largely correspond to the large peak seen
within these solid-phase datasets. Many authors demonstrate that Pb is immobile in
peatbogs (e.g. Shotyk et al., 1996; 2002; MacKenzie et al., 1998; Weiss et al., 1999).
Assuming that both peat growth and degradation rates are constant over time, then a
comparison could be made between relevant dates that have affected Pb
concentrations in the atmosphere, and relate them to Pb concentrations in the peat

matrix (Figure 4.13). This must be treated with caution however, as peat growth can



be variable over the short-term (Belyea and Clymo, 2001). Only if the other trace

metals are immobile then can the inference can be made that these are also the same

age as the Pb depth (discussed later).
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Figure 4.14 Tentative correlation peat dating.

Using Pb*!® Novak et al. (2008) dated peat close to the sites used in
this study from samples collected in 1994. Novak’s peak in Pb
concentrations was at 12 cm (1945). In our study, the peak in Pbsp
concentrations is at 32 cm depth (site 1) and 34 cm depth (site 2).
Assuming the two peaks coincide then this would equate to
approximately 32 cm of peat accumulation in 64 years (0.5 cm of peat
accumulation per year). This suggests that Pb is not mobile as the
large peak seen in Novak et al. (2008) data appears to largely
correspond to the large peak seen within these solid-phase datasets.
Local and regional important dates that have implications for trace
metals in the atmosphere have also been included.

4.3.1.3 Enrichment factors

Enrichment factors can be used to determine the anthropogenic input of trace metals

into the peatbog overtime using reference materials for geogenic dust sources. This

assumes that the trace metals remain immobile after deposition (e.g. Shotyk et al.,

2000; 2002). In this study, Al and Sc are used due to their conservative chemical
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behaviour which is supported by their strong correlation with ash at Thorne Moors.
Using a series of calculations (below) the anthropogenic input can be calculated
which can help identify the mobility of trace metals. If maximum and minimum
concentrations correlate well with maximum and minimum anthropogenic pollution
at expected times (using Pb as a proxy for timing of the peat) then this suggests

immobility.

Enrichment factors were calculated following the method outlined in Shotyk et al.
(2000). In all calculations the trace metals have been normalised to Al and Sc to

allow for variations in mineral matter (Shotyk et al., 2000).

EF = (TM/RM [peat]) / (TM/ RM [crustal]) (4.2),

where EF is enrichment factor, TM is trace metal, RM is reference material and is Al

or Sc.

Enrichment Factor Core A
Depth Zn/Al Ni/Al Co/Al Cu/Al Pb/Al Ccd/Al Fe/Al

5 59 6 3 9 213 322 4

9 71 5 3 15 118 229 4
13 57 4 2 20 273 335 4
17 52 4 2 12 291 311 4
21 39 6 2 12 278 284 3
25 21 3 2 12 308 285 2
32 22 2 1 13 250 236 1
36 33 2 2 8 185 267 2
40 31 2 2 6 143 264 2
44 28 3 1 12 192 292 2

Table 4.2 Enrichment factors for Core A using Al as a reference material.
These show the enrichment of trace metals relative to the amount of
trace metals found in the Earth’s Crust for Core A using Al as a
reference material. Equation 4.1 was used to calculate these
numbers.



Enrichment Factor Core B
Depth Zn/Al Ni/Al Co/Al Cu/Al Pb/Al Cd/Al Fe/Al

4 57 5 2 7 194 288 5

8 50 11 2 8 199 318 5
12 53 7 2 9 194 254 5
16 46 4 2 9 213 280 4
22 21 3 2 10 259 294 2
26 15 4 1 10 263 249 2
30 21 3 2 10 421 355 2
34 29 3 1 13 494 368 2
37 25 2 1 14 296 275 1
41 23 2 1 8 179 223 1

Table 4.3 Enrichment factors for Core B using Al as a reference material.
These show the enrichment of trace metals relative to the amount of
trace metals found in the Earth’s Crust for Core B using Al as a
reference material. Equation 4.1 was used to calculate these numbers.

Enrichment Factor
Depth Zn/Sc Ni/Sc Co/Sc Cu/Sc Pb/Sc Cd/Sc Fe/Sc

5 103 10 4 15 370 560 8

9 154 10 6 33 254 494 9
13 74 5 3 25 353 432 5
17 71 5 3 16 395 422 5
21 49 8 3 15 346 354 4
25 20 3 2 11 287 266 2
32 16 2 1 9 180 170 1
36 32 2 2 8 181 261 2
40 37 3 2 7 168 311 3
44 24 3 1 11 164 249 1

Table 4.4 Enrichment factors for Core A using Sc as a reference material.
These show the enrichment of trace metals relative to the amount of
trace metals found in the Earth’s Crust for Core A using Sc as a
reference material. Equation 4.1 was used to calculate these numbers.
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Enrichment Factor
Depth Zn/Sc Ni/Sc Co/Sc Cu/Sc Pb/Sc Cd/Sc Fe/Sc

4 79 6 3 10 271 404 7
8 93 20 4 15 370 591 9
12 101 12 4 18 366 482 10
16 67 6 3 13 306 403 6
22 24 3 2 11 294 333 2
26 15 3 1 10 256 242 2
30 21 3 2 10 409 345 2
34 21 2 1 9 361 269 1
37 17 1 1 9 197 183 1
41 22 2 1 8 174 218 1

Table 4.5 Enrichment factors for Core B using Sc as a reference material.
These show the enrichment of trace metals relative to the amount of
trace metals found in the Earth’s Crust for Core B using Sc as a
reference material. Equation 4.1 was used to calculate these numbers.

There has been more enrichment (from lowest to  highest)
Co>Fe>Ni>Cu>Zn>Pb>Cd compared to either Al or Sc (Table 4.2). Pb and Cd have

clearly been enriched the most though.

The lithogenic component of trace metals within the peat is calculated using the

following:

TM [lithogenic] = RM [peat] * (TM/RM [crustal]) (4.2),

which in turn can then be used to calculate the anthropogenic input of metals using:

TM [anthropogenic] = TM [peat] - (TM [lithogenic]) (4.3).
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Figure 4.15 Trace metal enrichment factors comparison between Al and Sc.
This plot shows the differences in calculating enrichments factors with
Al or Sc as a geogenic reference (equation 4.1). Good correlations
are between Co, Ni, Fe and Zn to Sc and Al. Correlations are weak
with Pb, Cu and Cd to Sc and Al.
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Figure 4.16 Trace metal lithogenic component comparison between Al and Sc.
This plot shows the differences in calculating the lithogenic
component between Al and Sc as a geogenic reference (equation 4.2).
All trace metals show good correlations, suggesting that the
lithogenic ratios references are accurate and probably close to dust.
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Trace metals anthropogenic comparison between Al and Sc.

This plot shows the differences in calculating the anthropogenic input
using Al and Sc as a geogenic reference (equation 4.3). For all trace
metals with the exception of Co and Fe, the slope values are close to
one. This suggests that both Sc and Al can be used as a geogenic
reference material for all metals except Fe and Co.
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Calculated anthropogenic trace metal concentrations.
Using the calculations (see text) anthropogenic input was calculated.
Profiles for Ni, Fe and Co suggest mobility as they do not follow
closely with maximum loadings of atmospheric pollution.



Figure 4.18 shows the anthropogenic trace metals concentrations for Ni, Fe and Co;
on the right-hand side of the figure, key dates of UK atmospheric pollution have
been included. Ni does not follow the patterns of atmospheric input into the
atmosphere, strongly suggesting that Ni is mobile at Thorne Moors; as discussed
above Ni has already been found to be mobile in peatbogs. The profiles for Fe and
Sc and Al are decoupled suggesting that either Al or Sc cannot be used to determine
the atmospheric pollution, or Fe is mobile. This is the same for Co. Notably Fe and
Co profiles follow each other in trends suggesting that either the anthropogenic input
of Co is associated with Fe, or that the once deposited Co undergoes diagenesis
which is related to Fe. Co correlated well with ash and the Co solid-phase profiles
followed similar patterns of the other assumed immobile trace metals (e.g. Pb, Cu).
This suggests that the anthropogenic input to the peatbog is mobile and the natural
input is immobile. Moreover the anthropogenic fraction of Co to the peatbog is
small; this is supported by the enrichment factor calculations (Tables 4.2 to 4.5).
This suggests that Co shows mobility depending on the form in which Co entered the
peatbog, and that Co associated with anthropogenic activity is mobile and associated
with Fe. Therefore there must be more of a higher fraction of geogenic input of Co
at Thorne Moors, giving the overall impression that it is immobile within peatbogs.
Iron not correlating with anthropogenic input is unsurprising as it is a redox-sensitive

species and mobility is expected which Figure 4.18 supports.
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Figure 4.19 Calculated anthropogenic trace metal concentrations.
Using the calculations (see text) anthropogenic input was calculated
for the metals Pb, Cd, Zn and Cu. The profiles suggest immobility as
the higher concentrations of these elements are within the deeper
peat. This is because anthropogenic inputs have decreased in more
recent times due to cleaner air (Clean Air Acts) decline of heavy
industry, and removal of Pb from fuel. The anthropogenic
calculations suggests that using Pb, Cd, Zn and Cu can be used to
determine the historical atmospheric input at Thorne Moors as these
metals show negligible mobility.
Figure 4.19 shows the calculated anthropogenic input of Pb, Cd, Zn and Cu have
very similar trends at Thorne Moors. The dates on Figure 4.18 and 4.19 have to be
used with caution; however, the peaks in concentrations of these metals loosely
correspond with the peaks in anthropogenic atmospheric pollution in the UK (e.g.
Clarke et al., 1992; Novak et al., 2008). Figure 4.14 has the key dates which will
have exerted major influences of trace metals in the atmosphere and include, when
lead was used as an additive in petrol (1930s), the Clean Air Acts (1956; 1968), the
start of the decline of the heavy industries in the UK (1970s), when the motorways
local to Thorn Moors were built (1970s), and when Pb was removed as an additive to

fuel. Broadly speaking the peaks and declines in concentrations correspond to the

anthropogenic pollution, suggesting that Pb, Cd, Zn and Cu are immobile at Thorne



Moors. Thus the nearby motorway network could have acted as a significant source
of metals, particularly lead, that occurred later than the regional pollutant inputs (that
is coal burning). This therefore adds further uncertainty to the correlation of peat
metal burden versus timing of emissions. Using the DET and DGT method allows
mobility to be investigated independently of the need to know peat age or time of

maximum pollutant emissions.

4.3.2 DET and DGT profiles

DET gel probes measure concentration of trace metals by equilibrating with the
surrounding peatbog pore-waters and, although there is minor sediment disturbance
when first deployed, it is essentially a non-intrusive method (in that it minimally
perturbs the in-situ pore-waters). The DGT method does (intentionally) perturb the
system because it introduces an additional sink for trace metals from the pore-waters
but it then provides information on metal availability. The magnitude of the DGT
fluxes is indicative of the potential for trace metal mobility. Trace metal mobility
within the DET data will be identified as gradients throughout the profile, or sharp
concentration excursions away from the main trend. The former is indicative of long-
term trends and shows that there is diffusion away from a high-concentration source,
which may be from the surface or deep within the profile. Sharp peaks in
concentrations however, represent very local perturbations and contain only a very
small mass of trace metals and will diffuse away very quickly in all directions. For
example, the large positive excursion away from the baseline for Co in site 2 at 21.5
cm, will only last for 7.8 hours (as it will diffuse out of the profile unless resupplied),

following the calculation determined by Fick’s Law for diffusion.

R = D(dc/dz),
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where R is diffusional flux, D is diffusion coefficient and (dc/dz) is the vertical

concentration gradient.

There are several similar sharp peaks that occur throughout the DET metal profiles
(figures 4.3 to 4.9). It is unlikely that any of these spikes are being re-supplied
continuously because if they were, then gradients over longer depth ranges would be
seen within the profiles. Instead these sharp excursions are probably due to very
localised changes in physico-chemical conditions within the peatbog. Morris et al.
(2011) hypothesise that there should be hot-spots of decomposition in aquatic
systems which supply small amounts of organic matter (which is believed to occur at
this site; see Chapter 3). Additionally, these short-lived hot-spots of decomposition
allow organic matter to act as an electron acceptor. Thus in this region of decaying
organic matter, there may be changes in the metal speciation that influence the
mobility. Although these sharp peaks are evidence for trace metal mobility, the
nature of the limited supply of short-lived decomposition means that this process is
only transient and localised, with no resupply of trace metals. As these small
outliers cause high frequency excursions in the data, they tend to make the baseline
appear larger (or smaller) than it should be. Therefore the use of median (rather than
mean) and median absolute deviation (MAD) statistics limits the effect of these
outliers (as the data are not normally distributed) deriving a median value which
more closely reflects the actual baseline trend of the majority of the data. This
statistical information, as well as the derived median statistics for the DET, solid-
phase and DGT metals are summarised in Table 4.6. It can be seen that the MAD-
derived medians have a lower baseline value, showing that the localised
perturbations increase the mean values considerably. Table 4.7 summarises the order

of concentrations and fluxes from highest to lowest from both the median and the



MAD statistics. These are generally in agreement with each other for both sites and
through all the data sets. For instance, it is usually Fe and Zn which have the highest
concentrations and fluxes and Co and Cd the lowest, while Cu, Ni and Pb lie in
between. Notably, in the solid-phase Pb has a high concentration, only surpassed by
Fe for the metals that were analysed when using MAD statistics in both sites 1 and 2
and as the median for site 2. Pb has a relatively high median solid/dissolved
concentration but a relatively low flux indicating that it must be less mobile than the
other metals. Conversely, Ni has a relatively low median solid and dissolved
concentration but relatively high median flux, showing that it must be more mobile

than the other metals.
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Site 1
Fe Zn Pb Cu Ni Co Cd

Solid-phase 2949.95 48.28 32.22 11.96 5.95 0.9 0.71

(594.24) (8.98) (16.43) (5.56) (1.67) (0.32) (0.37)

[0.20] [0.19] [0.51] [0.46] [0.28] [0.36] [0.52]

DET 202.83 260.52 28.85 45.15 16.25 1.03 1.39

(54.14) (34.62) (3.39) 7.94) (2.31) (0.12) (0.42)

[0.27] [0.13] [0.12] [0.18] [0.14] [0.12] [0.30]

DGT 12.88 2.32 0.11 0.31 0.48 0.003 0.008
(7.17) (0.28) (0.01) (0.04) (0.09) (0.0004) (0.001)

[0.56] [0.12] [0.06] [0.14] [0.19] [0.14] [0.18]

Site 2

Solid-phase 2810.19 40.72 40.92 10.52 5.62 0.93 0.75
(403.11) (6.88) (25.82) (6.19) (1.85) (0.32) (0.43)
[0.14] [0.19] [0.63] [0.59] [0.33] [0.35] [0.52]

DET 423.65 387.35 28.69 32.11 22.94 1.03 2.23
(72.88) (111.95) (3.16) (8.72) (6.3) (0.12) (0.72)
[0.17] [0.29] [0.11] [0.27] [0.27] [0.11] [0.33]

DGT 11.28 3.05 0.09 0.37 0.52 0.003 0.01
(7.7) (0.6) (0.01) (0.08) (0.09) (0.0006) (0.005)
[0.68] [0.20] [0.15] [0.21] [0.16] [0.19] [0.39]

Table 4.6 Site 1 and site 2 medians.
These are the medians and MAD values for each site and each method. MADs (brackets) MAD/median [square brackets]
for solid-phase, DET and DGT, units are in ppb for concentrations (solid-phase and DET) and pgcm™s™ for fluxes
(DGT).



Method and site

Site 1: Solid-phase.

Site 2:Solid-phase

Site 1: DET pore-water.

Site 2:DET pore-water
Site 1: DGT fluxes.
Site 2: DGT fluxes

Site 1: Solid-phase.

Site 2:Solid-phase

Site 1: DET pore-water.

Site 2:DET pore-water
Site 1: DGT fluxes.

Site 2: DGT fluxes

Table 4.7

Statistic Type

Median

Median

Median
Median
Median
Median

MAD

MAD
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MAD
MAD

MAD

Fe

Fe

Zn

Fe

Fe

Fe

Fe

Ee

Fe

Zn

Fe

Fe

Order of fluxes and medians for each site and metal.
Following on from Table 4.2, the trace metals are placed in order of highest concentrations or fluxes for each method
(e.g. pore-water DET/DGT or solid-phase); highest flux or concentration to the left and lowest to the right.
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4.3.3 Metal behaviour

4.3.3.1 Iron

All solid-phase data suggests mobility. Variability in ratios of Fe:Al and Fe:Sc show
that Fe has been mobilised relative to Al and Sc (Figures 4.11 and 4.12 respectively).
Both DET pore-water profiles show a gradient from 10 or 7 cm depth to the surface
(Figure 4.3), and these gradients would drive diffusion of Fe upwards. At both sites
DGT data (Figure 4.3) show higher availability between 4 and 12 cm depth and
minimum availability in the shallowest part of the profile, which is consistent with
upward migration of Fe from a source to a near surface sink. The steeper gradient in
the DET pore-water Fe at site 2 corresponds with higher Fe availability within the
DGT profile at this site. The high near surface Fe/Al ratio in the solid-phase records
a history of Fe accumulation in the upper parts of the peat. There appears to be
zonation in the mobility of Fe. In the upper 4 cm, the peat has a low density and
oxygen is available from surface diffusion and/or photosynthetic production. Smieja-
Krol et al. (2010) found that Fe(l11) oxyhydroxides formed in the uppermost peat and
on the plants growing on the peat surface. Thus it is likely that in this zone soluble
Fe?* will be oxidised to produce insoluble Fe(l11)oxyhydroxides (e.g. reaction 4.4)

and as a result DGT Fe availability is low.
Fe?* + Y, O, +2.5H,0— Fe(OH); + 2H* (4.4)

The Fe(l11)oxyhydroxides produced contribute to the high Fe/Al content in the solid-
phase. In the zone between 4 and 12 cm depth, residual dissolved oxygen is rapidly
removed. DGT Fe availability is significantly higher than in the oxidised zone above
and DET pore-water Fe concentrations also increase, leading to concentration

gradients that drive upward migration of dissolved Fe. Solid-phase Fe/Al remains
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high throughout this zone. The increase in available Fe and high Fe/Al is most likely
due to buried iron oxides undergoing dissolution reactions (e.g. Lovely and Phillips,
1986), releasing Fe®* to the pore-waters; additionally any trace metals associated
with the oxides are also added to the pore-waters. In the 12 to 25 cm zone, DET
pore-water Fe concentrations remain relatively high, particularly at site 2, and over
this interval, solid-phase Fe/Al decreases significantly. DGT Fe availability falls in
the upper part of this zone, driven by the declining solid-phase Fe pool available
shown by the decreasing Fe/Al ratio. The fact that the DET Fe remains high is
evidence for Fe solubilisation. Below 25 cm solid-phase Fe/Al has low, more or less
constant, values and DGT Fe availability is generally low. DET pore-water Fe
concentrations remain relatively high as dissolved Fe?" is stable in these reducing

environments (Figure 4.14; Eh-pH phase diagram for Fe).

