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Abstract:

Clumped isotope (As7) data from British Middle and Upper Jurassic diagenetic and
biogenic (skeletal) carbonates is presented. As7 provides an assumption-free measure of
carbonate formation temperature, which, when used in paleotemperature equations,

allow derivation of the precipitating fluid §20.

The earliest microspar cements, from the bodies of early diagenetic, mudstone-
hosted, septarian concretions (British Middle and Upper Jurassic), formed at
temperatures between 9 + 5°C and 18 + 5 °C, from pore fluids with §'80 between 0.2 +
1.1%0 and -2.2 + 1.1%0 VSMOW. The results confirm synsedimentary concretion growth
from marine pore fluids. Concretion body cements are proposed as robust archives of

benthic palaeotemperatures.

Metre-scale, sandstone-hosted calcite concretions from the Bathonian Valtos
Sandstone Formation (Great Estuarine Group) initiated at temperatures of 45 + 6 °C from
isotopically depleted, meteoric pore waters (-12.4 + 1.1%0 VSMOW); the fluid
compositions unequivocally identify cementation as an early Paleocene event.
Temperatures rise in the outer part of the concretions to 73 + 8 °C, and 8'0r.uip
compositions become enriched (2.1 £ 1.1%0. VSMOW). This heating records interaction
between meteoric-water and hot lavas formed during the earliest Hebridean Igneous
Event. The high temperature signal is found in Valtos Sandstone Formation concretions
basin-wide, implying that the porous sandstone was a conduit for hot water in the early

Paleocene.

As7 values in ‘pristine” aragonite shells (Praemytilus strathairdensis) from the
lagoonal, Lealt Shale Formation (Great Estuarine Group), give a range of temperatures
(23-58 °C), mostly too high to represent growth environment. Values above 35 °C are
interpreted to have undergone partial solid-state resetting of As7 under burial
temperatures >50 °C but <100 C. The lowest temperatures (20-30 °C) and lagoon water
8'80¢FLuip compositions (0%o to -2%0 VSMOW) are plausible palaeoenvironmental values.
Wider reassessment of preservation criteria for As7 studies of biogenic aragonite is

recommended.
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Figure 3.5: Line drawing of sample 161a, showing sampling sites: black circle =
concretion body; red line = fibrous fringe (with inner and outer marked as

initials); blue line = spar.

Figure 3.6: Cross plots of concretion geochemical and As; temperature data. Error bars

represent one standard error of the pooled standard deviation (see Table 3.2).

Figure 3.7: Box and whisker diagram of: (A) As7values and (B) temperatures reported for
body, fringe and spar cements of Oxford and Ampthill Clay concretions by Loyd
et al. (2014) and this study.

Figure 4.1. Stratigraphy of the Great Estuarine Group, with schematic log for
Trotternish (Skye). Black and white scale bar divisions represent ~25 m (after

Andrews, 1984).

Figure 4.2: Map of Skye and the Small Isles, including Eigg, with sampling locations
indicated by arrows. Red dashed zone shows extent of hydrothermal influence
of the Skye Paleocene igneous centres, based on information from Forester and

Taylor (1977). Map adapted from Thrasher (1992).

Figure 4.3: Map showing extent of the Sea of the Hebrides and Inner Hebrides basins

after Fyfe et al. (2021). IHB = Inner Hebrides basin.

Figure 4.4: Graphic log of the Valtos Formation at Valtos (Trotternish) after Harris and
Hudson (1980).

Figure 4.5: Concretions from the basal Valtos Formation, Valtos Trotternish. A)
‘Spherical’ concretion, bed 3 ; B) “Tabular’ concretion, basal part of bed 3. This
concretion previously analysed in Wilkinson (1989) — vertical spacing of drill

core holes is ~10 cm.

Figure 4.6: Concretions from upper part of the Valtos Formation (Division E) of Laig Bay,
Eigg. Hammer handle is 35 cm long. A) large concretions in bed 2 similar to the
spherical concretions seen at Valtos (Fig. 5a) B) ‘decimetre-scale’ concretions; C)

concretions in cemented zone adjacent to Tertiary dyke.

Figure 4.7: Calcite-cemented veins that cross cut (post-date) concretions at, A) bed 3

Valtos Cliffs, Trotternish, Skye; and B) bed 2 (Division E) Laig Bay, Eigg.

Figure 4.8: Prominent calcite-cemented veins in cemented sandstone adjacent to a dyke
margin (dyke now eroded into trench feature (left). The veins run parallel to the

dyke. Laig Bay, Eigg.

Figure 4.9: Calcite cemented vein within dyke at Valtos Cliffs, bed 2, Trotternish, Skye.
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Figure 4.10: Simplified burial history of the Great Estuarine Group, updated from
Hudson and Andrews (1987). The brown envelope shows the complete
thickness of the GEG. The plot depicts a theoretical maximum burial as
tectonic/erosional disturbances are not accounted for. The pecked lines indicate
greater uncertainty post-60 Ma and are a compromise solution from varied data
sources. The timing of two phases of land surface erosion is indicated but depth
of erosion is not known. The Valtos Sandstone Formation is positioned in the

centre of the GEG envelope.

Figure 4.11: Concretions in bed 3 at Valtos, Trotternish. A) Compaction of sedimentary
laminae visible around the concretions, particularly clear on the LHS above

concretion.

Figure 4.12: Comparison of §'®0 and 8'3C results for decimetre-scale (E2 to 8) and large
(E1) concretions from Eigg measured by Wilkinson (1989, 1992). P1 to 3 indicate
zones of the large Eigg concretion referred to in text (reported as P1-3 by

Wilkinson, 1989).

Figure 4.13: Comparison of 880 and 83C results for spherical (VR1 and 2) and basal
(VB1 to 3) concretions from Valtos, Skye, measured by Wilkinson (1989, 1993).

Figure 4.14: Data for concretion VR1 from Wilkinson (1989, 1992), indicating vertical
and horizontal transects; A) 6*3C and 820 (%o, PDB); B) SrCO3 and MnCOs
(mol%); C) MgCOs and FeCOs (mol%).

Figure 4.15: Concretion VR1, bed 3, Valtos, Trotternish. A) In situ as illustrated by
Wilkinson (1993) and B) ex situ as seen on the foreshore in 2018 (inverted

relative to A).

Figure 4.16: Neomiodon limestone blocks, ex situ at Valtos Cliffs, Skye. A) Sample 189-8
in the field; B) Sample 18-4 in the field; C) Sample 189-8 with spar fills visible; D)

18-4 vein sample.

Figure 4.17: Veins associated with a dyke intruding the Valtos Sandstone at Valtos Cliffs,
Skye. A) Locations of samples in reference to the dyke; B) Sample 189-5,
showing needle-like calcite crystals and association with a brown smectite
mineral; C) Sample 189-7a including location of vein subsection; D) Sample 198-

6; E) Schematic of the relationship between vein 189-5 and 189-7a.

Figure 4.18: Sample EG 191015-1, concretion from Dun Dearg, Skye. Field photo

courtesy of J. E. Andrews.
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Figure 4.19: Sampling schematic of ‘large’ concretion from bed 2, Divison E, Laig Bay,
Eigg.

Figure 4.20: Field photos of decimetre-scale concretions from Laig Bay, Eigg. A) Sample
169-6; B) Sample 169-7; C) Sample 169-6 in situ; D) section of Sample 169-6

taken for hand specimen.

Figure 4.21: Cross section of sample 169-1r, a dyke margin concretion from Laig Bay,
Eigg. Powder was milled from a well cemented section, seen here as the palest

colour.

Figure 4.22: Images of veins from the Duntulm Formation at Kilmaluag Bay, Skye; A)
veins crosscutting both sedimentary and igneous intrusive rocks; B) Sample 199-
1 from bed 3 (an oyster bed); Sample 199-2 from a cemented sandstone (bed

1).

Figure 4.23: Clumped isotope results for concretion VR1; A) §3C and 6*0carsonate
results measured by MIRA, compared to previously measured results from

Wilkinson (1993); B) A4; derived temperatures; C) derived 880¢uip results.
Figure 4.24: Clumped isotope results for all samples from A) Skye; and B) Eigg.

Figure 4.25: XPL petrographic images of the poikilotopic crystal structure of concretion
VR1, increasing in size and elongating radially. A) shows a schematic of
concretion fabric from Wilkinson (1989) and approximate positions of sample
site; B) shows the central, almost equant crystal in extinction at the concretion
centre (Z1), highlighted in C); D) shows crystals in Z2 at 46 cm from the
concretion centre, annotated in E) to highlight calcite crystal terminations; F)
shows a crystal boundary from Z3, the outer edge of the concretion (60.5 cm
from the centre), where individual crystals greatly exceed the size of the field of

view, highlighted in G).

Figure 4.26: XPL petrographic images from concretion VR1. A) shows approximately
equant crystals from sample M8604 16.5 from centre (Z1), highlighted in B); C)
shows mixture of elongated and approximately equant crystals in Z1 from
sample M8614 at 26 cm from concretion centre (horizontal transect,
approximately equivalent to M87216), highlighted in D); E) shows elongated
crystals from sample M8605, 31.5 cm from centre at Z1 edge, highlighted in F).

Figure 4.27: Map of the Inner Hebrides adapted from Thrasher (1992). Red dashed zone
shows mapped extent (Forester and Taylor 1977) of hydrothermal influence of

the Cuillin/Red Hills Igneous Centres. Blue labels identify localities where
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Paleocene lava was emplaced directly on the eroded surface of the Valtos

Formation. Note that these localities are spread across the depositional basin.

Figure 4. 28: Sr isotope results for concretion VR1 and dyke vein 189-7a from Valtos
Cliffs, Skye, in comparison to a suite of other Sr results from the Jurassic
sediments and shells of the Inner Hebrides (data from Andrews et al., 1987;
Hamilton et al., 1992; Holmden and Hudson, 2003) and Paleocene Lava from
Skye (data from Scarrow, 1992). In B, the results of Jurassic clays from the
Duntulm Formation (DF) and Kilmaluag Formation (KF) are omitted for ease of

comparison.

Figure 4.29: Petrography of sparry calcite cements in the shelter cavity of an articulated
Neomiodon sp. shell (Sample 76861, equivalent to Sample 189-8) Valtos Cliffs,
Skye. A) PPL image of stained thin section; note pink colour of the final cavity
filling cement (non-ferroan) versus the blue colour (ferroan) of the penultimate
cement generation; B) CL image of centremost cements showing bright orange
CL colour of the final cement fill. It is assumed that drilling for A47 sampled
mainly the bright orange CL final cement fill as drilling was targeted in the
centre of the cavity; C) bright orange CL colour of vein cements in Sample 18-4

similar to that in B).

Figure 4.30: Clumped isotope results for all concretions from the Valtos Sandstone of
Skye and Eigg. Error bars represent one standard error of the pooled standard

deviation. The 6®0carsonate €rrors are < symbol dimensions.

Figure 4.31: Decimetre-scale concretion at Laig Bay, Eigg, showing the concretion’s
proximity to a dyke and its location within the cemented sandstone dyke

margin, which therefore must have succeeded concretion formation.

Figure 4.32: Comparison of §'3C and 8'®0carsonate Of Valtos concretions from Skye and
Eigg for the present study and Wilkinson (1989, 1992, 1993) and Tan and
Hudson (1974). Figure includes values for original aragonite and calcite replaced

Neomiodon shells from Tan and Hudson (1974).

Figure 5.1: Map of Skye and the Small Isles, including Eigg, with sampling locations

indicated by arrows. Map adapted from Thrasher (1992).

Figure 5.2: Graphic log of the Kildonnan Member at the type section (Eigg) after Hudson
et al. (1995).

Figure 5.3: Shell plaster of P. strathairdensis in bed 5e of the Kildonnan member at the
type section (Eigg). Note the distinctive pink colour of the skeletal aragonite.

Hand lens is 6 mm long. Photo courtesy of Julian Andrews.
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Figure 5.4: Measured 6*C and 6'®0caresonate Values of suite “159-’ P. strathairdensis
shells, in comparison with shells previously measured by Tan and Hudson (1974)
and Holmden and Hudson (2003). 10 °C groupings of A4; derived temperatures
are indicated by colour (MIRA 159: xx-xx °C).

Figure 5.5: Clumped isotope results for P. strathairdensis, distinguishing between the
‘159-‘ collection and the shells provided by Holmden and Hudson (2003).
Contours show 80w values (%o, VSMOW).

Figure 5.6: Comparison of 620 and &3C of shells measured by Holmden and Hudson

(2003) (open markers) and remeasured here (filled markers).
Figure 5.7: SEM images of aragonite nacre of shells A) 14a; B) 14c; C) 18a.

Figure 5.8: SEM images at increasing magnification of the bottom surface of shell 18b
(not otherwise analysed). Possible neomorphism can be seen in the lowermost

nacreous Iayers.

Figure 5.9: Covariant trend in 8'3C and 8'0carsonate S€€N in P. strathairdensis shells,
including data previously measured by Tan and Hudson (1974) and Holmden
and Hudson (2003). Coloured circles represent data measured by MIRA, with
colours corresponding to the percentage of calcite indicated by XRD. The two
shells with calcite percentage between 23-25% are clear outliers of this trend.

Figure 5.10: A4; derived temperatures and back calculated 60k results of P.
strathairdensis and mudstone hosted concretion bodies*, with contours
indicating measured 8§*0carsonate. Green box highlights the likely region of
original temperature of growth and ambient 60¢.uip of shells with §¥Ocarsonate

close to -2%o (VPDB).
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Chapter 1: Introduction

Since the earliest development of the technique in the 1940s-50s (e.g. Urey, 1947,
Urey et al., 1951), the oxygen isotope paleothermometer has been used to facilitate
better understanding of many subjects and problems in low temperature geochemistry.
Among others, these include the study of paleoclimates (e.g., Emiliani 1978; Hayes and
Grossmann, 1991; Zachos et al., 2001); paleo-seawater composition (Veizer et al., 1999;
Prokoph et al., 2008) diagenetic cementation, including concretion formation (e.g.,
Mozley and Burns, 1993; Hudson et al., 2001), paleosols (e.g. Cerling and Quade, 1993)
and as a tool to understand the diagenetic history of sedimentary basins (e.g. Given and

Lohmann, 1986; Hudson and Andrews, 1987); see also the review of Swart (2015).