4.3.3.2 Correlation with Fe

Similar to Fe, the depth profiles of Zn/Al ratios show zonation with Zn mobility
(Figure 4.12), with high near surface Zn/Al ratios recording a history of
accumulation of Zn within the upper parts of the peat. The Znpst profile for site 2
(Figure 4.4) shows more Zn availability towards the shallower part of the peat. In
site 1, the Znpgt profiles show a decrease towards the shallower part of the peat.
Clearly there is also zonation in Zn mobility, which is similar to Fe. In the upper part
of the peat, atmospheric Fe(lll)oxyhydroxides particles enter the peatbog and break
down easily after burial into more reducing conditions. Smieja-Krol et al. (2010)
found that that the Fe(lll1)oxyhydroxides often had Zn associated with it. This could
explain the similarities (specifically site 1 rather than site 2) with the Zn and Fe data
which may be due to Zn sorbing on to newly formed Fe oxyhydroxides in the top 5

cm. Conversely, when the iron oxides are solubilised, Zn is released into solution.



Thus, although Zn itself is not redox-sensitive, the pattern of Zn behaviour might be,

in part, controlled by Fe in this zone.

The Co/Al profiles are also similar to Fe/Al (Figure 4.12) recording a history of
accumulation of Co within the upper parts of the peat. Co, although showing some
correlation with Fe for the solid-phase, does not show many similarities within the
Fe DET/DGT datasets and also correlated well ash. In fact the Coper shows very
similar trends to the Pb dataset. This may be related to the sources of Co into the
peatbog. The anthropogenic input calculated above suggested that a small fraction of
Co was related to Fe, whilst the strong correlation with ash and the maximum peak
of Co was deeper in the peat (as expected for pollution within the UK if immobile).
This overall control of Co behaviour in the peatbog is more likely to be related to the
source of Co into the peatbog, and the subsequent differences in diagenetic
behaviour. That is, the anthropogenic Co (apparently associated with Fe) appears to
be more susceptible to dissolution and remobilisation than then geogenic related Co,
explaining why there is a disjunction between the solid-phase and pore-water

datasets.

4.3.3.3 Evidence of sinks within the shallower peat

The data show a sink for all metals within the shallower part of the peat. Pb and Co
have similar profiles in the shallower part of the peat with clear evidence of a sink.
In the upper 1 cm of the Pbper profiles and for both sites, lead decreases in
concentration from the surface and from approximately 1 to 3 cm there is a very
sharp increase in concentration. Between the surface and 1 cm depth, the Copgr
pore-water profiles also show that there is a decrease of concentrations from the

surface to 1 cm, with a very sharp increase to higher values; over 1 cm depth in site 1
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and over 3 cm depth in site 2. In the DGT data, both Pb and Co fluxes show
divergent profiles from the surface to 7cm (Co) and from 1 to 5 cm (Pb). For both
these trace metal fluxes, there is a decrease in site 1 and an increase in site 2 over the
specified distances. This would suggest that the rapid sink highlighted by the DET
data is more prominent in site 1 than site 2 as there is more of a rapid decrease of Co
and Pb concentrations which coincide with the decreased availability of Co and Pb.
The initial decrease in these metals could be related to plant uptake or they could be
associated with sorbtion to/incorporation with newly formed Fe oxides (as discussed
above), rendering them immobile. The rapid increase may be related to the
decomposition of plants releasing trace metals into the pore-waters or metal oxides
(including trace metals associated with Fe oxides) undergoing dissolution in the peat
bog. Once released the trace metals may react /adsorb with organic matter, and as
there are no vertical gradients seen in the DET data, it suggests that the trace metals

are reacting /adsorbing (probably to OM), again rendering them immobile.

The Cu and Cd datasets also show evidence for a near surface sink. The Cus.p
profiles are similar to both Alsp and Scs.p (Figures 4.9 and 4.2, respectively) for both
sites. Both Cu and Cd strongly correlate well with ash, having a high combined r?
value (i.e. data from both cores); 0.80 and 0.73 respectively (Table 4.1; Figure 4.11),
suggesting that the main source of both Cu and Cd is dust with no other major
processes occurring. There is marginally more evidence for a near-surface sink of Cd
than for Cu as the Cdper profiles do show a slight decrease in both sites from the
surface to approximately 5cm. This decrease in concentrations coincides with
decrease in the Cdpgt data. Site 2 has a marked decrease in fluxes from the surface

down to 13.5cm, whilst site 2 shows a small decrease in fluxes from the surface

down to 2 cm. In the Cuper there are positive concentration excursions, but they are



over small depth ranges in both datasets suggesting that they are transient and not
resupplied. Instead, evidence for a Cu near-surface sink comes from the Cu/Al ratios
where there is enrichment of Cu from the surface down to 13cm (site 1) and a small
enrichment from the surface to 6 cm (site 2). The Cupct pore-water profiles also
suggest a sink in the near-surface. There is a decrease in Cu fluxes from the surface
down to 2 cm and in site 1 there is a decrease from the surface to 6 cm in site 2. Even
though there isn’t a corresponding decrease seen within the Cupgr profiles, it is
postulated that there is a sink in the near-surface of the peat, but the available Cu
does not remain in the pore-waters for very long, as it is reacting / adsorbing very

quickly with the organic matter (Gundogan et al., 2004).

The Ni/Al profiles (Figure 4.12) in both sites show a decrease of Ni relative to Al
throughout the profile from the top of the peat to the deeper section. In both datasets
this shows a near-surface accumulation of Ni within the peat. The Nipgr data show
that, although scattered, there aren’t significant peaks and thus no significant
concentration gradients (Figure 4.5). However, the Nipgt profiles (Figure 4.5) reveal
that there is variable availability throughout these two sites. The Nipgr show a
decrease in Ni availability from the surface down to 14 cm, showing that there is
either a change in source or sink in site 2, but there is no corresponding change in Ni
concentrations in the pore-water profiles. As Ni is well known to be one of the most
mobile trace metals (e.g. Ukonmaanaho et al., 2004 and references therein) it is
postulated that the available Ni does not remain in the pore-waters for long as it
adsorbs / reacts quickly with the surrounding organic matter, or another biotic/abiotic
process which removes Ni. However, perturbing the system does make it easily
available. Roots exuding O, may be enough of a perturbation to allow Ni mobility

(as seen in the solid-phase dataset).
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4.3.3.4 The deeper peat

There is consistency throughout all solid-phase datasets with highest metal
concentrations in the deeper part of the peat for both sites (with the exception of Ni).
The solid phase profiles represent the cumulative history of ash (and therefore dust
inputs) and post-depositional processes that act thereupon. Trace metal pollution to
Thorne Moors site, with the exception of Pb, comes predominantly from coal
burning, and anthropogenic pollution has been reduced in the last 40 years.
Accumulation rates have been calculated at 0.5 cm per year (average for compacted
peat is at Imm per year); therefore the concentration maxima lie within the expected

depth range.

The ratio of trace metals to Al in the deeper section of the peat, generally show that
there is either a small enrichment relative to Al from depth upwards, or no change in
ratios. Pb, however in site 2, shows there are two large peaks of Pb enrichment
compared to Al at approximately 12 and 25 cm depth, which is shallower than the
large peak of Pb seen in the solid-phase. Given that the accumulation rates averaged
out is approximately 0.5 cm per year, then these peaks are dated around the mid-
1980s (12 cm) and early 1960s (25cm). Both peaks are postulated to be related to
anthropogenic activity, with the shallower peak possibly being related to the use of
leaded petrol, which releases more Pb than Al into the atmosphere. This is plausible
as, by this time the nearby M18 and M62 motorways had been constructed, there

were more cars were on the road, and leaded petrol was still in use.

The DET pore-water concentrations for Ni, Pb, Co and Cu show limited variability
in concentration in the deeper part of the peat. Cd and Zn, however, both exhibit a

peak between 29 and 33cm in the DET pore-water profiles in both sites, although it



is more apparent in site 1. There isn’t a corresponding peak in the DGT data,
showing that whatever has caused this increase in concentrations has not increased
the availability of both these species. Additionally, this peak is transient as it is
sharp. Zn also shows an increase in concentrations between 21 and 27 cm, with a
corresponding small increase in availability. This increase is not seen in any other
dataset at this depth, thus it is not likely to be related to Fe behaviour. It is unclear
why Zn is increasing in both concentrations and availability, however Zn is known
to be used in the uptake and recycling by vegetation and roots are present in this

Zone.

The DGT profiles do not show much variation in the deeper parts of the profile for
Fe, Zn and Cd; there are only minor variations for Co and Pb. Cu, however, does
show variable availability, as does Ni. This doesn’t necessarily mean that either
species are becoming mobile, but they are becoming available, and as they are not
collecting in the pore-waters (the DET data shows a lack of gradients), they are most
likely becoming bound very quickly at the same depth. Possible mechanisms for this
could be i) as soon as it is released it is binding/sticking onto the organic matter; ii) it
is being incorporated into other minerals which are forming in the same location; iii)
it is related to Eriophorum plant roots. As Cu is known to have a high affinity with
organic matter, which is degrading at this depth, it could be related to its breakdown.
Ni, is known to be a mobile element (e.g. Ukonmaanaho et al., 2004 and references
therein) and although the processes of its mobility are not well known, it is expected
to have variable availability; again it is postulated that the available Ni does not
remain in the pore-waters for long as it adsorbs / reacts quickly with the surrounding
organic matter, or other biotic and/or abiotic process remove Ni from the pore-waters

to the solid-phase.
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4.3.4 Key depths and site variability

There are clearly some differences with respect to the geochemistry between sites 1
and 2, which could be related to slight differences in morphology and ecology of the
two sites. The main difference between site 1 and site 2 is the surface layer; site 1 is
a “lawn” which has small open pools present, whilst site 2 is hummocky with no
open pools. Both sites contain the dominant vegetation found at Thorne Moors;
Sphagnum and Eriophorum, although site 2 contained more of the latter. The
inspection of the frozen cores showed that both sites have similar profiles deeper in
the peatbog with large amounts of frozen pore-water with live and dead organic
matter just below the surface (down to 5 cm site 1 and 8 cm site 2). The large
amount of frozen water indicates high permeability that might allow ingress of
oxygenated surface water. The trace metal data show that there are sinks seen within
the upper part of the peat, typically between 1 and 5 cm. This correlates well with the
live organic matter seen within the cores and the sink is most likely processes related
to plant uptake or Fe (hydr)oxide formation which can take-up trace metals. Deeper
in the peatbog, a dense root zone (37 cm site 1 and 34 cm site 2) can be seen, after
this and in both sites there were fewer roots; this correlates well with the data as

there were limited concentration changes and availability changes with most metals.

4.3.5 Relative metal availability

Some conclusions can be drawn for relative metal mobility of the trace metals. For
instance, when comparing the Cdsp and Cos.p data (Figures 4.6 and 4.7 respectively)
the profiles look very similar and the concentrations are also very similar. The
concentrations for Copet and Cdper are also similar. However, the overall fluxes are

100 times higher for Cd than Co. This shows that Cd is potentially 100 times more



mobile than Co. As the flux shows how much of a species is available in twenty-four
hours, and the solid-phase concentrations show how much of a species is being
stored longer-term in the peat, then conclusions can be drawn about the relative
mobility of each element. Dividing the DGT fluxes by the median and MAD solid-

phase concentrations reveals relative metal mobility (Table 4.8).

Site 1 (Median)

Ni Zn Cu Cd Fe Pb Co
0.081 0.048 0.026 0.011 0.004 0.003 0.003
Site 1 (MAD)

Ni Zn Fe Cu Cd Pb Co
0.054 0.031 0.012 0.007 0.003 0.001 0.001
Site 2 (Median)

Ni Zn Cu Cd Fe Co Pb
0.093 0.075 0.035 0.013 0.004 0.003 0.002
Site 2 (MAD)

Zn Ni Cu Fe Cd Co Pb
0.087 0.049 0.013 0.019 0.012 0.002 0.0004

Table 4.8 Relative mobility
DGT data relative to the solid-phase concentrations (medians and
MAD). These numbers were obtained by dividing the DGT fluxes by
the median and MAD solid-phase concentrations in order to
demonstrate the relative metal mobility, that is, how much is stored in
the peat long term, versus how much is available in the pore-waters
when a sink is added.

Table 4.8 reveals that although Fe is present in much higher quantities than the other
trace metals it is not as mobile. The most likely reason for this is because it is redox-
sensitive and when the roots release small amounts of O, it oxidises it to Fe
oxyhydroxides which are extremely insoluble and thus collect in the solid-phase.
Conversely both Cd and Ni are relatively mobile given the amount of species found
within the pore-waters. All other metals presented in Table 4.8 are in the order of
relative mobility that would be expected given the evidence from the solid-phase

analysis and evidence or mobility or lack of. That is, Zn and Ni is expected to be
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high, Cu in the middle and Co and Pb the least mobile. Nevertheless, regardless of
how mobile each element is with respect to each other it must be noted that, apart
from Fe, Ni and Zn, the other trace metals studied are present within the peatbog in
very low quantities. Specifically, lead has very limited mobility which is in
agreement that Pb?! is suitable for dating ombrotrophic peatbogs at sites similar to

Thorne Moors.

This study shows that using the above combination of methods (DET, DGT and
cores) can identify metal mobility within sediments. These methods are relatively
cheap compared to Pb isotope studies. Indeed, these methods can be used as a cheap
preliminary investigation to determine if sediments are suitable for Pb*° dating

studies.

4.4 Conclusions

The similarity of the solid-phase trace metal profiles and their close correspondence
to the ash profile suggest that their long-term accumulation is controlled by dust
deposition, since ash is a proxy for dust. However, there must be some minor post-
depositional processes as not all trace metals correlate well with ash. There is clear
evidence for the mobility of Fe, Ni, Zn in the solid-phase datasets, whilst Cu and Pb
immobile, and Co is, for the most, part immobile. There is evidence to support that a
smaller fraction of Co, which is related to anthropogenic activity and coupled with
iron, is mobile. Detail from the DET and DGT gels show that there are horizons in
the sediment where availability increases yet it is not coupled with a corresponding
increase in concentration, suggesting that some trace metals are available at depth

but move into the solid-phase at the same horizon.



Most processes seem to occur in the shallowest part of the peat, which is expected as
this is where there is live and partially decomposed organic matter, and oxygen can
penetrate into the surface layers. As there is little or no O, in the deeper parts of the
peat (see Chapter 3 conclusions) and not much live organic matter (apart from roots),
only minor variations in both concentrations and fluxes are expected; the DET/DGT
data confirms this. Both median and MAD statistics consistently show that Fe and
Zn had the highest concentrations and fluxes whilst Co and Cd had the lowest. Cu,
Ni and Pb tended to lie in between. However, this does not reflect the relative metal
mobility as Ni is the most mobile metal of those studied, whilst Co and Pb where the

lowest.

This study strongly suggests that Pb is not mobile and can be used in atmospheric
Pb*° studies. Moreover, this study also demonstrated that using these combined
methods is a cheap and quick effective evaluation of determining if trace metal are
mobile within sediments. Indeed, these combined methods can be used to screen

sediments for their appropriateness of using isotope studies.

4.5 Further work

The combined method limitations are that they do not reveal the reactions which
occur in the sediment to move species from the pore-waters into the solid-phase. It
would be useful to use tracers in a controlled, as natural as possible environment, to
determine their reactive pathways from entering the peatbog to being stable and
immobile within the solid-phase. Collecting mineral profiles from the peatbogs

would be useful to determine the dominant solid-phases of the metals.






Deposition and diagenetic model: Warham Salt Marsh

Chapter 5 Deposition and diagenetic model: Warham

Salt Marsh

5.1 Introduction

Salt marshes are thought to sequester 210g CO, m™ yr* (Chmura et al., 2003) thus
they are an important reservoir for carbon. They typically have high rates of
microbial respiration (Alongi, 1998), which also cycles Fe, S, and trace metals
(Mortimer and Rae, 2000). These highly productive ecosystems become reduced
within the top few millimetres as oxygen is utilised rapidly by microbial uptake
(King, 1988). Due to the high abundance of sulfate in seawater and abundant OM,
anoxic sulfidic conditions prevail in saltmarshes as microbial sulfate reduction is the
dominant OM degradation process; reaction 5.1 (Howarth and Hobbie, 1982;

Howarth, 1993; Alongi, 1998; Kostka, 2002):

2H" + SO,* + 2CH,0 — H,S + 2C0O, +2H,0 (5.1).

However, complex chemical interactions occur within salt marshes as they typically
have a high content of iron oxide (Kostka and Luther, 1994), which is also available

for bacterial degradation of OM (Chapter 1, Table 4.1) (e.g. Chapelle et al., 2009):

Fe(OH); + 1/4 CH,0 + 2H* +¥4H,0 — ViFe?* + ¥4 CO, + 3H,0 (5.2).
Iron reduction is more energetically favourable than sulfate reduction. However, iron
can be reduced by abiotic reactions as well, for instance by iron monosulfides
(reaction 5.3) or sulfide (reaction 5.4; e.g. Thamdrup et al., 1994 and references

therein):

FeS + 2FeO(OH) + 2H,0 —  3Fe? + 8%+ 60H (5.3),
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2FeOOH + H,S —  2Fe** + S+ 40H (5.4).

Indeed, having both high iron and sulfide concentrations often results in rapid abiotic
reactions between sulfide and Fe(lll) oxyhydroxide minerals (e.g. Poulton, 2003).
Since this reaction is rapid it is favoured over the reduction of Fe(lll) by bacteria,
with heterotrophic Fe (111) reducers potentially being denied a source of Fe(lll) for

respiration (Koretsky et al., 2003).

The reduced iron and H,S can react to form monosulfides (Berner, 1970), with
potentially many cycles of oxidation and reduction before the final burial as pyrite

by reactions such as 5.5 (Berner, 1970; Burdige, 2006):

Fe?* + H,S + S® — FeS, +2H" (5.5).
If one pool is depleted then other compounds will form, for instance, if there is
limited Fe but abundant sulfide then organosulfur compounds will form (Kohnen et
al., 1989; Bruchert and Pratt, 1996), or in rare cases MnS can form in highly sulfidic
conditions (Mort et al., 2010). In sediments where there is reactive Fe, but limited

sulfide, siderite forms, often as concretions (Postma, 1981).

Early diagenetic reactions are not only affected by the concentration of species in the
sediments but also by sedimentation rates (e.g. Raiswell, 1987). Slow sedimentation
rates can cause precipitation due to increased residence times of species within the
early diagenetic zones, and/or juxtaposing chemical species that are not normally
within the same horizon into the same zones (Taylor et al., 1995; Brehéret and
Brumsack, 2000). Similarly, fast sedimentation rates also cause changes in early

diagenesis. During fast sediment accumulation rates pore-water advection rates
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increase, thus pore-water microbial communities enter sediment horizons that they

are not normally associated with (Schmidt and Schaechter, 2012).

A change in sedimentation rates combined with the differing reactivity of species,
for example, the highly reactive Fe(oxyhydro)oxide minerals such as ferrihydrite and
goethite versus the relatively unreactive crystalline Fe-oxides and silicate-minerals
(e.g. Poulton et al., 2004) can also make a difference to the diagenesis within the
sediments. During times of rapid sedimentation a proportion of the reactive Fe-
minerals and the majority of the less reactive Fe-minerals are buried before they
undergo diagenetic reactions, providing a pool of electron acceptors deeper in the

sediment (Aplin et al., 1993).

5.1.1 Rationale and aims

Warham salt marsh, (North Norfolk, UK; site details below) has siderite nodules
forming locally whilst FeS is also present within the sediment (Pye, 1981; Pye et al.,
1990; Coleman et al., 1993). This is unusual as ferrous iron normally reacts with the
H,S formed by SRB (e.g. Berner, 1981; Gautier, 1986) and siderite is unstable in the
presence of H,S (Coleman et al., 1993). Previous studies have shown that the siderite
has carbonate isotope signatures that are too low (-5.9%. PDB) for the siderite to
have formed under methanogenic conditions (Coleman et al., 1993). It has been
suggested that iron is being reduced by SRB, e.g. by Desulfobacter in the zones of

concretions (Coleman et al., 1993).

The aim of this study is to understand the geochemistry of both sulfur and iron and

relate this to the known fast sedimentation rates at this site.
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5.1.2 Warham Salt Marsh

Warham Salt Marsh (Figure 5.1) can be separated into an upper and lower marsh,
separated by sands on a low beach ridge (Pye et al., 1990). The lower salt marsh has
developed quickly. Aerial photography taken in 1948 shows the area poorly
vegetated with a limited creek system, but by 1960 there was a well-defined creek

system on a vegetated salt marsh (Pye, 1984).
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Figure5.1  Warham Salt Marsh.

Warham site is an accreting salt marsh located in North Norfolk, U.K.
The aim of using this site was to understand the iron and sulfur
cycling within these sediments. Cores were collected from this site
both for solid-phase (elemental sulfur profiles) and pore-water
profiles (nitrate, sulfate and chloride). DET and DGT gel probes were
also deployed here; however, only Fe DET probes were recovered.
See Chapter 2 for full information on work carried out in the field and
methods used. Image modified from Google Maps (2010).

The sediments consist of a basal, gravelly and sandy section overlain by
predominantly brown, mottled silty sands that are 60 to 80 cm thick (e.g. Wilmot,

2006). Elemental sulfur can be seen on the surface of the water pans and creeks.
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Deeper in the sediments, in-situ formed concretions, which are mainly cemented by
siderite, Mg-calcite and iron monosulfides (e.g. Pye et al., 1990), which often have
shrapnel or rootlets as their nuclei, are found throughout the lower marsh, although
they are more abundant close to the major creeks (e.g. Pye et al., 1990; Mortimer et
al., 2011). These concretions have been found in both the oxidised and reduced
zones; however, they are more prevalent in the upper layers of the latter (Pye, 1984).
Discontinuous zones of 10-30 cm thick iron monosulfide layers are also found and
again are more prevalent near the creeks. In the permanent pans, which are
commonly found on the lower marsh, sediments are rich in iron monosulfides and
organic matter (Pye et al., 1990). The shrapnel is from RAF bombing practise at this
site during the second world war, revealing that the concretions must form faster
than what is usually suggested in the literature, for example 10° to 10° years (Berner,

1968; Coleman and Raiswell, 1993).

5.2 Results
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Figure5.2  Oxygen depth profiles for Ants Pan (% of atmospheric
saturation).
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Four oxygen profiles were taken from Ants Pan from different sites.

Sites A and B are from the same pan (Ants Pan) approximately 2 m

apart. Sediment was sampled during March, 2008.
All oxygen profiles recovered were from Ants Pan. The two localities were within
approximately 2 m of each other. The oxygen profiles from Lawns were not
recovered as the probe broke when entering the firmer ground. The profiles on the
left were taken earlier during the day during a sunny period (Ants Pan A), whilst the
profiles on the right were taken in the early evening when it was cloudy (Ants Pan
B). The two profiles from Ants Pan A exhibit similar trends. Initial values are close
to 100% atmospheric saturation until the sediment water interface (SWI; represented
by the O line), although the profile represented by the grey line exhibits more
fluctuations. At the surface, both profiles increase in oxygen concentrations to a peak
of 340% (black profile) and 230% (grey profile). Below this peak, oxygen
concentrations in both profiles drop to zero, by 0.6 cm in the grey profile and 0.8 cm
in the black profile. Ants Pan B also has two profiles that exhibit similar trends; they
have consistent oxygen percentage of approximately 95% atmospheric saturation

throughout water, and at the SW1 there is a minor increase to 110% O, (grey profile)

and 98% O, (black line). Both profiles then drop to zero oxygen by 0.4 cm.
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Figure 5.3  Pore-water chloride depth profiles from cores.
Concentrations of Cl are below seawater concentrations (black dotted
line) in all sites, suggesting that at the time of sampling there was an
influence of rainwater. In all sites the chloride concentrations
increase with depth. This core was sampled during March, 2008.
Concentrations of Cl in Ants Pan (1) have initial surface values of 14,260 ppm which
increases up to 18,300 ppm by 4 cm. Concentrations below this depth tend to be
close to 16,500 ppm, apart from a peak at 24 cm (25,000 ppm). In Ants Pan (2)
values are slightly lower at the surface (9000 ppm) than they are for the rest of the
profile which tends to lie close to 16,500 ppm. The surface sample from Lawns (1)
was contaminated during analysis, thus the profile begins at 4 cm (9,700 ppm); the
profile then shows a general increase in concentrations throughout the rest of the
profile with the maximum value (16,200 ppm) in the deepest measured sediment (34
cm). Lawns (2) has a profile that also increases down throughout the profile but not

as markedly, additionally there is a large peak in concentration at 12 cm (34,400

ppm). Surface concentrations are close to 9,900 ppm and the deepest sample (28 cm)
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is 16,900 ppm. The profile for concretion creek has surface concentrations at 12,700
ppm, and the deepest data sample (25 cm) has 14,500 ppm of Cl; maximum

concentration is found at 10 cm depth and is 15,400 ppm.
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Figure 5.4  Pore-water nitrate depth profiles from cores.

Seawater nitrate average concentration is not added as it is highly
variable and fertilisers will influence the amount of nitrate found at
this site due to the agricultural land found inland of Warham.
Detection limits were used for the nitrate runs, which is represented
by the grey dashed line. Ants Pan (2) and Concretion Creek are close
to and below detection, whilst the other sites are above detection. In
all sites nitrate concentrations are higher in the near-surface than at
depth. This core was sampled during March, 2008.

The grey dotted line indicates the detection limit of nitrate on the Dionex IC
machine. This was determined by calculating the standard deviation of the blank and
multiplying by 3. Surface concentration of nitrate at Ants Pan (1) is at 60 ppm, and

drops to 13ppm by 4 cm depth. From 8 to 32 cm (last sample depth), NOj3
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concentrations range between 7 and 12 ppm. Ants Pan (2) profile is always close to
the detection limit. Initial values are approximately 5 ppm and stay close to this
value until 10 cm, where values go below detection until a peak at 22 cm (10.5 ppm).
Below this depth values are again below detection. The first data sample for Lawns
(1) is at 17 ppm (4 cm), which drops to 9.8 ppm by 18 cm. Below this depth,
concentrations range between 10 and 13 ppm. At Lawns (2), surface values are at
14.5 ppm dropping to 7.4 ppm by 20 cm; deeper than this nitrate concentrations
began to increase and are up to 10.7 ppm by 28 cm. Concretion Creek has surface
values at 6.7 ppm which by 10 cm are below detection and stay below for the rest of

the measured profile.
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Figure 5.5  Pore-water sulfate depth profiles from cores.
Concentrations of SO,* are below seawater concentrations (black
dotted line) in all sites, suggesting that at the time of sampling there
was an influence of rainwater. SO,* concentrations in both Lawns
sites, Concretion Creek and Ants Pan (2) show an increase with depth
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whilst Ants Pan (1) has little overall variation of concentration

throughout, however there is a peak at depth in this profiles (as there

is with Lawns 2). This core was sampled during March, 2008.
Surface concentration at Ants Pan (1) is at 3,800 ppm and between 4 and 32 cm,
sulfate concentrations lie close to 2,300, however a peak of 3,400 pm is found at 24
cm depth. Sulfate in Ants Pan (2) has surface concentrations of 1,300 ppm, which
increase to 2,130 ppm by 2 cm. Deeper in the sediment and throughout the rest of the
profile values range between 1,800 and 2,400 ppm. At 4 cm in Lawns (1)
concentration of sulfate is at 1,300 ppm and values increase gradually up to the
deepest part of the measured section (34 cm) to 2,200 ppm. Lawns (2) has surface
concentrations of 1,200 ppm with the rest of the profile gradually increasing in
concentration until the end of the measured section; 2,300 ppm at 28 cm.
Superimposed on this trend is a large peak at 12 cm (4,900 ppm). Surface
concentrations are close to 1,700 ppm of sulfate, reaching a peak by 10 cm (2,060
ppm) in Concretion Creek’s profile. Concentrations than gradually decrease to 1,900

ppm by 25 cm.
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Figure 5.6  Iron DET gel probe pore-water depth profiles.
The gel data were obtained in March, 2010. NB in Ants Pan 2 the
upper section of the gel was contaminated and therefore discarded.
Depth profiles were obtained by placing two probes on an aluminium
rod, which created a gap. This is between ~ 11 and ~17 cm depth.
Ants Pan shows low concentrations of total Fe as does Ant Pan 1. At
the top of Ants Pan 1 there is a large increase in total Fe
concentrations followed by a decrease.
Iron DET depth profiles could only be retrieved for Ants Pan (1) and (2), and for the
latter only the deeper probe worked. Initial concentrations in Ants Pan (1) are at 1.7
ppm, followed by an increase in concentrations to 2.7 ppm by 0.5 cm, this peak in
concentration drops to a minimum by 3.5 cm (0.4 ppm). Deeper than this the profile,
although scattered, Fe concentrations range between 0.4 ppm and 0.9 ppm until 11
cm. Coinciding with a change in probes (see methods chapter) is an increase in
concentrations to 1.2 ppm at 18 cm that decreases to 0.2 ppm by 21 cm. Deeper than
this is an another small peak up to 0.9 pm (by 23.5 cm) and a minimum at 27 cm

(0.3). There is either another small peak between this depth and the end of the profile

or the profile is scattered, but maximum concentration here is 0.8 ppm (29 cm) and
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minimum is 0.5 ppm (at 30 cm). The only retrievable part of Ants Pan (2) was the
lower probe. There is a trend of iron concentrations decreasing from 0.3 ppm (17
cm) down to 0.04 ppm by 30.4 cm depth, however this is scattered; additionally

some peaks are superimposed on this trend (0.7 ppm at 20 cm; 0.4 ppm at 26.9 cm).
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Figure 5.7  Solid-phase elemental sulfur depth profiles.
Both left and right images are from the same data set (sampled
March, 2008), however, the left image shows the full-scale range to
incorporate the high values at the surface for Ants Pan site 1 and the
image to the right is scaled to show the detail for all sites. This figure
clearly shows that elemental S is found at depth and in large amounts
at the surface.

The S° sediment profile from Ants Pan (1) show high concentrations in the upper 5

cm (values up to 500 mg/kg), in contrast to the Lawns (1) profile, which in the upper

5 cm are lower than the peak between 6 cm and 12 cm (maximum concentration is

5.6 mg/kg). Apart from two minima at 18 and 30 cm, 0.7 and 0.5 mg/kg respectively,

concentrations of S° are close to 1.7 mg/kg in Lawns (1). Lawns (2) has no surface

values (due to extraction problems) in the upper 4 cm, however, the concentrations
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are higher than Lawns (1) (throughout the entire profile) and peaks at 8 (11.5
mg/kg), 16 (12.2 mg/kg) and 28 cm (8.6 mg/kg). Ants Pan (1) has the most scattered
profile and the highest concentration; highest concentration peaks are at 18 (30.1
mg/kg) and 34 cm (21.1 mg/kg) and minimum is at 6 cm (1.8 mg/kg). The rest of the

profile, although scattered has concentrations ranging between 5 and 14.5 mg/kg.

5.3 Discussion

5.3.1 Oxygen profiles
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Figure 5.8  Oxygen depth profiles for Ants Pan.
Profiles on the left were recovered during the middle of the day
during a sunny period; profiles on the right were taken from the early
evening during a very cloudy period. O, is depleted below
approximately 0.5 cm in both datasets.
All four O, profiles are from Ants Pan; two profiles were recovered during a sunny
period during the middle of the day (Figure 5.8: left) and two during a cloudy part of
the early evening (Figure 5.8: right). The zero line on both images represents the

SWI and the peaks in O, coincide with this. These peaks are a product of

photosynthesis and the differences between the images will be due to the change in
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weather conditions whereby microphytobenthos (e.g. benthic diatoms) are more
active during the sunny times, thus producing a more pronounced peak during sunlit
sampling than during cloudier times. Below the SWI, and in all profiles, O, is
rapidly used up by microbial uptake with conditions being fully anoxic by

approximately 0.5 cm.

5.3.2 Pore-water geochemistry

5.3.2.1 Chloride

Chloride profiles are useful to understand evapotranspiration processes and changes
of both seawater and rainwater fluxes. It also indicates how successfully the probes
or cores have worked due to chloride being chemically conservative, due to plants
not releasing or taking up Cl and it being unaffected by redox reactions (Bottrell et
al., 2007). This is reflected well in the CI profiles for Concretion Creek and Ants Pan
(2) which show uniform concentrations with depth; Ants Pan (1) and both Lawns
profiles do however, show some variation with depth. Lawns (2) and Ants Pan (1)
both exhibit two large peaks, both with one data point each for the positive
excursions. This is also observed in the same data point for the sulfate profiles
suggesting that it is more likely to be an analytical problem, for example, the sample
has been poorly sealed and evapoconcentration has occurred, or that the analysis has
failed on the IC. These data points are unreliable thus they are ignored, which in
Ants Pan (1), leaves a slightly scattered, yet without any big variations of ClI
concentrations, profile. Removing the point from Lawns (2) leaves a similar profile
trend to Lawns (1), showing a gradual increase in Cl from the surface through depth.

This gentle increase in Cl concentrations throughout the profile could indicate
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changes in inputs of rainwater vs. seawater over time, and Cl is diffusing upwards

due to more recent rainwater input relative to seawater input.

All profiles from Warham Salt Marsh show little variation with high CI
concentrations indicating little hydrological changes (e.g. major lateral flows) and

high seawater fluxes into the sediment.

5.3.2.2 Nitrate

The black dotted line in Figure 5.4 represents the detection limit for this sample run.
The grass near Concretion Creek has a small amount of nitrate present in the surface
decreasing until 7 cm, and below this depth the concentrations are below detection.
When nitrate is plotted against chloride (Figure 5.9) it confirms that nitrate
concentrations are decreasing relative to chloride in the upper part of the profile.
This is most likely resulting from the reduction of nitrate in the near-surface
sediments. Lawns 1 and 2 show very similar profiles with nitrate concentrations
being higher at the surface than at depth; this is also in line with nitrate reduction in

the near-surface.