However, the oxygen isotope paleothermometer is based on measurements of
880 in carbonate mineral precipitates from solution, and any derived value is influenced
both by the thermodynamic fractionation of oxygen isotopes (temperature dependent)
and the 880 composition of the fluid that the carbonate precipitated from. For calcite,
the relationship can be theoretically or empirically derived (using carbonates of known

temperature and 8'80ruip) and is often depicted in the format of Equation 1.1:

T=a- b(51806ALCITE - 5180FLU1D) + C(5180CALCITE - 5180FLUID)

Equation 1.1

Where T is temperature and a, b and c are constants.

Therefore, utilising oxygen isotopes as a paleothermometer requires information
or assumptions about the original 6*80r.uip composition. This is possible if complementary
methods, such as fluid inclusion data, are available, or if well-constrained estimates can
be made. For example, the 680 composition of seawater through geological time is
commonly estimated as a function of the supposed polar ice volume (the composition of

which is strongly depleted in 180) at any given time (Shackleton and Kennett, 1975).

Where there is ambiguity in both temperature and fluid isotope composition, as
typified by terrestrial and other meteoric-sourced environments (soils, lakes, rivers and
lagoons) the use of oxygen isotopes as a paleothermometer is much more difficult and

must be treated with great caution (see, for example, Leng and Marshall, 2004).
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The development of clumped isotope palaeothermometry, a technique that uses
the thermodynamically controlled preferential bonding of ‘heavy’ carbon and oxygen
isotopes (3C-180) to allow temperature derivation without the need of any assumption,
resolves, in theory, the aforementioned issues of oxygen isotope paleothermometry by
decreasing the unknowns in Equation 1.1. As such, it has opened up possibilities for
isotopic studies of the paleoclimate and geological processes that were previously not

possible.

Following the earliest work on clumped isotopes (Eiler and Stauble, 2004; Ghosh
et al, 2006; Eiler, 2007), and despite the considerable analytical difficulties of the
technique (e.g., Eiler, 2007; Huntington et al., 2009; Affek, 2012), many laboratories now
have the capability to measure clumped isotopes, and there has been a proliferation of
clumped isotope studies, concerned with both the theoretical aspects (e.g., Guo et al.,
2009; Dennis et al., 2011; Bernasconi et. al., 2018; Bajnai et al., 2020; Guo, 2020;
Anderson et al., 2021; Fiebig et al., 2021; Hemingway and Henkes, 2021), and the
application of the theory (e.g., Finnegan et al., 2011; Huntington et al., 2011; Dennis et
al., 2013; Loyd et al., 2012; 2014, Petersen et al., 2016; Dennis et al., 2019; Vickers et al.,
2021).

Despite the wide user base, the technique is still undergoing development, with
improvements in (among others) interlaboratory standardization (Bernasconi et al., 2018)
and calibration (Anderson et al., 2021), and investigation into relevant processes such as
solid-state reordering (Hemingway and Henkes, 2021) and kinetic fractionation (Guo,

2020) within the last 5 years.

At the University of East Anglia, clumped isotopes are measured on the Multi-
Isotopologue Ratio Analyser (MIRA) mass spectrometer, which was custom built for the
purpose (Dennis et al., 2014). This thesis focuses on the application of the clumped
isotope paleothermometer in deep geological time, using material primarily derived from
the Middle Jurassic Great Estuarine Group (GEG) of the Inner Hebrides of Scotland, UK.
These first clumped isotope data from Scottish Jurassic sedimentary carbonates are
framed by a well characterised sedimentary system with more than seventy years history
of geochemical, sedimentological and palaeontological research. The new clumped
isotope data could thus be used to test existing well-founded interpretations while

improving or understanding of the technique as a whole.
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The following case studies were identified:

Early diagenetic carbonate concretions within mudstones;
Sandstone-hosted carbonate concretions of burial diagenetic origin;
Well-preserved skeletal carbonate, particularly bivalve fossils with aragonite

shells.

Such targets serve not only as case studies of the British Jurassic world, but also help

inform our wider understanding of sedimentary environments and systems.

1.1: Aims:

The first aim of this study was to use clumped isotopes to help understand the
conditions under which early diagenetic cementation proceeds.

The second aim was to use the clumped isotope technique to better understand
the paleoenvironmental conditions under which lagoonal and marine Jurassic
organisms lived.

The third aim was to build upon previous geochemical work where challenges or
contradictions had arisen that could be solved or elucidated by the application of
clumped isotope paleothermometry:

o Early clumped isotope work on mudstone-hosted concretions had provided
unreasonably high temperatures for cements previously thought to have
formed under shallow burial conditions.

o There was unsatisfactory explanation for highly negative 8§80 values
measured from calcite cements at the centre of supposedly Jurassic aged
sandstone-hosted concretions.

o Pristine Jurassic bivalve aragonite shell material had been characterised as
showing a freshwater-marine mixing trend, until a breakthrough paper
caused a major change in interpretations brought about by the use of Sr
isotope data. Clumped isotopes could be used to investigate the

temperature and lagoon water §'80 composition of this system.
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1.2: Objectives:

The objectives of this work were as follows:

In Chapter 3:

To use clumped isotopes to analyse the calcitic cements of concretion bodies and
septarian fracture fills of mudstone hosted concretions from the Late Jurassic aged
Ampthill and Oxford Clay formations of the South of England. Long thought to be
diagenetic products formed under shallow burial conditions, a previous study utilising
clumped isotopes on concretions of the same units gave much hotter temperatures
for the bodies of concretions than had previously been proposed (Loyd et al., 2014).
Performing clumped isotope analysis on additional concretions will help corroborate
or clarify previous results.

To extend the study to mudstone hosted concretions of the Kimmeridgian aged
Staffin Shale Formation (Skye, UK), in order to compare the above to another locality

of similar age with identical diagenetic features.

In Chapter 4:

To use clumped isotopes to understand the diagenetic history of large sandstone
hosted concretions of the Valtos Sandstone Formation, part of the Bathonian aged
GEG of the Inner Hebrides, UK. A particular objective was to unravel the history of
previously unexplainably negative 680 values found in the centre of a concretion
from Valtos, Skye (UK) analysed by Wilkinson (1993).

To place these concretions in a regional, basinal context by analysing similar

concretions from the same formation at Laig Bay, on the Isle of Eigg (UK).

In Chapter 5:

To analyse with clumped isotopes, pristine aragonite shells from the well-studied
Kildonnan member of the Lealt Shale Formation (GEG), sourced from the type section
at Kildonnan foreshore, Eigg (UK), in order to further investigate the
growth/depositional environment and temperature recorded by these shells. Doing so
will complement previous studies of this lagoonal system, which last received an

updated interpretation twenty years ago (Holmden and Hudson 2003).
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1.3: Background to the Great Estuarine Group:

The Jurassic of the Inner Hebrides, particularly the GEG, is an excellent natural

laboratory for completing the aims of this thesis.

Globally, the Jurassic period is thought to have been warmer than present, with
high atmospheric CO; levels (e.g., Hallam, 1993; Sellwood and Valdes, 2008; Ruebsam et
al., 2020) and lacking significant polar ice masses (e.g., Hallam, 1993; 2001; Sellwood and
Valdes, 2008; Donnadieu et al., 2011).

The Jurassic succession within the Hebridean basin is one of the more complete
sections of the British Jurassic (Fig. 1.1) and is described in detail by Morton and Hudson
(1995) and Hesselbo and Coe (2000). Briefly, the Lower Jurassic sediments are marine off-
shore sequences, transitioning to shallow water sand waves (Bearreraig Sandstone) and
mixed marine-freshwater lagoons in the Middle Jurassic, followed by a transgression to
shallow marine conditions in the Callovian and into the Upper Jurassic (Hudson and
Trewin, 2002). The GEG, of Bathonian age, is a paralic sequence of sediments deposited in
shallow lagoonal, fluvial and deltaic environments (Morton and Hudson, 1995) which are

described in detail by Harris and Hudson (1980).

Preceded by the fully marine Bearreraig Sandstone Formation, the lowest unit of the GEG
is @ non-marine organic rich shale (the Cullaidh Shale Formation), which transitions into
the Elgol Sandstone, a delta system with some lateral facies variation but predominantly
fluvially dominated in Strathaird, Skye (Harris, 1989). There is a sharp transition into the
overlying Lealt Shale Formation, a freshwater-brackish lagoonal system which is divided
into the Kildonnan Member (older) and the Lonfearn Member (younger), distinguished by
the prevailing molluscan fauna (Hudson, 1966) and an algal (microbial) stromatolite which
caps the Kildonnan Member throughout the basin (Harris and Hudson, 1980). The second
deltaic sandstone facies, the fluvial Valtos Sandstone Formation, overlies the Lealt Shale
Formation; this is the thickest unit within the group and is interspersed with abundant
bivalve-rich shell beds of the freshwater genera Neomiodon sp. (Harris, 1992). The
sandstone is notable for the occurrence of large diagenetic concretions (e.g. Wilkinson,
1993). Next is the Duntulm Formation, representing a marine-brackish lagoonal system
(Andrews and Walton, 1990), which is followed by a regressive sequence of freshwater
lagoonal facies (the Kilmaluag Formation; Andrews, 1985) and finally the alluvial plain

sediments of the Skudiburgh Formation (Andrews, 1985). The GEG is succeeded by the
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transgressive Staffin Bay Formation, which marks a return to marine conditions, followed

by the Staffin Shale Formation which is fully marine (Morton and Hudson, 1995).

There is a major unconformity between the youngest Jurassic sediments and
Upper Cretaceous rocks, representing a period of uplift and erosion (e.g., Hudson, 1983;
Hudson and Andrews, 1987). The preserved Upper Cretaceous sediments of the Inner
Hebrides are thin, and are all of shallow marine origin (Harker, 2002). The presence of any
substantial thickness of Cretaceous cover is not thought likely (Hudson and Andrews
1987), and following this there was a period of early Paleocene faulting and erosion

(Hudson, 1983).

The Hebridean Igneous Province, part of the wide ranging North Atlantic Igneous
Province, developed in the Paleocene. The Mesozoic rocks of the Inner Hebrides were
buried by lavas, numerous dykes and sills were emplaced within the sedimentary rocks
and igneous centres developed across the region, notably in Skye, Mull, Rum and

Ardnamurchan (Emeleus and Bell, 2005).

The Mesozoic rocks of Skye were rapidly buried by up to 1200 m of Paleocene
Lava (England, 1994; Emeleus and Bell, 2005), the extrusion of which preceded the
development of the Skye Central Complex (Emeleus and Bell, 2005, and references
therein). On Skye, the Little Minch Sill Complex intrudes the Jurassic sediments of the
Trotternish peninsula, post-dating the lava emplacement (Gibson, 1990; Emeleus and
Bell, 2005), but predating the intrusive centres (Fowler et al., 2004; Emeleus and Bell,
2005).

The igneous intrusive and extrusive material have not in the past been thought to
have majorly altered the Jurassic sediments — for example, there was not thought to be
any evidence for an additional heating component when the sediments were buried by
the lava pile (e.g., Hudson, 1983; Hudson and Andrews, 1987). In fact, the Paleocene lavas
and intrusives probably helped preserve the softer underlying Jurassic sediments from

subsequent erosion, particularly in the Quaternary.

The Jurassic mudstones show low thermal maturity when greater than 15 km from
the Skye Central Complex (Thrasher, 1992) and the effects of major hydrothermal
circulation driven by the complex is thought to only extend to approximately 6.5 km away
from the igneous centres (Taylor and Forester, 1971; Forester and Taylor, 1977). There

are contact metamorphic effects where sills and dykes intrude into the sediments, but
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these effects do not extend further than several metres; Bishop and Abbott (1995)
showed that the thermal effects of dykes within shales were proportional to dyke

thickness and only had a local effect on the sediments.

The apparently good preservation of the Jurassic GEG makes the sequence highly
attractive for the application of isotopic analysis, and the subsequent, very well
documented, Paleocene igneous activity makes for a fascinating and potentially unique

geological basin history.

1.3.1: Isotopic analysis and the GEG

The first comprehensive study of carbonates from the GEG utilising §'80 and 83C
was by Tan and Hudson (1974), who analysed both skeletal and diagenetic carbonates
from the succession. For the biogenic (skeletal) carbonate, this approach was used to
interpret the temperature of growth for some of the organisms, and interpretations of
inferred 8'80ruip values assisted in the identification of growth environmental conditions
and wider depositional environments. This initial analysis was further developed
subsequently; extensive palaeontological and geochemical work was undertaken on the
Kildonnan Member of the Lealt Shale Formation to better characterise the lagoonal
system (e.g. Hudson, 1980; Hudson et al., 1995; Holmden and Hudson, 2003) expanding
the range of organisms studied using stable isotopes (e.g. Patterson et al. 1999). This

research area is explored more thoroughly in Chapter 5.

Detailed isotopic studies of early diagenetic carbonates including microbialites
(Andrews, 1986) and dolostones (Andrews et al., 1987) had developed from the early
work of Tan and Hudson (1974), who had also studied mudstone-hosted concretions.
Their pioneering data supported the hypothesis that such concretions formed during
shallow burial, in equilibrium with connate fluids. In the Scottish Jurassic, geochemical
work on mudstone-hosted concretions paused for thirty years until in-depth
investigations of those in the Staffin Shale Formation by Hendry et al. (2006) and Pearson

et al. (2005). This research thread is revisited in Chapter 3.

Due to the aforementioned ambiguities of the oxygen isotope paleothermometer
when interpreting 6*80carbonate data, the interpretation of later, burial diagenetic cements
by Tan and Hudson (1974) rested on their assumption that the timing of cementation (for

many of the cements they analysed) occurred under no more than 200 m of burial, from
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meteoric-sourced fluids during the late Jurassic. The burial diagenesis of the GEG was
discussed further by Hudson and Andrews (1987), a review that incorporated new
isotopic data that had been produced in the 1980s; 680 values from various carbonate
cements and biogenic material was used to construct Figure 1.2, which provided
estimates of likely depositional and burial temperatures and 60ruip values. Significantly,
this study included a refined estimate of likely Jurassic meteoric §'80r.uip compositions,

between -4%o to -6%0 SMOW (Hudson and Andrews, 1987).
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Figure 1.2: After Hudson and Andrews (1987); interpretation of §®QOcaresonate results from a range
of carbonate material (Tan and Hudson, 1974; Andrews, 1986), using the temperature equation of

Anderson and Arthur (1983) to derive temperature and §®0¢.up values.

First analysed by Tan and Hudson (1974) and interpreted by Hudson and Andrews
(1987) as late (burial) diagenetic cements, the sandstone hosted carbonate concretions of
the Valtos Sandstone Formation were subsequently the focus of more detailed isotopic
analysis by Wilkinson (1989; 1992, 1993). Discussed thoroughly in Chapter 4, these large
metre-scale carbonate concretions were concluded to have formed from pore fluids from

a Middle or Upper Jurassic meteoric groundwater ‘lens’, the carbonate sourced from
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dissolution of aragonite Neomiodon sp. shells; cementation timing was thought to have
been completed before the end of the Upper Jurassic (Wilkinson, 1993). 6§20
measurements of the interior of one concretion from the Valtos Formation in Trotternish
provided the initial impetus for Chapter 4, as the results were markedly negative

(Wilkinson, 1993) and difficult to explain.

1.4: The clumped isotope paleothermometer:

The measurement of 13C-180 clumped isotopes was first performed by Eiler and
Schauble (2004) on atmospheric CO,, and further developed by Ghosh et al. (2006),
Schauble et al. (2006) and Eiler (2007). The first published application to carbonates was
by Ghosh et al. (2006) who created a As7 temperature calibration using a range of
carbonate material precipitated at different temperatures, which was then used to derive

the sea-surface temperature of a coral from the northern Red Sea.

This successful application appeared to be proof of concept for the utility of
clumped isotope palaeothermometry, and the potential for use in paleoclimate studies in
particular was emphasised by Eiler (2011). Crucially, the technique provided an
independent temperature estimation and could be used with measurements of
8'80carsonaTe to back-calculate the precipitating fluid 620 values. It was also initially
thought that clumped isotope measurements from skeletal carbonates were largely free
from organism specific disequilibrium effects, or ‘vital effects’, an issue that had clouded
the interpretation of stable isotope data in many fossil groups (Eiler, 2011). This would
later be proven untrue, with some taxa displaying clear A47 disequilibrium effects; for
example, lower-than-actual growth temperatures were derived from some cold water
(Saenger et al., 2012) and shallow water (Spooner et al., 2016) corals. A fuller discussion
of vital effects on A4 is given in Chapter 5. Despite this complication, many useful
investigations of paleoclimate/palaeoenvironment have been attempted, using both
biogenic (e.g., Finnegan et al., 2011; Price and Passey, 2013; Petersen et al., 2016;
Breitenbach et al., 2018; Price et al., 2020; Vickers et al., 2020, 2021; De Winter et al.,
2021; Barney and Grossman, 2022; Letulle et al., 2022; among many others) and non-
biogenic carbonate material (Affek et al., 2008; Passey et al., 2010; Kluge et al., 2013;
Snell et al., 2014; Burgener et al., 2019; Matthews et al., 2021; and many others).

Clumped isotope paleothermometry has also been used to investigate a wider

range of low-temperature (non-metamorphic) geochemical topics including;
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paleoelevation (e.g. Snell et al., 2014; Huntington and Lechler, 2015 and references
therein); fluid source and flow characterisation in fault systems (Bergman et al., 2013;
Dennis et al., 2019); geospeedometry (Bristow et al., 2011; Passey and Henkes, 2012;
Mangenot et al., 2019); and diagenetic studies which are discussed further in Chapters 3

and 4.

Recently the clumped isotope technique has been extended further to include
combined As7-Asg measurements (Bajnai et al., 2020; Fiebig et al., 2021), which, despite
the challenges of the analysis, due to the required high precision, have great potential for
applications where kinetic disequilibrium is either suspected or observed in As7 data. The
combination of As7 and U-Pb measurements have also emerged as a potential
thermochronometer, which may further improve the utility of clumped isotope analysis
for carbonate cementation studies (e.g., Methner et al., 2016; Mangenot et al., 2018;

Brigaud et al., 2020; Hoareau et al., 2021).

In the following chapters | first describe the methods used during the operation of
the Multi-Isotopologue Ratio Analyser mass spectrometer (MIRA) at the University of East
Anglia (UEA). This is followed by three case study chapters and a final brief overall

conclusion. All of the primary data is given in Appendix 1-3, which are included as a CD.

Chapter 3 has been published as: Paxton, R. B., Dennis, P. F., Marca, A. D., Hendry, J. P.,
Hudson, J. D., & Andrews, J. E. (2021). Taking the heat out of British Jurassic septarian

concretions. The Depositional Record, 7(2), 333-343.
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Chapter 2: Methods

This chapter describes the preparation, analysis and data processing used
throughout the time period of data acquisition, which lasted from April 2018 to March
2022.

2.1: Introduction to clumped isotopes:

Carbonate clumped isotope thermometry is a technique that concerns the
preferential ordering and abundance of 3C —*80 bonds with temperature within the
processes of calcium carbonate precipitation, recrystallization and reordering, compared
to the stochastic abundance of 3C —'80 bonds; measured as A47 (Ghosh et al., 2006) and
expressed as the following equation (Eiler and Schauble, 2004):

47
Rstochastic

47
Ayy= (Rm—ud - 1) x 1000 Equation 2.1
Ordering occurs between the carbonate anion in a homogenous system:

Ca'3C'®0; + Ca'?Cc*®0'%0, = Ca'3C10'%0, + Ca'?C'®0,

This thermodynamically controlled ordering is independent of ambient water
isotopic composition, and therefore temperature can be derived by the measurement of
A47. This enables §%0ruip compositions to be back calculated using the relationship
between 6'80carsonate, 6'80warer and temperature; allowing all variables of the standard

580 paleothermometer to be obtained (Eiler, 2011; Affek, 2012).

2.2: Pre-Preparation:

For the MIRA system, at least 4 mg of pure carbonate is required to be acid
reacted to produce sufficient volume of gas for clumped isotope measurement. Smaller
sample sizes have been trialled but were hindered by a size effect relating to the
preparation line (Umbo, 2020). Where the material has a lower % of carbonate and more
impurities (e.g., in a sandstone hosted carbonate concretion) the mass required is

greater.

Before 2020, the sample size chosen for measurement of a pure carbonate was

between 3.9 and 4.2 mg. After 2020 this was increased by 1/3, typically using 5.9 to
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6.2 mg of a pure carbonate sample. Both samples and standards were scaled as such, and

this change was not thought to have affected As7.

Three methods have been used to prepare powdered carbonate samples for

clumped isotope analysis:

e Hand drilling with an electric multi-tool drill, using short bursts and gentle pressure

and various diamond drill heads
e Grinding of more friable material with a pestle and mortar
e Filing samples into powder using a small diamond file

As7 is more susceptible to resetting than §0carsonate and 813C (Eiler, 2011), thus
care must be taken when preparing powdered samples for isotopic analysis, as it is
possible that the pressure and temperature of drilling or crushing samples may cause
resetting of C-O bonds. The technique used was decided for each sample individually so
pressure and heat were minimised in the process, to avoid geochemical variations caused

by preparation technique alone.

The large mass required for analysis of a carbonate has to be taken into account
when preparing the sample, particularly when many repeat measurements are required.
The large volume of material required for repeat analysis raises the risk of isotopic
heterogeneities being encountered. Defliese and Lohmann (2015) found that in samples
composed of two end-members with heterogeneities greater than 2%o for both 8'3C and

5'80carsonaTe, Ag7 Values could be detectably offset from equilibrium.

For the mudstone hosted concretions whose results are reported in Chapter 3,
wherever possible powders were drilled from areas close to where high resolution bulk
stable isotope measurements were made, thus giving an indication of the homogeneity of
the sample — for example, high resolution isotopic analysis across fibrous calcite layers
gave an indication of whether sub-sampling would be appropriate. For samples where
high-resolution oxygen isotopes were not taken, visual assessment of sample area was

carefully done, to ensure the correct phase was measured.

If additional powder had to be obtained after the first material drilled had been

exhausted, typically it was obtained as close to the original site as possible.
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Sample powders were either taken from cut surfaces or freshly broken surfaces.
When this could not be achieved, the top layer of the rock was shaved off using a file or a

drill and discarded, then drilling proceeded from the resultant surface.

For fossils such as bivalves and ammonites, shell fragments were highly fragile and
tended to be embedded in a muddy matrix, so for these samples mud was carefully
removed using needles and a thorough visual assessment of fragments was done through

a magnifying glass prior to crushing.

2.3: Preparation line:

2.3.1: 87°C acid digestion:

For clumped isotope analysis, carbonate material is acid digested to release CO,.
Other gases may also be released in this process; therefore, the gas is passed through a
preparation line to remove contaminants (see Section 2.3.2), allowing pure CO; to be

measured by the MIRA mass spectrometer.

Carbonate samples are reacted by dropping powder held in a small glass or silver
vial into a common acid bath containing ~105% phosphoric acid heated to 87°C. Samples
with low purity requiring larger sample volumes were occasionally dropped in 2 vials. At

87°C total reaction can be completed within 30 minutes for calcite.

The common acid bath is usually pumped for >30 minutes between samples. This
is sufficient to eliminate ‘memory effects’ between samples. However, powder spillage
can occur when samples are dropped into the acid bath; in this instance, the yield tends
to be lower and there may be contamination in later samples. This scenario is monitored
for and attempted to be avoided, powder is removed where possible, and any occurrence

is noted in log-books to avoid erroneous results.

Carbonate material that is not pure (particularly material that is high in clay and
organics) may release ‘contaminant’ gases upon acid digestion. The composition and
reaction rate of these additional reactions are not known. For this reason, samples of
higher purity were typically reacted at the beginning of an acid run, although memory
effect or gradual contamination within the acid bath was not seen for the samples

measured here.
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Until 2020, the acid (of ~30 ml volume) was replaced after 15-20 sample capsules
had been reacted. After 2020, experiments took place on both the capsules and acid
volume; with glass capsules replaced with smaller silver capsules, the acid vessel modified
(typical acid volume increased to ~60 ml) and a high acid volume (~90 ml) trialled for a
period, which allowed much greater numbers of samples to be run before acid required

changing.

2.3.2: CO; purification line:

The aim of the preparation line is to isolate CO; and remove all other gases that
may be released in the acid digestion process, or introduced through the presence of acid
itself (e.g., water vapour and other gases dissolved in the acid). The CO; preparation line
went through several changes during the period of data acquisition. These are detailed
below for the start to end of data acquisition, including periods where data was not
measured but changes were made which then affected future measurements and line

alterations. Table 2.1 relates the data in Chapters 2-5 to the methods detailed below.

Section describing method used: Chapter
Time period
Prep. line Corrections 2|1 34]|5
Sept 2018 - Oct 2018 2.3.2.2
Nov 2018 - Dec 2018 2.3.2.2
Jul 2019 - Aug 2019 2324
Aug 2019 - Oct 2019 2324
Oct 2019 - Feb 2020 2324
Apr 2021 - Jun 2021 2.3.2.6,2.3.2.7 2571
Jun 2021 - Aug 2021 2.3.2.7
Oct 2021 2.3.2.7
Nov 2021 - Dec 2021 2.3.2.7
Jan 2022 - Feb 2022 2.3.2.7 2.5.7.2
Feb 2022 - Mar 2022 2.3.2.7

Table 2.1: schematic indicating the sections of this chapter that describe the methods used for
sample gas preparation (Section 2.3.2.X) and additional data corrections (Section 2.5.7.X) to
different periods of data acquisition. The chapters in which data from these time periods were

used is indicated by filled boxes in the columns to the right.
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2.3.2.1: April 2018 line configuration:

Initial data (not included in later chapters but relevant to the development of the
clumped isotope methodology used after April 2018) was collected using the following

preparation system (Fig. 2.1):

e Stage 1: Acid digestion and water removal:

o After 20 minutes of vacuum evacuation of the acid bath headspace, acid
digestion of carbonates was given 20 minutes, with released gas passing
through two spiral traps (held at -110°C) to remove water, with CO; frozen
above liquid nitrogen in cold finger 1 (CF1).

e Stage 2: Gas measurement and transfer:

o Gas pressure was measured using the barocel in CF1, then CO; transferred to

cold finger 2 (CF2) for 5 minutes, trapping in liquid nitrogen.
e Stage 3: Porapak Trap:

o The sample gas is then cryodistilled into CF3 using liquid nitrogen — passing
through a trap (L: 24 cm, i.d.: 4 mm) packed with Porapak Q, a sorbent
material which sequesters hydrocarbons, for 90 minutes at -20°C.

e Stage 4: Transfer to MIRA:
o The sample was then transferred to a cold finger on MIRA for 5 minutes using

liquid nitrogen.

After each stage, liquid nitrogen was used to trap CO2 and non-condensable gases
(NC) were removed using the vacuum system. At this point the vacuum system consisted
of one Pfeiffer HiCube pumping station with a pump speed of 70 |/s; consisting of drag
stage turbo pumps backed by diaphragm pumps. The vacuum was connected to a back

manifold, which was linked to the glass preparation line at 3 locations (Fig. 2.1).

Between samples, the water traps were heated to 75°C for at least 15 minutes to
remove the frozen-out water, and the Porapak Q trap was heated to 140°C for 30 minutes

and evacuated. At the end of the working day all traps were heated for at least an hour.
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Figure 2.1: Schematic of the preparation line before March 2019. A = common acid bath; WT =
water trap; B = Barocel; CF = Cold finger; PP = Porapak Q trap; MIRA = Multi-Isotopologue Ratio

Analyser mass spectrometer; V= Vacuum line

2.3.2.2: September 2018 — January 2019 line configuration:

Improvements were made to this line after April 2018:
e Stage 1: Acid digestion time was raised from 20 to 30 minutes
e Stage 1: Water trap temperatures were raised from -110 to -80°C
o Water traps baking temperatures were raised to 80°C
e Stage 3: The Porapak Q trap was replaced with a shorter trap (L:12 mm, i.d: 4 mm)
and the required transfer time was therefore shortened to 30 minutes
e Porapak Q bake out temperature was raised to 160°C
These changes affected some of the temperatures and timings of the different

stages, but the overall processes remained the same as described previously.