In Ants Pan (1) there is a marked decrease in nitrate from the surface down to
approximately 5 cm; the sulfate profile also shows a marked decrease in the same
place. Nitrate is enriched at the surface compared with chloride (as seen in the
nitrate/chloride plots; Figure 5.9); this could result from nitrification during the
breakdown of OM, producing ammonium which oxidises to nitrate at the surface due
to the higher levels of O,. Below this depth there are minor fluctuations of nitrate
concentrations. When removing the cores, there were large crab burrows seen close
to the core retrieval locations within Ants Pan. At the same depth there is a minor

increase in the corresponding CI profile. It is speculated that some of the profiles
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may be influenced by these burrows which have brought O, into the deeper sediment
oxidising nitrite or ammonia. Ants Pan (2) is very close to detection limits
throughout the profile, and any reduction of nitrate in the near surface is hard to
identify. There is however, a peak in the nitrate: chloride profile at approximately 22
cm depth, which reflects an increase in chloride and not nitrate. It is unclear why

there is a minor Cl decrease in this zone.
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Figure 5.9  Ratio of nitrate to chloride depth pore-water depth profiles
As chloride is a conservative species it is not expected to undergo
many reactions deeper in the sediment. Thus nitrate is plotted against
Cl to establish the reliability of the peaks. In these datasets it is clear
that nitrate is enriched to Cl in the near-surface and the gradual
depletion of nitrate with depth is due to nitrate reducing bacteria.
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5.3.2.3 Iron

The iron data was recovered three years after the core data, and it is assumed that
these data are representative of Warham Salt Marsh (see further work section). The
concentration increase from the SWI to just below the near surface could result from
reductive dissolution of highly reactive Fe-minerals by iron reducing bacteria. Just
below this the total iron concentrations decrease due to iron diffusing from higher
concentrations to lower concentrations at about 3.5 cm. Deeper than this and down
through the measured section (and in the lower Ants Pan (2) sections) concentrations
fluctuate. The main process involving iron in these types of sediments is iron
reduction, either biotic (usually higher in the sediment) or abiotic (usually deeper in
the sediment), and removal of iron by precipitation of minerals, for instance, FeS
and/or siderite. The aqueous iron concentrations is a balance between the generation
of Fe(Il) from iron reduction and loss of iron by mineral precipitation, and as the iron
concentrations are variable throughout the profile, it suggests that iron reduction is

maintained deeper in the profile rather than only being precipitated into minerals.

5.3.2.4 Sulfate

The sulfate profiles from this study show differences to idealised salt marsh profiles
that are under anoxic conditions. ldealised profiles have sulfate concentrations
higher in the near-surface which decline with depth (Chapter 1; Figure 1.2),
consistent with bacterial sulfate reduction in the upper part of the salt marsh
sediment. Instead, this study’s sulfate profiles show persistent SO,* and minor
concentration variations throughout the depth sampled. This becomes even more
evident when plotting sulfate against chloride (Figure 5.10). In both Ants Pan
profiles (but more so in Ants Pan (1)) there is an increase of sulfate relative to

chloride in the near-surface. As the major source for both sulfate and chloride is
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seawater at this salt marsh, then there must be another source of sulfate. Another
addition of sulfate is at depth in Ants Pan (1) which is coincident with a nitrate peak
in the deepest horizon measured (as previously discussed). However, when viewing
the chloride profile it becomes clear that this isn’t an increase of sulfate and nitrate
but a decrease in chloride; the reasons for this are unclear. Iron monosulfides have
been reported at Warham (e.g. Pye et al., 1990; Mortimer et al., 2011), thus sulfate
reduction does occur. The concentrations reported from this study are sensible, that
is, they are in line with previously reported values and are close to initial seawater
concentrations. As these sulfate profiles are for the most part, rather uniform, it
suggests that there is little or no net loss of sulfate from the sulfate pool although it

has been shown that S cycling occurs within these sediments.
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Figure 5.10 Ratio of sulfate to chloride pore-water depth profiles.

As chloride is a conservative species, it is not expected to undergo
many reactions deeper in the sediment. Thus sulfate is plotted against
Cl to establish the reliability of the peaks. The fact the sulfate/chloride
ratios are close throughout the profile would indicate that sulfate
doesn’t undergo any reactions throughout the sediment, except at the
very near surface. However, sulfate reducing bacteria are likely to be
in this sediment and it is more likely that sulfate reduction does occur

but sulfide produced is largely re-oxidised rapidly.

5.3.3 Elemental sulfur
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This is a ‘fixed concentration depth profile’ so that the variations in
concentrations can be easily seen. For Ants Pan 1 the shallow values
are high, between 250 and 500 mg/kg. A generalised Ants Pan
sediment description is included to illustrate the redox states of the
sediment. The presence of elemental sulfur at this site provides

evidence for partial oxidation of sulfide at depth.
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At Ants Pan site, there are high values of zerovalent sulfur in the upper 5 cm (Figure
5.11), consistent with the large amount of iridescent sheen seen on the surface of
water pans and creeks. In this horizon (the upper 5 cm) in salt marsh sediments there
are usually higher Fe concentrations, with Fe reduction generally restricted to this
zone (Kostka et al., 2002). Microbial iron reduction does not partially oxidise sulfide
to elemental sulfur or fully oxidise it to sulfate. However, any H,S that reduces iron
(as in reaction 5.4), or by the oxidation of iron monosulfides by very reactive Fe (e.g.
reaction 5.3), would cause an increase in S°. Moreover, it is possible that some of the
S° will undergo full oxidation to SO,* in this horizon (reaction 5.6), causing an

increase in SO, concentrations relative to seawater (and chloride).

45° + 4H,0 — SO, +3H,S + 2H* (5.6).
Although there will be bacterial reduction at the near-surface which uses seawater
sulfate to form H,S (which is often reoxidised to sulfate) the large increase in S is
more likely to be due to pore-water advection/diffusion from depth. This introduces
H.S to the near-surface where it is partially oxidised by O, (reaction 5.7), also

explaining the excess sulfate in the sulfate:chloride profiles.

2HS + O, — 2S° + 20H (5.7).

Concentrations of zerovalent sulfur remaining relatively high in the anoxic zone is
unexpected. This is because elemental S is predominantly an intermediate product
and is not normally stable under reducing conditions, often reacting with iron
monosulfides to form pyrite (e.g. reaction 5.8; Berner, 1970), or with Fe** and H,S

as in reaction 5.5.

FeS+S° — FeS, (5.8).
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The elemental data shows that there must be partial oxidation of sulfide throughout
the sediment. The formation of iron monosulfides shows that there is reduction of
sulfate to sulfide. However, the sulfate profiles show that although there is persistent
sulfate throughout the depth it doesn’t vary considerably in concentrations.
Therefore the combined data shows that there is cycling of S species, and
furthermore it must be at similar rates to provide such uniform sulfate concentration

profiles.

5.3.4 Depositional and diagenetic model for Warham Salt Marsh

Oxygen is limited to the upper %2 cm of the salt marsh. In the upper part of the
sediment, nitrate is reduced and concentrations remain close to detection limit,
although persisting in some sites. Total iron concentrations initially increase at the
near surface; this is probably reflecting an increase of Fe?* in the sediments by the
microbial reduction of Fe®*. In Ants Pan (1) the sulfate profiles show a large input of
sulfate relative to chloride and the sediments contain a large amount of S°. The large
amounts of S° seen in the surface (seen in the profile from Ants Pan but also known
from the iridescent sheen of S° seen across most of Warham Salt Marsh) could be
due to pore-water advection/diffusion of H,S from the deeper sediments which is
partially oxidised by iron and/or then fully oxidised by (predominantly) O, in the
near-surface, explaining both increases seen in sulfur species. However, the other
profiles and the rest of Ants Pan (1) have persistent sulfate concentrations throughout
the depth measured. Indeed, when plotted against chloride, the results show minimal
variation in the profiles, suggesting that sulfate is not removed or added throughout
the salt marsh sediments. Yet the formation of iron monosulfides and that elemental
sulfur concentrations fluctuate throughout depth prove that sulfur species in Warham

Salt Marsh must undergo S cycling. As the iron profiles show variability throughout
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depth, it suggests that Fe is undergoing reduction-oxidation reactions deeper in the
sediment. Aplin et al. (1993) have suggested that during conditions where
sedimentation rates are rapid, a proportion of reactive Fe-minerals, and the majority
of the less reactive Fe-minerals, will be buried before they undergo diagenetic
reactions. This provides a pool of available Fe deeper in the sediment. At Warham
the sedimentation rate is known to be rapid (comparison of aerial photography); it is
proposed that the pool of available Fe deeper in the sediment reacts with H,S,
reducing Fe** and partially oxidising SO,* to S°. Some of the S° can then undergo
further oxidation to SO,* at depth. It is postulated that sulfate is being reduced at a
similar rate as partial oxidation of H,S to S°, and then full oxidation to SO, (Figure
5.12), explaining why it appears that sulfate reduction does not occur in the
sediments when using coarse-resolution sampling. If the DET and DGT probes had

been successful then these key details would have been observed.
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Figure 5.12 Depositional and early diagenesis model for Warham.
The image to the left shows an idealised profile for marine sediments. Salt marshes are expected to behaviour similar to this;

however, Warham profiles show that sulfate is persistent throughout the measured section. The model show the key reactions for
this phenomenon. Oxygen, nitrate, sulfate and iron(**) are reduced in the upper part of the saltmarsh sediment by microbes. The
reduced sulfur and iron can react to form iron monosulfides. Due to the high rates of sedimentation however, more of the highly
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reactive iron(**) is buried rapidly and later acts to oxidize sulfide,
adding S° to the deeper parts of the sediment, some of this will then
fully oxidise to sulfate. Additionally, in the near surface most of the S°
will be fully oxidised to sulfate. Some of the reduced iron reacts with
carbonate to form siderite nodules.

5.4 Conclusions

High sedimentation rates at Warham provide a mechanism to bury a proportion of
reactive Fe-minerals and the majority of the less reactive Fe-minerals, without them
undergoing any diagenesis, resulting in a pool of Fe** in the deeper sediment.
Elemental sulfur is high in the near surface sediments in Ants Pan, but is also seen
throughout the profile even though O, is depleted, thus it is postulated that H,S is
oxidised by the deeper buried reactive Fe** producing the partially oxidised S°. The
elemental sulfur then undergoes further reactions resulting in sulfate at depth.
However, the pore-water data suggest that the sulfate does not undergo any reduction
reactions (except for the very near-surface), especially when plotted against chloride.
This profile is more likely to be resultant from the net effect of all sulfate reduction
and sulfide oxidation. The large amounts of SO,* and S° seen in the near-surface
could be due to pore-water advection/diffusion of H,S (and S°) from the deeper
sediments to the near surface where it is either partially oxidised by Fe*", producing
sulfate, or O,, producing SO The low resolution data obtained for this study
misses out the key details and thus the sulfate core pore-water data are rather
uniform concentration profiles due to oxidation rates being similar to reduction rates.
As there is iron released deeper in the sediments from early diagenesis, it is available
to react with carbonate ions (from seawater) to form siderite. Concurrently, the

sulfide and reduced iron form iron monosulfides.
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5.5 Further Work

The datasets used for this sub-study are not robust. This is in part, due to the

assumptions associated with them, for instance, there is a supposition that the

profiles are representative over time, yet the iron DET data was obtained after a

significant time lapse from the other datasets. Data retrieval problems have been rife

throughout field trips, and much of the further work listed below was intended to

have been collected for this study. However, the method problems have been

identified and the following should be successful:

>

Iron and sulfate DET concentration data and iron and sulfide DGT flux data:
determine the key details and elucidate the availability of species.

Sulfur isotope analysis: identify the sulfur fractionation processes and
determine if the elemental sulfur has light isotope compositions that are in
line with bacterial reduction.

Sulfate O isotopes: identify if sulfate was being cycled (reduced and
reformed) as the reformed sulfate will likely contain O from different sources
to the original marine sulfate.

Solid iron speciation: this would distinguish between the Fe-minerals and
would indicate how deep the highly reactive and poorly reactive minerals
have been buried.

Quantitatively determine the amount of carbonate in the pore-waters:

calculate how much carbonate is available to react with the available iron.

Isotope analysis on the carbonates: determine if the source is predominantly
seawater.
Ammonium DET analysis: identify production of nitrate by ammonium

oxidation.
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Chapter 6 Deposition and diagenetic model: Shales-

with-Beef Member

6.1 Introduction

It is well accepted that sulfate is reduced to H,S (reaction 1.5; Chapter 1) by bacteria
using sedimentary OM as a reducing agent and energy source, increasing the
alkalinity of the surrounding pore-waters (Berner, 1966; Morse et al., 1985; Walter
et al., 1993; Ku et al., 1999). Most of the H,S in marine sediments is reoxidised to
sulfate or an intermediate form of S (Zopfi et al., 2004 and references therein),
however, it has two other possible sinks, either binding with organic matter or metals
(Francois, 1987; Zabac and Pratt, 1992; Peters et al., 2005). For the latter the H,S
usually reacts with iron minerals to produce metastable monosulfides, and in fully
reduced and stable conditions, they will eventually form pyrite (e.g. Berner, 1970,
1984; Jorgensen and Fenshal, 1974; Goldhaber and Kaplan, 1980). This process will
result in isotopically light pyrite as the bacteria which mediate these reactions
preferentially use %S (e.g. Jones and Starkey, 1957; Harrison and Thode, 1958;
Kaplan et al., 1963; Kaplan and Rittenberg, 1964; Canfield, 2001). Moreover, in
marine sediments this is the most important process which affects isotopic
fractionation of sulfur, thus it can help elucidate the depositional environment (e.g.
Kaplan et al., 1963; Bottrell and Raiswell, 2000; Canfield, 2001). If the sedimentary
depositional system does not change (isotopically light) pyrite will continue to form,
however if the Fe pool is depleted then organosulfur compounds will form instead of
pyrite (Kohnen et al., 1989; Bruchert and Pratt, 1996). In highly sulfidic

environments, minerals such as (rare) MnS can form when reactive Fe-minerals are
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depleted and as a consequence, Mn is precipitated by the high alkalinity resulting

from OM degradation (Mort et al., 2010).

Changes in other parameters can also influence early diagenesis. For example,
changes in sedimentation rates have long been known to change mineralogy in
sedimentary formations (e.g. Raiswell, 1987), and when paused or slowed, this often
results in concretions and/or cemented horizons (Majewski, 2000; Witkowska,
2012). This is clearly demonstrated by Bréhéret and Brumsack (2000), within the
Marnes Bleues Formation (S.E. France). Under normal sedimentation rates barium
was located within the deeper, reduced part of the sediment where sulfate was
limited, but during long pauses in sedimentation, sediment winnowing occurred and
sulfate and barium were located at similar horizons, leading to the precipitation of
barite and subsequent growth of concretions. Similarly, Taylor et al. (1995) also
found that paused or reduced sedimentation rates in the Book Cliffs Formation
(sandstones) caused carbonate precipitation, however this was due to increased
residence times of species within the early diagenetic zones. In the latter example,
the slower sedimentation rate allowed the shallower sediments to remain longer in
the biochemically active zone compared to sediments under normal sedimentation
rates. Sediment remaining longer in the biochemically active zone would undergo
greater evolution of pore-water chemistry leading to increased alkalinity, in turn
driving more carbonate precipitation reactions, thus producing concretions.
Therefore if different horizons represent the change in time-integrated effects of
burial diagenesis at different sedimentation rates, then there should be systematic

differences in both S and Fe cycling preserved within the rock record.

During the Lower Jurassic, the British Isles were located at a similar latitude to that

of Central Spain today (Getech, 2013). The environment of deposition across most
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of southern Britain was predominantly a shallow epicontinental seaway during the
Sinemurian (Bradshaw et al., 1992; Evans et al., 2003; Ziegler, 1990). Although
eustatic sea-level fluctuated (Hallam, 2001), the (Present Day) Dorset Coast was
always in an offshore sub-aqueous environment (Figure 6.1). It is in this location, a
coastal cliff on the Dorset Coast near Charmouth, that the Shales-with-Beef Member
crops out; a 28-30m thick, basal member of the Charmouth Mudstone Formation.
This member has been well-studied (e.g. Lang et al., 1923; Marshall, 1982; Wolff et
al., 1991; Parkinson, 1996; Gallois, 2008; Paul et al., 2008; Page, 2009) and thus is a
good test case to look for correlations between the change in conditions (as indicated
by the formation of concretions) and any other changes within the inorganic /

organic geochemistry of the surrounding host rock.

Figure 6.1  Palaeogeography of the British Isles and surrounding area.
This is the palaeotopography for (what is now) Europe during the
Sinemurian (Lower Jurassic). The light blues are shallow marine and
the dark blues are deeper marine; the darker greens are low lying
land and the lighter greens are topographically higher. The grey line
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represents low-stand coastline, showing that there are changes with
the shore-line in this area; however, the Shales-with-Beef formation
will always be deposited within shallow marine conditions. Image
courtesy of Getech (2013).