2.3.2.3: January 2019 — March 2019 line configuration:

In January 2019 a quadrupole mass spectrometer was added to the line,
positioned between CF2 and the Porapak Q trap, and was used to investigate the
‘background gas’ constituents. It was found that water vapour was a significant
component, despite the quadrupole MS being positioned after the traps used to remove
water. Water vapour and related ions can interact with CO, causing scrambling and re-
equilibration. As illustrated in Figure 2.1, the preparation line and acid bath described
above were evacuated by one vacuum line, linked to the preparation line by three valves;
one positioned before the water traps, one between CF1 and CF2, and one between the

Porapak Q trap and CF3. It was observed that the opening of the latter two valves was
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allowing water vapour to move back into the line through the vacuum line manifold,

bypassing the water traps (P. Dennis, pers. comm., 2019).

To reduce this backflow of water vapour into the line, two additional traps were
added between the preparation line and the manifold of the vacuum system, positioned
between the 2nd and 3rd vacuum outlet. These traps are kept cooled with liquid nitrogen
over the course of a working week and can be isolated from both the preparation and

vacuum line manifold using valves when not cooled.

Additionally, a similar (isolatable) trap was added between the common acid bath
and a second Pfeiffer HiCube vacuum pump (see Section 2.3.2.1)was added immediately
after the acid vessel. A third water trap, hereby referred to as ‘WT1’, was added between
the acid vessel and the glass preparation line. This configuration is illustrated in Figure

2.2,

WT WT

L *MIRA
:l wT I WT1 ‘ I
1 ™

A CF2 CF3 MIRA

Stage 1 Sta ge 2 Stage 3 Stage 4

Figure 2.2: Schematic of the preparation line after March 2019. A = common acid bath; WT =
water trap; B = Barocel; CF = Cold finger; PP = Porapak Q trap; MIRA = Multi-Isotopologue Ratio

Analyser mass spectrometer; V= Vacuum line.

Stage 1, between March 2019 and June 2019, therefore had three water traps,
with the first held at ~-74°C using a dry-ice ethanol slush, and the subsequent two held at
-100 to -105°C. After acid digestion took place, WT1 was isolated from the line, unfrozen
and evacuated through the second vacuum pump. The second vacuum pump was also
used to evacuate the acid between samples, further avoiding the addition of water
vapour to the line. The low level of water vapour reaching water traps 2 and 3 removed
the necessity for heating these traps between sample runs, instead maintaining their
cooled temperature for the entire working day, heated to 80°C for several hours

overnight to evacuate.
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In order to further reduce transfer of water vapor to the Porapak Q trap, the valve
between the third water trap and the Barocel cold finger now was to be only opened
during the acid step, remaining closed at all other points including periods when the line

was not in use.

Stage 3 was also altered - the Porapak Q trap was to be maintained throughout
the day at a constant temperature of ~-20°C (no higher than -20°C but usually above -

22°C) and baked at 200°C overnight.

These modifications to the line achieved a significant improvement in background
vacuum pressure within the line, from an average of 4x107 reduced to 2x10"7 hPa, and
subsequently the effect from background contamination reduced to levels enabling
measurement of meaningful temperature trends in Asg for standards (P. Dennis, pers.
comm., 2020). Further discussion regarding water vapour contamination is found in

Section 2.7.2.

2.3.2.4: April 2019 — March 2020:

While most changes above were maintained in this period, an additional stage was

added. The protocol (see Fig. 2.3) therefore was as following:

e Stage 1: 30 minute acid digestion at 87°C, gas trapped by liquid nitrogen in “‘WT1’. NC
are pumped through acid vacuum (V2).

e Stage 2: 10 minute sublimation from WT1, through WT2 and WT3 into CF1 (Barocel
cold finger): the liquid nitrogen is removed from WT1 and replaced with ethanol
cooled to -115°C; WT2 & 3 are also held at -115°C. NC are removed through V1 upon
completion and pressure is measured by the barocel. If pressure is lower than
expected, this process is repeated for 5 minutes.

e Stage 3: 5 minute transfer to CF2, followed by removal of NC.

e Stage 4: 30 minute transfer through PPK held below -20°C, frozen with LN into to CF3.
NC are removed through V2 upon completion.

e Stage 5: 5 minute transfer of gas from CF3 to MIRA cold finger. NC are removed

through V1 upon completion.

Between samples, the acid was evacuated for 5 minutes. WT1 was heated to 40°C

after use, and overnight.
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Figure 2.3: Schematic of the preparation line after April 2019. A = common acid bath; WT = water

trap; B = Barocel; CF = Cold finger; PP = Porapak Q trap; MIRA = Multi-Isotopologue Ratio Analyser

mass spectrometer; V= Vacuum line.

2.3.2.5: March 2020 — March 2021

Throughout this time period, results from analyses were poor in comparison to

the previous period. Many changes were made to the line and to the MIRA mass

spectrometer during this time. The most prominent changes to the preparation line which

affected later measurements are summarised here:

Acid vessel: There was an issue of scattering of sample powder in the reaction
vessel —in the first seconds after the sample vials were dropped, large CO; gas
bubbles were formed by the first powder to be reacted, with some of the
unsubmerged sample powder remaining on the bubble surface until the bubbles
burst, where a portion of this powder was flung unreacted into the neck of the
vessel (leading to slightly lower yields). To attempt to resolve this problem, several
acid vessels were trialled, the volume of acid was increased by double (causing a
visible difference in the appearance of the reaction), and weights (gold pieces and
silver rods) were added to sample vials. Sample vials were also changed from glass
capsules to silver capsules, which were also weighted.

A carousel system was subsequently added to the acid vessel, and the neck
lengthened significantly. This meant that the sample vials dropped vertically, but
also meant that the acid was exposed to air upon loading, unlike in the past when
a valve maintained vacuum in the acid vessel. There was still issues with powder

backflow. Smaller silver vials were used in this carousel.
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- Acid was now evacuated for ~1 hour in between samples. The vessel was also
pumped hot and with a spinner for several hours in the evening and continued to
be pumped cold (no spinner) overnight.

- The sublimation step was removed, returning to a one stage acid reaction-water
removal step (combined stage 1 & 2 of Fig. 2.2). WT1 was heated up to 80°C
between use and evacuated at 80°C overnight.

- Degradation of the 2" Vacuum pump (to the gas preparation line) meant that the
background vacuum pressure of the line increased from 2 x 10”7 to ~2 x 10°® MBar.
This reduced the sensitivity of the vacuum gauge to NC gas evacuations, therefore
when there was no visible pressure raise (particularly after stage 3, 4 and 5) the
vacuum was opened for 20 seconds (chosen as NC removal to background levels

before this issue took <20 seconds).

2.3.2.6: End of March 2021- 7" May 2021

After several alterations to MIRA in the previous time period, there were
improvements in the results, with better repetition and internal precision. The gas

preparation line was as following (with reference to Fig. 2.2):

e Stage 1: 40 minute acid digestion of 6 mg samples (for pure carbonates) at 87°Cin a
deep acid, gas trapped by liquid nitrogen in ‘CF1’. WT1 is held at -90°C using cooled
ethanol, WT2 and WT3 are held at -115°C. NC are pumped through Line vacuum for
20 seconds.

e Stage 2: 5 minute transfer to CF2, followed by removal of NC (20 seconds).

e Stage 3: 60 minute transfer through PPK held below -20°C, frozen with LN into to CF3.
NC are removed through V1 upon completion (20 seconds).

e Stage 4: 5 minute transfer of gas from CF3 to MIRA cold finger. NC are removed

through V1 upon completion (20 seconds).

2.3.2.7: 10" May 2021 — March 2022

From 10t May 2021 the process included sublimation, as in Figure 2.3. Several

changes to the protocol were made:
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e Stage 1: 30 minute acid reaction at 87°C. The volume of acid was halved. Acid
digestion still occurred at 87°C, gas trapped by liquid nitrogen in ‘WT1’. NC are
pumped through acid vacuum (V2) for >1 minute (referring to pressure gauge to judge
NC removal).

e Stage 2: 20 minute sublimation from WT1, through WT2 and WT3 into CF1 (Barocel
cold finger): the liquid nitrogen is removed from WT1 and replaced with ethanol
cooled to -90°C; WT2 & 3 are held at -115°C. NC are removed through V1 upon
completion and pressure is measured by the barocel.

e Stage 3: 5 minute transfer to CF2, followed by removal of NC (20 seconds).

e Stage 4: 30 minute transfer through PPK held below -20°C, frozen with LN into to CF3.
NC are removed through V2 upon completion (20 seconds).

e Stage 5: 5 minute transfer of gas from CF3 to MIRA cold finger. NC are removed
through V2 upon completion (20 seconds).

Acid was pumped for ~50 minutes between samples. As before, WT1 is heated up
to 80°C between samples and overnight.

Samples were loaded into the carousel at the end of every day, and the acid was
evacuated hot for >1 hour in the evening (spinner on) and pumped cold overnight

(spinner off).

2.4: The MIRA mass spectrometer:

Clumped isotope measurements are taken on the MIRA mass spectrometer. MIRA
is a dual inlet 120° magnetic sector isotope ratio mass spectrometer with a high
sensitivity ion source. 6 faraday cups allow simultaneous collection of CO2 masses m/z =
44 — 49. Magnetic field strength is monitored and manually adjusted if necessary before
each analysis to maintain peak centring at ~8000 volts.

With a major ion beam strength of 7.5x10% A for mass 44, MIRA takes 4
acquisitions of 20 sample-reference gas pairs, with a 20 second integration period for
each sample or reference cycle, after a 10 second change over delay time. Bulk §* - §%°
values of the sample are calculated with respect to the reference gas. §'80 (VSMOW),
83C (VPDB) and Ass-a9 are calculated using the calibrated composition of the working
reference gas values for Ri3/12, R1s/16 and Ri7/16 of VPDB and VSMOW. Routine internal

measurement precision of As7 is £0.008%o (Dennis et al., 2014).
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Additional information can be found within the supplementary data of Paxton et

al. (2021); including information on the handling of /0.

2.4.1: Reference gas:

Reference gas is made on site by reaction of Carrara marble at 87°C, which is
equilibrated with Norwich tap water (NTW) at room temperature for more than 6 months
before cleaning it on the gas preparation line. The purpose of equilibrating reference gas
with NTW is twofold; i) to bring the reference gas into clumped isotope equilibrium at the
lab temperature, and ii) to produce a reference gas close in bulk isotopic composition to
most carbonates measured at UEA. NTW has an oxygen isotopic composition of
approximately -7%o0 VSMOW; CO; equilibrated with NTW at 25 °C will have an oxygen
isotope composition of approximately +33%. VSMOW, close to typical marine carbonates.
The reference gas is stored in a 500 mL stainless steel cylinder, which is attached to the
MIRA reference gas side of the dual inlet.

Throughout the majority of the data acquisition period, at the start of the working
day the internal and external bellows of both sides of the inlet were evacuated, and then
a small aliquot of reference gas was expanded, via a metering volume, into the reference
inlet. However, between 15™ April 2021 and 15 June 2021, an experiment was run
where one aliquot of reference gas was used for up to several weeks at a time, held in the
mass spectrometer reference bellows. It was discovered by examining Asg of the
standards that over these extended periods the reference gas in the bellow became
gradually contaminated, affecting A47 (P. Dennis, pers. comm. 2021). A correction was
calculated for the samples run during this time period, as described in Section 2.5.7.1.
From 16™ June 2021 onwards the reference gas was once again changed daily as

described above.

2.5: Data Processing:

2.5.1: Instrument linearity

For analyses of clumped isotopes, most laboratories require raw data to be
corrected for ‘non-linearity’, an instrument dependant artefact, where measured Asy
values differ from true As7 values with variations in 847 (bulk isotopic composition)

(Huntington et al., 2009).
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Correction takes place using linear regression of a ‘heated gas line’, composed of
different gases of known bulk composition equilibrated at a common temperature, where
the measured values of As7 (HG vs. WRG) are plotted against 847 (HG vs WRG) (Dennis et

al., 2011). The intercept of this line is taken as the true A47 value.

MIRA does not display such linearity issues (Dennis, 2014; Dennis et al., 2014)
therefore no correction is required. Further information reflecting this subject can also be

found in the supplemental material of Paxton et al. (2021).

2.5.2: A47 standardisation:

Raw A4z data, named ‘A4z (LRF)’ for ‘local reference frame’, is converted to the
carbon dioxide equilibrium scale of Bernasconi et al. (2018), ‘As7 (CDES-25)’. This accounts
for the effect of lab specific mass spectrometric artefacts arising from processes such as
scrambling in the ion source in order to ensure reported data is comparable between labs
(Dennis et al., 2011). To do this, an empirical transfer function is constructed in each lab

using a suite of common carbonate standards (Bernasconi et al., 2018).

A47 (CDES-25) transfer functions applied to the raw data were created by
projecting As7 (LRF) measurements of ETH1 and ETH3 carbonate standards (Bernasconi et
al., 2018) and the UEA Carrara Marble standard (UEACMST), against the UEA derived ‘As7
(CDES @87)’ values of the same standards, the equation of the relationship allowing

calculation of the transfer function (Fig. 2.4).
An example of a transfer function used is:
A,,(CDES @87°C) = 1.1867 X A,,(LRF@87) + 0.8105 Equation 2.2

Transfer functions are calculated from standards acid digested at 87°C, and thus a

correction is added to allow equivalence at 25°C, see Section 2.5.3, below.

The UEA empirically derived As7 (CDES @87) values of the standards used are as

follows:

e ETH1=0.218%0
e ETH3 =0.613%o.
e UEACMST = 0.322%o0

40



0.000

-0.100

y =0.9058x - 0.7144
-0.200 R2=0.9811

-0.300

A, (LRF @87)

o
N
o
o

-0.500

-0.600
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700

A, (CDES @87)

Figure 2.4: Relationship between A47 (LRF) and As7 (CDRS @87) for standards measured between
September 2018 and October 2018. Gradient and constant of linear equation are the basis for the

data transfer function.

The above values were measured at an acid digestion temperature of 25°C against
a suite of heated gasses and corrected represent reaction at 87°C using the UEA
empirically derived acid fractionation correction value (-0.062; see Section 2.5.3) for

comparison with As7 (LRF@87) values.