6.1.1 Shales-with-Beef Member

The Shales-with-Beef Member is a progradational sequence (Parkinson, 1996)
comprising fossiliferous marine paper shales, with limestone beds and interbedded
seams of fibrous calcite separated by clay parting (“Beef”) (Lang et al., 1923;
Gallois, 2008; Paul et al., 2008; Page, 2009). It is highly variable laterally, but can be
divided into three main stratigraphic sequences which are separated by faults
(Gallois, 2008). The samples collected for this work (Figure 6.2) are from the same
location as that of Lang et al. (1923). In the upper part of the Shales-with-Beef
Member (Figure 6.2) there is a zone of ovoid, tabular and spheroidal calcitic
concretions, with weakly pyritic margins, that are often coalesced into an irregular
limestone bed; this is the Birchi Bed (no.75; Lang et al., 1923). The Birchi Beds are
thought to have been deposited in an anoxic environment as the shales are finely
laminated with no evidence of benthic activity, and the §*3C values from the
concretion core and outer rim are between -10 to -14%., suggesting an important
contribution of carbonate derived via sulfate reduction (Marshall, 1982). The latter
also show that the carbonate concretions grew in the upper few cm’s of the sediment
(Coleman and Raiswell, 1981). The ‘beef’ seams are best developed around the
concretions, although they do also occur in lenses throughout the shales (Marshall,
1982). Wolff et al. (1991) studied the concretions in detail and discovered that they
can be broken down into three zones: a calcitic core, dolomitic zone and calcitic
outer rim. These zones represent the different bacterial processes during the time of
carbonate formation. The calcitic core formed during intense bacterial sulfate

reduction and has suffered the most degradation. The dolomitic zone formed during
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methanogenesis, and the outer rim calcites formed when there was iron and
manganese reduction. This is consistent with the depositional environment

remaining reduced throughout concretion formation.
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Figure 6.2  Stratigraphy of the Shales-with-Beef Member.
This shows the upper section of the Shales-with-Beef Member, part of
the Charmouth Mudstone Formation. The majority of this member
comprises ‘paper’ shales, however many concretions and ‘beef’
seams can be found within the unit. All samples were taken from the
shales.
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The large quantity of OM found in the Shales-with-Beef Member, the concretion
formation, the lack of morphological changes of the shales, and lack of major uplift
in this region during the Sinemurian suggests that no major changes in environment
occurred during the deposition of the Shales-with-Beef Member. Therefore
concretion formation is more likely to be related to sea-level variations that changed
sediment supply and thus produced relatively lower sedimentation rates at times of
sea-level high stand. This chapter investigates the Fe and S chemistry of the shales,

comparing a concretionary horizon and the underlying concretion-free shales.

6.2 Results

Tables of analytical data can be found in the appendix section (A.3).
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Figure 6.3  Sulfur isotopes.
The results from the kerogen, bitumen, elemental and pyrite sulfur
isotopes relative to CDT. The dashed line represents the approximate
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5**S of seawater during the Jurassic. Pyrite has the lowest 6°*S whilst
kerogen and bitumen have the highest. Elemental S is between these
values.

The sulfur isotopic data show that bitumen has the highest §**S values which are
between 3.2 and 6.4 §%S; followed by kerogen which lie within -8.3 and 1.7 §**S
and the lowest values are found in pyrite at -26.9 and -22.3 &*S (Figure 6.3).

Elemental sulfur has the broadest ranges with values ranging between -15.1 and -5
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Figure 6.4  Concentration of elemental S relative to stratigraphic height.
Amount of elemental sulfur recovered from the samples. The
stratigraphically lower samples do not have concentrations of S°
above detection (i.e. <0.005 wt%). The samples recovered higher
stratigraphically contain concentrations of S° which lie between 0.035
to 0.005 wt%.
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Samples from the lowest part of the measured section until 1.2 m have elemental

sulfur concentrations below detection limits (i.e. <0.005 wt% S). From 1.4 m to the

top of the measured section, the concentration of elemental sulfur is scattered

between 0.04 and 0.06 wt% (Figure 6.4). These data show a clear switch in the

system behaviour.
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Amount of pyrite recovered from the samples. The amount of pyrite

within the samples is close to 4 wt% throughout the sample.

The amount of pyrite within the samples is close to 4 wt% throughout the profile,

although BV11 is the lowest at 3.26 wt%, whilst BVa and BV8 are the highest at

4.55 and 4.47 wt% respectively (Figure 6.5).
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Iron extractions with HCI.

Extractable Fe (using HCI) compared against stratigraphic height.
Between 0.6 and 1.2 m there are a group of data points that are
between 1.44 and 1.61 wt%. Stratigraphically above and below the
samples have lower iron weight at approximately 1.11.

The HCI extracted Fe shows that weight percentage ranges from 0.95 to 1.61

extractable iron using the HCI method (Figure 6.6). Lowest in the stratigraphic

column for the measured section is BV12 which has the lowest value (0.95 wt%),

above this, between 0.6 and 1.2 m there are a group of data points which are between

1.44 and 1.61 wt%. Between 1.4 and 1.7 m there are a group of points with a mean

HCI extractable Fe of approximately 1.11 wt%. Highest data points in the measured

section have values close to 1.30 wt%.
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Figure 6.7  lIron extractions with dithionite.

Extractable Fe (using dithionite) compared against stratigraphic
height. Overall trend is that the percentage of extractable iron
increases from the lower part of the measured section up to the upper

part of the measured section.

The dithionite extracted Fe (Figure 6.7) shows that weight percentage ranges from

0.3 to 0.62; the overall trend is that the percentage of dithionite extractable iron

increases from the lower part of the measured section up to the upper part of the

measured section.
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Figure 6.8  Degree of pyritization (HCI method).

Degree of pyritization is the ratio of pyritic Fe to pyritic Fe + acid-
soluble Fe; with the acid used being HCI. Between 0.75 and 1.20 m
DORP lies close to 0.51 to 0.56 and between 1.40 and 1.90 m data
points lie between 0.62 and 0.64. The lowest sample stratigraphically
also lies higher relative to the middle cluster of points.

There are two main trends seen within data from the degree of pyritization (DOP)

using the HCI method (Figure 6.8). Between 0.75 and 1.20 m DORP lies close to 0.51

to 0.56 and between 1.40 and 1.90 m, data points lie between 0.62 and 0.64. The

lowest point in the stratigraphic column however is at 0.67.
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Degree of pyritization is the ratio of pyritic Fe to pyritic Fe + acid-
soluble Fe; with the acid using being dithionite. All samples lie close
to 0.80.

The lowest point in the stratigraphic column has the highest DOP weight at 0.85; all

values stratigraphically above this are slightly lower between 0.75 to 0.80, however,

most values
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Figure 6.10 Total organic carbon (TOC) in samples.

The amount of organic carbon in the samples. TOC is generally
relatively high throughout the samples at around 6%; there is higher
TOC concentration in the stratigraphically highest samples.

TOC content in the samples within the first 1.65 m generally are between 5.6 to 6.9

wit%, however, most samples points lie close 6.5 wt%. The stratigraphically highest
samples have higher TOC content with values at 8.1 and 9.1 wt% (Figure 6.10).
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Figure 6.11 Bitumen concentrations.
Bitumen (the soluble OM) is scattered between 0.04 and 0.09 wt%.

Bitumen content in the samples varies throughout the stratigraphic column. Values
are between 0.04 and 0.09 wt% bitumen (Figure 6.11).
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The highest bitumen carbon concentration is stratigraphically lowest
(BV12) and samples decrease in bitumen carbon concentration in the
stratigraphically highest samples; however there are a group of data
points which are between 1.44 and 1.61 wt% C.

The stratigraphically lowest sample (BV12) contains the highest bitumen carbon

concentration

at 77.6 wt% C (Figure 6.12). Stratigraphically above this, between

0.75 and 1.60 m, samples range between 73.8 and 76.2 wt% C. Samples BVa (1.80
m) and BV8 (1.90 m) have the lowest C content in the bitumen at 73.1 and 69.7 wt%

respectively.
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Figure 6.13 Hydrogen concentration in bitumen
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The bitumen hydrogen content in the samples lie close to 12 wt% with

some variation.

The bitumen hydrogen content (Figure 6.13) in the samples lie close to 12 wt%

although values do go as low as 8 wt% (8.20 wt%, BV9) and the highest values are

at just below 13 wt% (12.9 wt%, BV12; 12.7 wt%, BVf).

Page 175

Chapter 6



Deposition and diagenetic model: Shales-with-Beef Member

e BV8
2.0 -
™ e BVa
1.8 | e
‘ e BVb

— 16 H ®
é BVc
h = 1.4 - o}
20 BV9
Q 1.2 -
b ) Bvd
[2) o)
= 40 -
& BVe
Eo 0.8 - &
)
© 06 - » BV10
et
"

0.4 - BVf

0.2 - 0 BVg

0.0 ‘ ‘ ‘ ‘ ‘ | s BV11

0.0 0.5 1.0 1.5 2.0 2:5 3.0
BV12

Bitumen sulfur (weight %)

Figure 6.14  Sulfur concentration in bitumen
Above 1.5 m height (stratigraphically) the percentage of S found
within the bitumen is either not present or present on very small
quantities thus below detection limits; this is the same for sample
BV12. The samples between 0.75 and 1.40 m, however, have values
which range between 0.9 and 2.5 wt%.

The bitumen sulfur content (Figure 6.14) varies across the samples. In BV12 (lowest
in the stratigraphic column) and in the stratigraphically highest samples (BV9 to
BV8) the samples are <0.1%, which is below detection. The samples between 0.75
and 1.40 m have values which range between 0.9 and 2.5%. Within this range there
appears to be a trend which shows an increase in bitumen sulfur content between

0.75 and 1.15 m, followed by a decrease in sulfur content.
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Figure 6.15 Stable carbon isotope ratio content of the bitumen.
The stable isotope carbon ratios show that there is very little variation

in bitumen &7C.

The bitumen carbon isotope measurements have not been measured in all samples
(Figure 6.15). In the samples taken the isotopic compositions are -28.8%. &°C

(BV12 and BV11), -28.7%, 5°C (BV10 and BV8) and -28.4%. 8'°C (BV9).
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Figure 6.16 Kerogen C:S ratios.
Atomic C/S values lie between 35 and 45.

BV12 (lowest in the stratigraphic column) and BVd to BV8 (highest in the
stratigraphic column: 1.40 to 1.90 m) have the lowest kerogen C/S values between

~32 and ~39. Samples that lie between 0.75 and 1.20 m have kerogen C/S values

between ~41 and ~45 (Figure 6.16).

6.3 Discussion

6.3.1 Organic geochemistry

The preservation of OM can be attributed to a few key processes. The residence
times of OM in oxic conditions can be reduced during times of high sedimentation
rates, thus favouring the preservation of marine OM, however, if sedimentation rates
remain too high then there is a dilution affect and concentration is reduced (Stein,

1990). High productivity can lead to OM preservation even in oxic basins, although
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stratified water columns also lead to preservation of OM without the need for more
OM as these conditions lead to anoxic and euxinic conditions, suppressing oXic
degradation (e.g. Stein, 1990; Rimmer et al., 2004). Other factors include, sediment
starvation, clay physically protecting OM, or a combination of any of these things
(Rimmer et al., 2004). All samples show relatively high TOC, with values ranging
from 5.7 to 9.2% (Figure 6.10), showing that the rock is organic rich. Wolff et al.
(1991) evaluated the carbon preference index (CPI) showing that the samples had a
bimodal normal alkane distribution with the highest concentrations around C17 and
C27. The odd/even pattern that the Shales-with-Beef member exhibits, coupled with
the bimodal distribution, indicate that it is a type Il /Il kerogen. Additionally, the
bitumen atomic H/C value is high (average 1.86; Table 6.1). Some of the values
given in Table 6.1 appear too high; this could be due to extracts being slightly
contaminated with either solvents (used in the extraction process) or small amounts
of clay/mica minerals containing H but no C. However, these data are consistent
with the Shales-with-Beef Member being thermally immature with well-preserved
kerogen, although it is unclear from this analysis alone why OM preservation is

good.
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Sample Stratigraphic Atomic H/C
Number Height (m)
BV8 1.90 212
BVa 1.80 1.92
BVb 1.60 1.83
BVc 1.55 1.94
BV9 1.50 1.31
Bvd 1.40 1.64
Be 1.20 1.89
BV10 1.15 1.72
BVf 1.00 2.07
BVg 0.80 1.94
BV11 0.75 1.97
BV12 0.25 1.99
Average 1.86

Table 6.1 Bitumen atomic H/C.
This shows that the atomic H/C is high, probably too high; this is
possibly due to analytical problems. Two possible reasons for this
could be the extracts being contaminated with solvents or extracts
containing small amounts of clay/mica minerals containing H but no
C.

6.3.2 Sulfur geochemistry

One of the most important processes of S isotope fractionation is the reduction of
sulfate by bacteria as they preferentially use **S (e.g. Jones and Starkey, 1957;
Harrison and Thode, 1958; Kaplan et al., 1963; Kaplan and Rittenberg, 1964,
Canfield, 2001). Initially the, shallower pore-waters will have lighter H,S isotopic

signatures compared to 8**S sulfate, however the deeper the sediment pore-waters,
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the heavier the H,S becomes; Figure 6.17 (e.g. Werne et al., 2003). Additionally, the
left over heavier sulfate can diffuse downwards, where it will probably be utilised by
microbes and the heavier sulfide can diffuse upwards to the near-surface (and
potentially be oxidised or partially oxidised) or downwards to where there is a sink,
that is, where monosulfides and pyrite form. Thus there are no precisely defined
zones within the sediment where particular isotopic signatures occur; rather isotopic
compositions found at particular horizons can be used to give good indicators to the
processes occurring. Isotopic signatures for sulfur in organic matter are much more
complex; moreover the actual mechanisms that allow sulfur to be incorporated into
organic matter are still not well understood (e.g. Sinninghe Damste and de Leeuw,
1990; Aplin et al., 1993; Zhu et al., 2013; Raven et al., 2015). During early
diagenesis sulfur is incorporated into sedimentary OM, predominantly kerogen
(Gransch and Posthuma, 1973) and organic sulfur is typically enriched in **S
compared to what likely diagenetic sources (bisulfide or polysulfide) in the pore-
waters (e.g. Bottrell and Raiswell, 2000; Raven et al., 2015). However, organic
sulfide compounds found in kerogen form at different times during diagenesis
(Raven et al., 2015 and references therein), thus the different compound sources of S
and different diagenesis they will have undergone will most likely lead to diverse *S
isotope signatures. Organic matter derived from the organisms inhabiting the oceans
are likely to have initial isotope signatures which closely follow that of seawater
sulfate as that is their source of S. When diagenesis occurs in the sediment however,
the characteristically light S isotope values of diagenetic H,S, are likely to be
incorporated into the organic matter, causing lighter overall values of S within the
organic matter. The more S that is incorporated into the organic matter from the H,S

the lighter the values become, therefore the incorporation of diagenetic H,S strongly
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affects the 8S values of organic matter (Figure 6.17). Additionally, there is another
dimension of complexity regarding the fate of S in OM once it has been
incorporated. If sulfur is added to organic matter during assimilatory sulfate
reduction then it possess a component with the original seawater S isotopic
signature, however, the biomolecules produced will be susceptible to biodegradation
during subsequent diagenesis (e.g. Zhu et al., 2013). After burial, sulfur produced
from bacterially produced sulfide, and therefore fractionated to lighter isotope
compositions, may form new organic sulfur compounds, either by reaction of
polysulfides or by nucleophilic attacks of sulphide (e.g. Sinninghe Damste and de
Leeuw, 1990; Zhu et al., 2013; Raven et al., 2015). This is further complicated by
the depths at which the sulfide is incorporated into the organic matter; deeper in the
sediment the BSR sulfide isotopes will be heavier (see Figure 6.17; e.g. Bottrell and
Raiswell, 1983). Sulfur, however, is predominantly thought to be incorporated into
kerogen within meters of the SWI (Aplin et al., 1993). The retention of the newly
formed sulfur compounds will be related to the sulfurization pathway. Thiols
produced from nucleophilic attack by sulphide have stronger bounds, whilst sulphide
bridges formed from polysulfides are broken down more easily (e.g. Zhu et al., 2013
and references therein; Raven et al., 2015). Thus organic matter sulfur isotopes are
expected to have a mixture of isotopically light S incorporated into its chemical
structure from the process of MSR and a fraction of the residual signature of
seawater sulfate that was originally incorporated into the organism. If OM does lose
more initial S from its structure, then it will have isotopic signatures more closely
related to the bacterially produced sulphide, and if it does not lose S from its
structure during diagenesis then organic matter S is expected to be lighter than

seawater but heavier than the isotope values caused by fractionation. Key controls
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on S being incorporated into kerogen remain unclear, however, it is not thought to be
the availability of sulfide or the rate of accumulation of Fe, instead the availability of
more reactive (towards OM) partially oxidised sulfur species can also exert a key

control (Aplin et al., 1993; Raiswell et al., 1993).
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Figure 6.17 Isotope-S values model.

Seawater sulfate has high &S and this is reflected in the primary
organic matter as it is the source for S in marine OM. As the OM is
buried then H,S production will begin in anoxic zones; the bacteria
preferentially choose the lightest isotopes and this is reflected in the
isotopically light H,S. The isotopically heavy sulfate (if there is plenty
in the system) will be left within the pore-waters. The deeper/ older
the sediment then the more isotopically heavy sulfate will be used
later on in diagenesis. The organic matter left over (i.e. what will be
the bitumen-S and kerogen-S) if S is not lost from its matrix, will have
isotopically light microbially-produced S added to its matrix; thus it
will reflect a mixture of two sources, original seawater S-isotope
values and bacterially produced sulfide. However, if S is lost from the
OM matrix during early diagenesis then the values would reflect more
closely of that of diagenetic H,S.

Seawater sulfate values of 8*'S in the Jurassic were between 14.2 and 18.0%o

(Kampschulte and Strauss, 2004), lower than present day (21%o) (e.g. Ku et al.,
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1999). The kerogen-S and bitumen-S §*S from these data are lower than seawater
values but higher than pyrite and elemental-S values (Figure 6.3). Bruchert and Pratt
(1996) found that fulvic acid in estuarine sediments had isotopic signatures
consistent with that of a mixture of **S-enriched primary biosynthetic sulfur
originally assimilated from dissolved sulfate, and sulfur depleted in &S from
recycled bacterially mediated H,S. This model assumes S is only added. If S is lost
from the organic matter then it would more closely reflect diagenetic H,S. The
organically bound S within the Shales-with-Beef Member could reflect either model

(Figure 6.17).

Pyrite can be found throughout the measured stratigraphic column (Figure 6.5). This
shows that there must always be a supply of both sulfide and reactive iron and the
conditions had remained reduced throughout the sequence measured. Additionally,
the sulfur isotopes from the pyrite show the expected low &**S values (between -26.9
and -22.30%. &°*S), since pyrite formation is microbially mediated by SRB which
preferentially choose lighter isotopes (reaction 1.5; Chapter 1) and pyrite formation
must have predominantly occurred early during diagenesis (since there must be only

a small component of pyrite formed from late, more **S-enriched, sulfide).