UEA derived ETH values are close to those provided by a recent interlaboratory
comparison (Bernasconi et al., 2021); the difference in As7 calculated utilising the ETH A4y
(CDES-90°C) values of Bernasconi et al. (2021) versus valued derived at UEA (corrected to
represent reaction at 90°C) is lower than measurement precision for samples between 0-

100°C.
ETH1, ETH3 and UEACMST have significantly different precipitation temperatures.

Transfer functions were not constant and were calculated for several time periods
when data was collected. All transfer functions used for data in this thesis are displayed in

Table 2.2.

Measurements of ETH2 and ETH4 were also used to monitor instrument linearity,
which remained linear throughout the duration of analysis (P. Dennis, pers. comm. 2018;

see also the supplementary data of Paxton et al., 2021).
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Time period CDES@87°C Calibration

Sept 2018 - Oct 2018 A47(CDES @87°C) = 1.1034 x LRF@87 + 0.7887
Nov 2018 - Dec 2018 As7(CDES @87°C) = 1.08861 x LRF@87 + 0.71326
Jul 2019 - Aug 2019 A+(CDES @87°C) = 1.1598 x LRF@87 + 0.8125
Aug 2019 - Oct 2019 A+(CDES @87°C) = 1.1598 x LRF@87 + 0.8125
Oct 2019 - Feb 2020 A+(CDES @87°C) = 1.1506 x LRF@87 + 0.8243
Apr 2021 - Jun 2021 As7(CDES @87°C) = 1.15287 x LRF@87 + 0.85566
Jun 2021 - Aug 2021 As7(CDES @87°C) = 1.13302 x LRF@87 + 0.84353
Oct 2021 A+(CDES @87°C) = 1.06621 x LRF@87 + 0.8486
Nov 2021 - Dec 2021 As7(CDES @87°C) = 1.10473 x LRF@87 + 0.82888
Jan 2022 - Feb 2022 As7(CDES @87°C) = 1.06564 x LRF@87 + 0.83717
Feb 2022 - Mar 2022 As7(CDES @87°C) = 1.1469 x LRF@87 + 0.99404

Table 2.2: Transfer functions used to correct local reference frame data to the CDES reference

frame, with reference to their time periods of use.

2.5.3: Acid fractionation A47 correction:

Typically, the reporting of As7 data is based on acid digestion at 25 °C. For data
reacted at different temperatures, a correction factor has to be applied to the measured
A47 values. In accordance with Guo et al. (2009), a 1 °C change in temperature from 25 °C
is equivalent to 0.001%. difference in A47, therefore for acid digestion at 87 °C a sample
should have a difference of -0.062%. compared to the A47 value measured at 25 °C.
Measurements of samples at UEA using both offline reaction at 25 °C and online at 87 °C
show an offset of 0.062%o. This value is in excellent agreement with the theoretical
fractionation reported in Guo et al. (2009). Therefore, for acid digestion at 87°C, a

correction factor of 0.062%o is added to the As7 values of each sample.

2.5.4: Temperature derivation:

The following equation, empirically derived at UEA (Kirk, 2017; Dennis et al.,

2019), was used to derive the carbonate formation temperatures of each sample:

6
A47(cpES 25)= w +0.2139 Equation 2.4

Where T = Temperature in Kelvin.

See Section 2.8.1 for further discussion of temperature equations.
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2.5.5: 6180carBoONATE:

In addition to As7, MIRA provides a value of §'80 (ysmow) of the measured CO; gas,

which can be converted into §'80carsonate (vsmow) using the following equation:

1000x580
18 _ CO, (VSMOW) .
6"°OcarBoNaTE (vsMow) = Toos4 — 1000 Equation 2.5

Where the constant 1.0084 is the acid fractionation factor (Swart et al., 1991),
which corrects for the fractionation caused by the conversion of the carbonate sample

into CO, at 87°C.

For aragonite samples, a correction of -0.289 (Lachniet et al., 2015) is used when
converting measured values for 6¥0smow) of CO; into §'80smow) of carbonate in order

to take into account the aragonite acid fractionation factor.

The 60carsonaTe Values are reported with respect to VPDB, allowing comparison

with published data, converted using the equation:

880 smow)—30.86
1.0386

50 wppp) = Equation 2.6

2.5.6: 60fLup:

Using the calculated values of T (K) and 6*0carsonaTe (vsmow), an approximation of
the original oxygen isotopic composition of the fluid that the carbonate was precipitated
from can be back calculated. The equation of Kim and O’Neil (1997) was chosen for calcite

samples, as it is appropriate for inorganic calcite:

1000InacarponarE—rLup = 18.03(103T1) — 32.42 Equation 2.7

Where T'is in Kelvin, and

880carRBONATE (vsMow)+1000

XCARBONATE-FLUID — Equation 2.8

8'80pLyp (vsmow) +1000
For aragonite shells the mollusc specific equation of Grossman and Ku (1986) is

used, as the majority of aragonite material studied was from the Mollusca phylum:

T(OC) = 218 - 4'69(6180(ARAGONITE)(VPDB) - 6180(FLUID)(VSM0W))

Equation 2.9
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2.5.7: Additional data corrections:

2.5.7.1: Reference gas experiment corrections:

As mentioned above in Section 2.4.1, between 15/04/21 and 15/06/21 an
experiment was run to investigate the effects of using one reference gas aliquot over
periods of several days to weeks, rather than evacuating the mass spectrometer after
every day of use. The experiment was repeated several times for between 4 and 14 days.
An incremental contamination of the reference gas over these time periods became
apparent which strongly affected masses 47-49. This resulted in a depletion in As7 over

time for both samples and standards.

Due to the daily measurement of the standard UEACMST and measurement of
ETH1 and ETH3 either daily or on alternate days, the linear trend of As47 depletion due to

contamination was observed and corrected for.

Each standard and sample measured in each time period were labelled from 0-13,
representing days surpassed since reference gas aliquot change (ndays). As7 (LRF) of
UEACMST, ETH1 and ETH3 were then plotted against ndays and the gradients for the

depleting trends found.

Due to the varying length of time for each experiment, some time periods
incorporated very few standards, making linear correlations difficult. It was therefore
decided that for each standard, results from all 5 experiments would be combined as one
trend, maintaining their original ngays=x, meaning, for example, that there were 5

UEACMST results for ngays= 1 but only one for ngays = 13.

Using an average of the gradients for UEACMST, ETH1 and ETH3, a correction
factor was created, which was subsequently applied to all samples and standards that

were run during the duration of the experiments:

A,;(LRFcorrected) = Ay7(LRFuncorrected) + (ngqys X 0.00907)
Equation 2.10

The improvement to results can be seen on Figure 2.5. This appeared to

adequately correct for the contamination related depletion.

The A47(LFR corrected) values for standards were subsequently used to create the

A47(CDES-25) transfer function fort this time period.
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Figure 2.5: Comparison of corrected and uncorrected data for the standards: A) UEACMST; B)

ETH1; C) ETH3. Also shown for comparison is data collected in a time-period where the reference

gas aliquot was changed daily (Everyday RG).
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2.5.7.2: Reference gas drift corrections:

Between 18/01/22 and 23/02/22 the reference gas reservoir (which supplies the
daily reference gas aliquots) gradually shifted A4z composition for reasons which we don’t
yet fully understand. There was no evidence of fractionation, and it is possible that a
changing lab temperature during this period resulted in some reequilibration of the
reference gas (P. Dennis, pers. comm., 2022). The cause of the change in A4z is still being

investigated.

This caused a shift in As7 values for all measurements similar to that seen in
Section 2.5.7.1 above. The systematic nature of the transition allowed creation of a

correction factor to be applied to data measured for this time period.

The method is the same as described above, with nqays calculated since initiation of
the drift. Once again, the gradients derived from the 3 standards were averaged,

providing a correction factor that was applied to all samples and standards:

As;(LRFcorrected) = Ay;(LRFuncorrected) + (ngqys X 0.0051) Equation 2.11

2.6: Uncertainties:

Many labs report uncertainties for clumped isotope measurements as standard
deviation or standard error; however, as the number of repetitions is commonly only 3
this standard deviation or standard error may misrepresent the true uncertainty of the
data (Fernandez et al., 2017).

It can be assumed that between each individual measurement, there will be
differences caused by human variances in preparation, differences in components of the
preparation line and by differences in performance of the mass spectrometer itself. These
differences can occur within one day of measurements, and perhaps to a greater extent,
between different measurement days.

Assuming there are no cumulative systematic biases (such as cumulative
contamination of reference gas, where a trend of increasing or decreasing results might
be gathered- see Section 2.5.7), data from many repeat analyses of a single sample might
be expected to produce a normal distribution curve around a mean value, for which
standard deviation would be a reliable method of indicating reproducibility. The
distribution would take into account any sample heterogeneity, as well as non-systematic

measurement differences as described above.
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However, only 3 repetitions would not be likely to represent the sample’s true
mean or distribution, even if values appeared to have high precision. This poses
difficulties for clumped isotope analysis, as a single measurement takes several hours to
prepare and run, so many repeat analyses are not feasible.

In order to achieve a more reliable representation of uncertainty and
repeatability, for §13C, §80carsonate and Ag7 measurements the pooled standard deviation
of samples of similar composition was calculated (spooled), Where possible. This parameter
relates the standard deviation of several samples, where repeated analysis can be as low
as 2, to a common mean; assuming that the standard deviations are not significantly

different (Equation 2.12).

— 2 _ 2., _ 2 )
Spooled Z\/(nl 1)51:(:; :)Si:l +k(nk Dsi Equation 2.12
e -

n, is the number of measurements made for sample x; s, is the standard
deviation of the repeated measurements of sample x; and k is the total number of

samples.

This method can be used to estimate the reproducibility of similar samples (for
example; 5 concretion body samples measured 3 times each), and can also be used to
track the long term reproducibility within the lab - as we commonly measure UEACMST,
ETH1 and ETH3 regularly, the pooled standard deviation of these three standards can be
calculated to give an indication of reproducibility over long time periods (Table 2.3).
Standard error of standards from specific time periods can also be used to monitor
repeatability (Table 2.4).

For samples where pooled standard deviation was not appropriate (such as when
there were no other similar samples); the standard deviation of measurement repeats
were calculated. The standard error of these pooled and non-pooled standard deviations
were then calculated, which provides the uncertainty estimates for §'3C, §'80 and A4y
values provided in the text.

When calculating uncertainty for temperature and 880 yp results, the standard
error of As7 were used, in addition to uncertainties related to the UEA temperature
equation, and these were fully propagated to provide values of temperature and 8'80r.uip

uncertainty (See Part Il of Appendixes 1, 2 and 3).
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ETH1 ETH3 UEACMST

Time period N SD N SD N SD
8¢ 80 A4y 81C 80 D4y 8¢ 80 D4y
All 133 | 0.043 | 0.072 | 0.029 | 133 | 0.044 | 0.072 | 0.028 | 280 | 0.121 | 0.104 | 0.026

Chapter 3 38 0.054 { 0.072 ; 0.030 43 0.057 { 0.051 i 0.028 81 0.214 | 0.059 i 0.029

Chapter 5 119 : 0.042 | 0.070 | 0.030 | 114 ; 0.042 | 0.075 { 0.030 | 246 | 0.127 | 0.109 : 0.026

Table 2.3: Pooled standard deviation of each standard, for each chapter.

ETH1 ETH3 UEACMST
Time period N SE N SE N SE
513C 5180 D7 53¢ 580 D47 513C 580 Ds7

Sept 2018 - Oct 2018 0.008 | 0.049 | 0.005 | 7 | 0.012 | 0.011 | 0.004 | 12 | 0.010 | 0.014 | 0.007

Nov 2018 - Dec 2018 0.007 { 0.012 { 0.007 | 8 i 0.006 | 0.041 | 0.007 | 8 { 0.007 i 0.010 | 0.008

5
7

Jul2019-Aug2019 | 9 | 0.019 | 0.023 | 0.007 | 12 | 0.019 | 0.013 | 0.007 | 22 | 0.014 | 0.011 | 0.005
Aug2019-0ct2019 | 9 | 0.019 | 0.023 | 0.007 | 12 | 0.019 | 0.013 ' 0.007 | 22 | 0.014 = 0.011 | 0.005

Oct 2019 -Feb 2020 | 24 | 0.012 | 0.013 | 0.007 | 24 | 0.012 | 0.012 ' 0.007 | 47 | 0.040 A 0.009 | 0.005

Apr2021-Jun2021 | 21 i 0.010 | 0.019 | 0.006 | 18 i 0.010 | 0.020 i 0.006 | 23 | 0.011 i 0.014 | 0.005

Jun 2021 - Aug 2021 | 20 | 0.006 | 0.017 i 0.008 | 16 | 0.006 i 0.015 | 0.004 | 25 i 0.007 | 0.018 | 0.005

Oct 2021 12 : 0.012 | 0.018 | 0.010 | 11 | 0.009 | 0.022 : 0.014 | 23 | 0.010 | 0.060 | 0.005

Nov 2021 - Dec 2021 | 11 | 0.010 | 0.018 | 0.007 | 12 | 0.009 | 0.024 @ 0.011 | 27 | 0.007 | 0.013 | 0.004

Jan 2022 - Feb 2022 6 | 0.007 | 0.009 | 0.007 9 0.009 | 0.034 { 0.008 | 45 { 0.004 | 0.011 : 0.004

Feb 2022 - Mar 2022 9 { 0011 { 0.032 | 0.008 | 4 | 0.008 { 0.028 i 0.011 | 26 { 0.008 | 0.015 | 0.004

Table 2.4: Standard error for each standard in each period of measurement, using the standard deviation of

standards from individual time periods.



2.7: Sample derived contamination and additional sample preparation:

Due to the measurement sensitivity required for analysis of A47, measurements
can be susceptible to effects of contamination. Contamination in this context is the
presence of a gas other than the target CO,, particularly at the point of measurement by
MIRA. Contaminant gases can be released by the acid digestion process of a sample, and
if they are not removed before entering the mass spectrometer, contaminants can cause
issues with measurement as a result of isobaric interferences at the cardinal masses of
the CO; isotopologues. The effect will be most pronounced for interferences at mass 47
(Eiler and Schauble, 2004).

While the preparation line has been designed to remove common ‘contaminant’
gases (cryogenic traps for water vapour, a Porapak Q trap for the removal of
hydrocarbons/halocarbons, silver wool to remove sulphur compounds and frequent
removal of non-condensable gases), in 2018, measurements of less pure samples,
including samples thought to have high volumes of organic matter and presence of clay
minerals (e.g. mudrock-hosted concretion body cement and brown fibrous calcite
septarian fracture fills; Chapter 3), produced results that showed evidence of
contamination.

At UEA, contaminated samples are distinguished from non-contaminated samples
using measurement of Asg, and occasionally, Asq. Asg in particular is highly sensitive to the
presence of contaminant gases (Eiler and Schauble, 2004; Huntington et al., 2009).

Other institutions use a parameter called Asg offset (OF Asg excess) @S @ contamination
indicator; samples are thought to be contaminated when their d.45-Ass deviates from the
O48-N4g best fit lines of heated gases (where 845 = isotope ratio of sample vs. standard)
(Huntington et al., 2009). A Assofiset threshold is set, below which, samples are considered
uncontaminated (e.g., 1.5%o used by Imperial College London; Davies and John, 2017). As
MIRA is a linear mass spectrometer this parameter is not applicable to our samples.
Instead, in the past we have looked at our raw Asg and Asg measurements.

For concretion body and brown fibrous fringe data (Chapter 3), there were several
lines of evidence suggesting contamination for the more organic rich calcite phases in the
earliest results measured. While the majority of the data had reasonable Asg values, the
temperatures derived for these data were unrealistically negative; in addition, when
comparing Asg with Asg, another component sensitive to contaminants, the data for the
organic rich phases fell outside the range seen for the purer samples and standards (Fig.

2.6). These data were therefore discarded. Comparisons of A47, Asg and A4 of similar
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samples were used to investigate contamination in other samples, although these
parameters could vary systematically as well, and the clear covariance seen for the results

of Figure 2.6 is unusual.

04 -
0.3 -
P TS H
'B i
1 1
1 1
i i
0.2 T : . . .:
1
1 1
1 . 1
] = Y |
0.1 1 | $ o ]
2 i PY H
Q\« 1 . 1
© :. . :
hoy e S 1
< — e ——————————— 7 : T T T 1
1
-20 Y i 20 30 40 50
1
1
1
1
i
i @ Standards
1
oi @CBC
1
i ®BFC
""""""""""" eYSC
-0.3 -
A 49(%0)

Figure 2.6: Measured AsgVvs. Ago values from YSC (yellow sparry calcite), BFC (brown fibrous
calcite) and CBC (concretion body cement) from 4 concretions from the Oxford Clay and Ampthill
Clay formations. Box A shows uncontaminated samples, box B shows contaminated samples. Data

collected in September/October 2018.

2.7.1: Investigation of sample derived contaminants:

Due to the preliminary results shown in Figure 2.6, it was apparent that despite
effective gas purification for other samples, for the concretion bodies and early brown
spars, a contaminant gas was not being removed by the preparation line. The potential
sources were thought to be either the organic material or clay minerals - Mucciarone and
Williams (1990) had observed contaminant peaks at masses 47 and 48 that stemmed

from NO; gas released from clay adsorbed ammonium.
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Several pre-preparation techniques were trialled in order to attempt to prevent
the release of contaminant gases from the acid digestion process. Experiments took place
using powdered concretion body from 'SC8', a Staffin Shale concretion ascribed to Bed 40
provided by Jim Hendry and previously analysed in Hendry et al. (2006), also analysed in
Chapter 3 and Paxton et al. (2021). A control (UEACMST) was also used to check that
these methods did not affect the 6§20, §'3C and A47 of a pure standard.

These tests were informed by previous results of tests done at UEA using MIRA
(Saha, 2013). The methods are detailed below:

1. Reacting concretion body powder with sodium hydroxide (NaOH)
Rationale: As applied by Saha (2013), NaOH is used for the purpose of ion exchange,
exchanging Na* with ammonium (NH4*).
NaOH can also dissolve kaolinite (Kimpf and Schwertmann, 1982; Yapp, 1991),
which, along with illite-smectite, is dominant in the clay mineral fraction of the
Staffin Shale Formation (Hendry et al. 2006).
Method:

e ~50 mg of carbonate material placed in a small glass beaker

e <15 mL of 1M NaOH added to cover sample and left for required amount of

time.

e Samples are vacuum filtered with deionised water and dried in a vacuum oven

with no heat.
This method was used for ‘Method 3’ (190 minute submersion) and ‘Method 7’ (340
minute submersion) of Table 2.5.
2. Reacting concretion body powder with sodium hypochlorite (NaOCl)
Rationale: NaOCl removes organic matter from carbonate (e.g., Devereux, 1967).
Method:

e ~50 mg of carbonate material placed in a small glass beaker

e <15 mL of 10-15% NaOCI added to cover sample and left for required amount

of time.

e Samples are vacuum filtered with deionised water and dried in a vacuum oven

with no heat.
This method was used for ‘Method 1’ (>1440 minute submersion) and ‘Method 4’

(4360 minute submersion) of Table 2.5.

3. A combination of methods 1 and 2, with NaOCI treatment followed by NaOH,

using the same methods as above consecutively.
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These include ‘Method 2’ (>1440 minute submersion in NaOCl, 60 minute
submersion in NaOH), ‘Method 5’ (4370 minute submersion in NaOCl, 60 minute
submersion in NaOH) and ‘Method 6’ (1440 minute submersion in NaOCl, 85

minute submersion in NaOH) of Table 2.5.

The results for these experiments are shown in Table 2.5. No results for SC8 CBC
gave temperatures >5°C, which are considered too negative to record shallow burial
temperatures, despite varying treatment time. In addition, even a 3-hour NaOH
treatment of UEACMST caused a measured change 6§80 in UEACMST. Moreover, it was
found that extended immersion in NaOCl caused a significant negative shift in §'80 for
both sample and standard. It was concluded that such pre-treatment was not appropriate
for the samples showing contamination; and indeed, the issue was resolved as described

in Section 2.7.2, requiring no pre-treatment.

Sample Method n NaOCI NaOH Average
treatment | treatment 613C 50 T(As7)
time (mins) | time (mins) (%o0) (%o0) (°C)
Untreated 3 -15.31 -0.81 -24
1 2 >1440 + -15.23 -0.84 -24
2 2 >1440 t 60 -15.13 -0.71 -9
3 2 190 -14.99 -0.52 -10
SC8 CBC 4 1 4360 -14.84 -1.97 -14
5 1 4370 60 -14.90 -1.92 2
6 2 1440 85 -14.93 -0.67 -26
7 2 340 -15.31 -0.70 -29
Untreated | 17 1.95 -2.04 180
3 4 190 1.95 -2.20 140
4 2 4360 1.53 -2.57 104
UEACMST 5 3 4370 60 1.69 -2.42 127
6 4 1440 85 1.85 -2.25 136
7 4 340 1.97 -2.22 141

t NaOCl evaporated overnight

Table 2.5: Details of tests of pre-preparation technique trials for contamination reduction, using
concretion body cement (SC8 CBC) and a standard (UEACMST). Treatment time is in minutes.
Orange highlights indicate that change is greater than +1 standard deviation of the mean, and
blue highlights indicate that change is greater than -1 standard deviation of the mean. Note that
UEACMST average is calculated from 17 results measured at the time period when most results
here were also analysed, and SC8 CBC result is from data collected in April 2018, before

improvement of contamination issue, and not as reported in Chapter 3.
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2.7.2: Water vapour contamination effects:

As described in Section 2.3.2, above, the presence of traces of water vapour in the
gas preparation line was discovered in early 2019, and after changes to the preparation
line in March 2019 this issue was improved significantly. After this point, ‘organic rich’
concretion body and brown fibrous fringe calcites gave reasonable temperatures, and the
apparent contamination issue was solved.

Prior to March 2019, the presence of water vapour may have allowed water to
coat some of the surfaces within the preparation line; particularly those made of metal.
This may have facilitated re-equilibration of CO, molecules if they came into contact with
coated surfaces. Water vapour is also thought to have reduced the effectiveness of the
Porapak Q trap, allowing organic derived contaminants to enter the mass spectrometer.
There is also the potential that water may have been reacting with contaminant gases
causing release of a contaminant species that caused interference at mass 47 (P. Dennis,

pers. comm., 2022).

2.8: Limitations with clumped isotope analysis:

2.8.1: Considerations regarding data processing and comparisons between labs.

Understanding the limitations of clumped isotope data processing methodology is
important in particular when comparing data from different labs.

While calibrating A4z measurements to the CDES-25 reference frame allowing data
to be comparable between labs, variations in the calculations used for data processing
can affect the comparability of reported results. As; (CDES-25) is expressed relative to an
acid digestion temperature of 25 °C, and correction is required when digestion takes
place at different temperatures. The source of the acid reaction correction factor used
varies within the literature, which means that different corrections are applied for the
same digestion temperature between studies. The correction factor used at UEA is
described above and was derived empirically within the lab but is also in agreement with
the Guo et al. (2009) theoretical fractionation relationship.

Another source of uncertainty in data comparison comes from the range of
equations used by workers to derive the carbonate formation temperature from As7;
which in turn influences the 8§'0ruip value calculated. A variety of different temperature

equations are used, which means that even if results have identical As7 (CDES-25) values,
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the temperatures reported may be different. For example, a temperature of 24.1°C
calculated using Equation 2.4 (Kirk, 2017; Dennis et al., 2019) would be calculated as
39.8 °C using Equation 9 of Dennis et al. (2011).

The UEA temperature Equation (Equation 2.4) is, however, nearly identical to the
recently published calibration of Anderson et al. (2021), which was calibrated to
carbonate standards and was in agreement with several other studies. The use of the UEA

temperature equation is therefore justified for use and comparable to other labs.

2.8.2: Additional factors influencing our analysis:

In addition to the issues with water vapour that have been described above,
several other factors may have affected our analyses.

The Porapak Q trap temperature was not always consistent between different
samples. This may have particularly affected early analysis as, in early 2018, the cooling
devices were struggling to reach the ideal temperature of -20°C. Temperatures ranged
from -16.8°C to -21°C throughout the initial period of work in April 2018, and
between -19.7 to -26°C for subsequent analyses, with most falling between -20 to -22°C.
The initial higher temperatures may have reduced the Porapak Q effectiveness; however,
it is uncertain if the later inconsistency of temperatures lower than 20°C between
samples affected the precision or repeatability of results.

The water traps can face the same issue as above, with starting temperatures for
each trap ranging by up 9°C, although stability was increased over time.

Detailed notes were made on the initial temperatures of each step for each
sample (where the majority of gas transfer between cold fingers occurs), but temperature
varied within the duration of time given for each stage of the preparation process, which
could not be tracked for each sample. Therefore, even though no apparent relationship
between logged temperatures is seen between samples, it is unknown if there were

relationships with this unrecorded variability.
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Chapter 3: Taking the heat out of British Jurassic septarian
concretions

This chapter has been published as the following paper: Paxton, R. B., Dennis, P.
F., Marca, A. D., Hendry, J. P., Hudson, J. D., & Andrews, J. E. (2021). Taking the heat out

of British Jurassic septarian concretions. The Depositional Record, 7(2), 333-343.

3.1: Introduction:

There is considerable interest in the application of clumped isotope
palaeothermometry for reconstructing temperatures from carbonate rocks and fossils
from a range of Earth-surface palaeoenvironmental and diagenetic settings (Ghosh et al.,
2006; Eiler, 2007, 2011; Huntington et al., 2011). While clumped isotope
palaeothermometry does not require prior assumptions regarding temperature or water
isotopic compositions, a potential drawback is that many earth surface biotic and abiotic
carbonates probably crystallize too rapidly to achieve the complete isotopic equilibrium
(Daéron et al., 2019) required to apply the technique quantitatively. This said, some
abiotic carbonates, particularly slowly growing sparry calcite cements in basinal
sediments, should be excellent targets for clumped isotope analysis. These sparry
cements typically formed under shallow to deep burial conditions where warmer
temperatures (e.g. 20-50 °C; Defliese & Lohmann, 2016; Purvis et al., 2020) ensure
isotope exchange reaction rates are fast, and dissolved inorganic carbon (DIC)-calcite

equilibrium is more likely to be achieved.

Ancient carbonate concretions (Raiswell & Fisher, 2000) are obvious targets for
clumped isotope palaesothermometry and the first A4y data (Loyd et al., 2012) showed
that concretion body cements were influenced by post-depositional fluid alteration,
driven by either silica diagenesis (Miocene, Monterey Formation) or meteoric-water influx

(Cretaceous Holz Shale Formation).

This was followed by clumped isotope palaeothermometry on septarian
concretions (Dale et al., 2014; Loyd et al., 2014) of various ages, attractive targets
because a single decimetre-sized concretion can contain a variety of carbonate cements
that record changes in the geochemical environment and temperature from initial
formation through progressive burial in sedimentary basins over millions of years. Both

studies reconstructed cementation temperatures and the fluid types involved in
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concretion cementation. Their results showed that some concretion bodies gave
temperatures indicative of formation at shallow depths (Loyd et al., 2014), while other
concretion-body data indicated much higher temperatures (Dale et al., 2014; Loyd et al.,
2014), apparently resolving some of the uncertainty inherent in traditional stable isotope
data (Mozley & Burns, 1993). However, clumped isotope paleothemometry is not a
panacea; each case study needs careful evaluation of all supporting data. For example,
clumped isotope data show that negative 6§80 values in sparry calcite cements filling
septarian fractures may not indicate meteoric water input (Dale et al., 2014), although

they often do (Loyd et al., 2014).

This study concentrates on British Jurassic concretions which have a history of
detailed previous research (Hudson 1978; Hudson et al., 2001; Hendry et al., 2006)
allowing the new clumped isotope information to be constrained in a tight framework of
supporting data. These Jurassic concretions are thought to have formed in
unconsolidated, organic-rich, marine muds (Duff, 1975; Kenig et al., 1994) within a few
metres of the sea floor (Hudson, 1978; Hendry et al., 2006). Concretion bodies (Fig. 3.1)
may have initiated from a biomineralization of a bacterial extra-cellular polysaccharide
framework (Hendry et al., 2006) which was rapidly entombed by microsparry calcite
cement. The pore water from which this cement precipitated was essentially seawater,
while bacterial sulphate reduction (BSR) caused the incorporation of isotopically negative

Cin calcite, and S in pyrite (Irwin et al., 1977; De Craen et al., 1999).