Elemental-S is not expected to be preserved in the marine shales in high quantities as
it is an intermediate product, often formed during the partial oxidation of HS in
either reducing or oxidising conditions (reaction 6.1 and 6.2 respectively), which can
then, for example, react with sulfite to form thiosulfate (reaction 6.3) (Zopfi et al.,

2004 and references therein):

FeS + 2FeO(OH) + 2H,0 —  3Fe® + 8%+ 60H (6.1),

2HS + O, — 28°+ 20H (6.2),
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S+ S05” — S04 (6.3).
Or if the conditions are reducing the zerovalent sulfur can react with monosulfides to

form pyrite (Berner, 1970):

FeS + §° — FeS, (6.4).

The mechanism by which the zerovalent-S may be preserved is discussed later in
section 6.3.3. The isotope signatures, however, eliminate the oxidation of diagenetic
monosulfides and/or pyrite as a source of the elemental sulfur, and no fractionation
of S isotopes occurs during the oxidation of pyrite or monosulfides (e.g. Nakai and
Jensen, 1964; Thode et al., 1960); this is shown in the data by pyrite-S having
substantially lower values of &*'S than elemental-S. It is also noteworthy that
bitumen-S and elemental-S don’t appear at the same depth except for one sample at
1.4 m, which is close to the boundary of this contrast. Moreover, this boundary

correlates with the formation of concretions (Figure 6.18).
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Figure 6.18  Sulfur isotopes and stratigraphy.
The results from the kerogen, bitumen, elemental and pyrite sulfur
isotopes shown in relation to the concretionary horizons. Dashed line
represents the approximate seawater sulfate &S values. Elemental S
is present in samples only when concretions are present and there is
no bitumen-S present. Bitumen-S occurs in fissile shales with no
concretions and no elemental-S is present.

Elemental-S has lower values of 8**S than bitumen-S; therefore the formation of
elemental-S cannot be a simple substitution from the bitumen-S. The isotopic
signatures for the elemental-S suggest that there is more of an influence of recycled
bacterially -produced H,S compared to bitumen-S, but certainly not purely from this

source.

C/S ratios in fine grained marine sediments have three major controls; the fraction of
the OM which can be metabolised; the fraction of OM which metabolised via the
process of sulfate reduction; and the fraction of reduced sulfide which is buried as
pyrite (Morse and Berner, 1995). Kerogen C/S ratios will be, in part determined by
similar processes, however, as previously mentioned there is the original organic
matter within the OM, and there is the availability of labile Fe to react with the
sulfide to produce pyrite (with that S not being able to be incorporated into the
kerogen) to consider (e.g. Lyons and Severmann, 2006). Again, C/S can indicate
palaeoenvironmental conditions during deposition as the availability of species and
the redox conditions promote or hinder these reactions. However, C/S ratios need to
be used with caution as they can be altered with increasing burial (Jones and
Manning, 1994). As with the presence of kerogen-S and elemental-S not being found
in the same horizons which correlate with the concretions, the kerogen C/S is in
agreement that there is a marked difference in sulfur behaviour between the shales

with concretions and the shales without (Figure 6.19). In the zone where the
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concretions are found the kerogen is sulfur-rich in comparison to when only the
fissile shales form. The reasons for this are unknown; however, it could be
postulated that there is more of an influence from sulfide bridges formed from
polysulfides in the pore-waters during early diagenesis. Some authors have
suggested that sulfurisation of kerogen is most effective during anoxic conditions
(e.g. Pearson et al., 1996); whilst others have suggested that the uptake of S into OM

is favoured under weakly oxygenated bottom waters (Aplin et al., 1993).
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Figure 6.19 Kerogen C:S ratio vs stratigraphy.
The kerogen C/S shows that there is a marked difference in sulfur
behaviour between the shales with concretions and the shales without.
During the zone where the concretions are found kerogen is sulfur-
rich in comparison to when only the fissile shales form.
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As discussed earlier bitumen-S and S° do not occur in the same horizon. Bitumen-S
in the samples (Table 6.2) is located within the fissile shales without the nodules,
and is below detection throughout the rest of the samples. The highest ratio of
bitumen atomic S/C is 0.01; therefore there is not enough sulfur in the sample for it
to count as typell/IlIS. Not only does this show that there is a behavioural difference
in S cycling during times of concretion formation, it also indicates that the system
was not euxinic, as the atomic S/C would be higher (>0.04), thus there is not an

excess of S in the system (Aizenshtat and Amrani, 2004 and references therein).

Sample Stratigraphic Atomic S/C
Number Height (m)

BV8 1.90 0.0005
BVa 1.80 0.0001
BVb 1.60 0.0001
BVc 1.55 0.0000
BV9 1.50 0.0005
Bvd 1.40 0.0056
BVe 1.20 0.0065
BV10 1.15 0.0126
BVf 1.00 0.0097
BVg 0.80 0.0070
BV11 0.75 0.0045
BV12 0.25 0.0000
Average 0.0039

Table 6.2 Bitumen atomic S/C.
These values are consistent with the bottom-waters being anoxic but
not euxinic.
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6.3.2 Iron geochemistry

Pyrite formation relies on the availability of: bacterially metabolisable OM; reactive-
Fe; and sulfate (for sulfide formation). Therefore pyrite is a good indicator of C-S-Fe
chemistry, and therefore depositional regimes within the sediment undergoing
diagenesis (e.g. Lyons and Berner, 1992). Iron availability is related to the form in
which Fe is in when entering the marine environment, that is, some species are more
reactive then others, for example, iron(oxy)hydroxides are not stable in reducing
environments and break down easily forming labile Fe (e.g. Berner, 1970; Lyons and
Berner, 1992; Lyons and Severmann, 2006). Iron which can break down easily
during deposition and diagenesis theoretically should also break down easily as part
of a rock component (Berner, 1970). Thus using HCI to extract the readily available,
residual Fe, that didn’t form pyrite and comparing this to the amount of pyrite in the
rock elucidates some palaeoenvironmental indicators for the time of deposition (e.g.
Berner, 1970; Lyons and Berner, 1992; Berner and Raiswell, 1983; Lyons and
Severmann, 2006; Poulton et al., 2004). This is known as the degree of pyritization

(DOP):

Degree of Pyritization (DOP) = Pyrite-Fe

(Pyrite-Fe + (HCI or dithionite extractable Fe)).

Distinguishing between highly reactive Fe minerals and the silicate phases can
therefore identify between iron-limited or sulfur-limited conditions (e.g. Poulton and
Canfield, 2005). Presently, there are a series of extractions of iron from the parent
rock which can differentiate between highly reactive, poorly reactive and unreactive
Fe minerals (see further work section). These data, however, were obtained in the

early 1990s and extractions were obtained via dithionite (a reducing agent) and HCI.
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Dithionite extracts the highly reactive Fe-minerals, as does HCI (Berner, 1970;
Canfield, 1989; Raiswell et al., 1994; Poulton et al., 2004; Lyons and Severmann,
2006). However, dithionite will not extract the essentially unreactive silicate-
minerals unlike HCI (Canfield, 1989; Raiswell et al., 1994; Poulton et al., 2004;
Lyons and Severmann, 2006). Thus HCI will overestimate the amount of reactive Fe
there is in the system (e.g. Canfield, 1989). DOP values for the differing amounts of
oxygen conditions have been classified as; oxic conditions, which show low degrees
of DOP (<0.42), anoxic environments, intermediate DOPs (0.46 to 0.80) and sulfidic
(euxinic environments) are highest (0.55 to 0.93) (Raiswell et al., 1988). The reason
why sulfidic environments yield higher DOPs is due to the time over which the less
reactive Fe minerals are exposed to H,S (Berner and Raiswell, 1983). Values for the
Shales-with-Beef DOP (HCI extraction) are between 0.51 and 0.67 with a mean of
0.59. As the atomic S/C values are low, these data are in agreement that the bottom
water was anoxic but not sulfide-rich. The DOP values from the dithionite
extraction, however, are consistently higher; between 0.77 and 0.85, although the

mean is 0.79 (Table 6.3).
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Sample Stratigraphic
Number Height (m)
BVS8 1.90
BVa 1.80
BVb 1.60
BVc 1.55
BV9 1.50
BVvd 1.40
Be 1.20
BV10 1.15
BVf 1.00
BVg 0.80
BV11 0.75
BV12 0.25
Average
Table 6.3
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0.78
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0.78
0.77
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0.79
0.80
0.75
0.80
0.80
0.77
0.85

0.79

DOP for both HCI and dithionite extractions.
The DOP from the HCI extraction suggests either sulfidic bottom
waters or anoxic, however the bitumen atomic S/C indicates anoxic
bottom waters rather than sulfidic.
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Figure 6.20 DOP in relation to concretion formation and different
extractions.

During the times when concretions form, the biogeochemistry of the
sediment is different to that when concretions are not present, as there
is a difference in the DOP (between dithionite and HCI extractions),
suggesting a difference between horizons within the less reactive
silicate minerals, or clay, fraction of Fe.
The DOP from the dithionite extraction is consistent throughout the measured profile
(Figure 6.20). This suggests that there isn’t a strong variation of input from highly
reactive Fe minerals or sulfide during deposition or diagenesis. The DOP from the
HCI extraction, however, suggests that there are changes between the horizons of
fissile shale with concretions and just fissile shale. The fact that DOPyc, increases
during times of concretion formation would indicate that there may have been more
reaction between less reactive forms of Fe and H,S in the pore-waters in the
concretionary horizons than during the times when the fissile shales are deposited.
As HCI extractions also take Fe from the less reactive minerals and dithionite

removes only Fe from the highly reactive mineral stages, then this data suggests that

the difference seen in these data are related to less reactive minerals. Thus there must
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be a change with the less reactive silicate minerals, or clays. This has been suggested

before as highly reactive minerals have been masked with mechanism proposed

being related to clay mineral formation during diagenesis (Poulton et al., 2010).
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Figure 6.21 Iron weight (%) from the HCI extraction.
The zones with concretions have lower extractable Fe than those
without, using the HCI method.

The iron concentration in the sample from the extraction of HCI suggests it is lower

in the zones where concretions form than the zone without concretions (Figure 6.21).

The iron concentration extracted from the dithionite, however, doesn’t show a

marked change between horizons with concretions or those without (Figure 6.22).
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Figure 6.22 Iron weight (%) from the dithionite extraction

Unlike the iron weight percentage from the HCI extractions, the

dithionite extractions do not show a marked difference between the

zones with and without concretions..
The difference between the results from the iron data could be related to the
formation of authigenic clay minerals during burial diagenesis or due to rapid
sedimentation rates (Poulton et al., 2010; Poulton and Canfield, 2011). As high
sedimentation rates are unlikely (due to the distance from the hinterland either during
maximum or minimum transgression; Figure 6.1), it is proposed that during times of
concretion deposition there is masking in the Fe pools due to more intense diagenesis
(because of a slowdown in sedimentation rates). This mechanism allows the less
reactive pool of Fe to deplete as it undergoes intense diagenesis, allowing new clay
minerals to form, as HCI (but not dithionite) can extract from this pool.
Additionally, this intense diagenesis which increases the labile Fe pool can also be

used to partially oxidise sulfide, forming elemental sulfur for example, since a larger

pool of Fe(l11) will be released from the sediment. This again correlates with what is
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seen in the sulfur geochemistry as the elemental S is detectable in the concretion

horizon but not in the fissile shale alone.

6.3.3 Depositional model for the Shales-With-Beef Member

The difference between Fe and S chemistry in the fissile shales with concretions and
fissile shales without shows that there are changes in the balance of processes taking
place during diagenesis of these two lithotypes. In the zone where concretions form
the kerogen is sulfur-rich in comparison to when only the fissile shales form. As
sulfurisation is more effective during anoxic conditions (e.g. Pearson et al., 1996); or
weakly oxygenated bottom waters (Aplin et al., 1993), this helps elucidate the
palaeoenvironmental conditions during the time of deposition. The bitumen-S is in
agreement that the conditions were anoxic but not euxinic. Bitumen-S was not
present during times of concretions and instead S° was. Although the key controls on
S being incorporated into OM during early diagenesis remain unclear, different
biomolecules produced during early diagenesis will be susceptible to biodegradation
(e.g. Zhu et al., 2013); sulfide bridges formed from polysulfides are more likely to be
broken during subsequent diagenesis than thiols for example (e.g. Sinninghe Damste
and de Leeuw, 1990; Zhu et al., 2013; Raven et al., 2015). The S° present during
times of concretions is clearly not a straight substitute for the bitumen-S as indicated
by the isotope signatures. Additionally, thiols produced from nucleophilic attack by
sulphide have stronger bounds and are less likely to be broken during later
diagenesis, whilst sulphide bridges are weaker and are expected to readily break
down (e.g. Zhu et al., 2013 and references therein; Raven et al., 2015). The isotopic
signature from the S° is heavier than pyrite because it formed in the deeper part of
the system, from the persistent H,S, and therefore H,S was not available to be

incorporated into bitumen. Instead, it is proposed that during times of concretion
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formation, OM has incorporated more polysulfides, which can then break down
easier during later diagenesis. The polysulfide source is not reoxidised products from
diagenetic H,S as the isotopic signatures are too heavy. The S-chemistry indicates
that the palaeoenvironmental conditions were anoxic to weakly-oxygenated bottom
waters, and that there was a mechanism for oxidation for the excess S° to form
during times of concretion formation. In addition to this the DOP (from the HCI
extraction) is in agreement with anoxic but not euxinic conditions. During times of
concretion formation however, there are higher amounts of DOP, suggesting that
there is more H,S in the system. Data retrieved from the dithionite extractions
however, is consistent throughout the measured profile. The change seen only with
the HCI extraction and not dithionite suggests that there is a change with the less
reactive silicate minerals or clays (Poulton et al., 2010; Poulton and Canfield, 2011).
Indeed, iron concentrations from the samples extracted from HCI are lower during
times of concretion suggesting that there is another sink; whilst the dithionite
extractions show very little change between concretion and no concretion horizons.
It is proposed that during times of concretion deposition there is masking in the Fe
pools due to more intense diagenesis. Intense diagenesis can cause i) the breakdown
of less reactive Fe minerals as they are in the biogeochemical zone for longer ii) the
formation of new authigenic clays and iii) the partial oxidation of sulfide, forming

elemental sulfur for example (e.g. Aplin et al., 1993).

The organic matter initial input variation was negligible as the TOC content does not
vary much throughout much throughout the measured section (Figure 6.10).
Additionally, there must always be available iron and sulfur; evidenced by the lack
of changes to the amount of pyrite in the measured section (Figure 6.5). This

strongly suggests that the initial inputs of organic matter, iron and sulfur are similar
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throughout the deposition of the measured section, and variations in inputs are not
causing the changes seen within the S and Fe chemistry during concretion formation
in the Shales-with-Beef Member. Additionally, the preservation of organic-rich
sediments is often thought to be because of a number of factors, including reducing
conditions, high primary productivity, sediment starvation, clay physically protecting
OM, or a combination of these things (Rimmer et al., 2004). This data shows that
reducing conditions remained throughout the section measured, and that there is no
additional TOC during times of concretion formation, indicating no major changes to
the depositional system. Therefore, it is postulated that differences seen are related to
changes in sedimentation rates which fluctuate due to the variations in (3" order)
sea-level. Slower sedimentation rates are postulated to have occurred during times
when both Fe and S cycling show systematic changes and coincide with the
formation of concretions. This is consistent with other studies that have
demonstrated that paused and/or slowed sedimentation rates have been the
mechanism of concretion formation (e.g. Raiswell, 1987; Taylor et al., 1995;
Majewski, 2000; Bréhéret and Brumsack, 2000; Witkowska, 2012). This can be due
to winnowing of the sediments or increased residence times within the early
diagenetic species allowing shallower sediments to remain longer in the
biochemically active zone (e.g. Taylor et al., 1995; Bréhéret and Brumsack, 2000;
Witkowska, 2012). The Shales-with-Beef Member is likely to have had two differing
depositional environments which show subtle differences in S and Fe cycling; low
stand (when there are no concretions) and high stand (during times of concretion
forming). High sedimentation rates have not been postulated as the palaeogeography
(Figure 6.1) shows that the hinterland did not undergo major uplift and that the

deposition of the Shales-with-Beef Member was distal relative to the shoreline (as in
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indicated by palaeogeographies and the shoreline; Figure 6.1) during maximum

transgression or maximum regression (Getech, 2013 and references therein).

6.3.3.1 Low stand

During normal sedimentation rates (or low-stand) the normal steady state ‘“Berner”
model applies (Figure 6.23). That is, when organic matter is buried, and once O, is
depleted, bacteria use the OM as a reducing agent and energy source to reduce
sulfate to sulfide. There is available Fe in the system which reacts with the H,S to
form metastable monosulfides. The AVS/sulfide formed will probably go through
many cycles of oxidation and reduction before final burial as pyrite (Berner, 1970),
but there is less intense cycling than when the concretions form. H,S can persist in
the deeper part of the sediment as there are no major mechanisms of oxidation. The
S-isotopic values of the H,S will increase in the deeper/older sediment, as the
bacteria will have preferentially utilised the lighter *S in the shallower part of the
sediment. The heavier H,S can either diffuse up through the sediment or be
incorporated into the bitumen and kerogen during diagenesis. Although there will be
carbonate minerals forming (in the very shallow parts of the sediment), they will be
minor and not develop into concretions. During this time, there will be excess iron

left in the system as evidenced by the Feyc extractions (Figure 6.23).