The lithifying concretion bodies contracted at an early stage of cementation,
forming septarian cracks (Fig. 3.1) or more irregular breccias within an otherwise
unconsolidated sediment. Mobile clays, intruded into cracks at both Calvert and Staffin
(Fig. 3.2), are direct evidence of this, and pyrite coating breccia fragments are evidence
this happened in the BSR zone (Hudson, 1978; Hudson et al., 2001). In many cases, brown

fibrous cements nucleated on crack walls forming distinct cement fringes (Fig. 3.1).

The Sr isotope compositions of early calcite phases (concretion bodies and fibrous
cement fringes) in the English concretions are very close to those of Callovian seawater
(Hudson et al., 2001). Moreover, the 580 values of these phases are similar to those from
well-preserved benthic fossils, which led Hudson et al. (2001) to infer early calcite
cementation temperatures of ca 15 2C, assuming the widely accepted 5§80 composition
for Jurassic seawater of -1%ovsmow (Shackleton & Kennett, 1975). The last stage of

concretion development resulted in the precipitation of ferroan sparry calcite in the
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Concretion body calcite

Brown fibrous calcite fringe

Sparry calcite fill

Open pore space

Figure 3.1: Line drawing from a slab of Staffin Shale Formation concretion showing the various

calcite phases described in this chapter.

Figure 3.2: Sample locations. C= Calvert; CAS = Cassington; P = Peterborough; S = Staffin.
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septaria (Fig. 3.1), cements that have distinctly negative 680 values (mean 620 of -
7.4%ovpps) indicative of a meteoric fluid (Hudson, 1978). Likewise, at Staffin, Hendry et al.
(2006) derived minimum concretion body and fibrous calcite cementation temperatures
ca 10°C, with ferroan sparry calcites displaying a wide range in §'80 values ascribed to

variable mixing of marine and highly 80-depleted meteoric pore fluids.

This study is timely because Loyd et al., (2014) reported clumped isotope
temperatures from English Jurassic concretion body calcites and brown fibrous cement
fringes that were ca 20 to 30 2C warmer than those inferred from geological and
traditional geochemical evidence (Hudson et al., 2001). They resolved the temperature
mismatch by suggesting the shallow burial precursor calcites had undergone pervasive
reaction with heated basinal fluids with 6§80 compositions around +3.2%ovsmow; a
scenario that is the opposite of the typical ‘meteoric water-alteration pathway’ proposed
for calcitic concretions based on an ensemble of stable isotope data (Mozley & Burns,

1993).

3.1.1: Study materials

Middle and Upper Jurassic concretions were analysed from a range of localities
(Fig. 3.2) and stratigraphic horizons as indicated by ammonites in the concretions (see Cox
et al., 1994). These included concretions from brick pits (now back-filled) at Calvert (Jason
Subzone, Jason Zone, middle Callovian, Buckinghamshire), Norman Cross Quarry near
Peterborough (Obductom Subzone, Coronatum Zone, middle Callovian, Cambridgeshire)
and a former gravel pit at Cassington (Obductom Subzone, Coronatum Zone, middle
Callovian, Oxfordshire) all described in Hudson (1978) and Hudson et al. (2001). An ex situ
concretion derived from the Ampthill Clay (Serratum Subzone, Serratum Zone, upper
Oxfordian) was collected from Pleistocene till at Norman Cross quarry (Hudson, 1978).
The lower Kimmeridgian Staffin Shale Formation concretions (Densicostata/Normandia
Subzone, Baylei Zone) are from the Hebridean Isle of Skye (Hendry et al., 2006) (Fig. 3.3
and 3.4). Equivalence of material sampled in earlier published research is shown in Table

3.1.
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This study Hudson Hudson et al. Loyd et al. Hendry et al. Pearson et
(1978) (2001) (2014) (2006) al. (2005)
C5 C5-X* €595XX*
CAS1095-6 CAS1095X*
P1AB P1A-X* P1ABXX*
P35-95 P3-X* P595 A P3-4r
SC8 SC8 SC8-XX*
151-7
161a

* X and XX signifies an alpha-numeric extension to the sample number dependent on the cement
type (e.g. concretion body cement, fringing cement, fracture fill spar).

Table 3.1: Equivalence of sample numbering across the different studies for the concretions used

in this study.
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Figure 3.4: Concretion from the Staffin Shale Formation at Staffin Bay, Trotternish, Isle of Skye,

which is ex situ but likely from bed 40. The brown fibrous calcite and yellow sparry calcite fills of
the septarian cracks are weathered to dark brown/black. The calcitic concretion body (light grey)
has been bordered by a thick siderite layer (orange) which also has yellow sparry calcite fractures

(weathered black here).

3.2: Methods:

3.2.1: Sample preparation

Sample powders from concretion body cements, brown fibrous fringes and void-filling
spars were either drilled from cut slices, or produced by crushing fragments (broken from
hand specimen) in a pestle and mortar. In all cases areas of sample with visible
microfractures or other obvious inhomogeneities were avoided. For three concretions
where brown fibrous fringes were >4 mm thick subsamples were obtained by drilling two
trenches (1 mm wide x 1.5 mm deep x 15-20 mm long), one parallel to the inner margin
adjacent to the concretion body, and another parallel to the outer margin close to the

contact with the succeeding sparry calcite cement (E.g., Fig. 3.5).
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Figure 3.5: Line drawing of sample 161a, showing sampling sites: black circle = concretion body;

red line = fibrous fringe (with inner and outer marked as initials); blue line = spar.
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Sample powders (ca 4-6 mg) were reacted in vacuo at 87°C for 30 minutes with
102% ortho-phosphoric acid in a common acid bath, dynamically collecting the evolved
CO; by freezing into a spiral trap immersed in liquid nitrogen (-196°C). Next the trap was
isolated from the reaction vessel, keeping it immersed in liquid nitrogen whilst removing
non-condensable gases by vacuum pumping. Then, warming the trap to -120°C, the CO>
was sublimated at low pressure, cryodistilling it into a manometer via two further water
traps also held at -120°C. After carrying out a second step of removing non-condensable
gas, the gas amount was measured to estimate reaction yield. In the last stages of gas
purification the CO, was transferred through a static Porapak-Q trap (120 mm long x 9
mm diameter) held at -20 °C, freezing it into a cold finger for 30 minutes before a final

step of removing non-condensable gas.

3.2.2: Measurement and data handling

Sample CO; was measured as described in Chapter 2.

3.2.3: Temperature calculation

The empirical clumped isotope calibration of Kirk (2017) based on measurements
made in the UEA laboratory using the MIRA mass spectrometer (Dennis et al., 2019) was
used to calculate temperatures (Equation 2.4 of Chapter 2). The calcite-water isotope
fractionation factor calibration of Kim and O’Neil (1997), which is appropriate for abiotic
carbonates, is used to determine water oxygen isotope compositions (Equation 2.7 of

Chapter 2).

The isotope values reported here are the mean of 3-6 measurements of replicate
samples, with the measurement uncertainty reported as = 1 standard error of the pooled
standard deviation of measurements for each of the three phases: concretion bodies,
fibrous fringes and spars. In using the pooled standard deviation it is necessary to ensure
that there is a sufficient number of samples to determine a representative distribution of
the measurement uncertainty. The standard deviations and errors for ‘individual’ samples
are also reported in Appendix 1: Part Il. Temperature and fluid isotope compositions are
calculated using the mean A47 and 680 values with full propagation of the measurement

and calibration uncertainties. The 8§'3C and 680 values are reported for carbonates with
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respect to Vienna-Pee Dee Belemnite (VPDB) and 680 values for water with respect to

Vienna-standard mean ocean water (VSMOW).

3.2.4: Sample contexts

The sedimentology, petrography and paragenesis of the various calcites sampled
here have been reported before, principally by Hudson (1978) and Hudson et al. (2001;
English concretions) and Hendry et al. (2006; Staffin). Salient points are summarised here,
discussing published stable isotope data in context with this new data in subsequent

sections.

Concretion body calcites are mostly non-ferroan microspars that grew into the
pore space of peloidal host sediment. These concretions have pyritic rims consistent with
formation in the BSR zone; pyrite formation sequestered available Fe?* explaining the low
iron content in the microspars. The Ampthill Clay and Staffin concretions are different; in
these the body microspars are ferroan, and the concretions lack pyritic rims. This
indicates availability of excess Fe?* for incorporation into calcite either from; (1) iron-
reduction under sub-oxic conditions while rates of BSR (and thus pyrite formation) were
low; or (2) from upward diffusion of methanogenic Fe?* when BSR had effectively ceased,
the latter implying growth near the base of the BSR zone. The ferroan microspars from

Staffin have resultant dull-orange cathodoluminescence (CL).

Brown fibrous cement fringes, oriented normal to septarian fracture walls are best
described in the Staffin and Ampthill Clay samples (Hudson, 1978; Hendry et al., 2006),
comprising radiating palisades (50 um wide and up to 5,000 um long), some with
fasicular-optic textures. The brown body colour is imparted by polar organic inclusions
(Pearson et al., 2005). The earliest phases of growth (Staffin) are non-ferroan and non-
luminescent, becoming dull orange luminescent distally, then passing into more ferroan
compositions with dull brown to very dull brown CL, which is interpreted as evidence of
initial suboxic conditions resulting from a pause in sedimentation, followed by renewed
burial and ingress of methanogenic Fe?*. Iron content of the English brown fibrous calcites

is similarly variable but has not been studied systematically.

The fracture-hosted sparry cements are variably white or yellow ferroan calcites
with dull to very dull brown CL. Crystals are typically 0.5 to 4 mm in size, variously equant

to elongate with steep terminations into open spaces.
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3.3: Results:

Stable and clumped isotope results for the calcite phases in the concretions are

summarised in Table 3.2 and Figure 3.6.

n 813C 6%0cars Dy T(Aa) 6'80Fuia
sample Phase . L, onale . . (%o,
(%o, VPDB) (%o, VPDB) (CDES) (°C) VSMOW)
Staffin Shale Formation, Skye®
151-7 Body 3 |-17.47 = 0.06 -1.04 + 0.03 0.703 + 0.012 9+5 -22+1.1
Fibrous fringe 4 |-15.68 + 0.09 -0.70 + 0.02 0.673 + 0.012 18+ 5 01+1.1
Spar 4 1-10.69 + 0.11 -10.74 £ 0.07 0.677 £ 0.011 17 £ 5 -10.1 £ 1.0
161a Body 4 [-17.34 £ 0.05 -0.89 £ 0.03 0.690 £ 0.011 13+5 -1.2+£1.0
Inner fibrous fringe | 3 |-16.81 + 0.11 -0.27 £ 0.03 0.677 + 0.013 17 £+ 5 03+1.2
Outer fibrous fringe | 4 1.66 + 0.09 -0.93 + 0.02 0.654 + 0.012 24 + 5 12 +1.1
Spar 4 | -5.62 £ 0.11 -11.74 £ 0.07 0.653 £ 0.011 25+5 95+1.1
SC8 Body 5 (-14.89 + 0.04 -0.75 £ 0.02 0.658 + 0.009 23+ 5 1.2+1.0
Inner fibrous fringe | 3 |-14.95 + 0.11 -0.30 + 0.03 0.677 + 0.013 17 £+ 5 03+1.2
Outer fibrous fringe| 3 | -2.34 + 0.11 -0.40 + 0.03 0.629 + 0.013 3316 35+1.2
Spar 5 -7.46 = 0.10 -3.38 £ 0.07 0.672 £ 0.010 18+5 -25+1.0
Ampthill Clay, Peterborough$
P35-95 Body 3 |-19.50 + 0.06 -0.70 + 0.03 0.683 + 0.012 15+5 -05+ 1.1
Inner fibrous fringe | 3 {-19.80 + 0.11 -0.68 £ 0.03 0.683 + 0.013 15+5 -05+1.1
Outer fibrous fringe| 4 [-20.10 + 0.09 -1.21 £ 0.02 0.670 £ 0.012 19+5 -0.1+1.1
Spar 3| -047 + 0.13 -9.55 + 0.08 0.630 + 0.013 33+6 -5.7+1.2
Oxford Clay, Peterborough$
P1AB Body -15.69 £ 0.06 -0.80 £ 0.03 0.697 £ 0.012 11+5 -1.5+1.1
Spar 4 | -0.15 £ 0.11 -9.53 £ 0.07 0.602 = 0.011 43 + 6 -3.7+1.1
Spar 3% | -0.16 + 0.14 -9.52 + 0.09 0.616 + 0.011 386 -4.7 + 1.1
Oxford Clay, Calvert**
C5 Body 3 [-14.25 + 0.06 -0.66 £ 0.03 0.673 £ 0.012 18 + 02+11
Spar 3| -0.41 + 0.13 -7.34 £ 0.08 0.638 + 0.013 306 -41+1.2
Oxford Clay, Cassington'’
CAS1095-6 Body 3 [-14.72 + 0.06 -0.76 £ 0.03 0.675 £ 0.012 17 + 0.0+1.1
Spar 3 0.86 + 0.13 -7.93 £ 0.08 0.650 £ 0.013 26 £ 6 -55+1.1

All + values represent one standard error of the pooled standard deviation.
*CDES is Carbon Dioxide Equilibrium Scale
¥ Location: 57.661774 -6.246455 (WGS84)
§ Location: 52.509702 -0.274535 (WGS84)
# Same sample as above, excluding one high temperature measurement; see text.
** Location: 51.903016 -0.991232 (WGS84)
* Location: 51.794775 -1.318454 (WGS84)

Table 3.2. Geochemical data and Asztemperatures
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The 813C and 8*80carbonate Values (Fig. 3.6 A) are broadly consistent with previous
data from the same Oxford and Ampthill Clay concretions (Hudson, 1978; Hudson et al.,
2001); similarly, the data from newly sampled Staffin Shale concretions are mainly
comparable to data in Hendry et al. (2006). The clumped isotope data (Table 3.2) mostly
show similar paragenetic trends despite being from different geographic areas and

stratigraphic units.

Concretion body cements gave temperatures between 945 °C and 1845 °C, and
pore fluid values between 0.2+1.1%o and -2.2+1.1%ovsmow, excepting concretion SC8 body

which gave a temperature of 23+5 °C and a pore fluid value of 1.2+1.0%ovsmow (Fig. 3.6 B).