6.3.3.2 High stand

As eustatic sea-level rises, the hinterland is further away, thus the amount of
sediment reaching the (Present Day) Dorset Coast was reduced. There are clear
changes within the diagenesis of the rock: i) concretions form ii) elemental S is
preserved iii) iron (solid) speciation is different. The concretions forming indicate

that there is increased alkalinity in the system. The overlying Birchi Beds have *C
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values that are between -10 to -14%., showing that there was an important
contribution of carbonate derived from sulfate reduction (Marshall, 1982), and that
they formed in the upper few cm’s of the sediment (Coleman and Raiswell, 1981).
The presence of elemental-S indicates a change in the dynamics of S-cycling, and the
changes in Fe speciation indicate a change in the dynamics of Fe cycling. The
continuation of pyrite formation, with similar isotopic values, and the fact that
organic matter distribution is similar throughout the measured sections are similar,
(although with a minor increase in the top of the measured section), shows that the
anoxic conditions remained with plenty of sources of Fe, S and OM. Thus, it is
postulated that a reduction of sedimentation rates caused the anomalies seen in this
horizon. This allows the shallower sediments to remain longer in the biochemically
active zone which drives more Fe-cycling, as evidenced by less Feyc remaining.
The intense cycling allows more Fe(l11) to be released from minerals at a later stage,
which could then oxidise the H,S to form S° (e.g. reaction 6.1). The S is heavier
than pyrite because it formed from the persistent H,S in the deeper part of the
system. This also could explain why the bitumen has non-detectable S as the H,S is
not available for it to be incorporated into it. The kerogen has undergone diagenesis,
and therefore in both horizons the values represent a mix of primary S and added
H,S during early diagenesis, thus the values are closer to seawater (assuming that
kerogen doesn’t lose S during early diagenesis). The higher Fegji, can be explained if
the recently available Fe(ll) is then incorporated into clays. Although the oxidation
of H,S does cause the surrounding pore-water to be more acidic (reaction 6.1), the
more intense Fe-cycling and subsequent alkalinity generation must outpace the

acidity, which then induces concretion formation (Figure 6.23).
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Figure 6.23 Depositional and diagenetic model for the Shales-with-Beef Member.
During normal sedimentation rates, organic matter is buried, and once O, is depleted, bacteria use the OM as a reducing agent
and energy source to reduce sulfate to sulfide. Available Fe in the system reacts with the H,S to form metastable monosulfides. As
there are no major oxidation mechanisms, H,S persists in the deeper part of the sediment. The S-isotopic values of the H,S
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increase in the deeper/older sediment, as the bacteria will have
preferentially utilised the lighter S in the shallower part of the
sediment. The heavier H,S can either diffuse up through the sediment
or be incorporated into the bitumen and kerogen during diagenesis.
As eustatic sea-level rises, the amount of sediment reaching the
(Present Day) Dorset Coast was reduced. The presence of elemental-
S indicates a change in the dynamics of S-cycling, and the changes in
Fe speciation indicate a change in the dynamics of Fe cycling. The
continuation of pyrite formation, with similar isotopic values, and the
similarity of the OM distribution throughout the measured section,
shows that the anoxic conditions remained with plenty of sources of
Fe, S and OM. Reduced rates of sedimentation could cause the
shallower sediments to remain longer in the biochemically active zone
which drives more Fe-cycling. More Fe(l1l) is released from minerals
at a later stage, which oxidises some H,S to form S°. The S° is heavier
than pyrite because it formed from the persistent H,S in the deeper
part of the system. The kerogen has undergone diagenesis (in as much
as it can at that temperature), and thus in both horizons the values
represent a mix of primary S and added H,S during early diagenesis.
The recently available Fe(ll) is then incorporated into clays. The
more intense Fe-cycling and subsequent alkalinity generation induces
concretion formation.

6.4 Conclusions

The data show that there was a consistent amount of organic matter (type 1I/111
kerogen) throughout deposition of the Shales-with-Beef Member. The concentration
of pyrite within all the samples signifies that there was a constant supply of both iron
and sulfide; moreover this also demonstrates that the conditions remained reduced.
The results of the organic matter analysis, however, indicate that the conditions were
not so reducing that the basin was euxinic; this is in agreement with the DOP values
which indicate that the bottom water was anoxic but not sulfide-rich, again
throughout the entire section measured. However, there are marked differences with
the iron and sulfur chemistry which coincide with the horizons that contain
concretions. Throughout the measured section the DOPgy, values did not show
variation, which is in contrast to times of concretion formation in the DOPy¢ data
when there was a higher DOP, the latter suggesting that more H,S was available to

react with iron. As dithionite only extracts the more reactive Fe minerals, whilst HCI
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extracts those and the less reactive minerals, this strongly suggests that there was
predominantly a change in the less reactive silicate minerals (clays). This change
coincides with a switch from bitumen that contains S and S° that remains
undetectable, to bitumen lacking undetectable S to detectable S°. The lack of change
to sediment inputs, that is, the OM matter and conditions remaining reduced, coupled
with the changes in iron and sulfur chemistry and forced precipitation of concretions
shows that the system is no longer in a steady-state. The §*S isotope values show
that the elemental sulfur is not from reoxidation of monosulfides and the source of
elemental-S is less fractionated. As changes in sediment rates can heavily influence
the mineralogy of the sediment, it is proposed that these changes are due to a
reduction in sedimentation rates due to fluctuations in sea-level. During low-stand,
the steady-state model applies with bacteria reducing sulfate to sulfide which then
reacts with the available Fe to form monosulfides and eventually pyrite. The H,S can
persist in the deeper part of the sediment as there are no major mechanisms of
oxidation. Heavier H,S either diffuses up through the sediment or is incorporated
into the bitumen and kerogen during diagenesis. During high-stand there is less
sediment supply. Bacteria still reduce sulfate to sulfide; reacting with available Fe to
form monosulfides and pyrite. However, due to the slow sedimentation rate, species
remain longer in the biochemically active zone with more intense Fe cycling,
allowing more Fe(lll) to be released at a later stage; this then oxidises the H,S to
form S°, thus the H,S is not available for it to be incorporated into the bitumen. The
Fe is also incorporated into clays. Although the oxidation of H,S does increase the
surrounding pore-water to be more acidic, it is outpaced by the alkalinity produced

when Fe is reduced thus the conditions are generated for concretion formation.
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6.5 Further work

The formation of clays is speculated, but more robust data could be obtained by
correlating these data with Al/Fe ratios and Sr isotope data. Additionally, the
methods for iron speciation have been updated since sampling, thus more
information could be obtained. Through a series of extractions iron minerals can be
differentiated between (e.g. Poulton and Canfield, 2005; Lyons and Severmann,

2006; Cumming et al., 2013):

> Highly reactive iron (Fewry). This is pyrite Fepyn, iron associated with acid
volatile sulfides Feavs), residual unsulfidised dithionite extractable Fe
(Feeitny), iron associated with magnetite (Fewin) and iron-rich carbonates
(Fearb));

> Poorly reactive iron from silicates (Feer));

> Fewunr)— unreactive, usually in the silicate phase;

> Fem)—total iron, is the sum of all of the above.

Distinguishing between the highly reactive minerals would help identify between
iron-limited and sulfur-limited conditions (Poulton and Canfield, 2005). New
samples could be taken so that the better iron extractions could be used. This would
also resolve, along with obtaining Al data (for Al/Fe ratios), the hypothesis that iron
clays are forming. The Al/Fe ratios should identify if non-sulfidised Fe has been used
to form clay minerals by identifying enrichment of Fe to Al (Lyons and Severmann,

2006; Cumming et al., 2013).

%3y is a naturally occurring isotope whilst 8’Sr is radiogenic and results from the
decay of ®'Rb, thus seawater tends to have low ®’Sr and therefore lower 8'Sr / 8Sr

(Capo et al., 1998). The transported clay minerals which were included into the
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Shales-with-Beef Member during deposition will be much older in comparison to the
authigenic clays (the latter would reflect ®’Sr / ®Sr similar to seawater). ’Rb will
have been incorporated into the clay minerals as well (half-life of ®’Rb is 48.8 Ga).
The calcium carbonates which formed in the shallower sediments also have Sr
associated with their formation and they will reflect pore-water values. Pore-waters
will originally contain seawater Sr but if detrital clays are weathered during
diagenesis they will release more radiogenic Sr. If there is more intense diagenesis
during the times of concretion formation then this will break down the (older) clays
releasing Fe** and higher 3'Sr/ ®Sr (because of more decay of ®’Rb in the transported
clays) into the pore-waters. This heavier Sr is redistributed into calcium carbonate
minerals, whilst the iron should form new clay minerals (or pyrite). Thus if the iron
in the clay minerals are weathered, due to staying longer in the biogeochemical
active zone, then the new authigenic clays and calcium carbonate minerals will too

have higher &Sr/ ®sr.

The preservation of OM is linked to sedimentation rates. If the rate is too high or too
low then dilution of the source rock will occur, thus preservation will be poorer. As
the horizons are relatively small, the slowing down of sedimentation has not affected
the OM preservation in the samples obtained for this study. If a thicker concretionary
horizon of the Shales-with-Beef Member was sampled and OM preservation is
poorer than the rest of the formation, then this would also support the theory of a

decrease in sedimentation rate during time of concretion formation.

Some palaeoredox workers (e.g. Turgeon and Brumsack 2006; Rimmer, 2004) have
used trace metals enrichments relative to Al to help determine the conditions (e.g.
anoxic versus dysoxic) within the marine system; some of these methods maybe

applicable to a study of this nature. Including the use of Ti:Al to help define
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fluctuations in sea-level. Results from trace metals could support the interpretation of

these data.
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Chapter 7 Study Discussion & Conclusion

7.1 Introduction

This thesis has been carried out as discrete studies pertaining to metal interactions
with the sulfur cycle in aquatic sediments. As each chapter has already included
discussion and conclusions, this chapter is designed to integrate the key findings

across the sites.
7.2 Main findings

7.2.1 Thorne Moors Redox Zones main findings

Redox zones at Thorne Moors are complicated due to a series of processes
interacting with one another. These include the interaction between plants, lateral
water flows and bacterially mediated processes. The pore-water profiles show
similarities over time and at different locations showing that these complex
interactions were not transitory. Oxidised species of S and N are added to the
peatbogs at the surface by atmospheric deposition which bacteria then use up as a
source of energy in the near-surface leaving low concentrations of these chemical
species deeper in the peat profile. It is well established that plant material decays and
gradually becomes humified to form peat, releasing oxygen, sulfur and nitrogen
(Novak et al., 2009; Zaccone et al., 2007, 2011). Over time the peat can be seen to
decompose at the same rates, but over very short periods the peat decomposes
differentially, which this study has shown adds short-lived spikes of SO4* and NOs”
(but not CI") that diffuse quickly both up and down the peat. Eriophorum roots exude
O, thus creating a microenvironment whereby oxidation of both N and S occur, and

is also evident in the high-resolution profiles generated in this study. Lateral water
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flows (pipes) bring in O, from the surface, or at least differing amounts of CI", SO,
and NOj3™ from other parts of the peat, as seen in the DET pore-water profiles. Due
to the nature of these processes it is hard to distinguish simplistic “redox zones”
through the profile; moreover this study has shown that some of these processes are
occurring within the catotelm, which is therefore not so chemically inactive as some
workers have previously assumed. Additionally the complexity of the processes were
found to be consistently repeated temporally and spatially, although there were some
(minor) variations between sites that could be attributed to slight differences in
morphology and ecology. It is therefore clear that for better peat monitoring we
need to move away from the simplified two-layered model to understand the
functionality of peatlands as carbon sinks or sources. This sub-study also suggests,
by comparison with previous work at Thorne Moors, that the reduced sulfur loading
which the site was subjected to until the early 1970s, has now been mitigated giving

a recovery of approximately 40 yrs.

7.2.2 Thorne Moors trace metals main findings

Initial results suggested that long-term trace metal accumulation (except Ni) in
peatbogs is controlled by dust deposition as the solid-phase trace metal profiles
closely corresponded to the ash profile. However, as iron is known to be mobile in
peatbogs (due to redox reactions and vegetation cycling) it showed that post-
depositional processes were missing. This was investigated by examining the
correlation between ash and the metals; not all correlated well. Lack of correlating,
however, may be related to the source of the trace metals (i.e. from a source different
to the dust input) and not because they undergo diagenetic processes. For example,
Pb had a source which was not related to dust (leaded petrol emissions) and therefore

was not expected to correlate well. Enrichment factors were calculated and
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anthropogenic inputs to the peatbog assessed. The solid-phase datasets showed
evidence of mobility for Fe, Ni and Zn; all metals which have shown evidence for
mobility in previous studies. Cu and Pb appeared to be immobile, and Co, for the
most part, immobile. The anthropogenic input calculations suggested that a smaller
fraction of Co, which is related to anthropogenic activity and coupled with iron, is
mobile. Detail from the DET and DGT gels show that there are horizons in the
sediment where metal availability increases yet it is not coupled with a
corresponding increase in concentration, suggesting that some trace metals are
available at depth but move into the solid-phase at the same horizon. As would be
expected most processes seem to occur in the shallowest part of the peat, due to live
and partially decomposed organic matter, and oxygen penetration into the surface
layers. As there is little or no O, in the deeper parts of the peat and not much live
organic matter (apart from roots), only minor variations in both concentrations and

fluxes are expected.

This study strongly suggests that Pb is not mobile and can reliably be used in
atmospheric deposition studies and Pb?® dating. Moreover, this study also
demonstrated that using these combined methods is a cheap and quick effective
evaluation of determining if trace metal are mobile within sediments. Indeed, these
combined methods can be used to screen sediments for their appropriateness of using

isotope studies.

7.2.3 Warham main findings
A pool of Fe** occurs deeper in the sediment. This is due to high sedimentation rates
providing a mechanism to bury a proportion of reactive Fe-minerals and the majority

of the less reactive Fe-minerals, without them undergoing any diagenesis. Elemental



Metal Interactions with the Sulfur Cycle in Modern and Ancient Environments

sulfur is found throughout the depth range sampled in relatively high concentrations
at Ants Pan, even though O is depleted. It is postulated that H,S is oxidised by the
deeper buried reactive Fe** producing the partially oxidised S°. The elemental sulfur
then undergoes further reactions resulting in sulfate at depth. The pore-water data
did not show this, indeed, when plotted against chloride there were no major
enrichments or depletions (except for the very near-surface in one profile)
throughout the depth sampled. The observed profiles are more likely to result from a
net balance between sulfate reduction and sulfide oxidation. The large amounts of
S0,% and S° seen in the near-surface could be due to pore-water advection/diffusion

of H,S from the deeper sediments to the near surface where it is oxidised by O..

This data did not achieve the high resolution datasets that it intended to. Therefore
key details were missed and instead the sulfate core pore-water data are rather
uniform concentration profiles. This dataset alone is not robust, however, work by
Wilmot (2006) demonstrated that Warham sediment (under laboratory conditions)
had Fe(lll) reduction driven by sulfide oxidation in both abiotic and biotic
conditions; both leading to an accumulation of S° and in the biotic experiments only,
siderite precipitation. The work presented here is in agreement with the solid-phase
data of S° found in Warham sediments. Both the laboratory experiments and data
from this study were integral to providing an understanding of early diagenesis at

Warham. Together these data were published in Mortimer et al. (2011).

7.2.4 Shales-with-Beef Member main findings

Data from the Shales-with-Beef Member shows that the inputs of OM, Fe and S
were similar throughout the measured section (TOC and pyrite content varies little

throughout). Pyrite formation also shows that the conditions must have been
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reduced. DOP values and C/S support this view demonstrating that conditions were
anoxic but not euxinic. There are, however, horizons in the measured section which
contain concretions which coincide with marked differences with the S and Fe
chemistry. Dithionite can only extract the most reactive Fe minerals and HCI can
extract the reactive pool and the slightly less reactive minerals; these two differing
extraction techniques showed differences between horizons with concretions and
those without. DOPyc increases during times of concretion formation indicating
that there is more H,S in the pore-waters, than during the times when the fissile
shales are deposited. DOPpty does not change. This strongly suggests that there was
only a change in the less reactive minerals (silicates). This also coincides with a
switch from bitumen that contains S and S° that remains undetectable, to bitumen
lacking undetectable S to detectable S°. The 'S isotope values show that the
elemental sulfur is not from reoxidation of monosulfides and the source of
elemental-S is less fractionated. Concretion formation has been correlated with
sedimentation rates in previous studies (e.g. Raiswell, 1987; Majewski, 2000;
Witkowska, 2012; Bréhéret and Brumsack, 2000), thus it is proposed that there were
changes in sedimentation rates due to fluctuations in sea-level when the
concretionary horizons are present in the Shales-with-Beef Member. The
palaeogeographies (Chapter 6; Figure 6.1) show the location of the Shales-with-Beef
Member during the Sinemurian; they were not deposited in a coastal setting, there
wasn’t any (significant) uplift in the area to push the formation above sea-level, thus

it likely that the sedimentation rates were slowed rather than increased.

During low-stand, the steady-state model applies with bacteria reducing sulfate to
sulfide which then reacts with the available Fe to form monosulfides and eventually

pyrite. Isotopically heavier H,S (with respect to S) persisted in the deeper part of the
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sediment; however, it also diffused up through the sediment and/or was incorporated
into the bitumen and kerogen during diagenesis. During high-stand there was less
sediment supply. Bacteria still reduced sulfate to sulfide which reacted with the
available Fe to form both monosulfides and pyrite. Species remained longer in the
biochemically active zone, however, resulting in more intense Fe cycling. This
allowed more Fe(l1l) to be released at a later stage which partially oxidised the H,S
to form S° Thus H,S was not available for it to be incorporated into the bitumen.
The available Fe was also incorporated into clays. Oxidation of H,S did increase the
surrounding pore-water to be more acidic; however, this was outpaced by the
alkalinity produced by the reduction of Fe, thus conditions were generated for

concretion formation.
7.3 Comparisons between the component studies in this thesis

7.3.1 Thorne Moors metals and redox correlations

The trace metal measurements were made at the same time as the anion analyses at
site 1 and 2 (2011), therefore parallels can be drawn between observations made in
these different studies. However, these data are hard to correlate, especially so as
iron produced at depth diffuses up to a near surface sink. In general sulfate
concentrations are low with sulfate reduction predominantly in the near surface, and
the system is not likely to be controlled by sulfur species. Some interpretations
however, can be drawn by correlating some of the short sharp excursions across
these two sites. In the same horizon as high CI', NO3™ and SO.,Zconcentrations,
which have been interpreted as lateral water flows, there are low Fe(aq)
concentrations and low Fe availability. When the lateral water flows occur, oxygen is

brought deeper into the peat, which increases the sulfate and nitrate concentrations,
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but decreases the iron concentrations as any available iron(l11) will oxidise and form
iron oxy(hydroxides). An example for this horizon can be found at site 1 at
approximately 16 cm. In areas where there is a sulfate and nitrate increase but not a
corresponding chloride increase, it has been postulated that this is either because of
root oxidation or “hotspots” of decomposition. There is evidence for the latter as, in
site 2 at approximate 31 cm, there are positive excursions of sulfate, nitrate and iron

availability. Additionally, this peak can be seen in the cadmium profile too.

7.3.2 Shales with Beef Member and Warham

Warham has high a sedimentation rate which provides a mechanism to bury a
proportion of reactive Fe-minerals, and the majority of the less reactive Fe-minerals
without them undergoing any diagenesis; resulting in a pool of Fe** in the deeper
sediment. Conversely, the Shales-with-Beef Member was deposited during times of
variable sedimentation rates, and Fe-minerals remain in the biochemically active
zone for longer during times of concretion formation. Both scenarios lead to bacteria
reducing sulfate to sulfide; reacting with available Fe to form monosulfides (and
pyrite in the Shales-with-Beef Member) as would be expected in reducing sediments,
but both showed an increase of S° in the sediment. The latter was due to abiotic
reactions of sulfide and iron, where iron is reduced and sulfide is oxidised. The

concretions coexist with pyrite, or monosulfides (for Warham) in the same horizons.

7.4 Contrasting sites

Some reactions are interpreted to be ubiquitous in all sites. For example all sites have

the reaction of sulfate to sulfide via MSR:

2H* + SO~ + 2CH,0 — H,S + 2CO, +2H,0 (7.1).
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The reduced sulfide, however, has been interpreted to have differing subsequent
reactions at each of the sites. This is, in part, related to the source of sulfate, the
reducing conditions of the sites, the major sink for sulfide and the depth in which
reactions happen. At Thorne Moors, the most important source of sulfate is from
organic matter (Bottrell et al., 2010), additionally, pyrite is not a major sink for
sulfate (or iron; see phase diagram in Chapter 4, Figure 4.14) and instead the major
sink for the sulfide is incorporation into organic matter (Bottrell et al., 2010). It is
known that iron monosulfides form at Warham, yet siderite also forms at this site
which is unusual (Pye et al., 1990). The main conclusion for Warham is the
interaction of sulfide with iron. Sedimentation rates at this site are fast, seen from the
rapid accretion of this coastline via comparing aerial photographs (Pye, 1984). It has
been interpreted that Fe** has been buried quickly and a subsequent reaction has
occurred in which sulfide is partially oxidised to S° by Fe** which is also reduced to

Fe?":
FeS + 2FeO(OH) + 2H,0 —  3Fe? + 8%+ 60H (7.2).

Black Venn has DOPs which indicate anoxic conditions and sulfide has reacted with
reduced iron to form pyrite. During times of concretions, however, there is a
mechanism which allows iron from less reactive pools (e.g. Fe-silicates) which stays
in the biogeochemical zone local than normal and results in the same processes as
seen in reaction 7.2. Clearly, the behaviour of sediment diagenesis is related to
numerous processes and conditions within the sediment (e.g. pH, oxygen
concentrations etc.), but importantly related to the reactivity and amounts of
chemical species within the sediments. For example, terrestrial sediments often are
limiting in S, whilst euxinic conditions are more likely to be limited in Fe (e.g.

Lyons and Severmann, 2006 and references therein). Organic matter is generally
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limiting in most marine sediments (e.g. Berner and Raiswell, 1983). Additionally,
there may be plenty of species in the sediment which may not be particularly
reactive, e.g. Fe-silicates versus Fe-oxides. Changing conditions can juxtapose
biogeochemical zones into horizons where they would not normally found, which

may result in more diagenesis.

Sites used in these studies were very differing; Thorne Moors comprises of dead and
alive organic matter, whilst both Warham and Shales-with-Beef have much less OM
(initial inputs and preserved) in the sediment. Additionally the marine and
transitional sites have more sulfate than Thorne Moors does. The diffusion of O; into
the sediment at Warham and Shales-with-Beef Member (inferred from the data) is
shallower than at Thorne Moors, which directly exerts a control on the redox
potential in the sediment. Additionally, Thorne Moors has the complex interaction of
vegetation, which can introduce O, deeper into the system; the Shales-with-Beef
Member shows no evidence of burrowing. These differences are important to
understand as the geochemical cycles of sulfur, iron and carbon regulate CO, and O,
in the atmosphere (Holland, 1984; Berner, 1999, Canfield, 2000, Zhu et al., 2013),

which in effect is the burial of pyrite.

7.5 Stages of diagenesis relating to data collection

DET and DGT gels measure the immediate products of sediment diagenesis.
Additionally the profiles identify where there are diffusion gradients (by the shape of
the profile from DET gels), and the immediate availability of species. However,
predicting long term consequences with regards to diagenesis would lead to
erroneous results, as the gels cannot identify ‘sediment storage information’, as only

the pore-water concentrations and fluxes are obtained. Cores, however, can measure
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pore-waters (usually at a much lower resolution) and solid-phase chemistry. This
allows comparisons to be made from instantaneous chemistry, that is, the products
(or lack thereof, e.g. sulfate reduction results in profiles which have decreasing
sulfate with depth) and the longer term storage of the final products, that is AVS,
pyrite or metals for example. However, using the solid-phase data from cores alone
relies on correlating species burden and timing of inputs, thus inferring early
diagenesis reactions. DET and DGT methods are independent of knowing sediment
age and species burden and timing inputs. The rock record represents the integrated
history of accumulation and potential subsequent loss or gain, due to multiple phases
of diagenesis. Using the rock record therefore clearly relies on a good understanding
of the multiple diagenetic phases by understanding the reactions and resulting
products, as well as understanding, how (if at all) these differing diagenetic phases
react with one another. To do this both modern day and past examples have to be
understood and calibrated with one another so that the diagenetic phases are

understood. In some cases these means that oversimplifications have arisen.

7.6 This study within the wider context of biogeochemical cycles

The established framework for microbial diagenesis in aquatic sediments is
degradation of OM by a series of respiration reactions that yield sequentially less
energy from different terminal electron acceptors (that is, aerobic respiration,
denitrification, manganese reduction, iron reduction, sulfate reduction and
methanogenesis). However, previous work has shown that the model of a simple
progression in processes is an oversimplification. This study strongly reinforces the
inadequacies of the “simple progression” model, and moreover has elucidated the
details of the far more complex pattern of interactions that characterize two types of

environments, which are well known to store carbon (and methane). Indeed,
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peatbogs are shown to exhibit a myriad of different processes in a pattern of complex
element recycling. Many sedimentary environments can be affected by changes in
sedimentation rates and this study has clearly shown how this change can affect the
fate of redox-sensitive elements during early diagenesis. These systems have to be
well understood so that we know the consequences of changing a variable that
affects aquatic systems. That is, we need to understand the detail behind the global
biogeochemical models to account and/or correctly predict how changes to the
global system will affect fluxes, residence times or reservoirs of key elements. This
is especially so for the iron, sulfur, carbon and oxygen cycles as these four elements
control the oxidation state of all Earth’s surface environments (e.g. Holland, 1984;

Berner, 1999; Canfield, 2000; Mortimer et al., 2011; Zhu et al., 2013).
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Apendix

Appendix

A.1 Data precision

Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard

Average

Data Precision (Warham) All sites

Chloride

19.01364975

19.03196003

17.77484342

18.05093459

17.75984334

17.71302305

16.95739426

17.90572764

18.37125679

19.10816142

18.90725507

19.0119

18.30049578

Standard Deviation 0.707813296

Precision (%RSD)
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3.9

Nitrate

0.514368417

0.451900614

0.480948064

0.473423441

0.508015548

0.522473866

0.520754968

0.564102713

0.556381902

0.580917592

0.558369032

0.5131

0.520396346

0.039325611

7.6

Sulfate

10.12563599

9.855853543

9.943757173

9.885660962

9.969326611

9.679663166

9.564867842

9.920328927

9.971003138

10.08877768

10.48012746

10.1235

9.967375208

0.232333556

2.3

Iron

0.0894337

0.0878767

0.0880918

0.0888042

0.0888317

0.0889335

0.0889519

0.0889233

0.0887309

0.000503507

0.6
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Data Precision: Thorne Moors (Fe DGT ) site 1 and 2

Standard 0.2100 0.0396

Standard 0.2000 0.0378

Standard 0.2000 0.0379

Standard 0.2000 0.0377

Standard = 0.0377

Standard = 0.0385

Standard - 0.0397

Standard Deviation 0.0045 0.0007

Page 245



Data Precision: Thorne Moors (Fe DET ) site 1 and 2

Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Average
Standard Deviation

Precision (%RSD)

Site 1

0.210675429

0.210213497

0.210627329

0.210620343

0.210446462

0.210565343

0.210641595

0.210424537

0.210180042

0.210464515

0.210501084

0.211131216

0.211333251

0.211861756

0.211500316

0.212151784

0.211991663

0.210755342

0.212131038

0.212264731

0.2110241

0.0007082

0.3355800

Site 2

0.204810547

0.204399482

0.205472693

0.208256042

0.208083759

0.208220869

0.204670694

0.206135105

0.001685186

0.81703537

0.81703537



Metal Interactions with the Sulfur Cycle in Modern and Ancient Environments

Thorne Moors Site 2 (2011)

Standard 107.07 20.4103 44.13438098

Standard 106.80 20.3558 43.94448777

Standard 106.32 20.2698 43.39267904

Standard 106.07 20.3378 43.10599261

Average 106.40 20.32496425 43.32479774

i
L

Precision (%RSD) 0.37 0.34446044 1.27306651
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Thorne Moors Site 3 (2011)

Standard

Standard

52.252162

50.947457

17.43366773

16.98260901

20.92751458

21.85915827

e

 51.199019 17.05740929 22.01005306

Standard

Standard Deviation

T T W

51.006491

0.537105349

16.89995085

i

0.22326710

il

22.51102008

il

0.63963706

Eaad

!
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Thorne Moors Site 4 (2011)

Standard 99.05870215 33.23 41.03966448
98.57075197
Standard 98.57908773 33.11 40.59097425
| o | ema | ma | semn
Standard 98.95722791 33.16 40.93942747

98.48 33.13 40.81

Precision 0.44 0.45 0.51

(%RSD)
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Standard
Standard
Standard
Standard
Standard
Standard
Standard

Average
Standard Deviation

Precision (%RSD)

Page 250

Thorne Moors Site 5 (2011)

Chloride

53.144897

52.65353228

55.46929335

53.04906583

52.54744229

52.48008911

52.93487683

53.18274239

1.039747205

1.95504624

Nitrate

17.66670612

17.85675165

18.79110321

17.96312406

17.77924414

17.71893411

17.82106357

17.94241812

0.38629625

2.15297763

Sulfate

22.14006307

22.39426329

23.03676781

22.73939147

22.39344848

22.61787242

23.33167844

22.66478357

0.41089812

1.81293643
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Thorne Moors Site 1 (2010)

Standard 38.1298 10.2124 9.1557

Standard 44,1943 11.1795 10.6767

45.5788 11.7602 11.2108

43.75283333 10.84485 10.40558

Precision 7.045527554 6.203948357 8.906164
(%RSD)
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Thorne Moors Site 2 (2010)

Standard 38.7682 8.6491 9.1362
Standard 40.5434 9.3203 9.69

40.4704 9.3831 9.9099

Standard 40.8931 8.8026 8.7634

e

Average

R

Precision (%RSD)

40.42825

2.567666437

9.134425

3.761595907

9.4861375

4.336748686
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A.2 Detection limits

Detection Limit for nitrate (Warham)

Blank 0.0229

Blank 0.0125

Blank 0.0085

Blank 0.0109

Standard Deviation 0.009835289
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Blank

Blank

Blank

Blank

Detection Limit for Thorne Moors (Site 2: 2011)

0.0048

|

0.0053

0.0105

Blank

0.0097

|

0.0065

0.25886

0.159879

0.193618

0.203913

0.200818

Blank

Blank

Blank

0.0065

0.0205

0.0108

0.196361

0.268138

0.224503

|

Average

Standard Deviation *3

0.0094

0.013858721

0.205069

0.099201
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Detection Limit for Thorne Moors (Site 3: 2011)

Blank 0.195 0.19339

Blank 0.232 0.16082

Blank 0.224 0.19651

Blank 0.137 0.17137

Blank 0.138 0.18546

Blank 0.234 0.28977

Blank 0.142 0.19681

Standard Deviation 0.041 0.03928
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Detection Limit for Thorne Moors (Site 4: 2011)

Blank

Blank

Blank

0.1770

0.1606

0.1562

0.189961

0.171782

0.215654

Blank

Blank

Blank

0.1462

0.1480

0.1474

0.185197

0.191601

0.241625

Standard Deviation 0.0155 0.04877
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Detection Limit for Thorne Moors (Site 5: 2011)

Average 0.27561 0.310815

Standard Deviation *3 0.28306 0.199021
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Blank

Blank

Detection Limit for Thorne Moors (Site 1: 2010)

0.4424

0.4154

0.2369

0.2328

0.015588457 | 0.019938

il

Detection Limit Thorne Moors (Site 2: 2010)

Blank

Blank

Blank

0.6938

0.6939

0.6978

1.0411

1.0436

1.1027




Metal Interactions with the Sulfur Cycle in Modern and Ancient Environments

A.3 Shales-with-Beef data

Sample | Stratigraphic Fe HCI- DOP Fe DOP
ID Height ex HCI Dithionite Dithionite
m Wt % Wt %
BV8 1.90 1.28 0.62 0.60 0.78
BVa 1.80 1.32 0.62 0.62 0.77
BVb 1.60 1.08 0.64 0.54 0.78
BVc 1.55 1.14 0.63 0.58 0.77
BV9 1.50 1.11 0.63 0.49 0.80
Bvd 1.40 1.09 0.64 0.52 0.79
BVe 1.20 1.44 0.56 0.46 0.80
BV10 1.15 1.56 0.53 0.58 0.75
BVf 1.00 1.53 0.54 0.44 0.80
BVg 0.80 1.61 0.54 0.46 0.80
BVv11 0.75 1.46 0.51 0.45 0.77
BVv12 0.25 0.95 0.67 0.34 0.85
Sample = Stratigraphic | §'°C 8%'s 5*'s 5**s 8%'s
ID Height Bit-C Bit-S pyrite | elemental S kerogen-S
m per per per mille per mille per mille
mille mille
BV8 1.90 -28.70 n.a. -24.70 -5.60 1.30
BVa 1.80 n.a. n.a. -25.40 -5.30 -6.40
BVb 1.60 n.a. n.a. -23.80 -13.40 -4.80
BVc 1.55 n.a. n.a. -24.80 -5.00 -0.90
BV9 1.50 -28.40 n.a. -22.30 -14.20 -2.90
Bvd 1.40 n.a. 4.10 -23.00 -15.10 -3.10
BVe 1.20 n.a. n.a. -25.70 n.a. 0.10
BV10 1.15 -28.70  6.40 -23.40 n.a. 1.70
BVf 1.00 n.a. 4.90 -23.90 n.a. -1.10
BVg 0.80 n.a. 3.20 -26.40 n.a. 1.70
BVv11 0.75 -28.80 | 2.80 -27.30 n.a. -0.50
BVv12 0.25 -28.80 n.a. -26.90 n.a. -8.30
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Sample
ID

BV8
BVa
BVb
BVc
BV9
BVvd
BVe
BV10
BVf
BVg
BV11
BV12

Sample ID

BV8
BVa
BVb
BVc
BV9
Bvd
BVe
BV10
BVf
BVg
BV11
BV12
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Stratigraphic
Height

m
1.90
1.80
1.60
1.55
1.50
1.40
1.20
1.15
1.00
0.80
0.75
0.25

Stratigraphic Height

Wt %

m
1.90
1.80
1.60
1.55
1.50
1.40
1.20
1.15
1.00
0.80
0.75
0.25

Pyrite

4.47
4.55
4.04
4.14
4.13
411
3.92
3.81
3.88
4.03
3.26
4.09

Elemental
S
Wt %
0.04
0.04
0.05
0.04
0.05
0.06
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005

Bitumen
Wt %
0.07
0.08
0.07
0.06
0.09
0.06
0.04
0.06
0.06
0.07
0.08
0.05

TOC

Bitumen
S

Wt % Wt %

9.17
8.11
6.52
6.28
6.32
6.92
6.46
6.60
5.98
6.09
6.88
5.69

<0.1
<0.1
<0.1
<0.1
<0.1
1.10
1.30
2.50
1.90
1.40
0.90
<0.1

Bitumen-C
Wt %
69.70
73.10
74.90
76.20
75.20
74.10
75.40
74.70
73.80
74.90
74.90
77.60

Kerogen

Atom C/S
38.70
33.10
35.30
36.20
34.60
38.90
44.70
43.30
41.90
42.70
41.20
32.40

Bitumen -H
Wt %
12.3000
11.7000
11.4000
12.3000
8.2000
10.1000
11.9000
10.7000
12.7000
12.1000
12.3000
12.9000
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