The brown fibrous cement fringes mostly gave temperatures between 15+5 °C and
1915 °C, and pore fluid values between -0.5£1.1%o and 0.3+1.2%ovsmow (Fig. 3.6 B). Two
Skye concretions with thick fibrous calcite fringes that were sub-sampled display
increasing temperatures and more ¥0-enriched pore fluid compositions from the inner to

outer edges (Table 3.2).

Temperatures and pore fluid compositions for void filling spars are variable in
both geographic regions (Fig. 3.6 B), 151-7 (Skye) having the lowest (1745 °C) and P1A-B
(Peterborough) the highest at 436 °C. Spars from the Oxford and Ampthill Clays gave
fluid compositions between -3.7+1.1%. and -5.7+1.2%ovsmow, Whereas two concretions
from the Staffin Shale had spar fluid compositions of -10.1+1.0%. and -9.5+1.1%ovsmow.

SC8 (Skye) was again an exception, with a pore fluid value of -2.5+1.0%ovsmow.

3.4: Interpretation and discussion:

The variance of individual sample replicates (Appendix 1: Part ) is typically close
to, or less than the overall pooled uncertainties and are similar between different calcite
phases, and are also commensurate with the long-term uncertainty associated with
measurement of the standards. This is believed to indicate that sampling resulted in
homogeneous powders for analysis. However, it is possible that some of the sample
internal variance might reflect original inhomogeneity in the sediments including minor
variation in the timing of cementation of residual porosity in the concretion bodies. There
is no petrographic evidence to suggest the latter is likely in these sampled concretions
(Hudson et., 2001; Hendry et al., 2006) although electron backscatter data in Loyd et al.

(2014) imply <10% ‘pseudospar’ patches in some of their British concretion bodies. Other
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causes of variance could be due to inclusion of undetected cements in micro-fractures
and the possibility of crystal face disequilibrium effects (Dickson, 1991) in the coarser
sparry calcites. However, simple mixing modelling (Paxton et al., 2021: Supplemental
Information, section 5) indicates that all phase mixing can be excluded other than a very

small fraction of spar cement.

For most concretions, the clumped isotope data from the earliest-formed calcites
(body, cement fringe) gave temperatures between 945°C and 1945 °C (Table 3.2). In
addition, all but one concretion body sample (151-7 from Staffin; Table 3.2) gave derived
water 680 values of ca -1%ovsmow 880, consistent with the values for Jurassic seawater
proposed by Shackleton and Kennett (1975). The data thus indicate calcite precipitation
from marine pore fluids, consistent with the Sr isotope compositions (Hudson et al.,
2001). There is little evidence that the concretion bodies were pervasively altered by
meteoric waters (cf. Mozley & Burns, 1993) and no evidence for pervasive alteration by a
secondary phase of hot (33-46 °C) 80-enriched pore water, which Loyd et al. (2014)

proposed for some of the same material.

Taken together the concretion body results are a new measure of mean bottom
water temperatures of ca 15°C (range 9 to 18°C) in British Callovian-Kimmerdigian seas, in
agreement with earlier Callovian benthic (Hudson et al., 2001; Mettam et al., 2014) and
Kimmeridgian water column (belemnite rostra 6§80, Staffin Shale Formation)
temperature estimates between 14 and <20 °C (Wierzbowski et al., 2006; Nunn et al.,
2009). Moreover, these abiogenic concretion body calcites are probably a more secure
guide to bottom water temperatures than fossil skeletal carbonates because assumptions
about biogenic vital effects are not required. In this context, note both the high variability
in 8180 values from Staffin Shale Formation belemnite rostra (Wierzbowski et al., 2006;
Nunn et al., 2009) and their remarkably high clumped isotope temperatures (Vickers et
al., 2020), suggesting undetected disequilibrium effects. Only the coolest belemnite
apical-line clumped isotope temperature of 18.715 °C, thought to reflect benthic or
synsedimentary conditions in the Staffin Shale Formation (Vickers et al., 2020), overlaps

the concretion body temperature range reported here.

These results align well with established views that British Jurassic concretion
body calcites precipitated under very shallow marine burial conditions (Raiswell, 1976;
Hudson, 1978; Hudson et al., 2001; Hendry et al., 2006) within the BSR zone, as supported

by negative §'3C compositions (Fig. 3.6 C; see also Irwin et al., 1977; Mozley & Burns,
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1993; Hudson et al., 2001). The similarity of the data from the concretion bodies and the
fracture-hosted fibrous cement fringes also supports the inference that septarian fracture
initiation and subsequent fringe cementation was penecontemporaneous with formation
of the concretion body under marine shallow burial conditions (Hudson et al., 2001;

Hendry et al., 2006).

The rates of crystallization of these earliest-formed calcite phases are not known
so assumptions regarding isotopic equilibrium are difficult to substantiate. This noted, it is
striking that the clumped isotope temperatures are consistent with the wider geological
context of concretion growth (Hudson, 1978; Sellés-Martinez, 1996; Hendry et al., 2006),

suggesting that they did form under near isotopic equilibrium.

In most cases the fibrous cement fringes formed from seawater-derived pore
fluids between 4 and 9 °C warmer than the fluid from which the concretion bodies
formed. Sub-samples of a cement fringe from the Ampthill Clay concretion did not record
significant changes in temperature or fluid composition from inner to outer edge (Table
3.2). However, two concretions from the Staffin Shale of Skye both show a transition from
initial precipitation at 1745 °C from pore fluids with a §'80 value of 0.3+1.2%., to
significantly warmer temperatures and slightly more evolved pore fluids close to the
outer edge of the cement (Table 3.2). This is consistent with initial growth at shallow
burial within, and perhaps near the base, of the BSR zone (Hendry et al., 2006), followed
by deeper burial (warmer pore water) and transition beyond the BSR zone, as suggested
by gradually increasing §'3C values (Hendry et al., 2006). The enrichment of 20 in these
Staffin Shale fluids (Table 3.2) suggests some near-closed system, water/sediment
interaction; limited reaction with a silicic sediment component like volcanic ash (Knox,
1977) would achieve this (cf. Noh & Lee, 1999). It is noteworthy that the 20 enrichment
and temperature increase have opposing effects on the §0carbonate Value (Table 3.2),
such that without As7 data little if any change in the conditions of precipitation would be

apparent.

Sparry calcites that partially or wholly fill void spaces are the final carbonate
cement phases in all the studied concretions. Clumped isotope temperatures for these
cements are variable (from 2616 °C to 4316 °C for the English concretions; and 175 °C to
2545 °C from the Skye concretions; Table 3.2), but usually higher than the corresponding
concretion body temperature, consistent with formation under relatively deeper burial.

The Oxford and Ampthill Clay spars precipitated from pore fluids with 880 values
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between -3.7£1.1%o and -5.711.2%ovsmow, While spars in two of the Skye concretions
precipitated from fluids with 680 values between -9.5+1.1%o and -10.1+1.0%ovsmow
(Table 3.2). These fluid compositions indicate the presence of meteoric waters,
confirming conclusions of earlier studies (Hudson, 1978; Hudson et al., 2001; Hendry et

al., 2006; Loyd et al., 2014).

In one Skye concretion (SC8) the fringe cement data is comparable with other
concretions in this study but the body yielded a temperature of 2315 °C (Table 3.2),
warmer than any of the others. As the SC8 680 value is not anomalous, it is suggested
that the higher temperature results from disequilibrium effects on As7. In addition, while
the spar from SC8 had a comparable precipitation temperature (1845 °C) to that of other
concretions, the derived pore water composition was much more 80-enriched
(-2.5£1.0%o0vsmow compared to between -9.5+1.1%o and -10.1+1.0%ovsmow for the other
Skye concretions; Table 3.2). The reason for this difference is not clear; however, Hendry
et al. (2006) recorded a large range in Staffin Shale concretion sparry calcite §*¥Ocarbonate,
ranging from -1.5%o to -17%0VPDB, suggesting substantial heterogeneity in pore fluid
composition between concretions. This variation might be due to spars precipitating from
fluids at different stages of burial and uplift, including progressive displacement by

Palaeocene meteoric water (Hendry et al., 2006).

The clumped isotope temperatures for all concretion calcite phases are below the
maximum burial temperature estimates for their locations (<60 °C for the Staffin Shale;
Pearson et al., 2005; Lefort et al., 2012; Vickers et al., 2020; < 50 °C for Southern England;
Green et al., 2001). The highest temperature measured (436 °C) was for a spar from
P1A-B. This value is a mean of four repeats, one of which gave much higher temperatures
(Table 3.2); excluding this outlier gives a temperature of 386 °C and a fluid 620
composition of -4.7+1.1%ovsmow (Table 3.2), more in line with data from the other English
concretions. However, since there is no evidence for contamination at mass 48 in this

outlier all the data in the mean temperature reported is retained.
3.4.1: Comparison with earlier work:

The clumped isotope temperatures reported here from sparry fracture fills are
similar to those of Loyd et al. (2014); they report temperatures of 32 £ 2to 48 + 2 °C from

Oxford and Ampthill Clay spars. However, Loyd et al. (2014) also report elevated

temperatures for the earlier diagenetic phases (body, cement fringe); in contrast this
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study shows that the earlier cements were precipitated at, or close to Earth surface
temperatures. This difference is clear in the reported As7 values (Fig. 3.7). There are a

number of factors, mostly methodological, that may account for this difference, which are

explored below.

The most obvious difference between the spars and the earlier diagenetic phases
is a ca 15%o depletion in §'3C values for the Oxford and Ampthill Clay concretions body

cements (-14.3 to -19.5%ovrps) When compared to the spars (0.9 to -0.5%oveps). As has
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Figure 3.7: Box and whisker diagram of: (A) As7values and (B) temperatures reported for body,

fringe and spar cements of Oxford and Ampthill Clay concretions by Loyd et al. (2014) and this
study.
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been shown by Schauer et al. (2016) and Daéron et al. (2016) there is a subtle but
significant effect of the *’O correction algorithm on reported A47 values when using
different values for RYysmow and A, the gradient of the oxygen isotope mass dependent
fractionation line. Early studies typically used values of Rysmow = 0.0003799 and A=
0.5164. Using these values, concretion body cement samples with depleted §'3C values
compared to spar cements will record A47 values that are too low, and thus higher
apparent temperatures. The parameters used in the 7O correction algorithm by Loyd et
al. (2014) were not reported but, since their work precedes recognition of the importance

of parameters employed, it is likely that they are now out-dated.

Other methodological differences between this study and that of Loyd et al.
(2014) include the following. (1) The use of different temperature calibrations. Loyd et al.
(2014) used the Ghosh et al. (2006) calibration as transformed onto the CDES by Dennis et
al. (2011). This is at marked variance with virtually all other published calibrations. (2)
Loyd et al. (2014) used the Passey et al. (2010) correction of +0.08%o A4z in order to
correct their results to an acid reaction temperature of 25 °C. It is likely that this
correction value varies between reaction systems and schemes; for example, a value of
+0.062%o is reported here. (3) A significant correction for linearity is required in the Loyd
et al. (2014) study. Since there is a large difference in the 847 value of body and spar
cements then small errors in the linearity correction will translate into variable offsets of
the reported true As7 value as a function of the bulk 647 value. It is likely that a
contribution of one, or more of these methodological factors can explain the apparent
elevated body cement temperatures reported by Loyd et al. (2014) when compared to

the data reported here.

Additionally, there are possible effects associated with sample mineralogy and
organic matter content, as well as possible mixing effects. The major difference between
the spars and the earlier diagenetic phases (body, cement fringe) is that spars are largely
free of non-carbonate impurities. In comparison, the concretion body cements have
cemented pore space in host shales that include siliciclastic minerals, organic matter and
pyrite framboids (Hendry et al., 2006; Hudson, 1978), while the early fibrous fringes
contain abundant high molecular weight organic inclusions (Pearson et al., 2005). It is
thus possible that non-carbonate derived contaminant molecules at the cardinal masses
of the CO; isotopologues could cause inter-laboratory differences in results from impure
carbonate samples. When experienced at UEA, such contamination invariably leads to

elevated Asg and A47 values and the reporting of too low a temperature (Chapter 2.7). This
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is not consistent with the observation in Loyd et al. (2014) that body cements precipitated
at similar temperatures to the spar cements (see Figure 3.7). However, contaminants at
masses 46 and 48 have been reported to lead to a lowered As7 and too high apparent
temperatures (Snell et al., 2019). Potential contaminants include NO; arising from
ammonium adsorbed on clay particles which has been previously identified as causing
significant shifts in measured 880 (84¢) values of carbonate cements (Mucciarone &

Williams, 1990).

An additional effect may be caused by the mixing of cement phases. It is possible
to include a component of spar cement when sampling body cements if small veins of
microspar are not identified. Mixing of these two phases can lead to lowered As7 and
higher apparent temperatures. Note, however, that Loyd et al. (2014) report taking great

care during sampling to avoid mixing of phases.

Ultimately, it is thought most likely that the methodological differences between
this study and that of Loyd et al. (2014), notably the 'O correction, go a long way to
explaining the different conclusions regarding the comparative temperatures of body and
spar cements. The differences in data and interpretation are entirely understandable
given the still novel nature of the clumped isotope method and the on-going rapid
development of the technique. As clumped isotope mass spectrometry evolves, and our

understanding of the subtleties improves, convergence of results should follow.

3.5: Conclusions:

New clumped isotope data from British Jurassic septarian concretions

demonstrate:

1. that earliest-formed (synsedimentary) concretion body calcites mostly
precipitated at temperatures between 9+5°C and 18+5 °C, from fluids with 520
values between 0.211.1%o and -2.2+1.1%ovsmow. The fluid compositions indicate
Jurassic seawater and the temperatures are recording bottom water/in-sediment
conditions.

2. early diagenetic, brown, fibrous cement fringes mostly gave temperatures
between 1545 °C and 1945 °C, and pore fluid values between -0.5+1.1%o and
0.3+1.2%ovsmow. These results again imply a marine fluid under very shallow burial

conditions.
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3. later diagenetic sparry calcite cements formed between 1745 °C and 4316 °C with
fluid compositions between -2.5+1.0%o and -10.1+1.0%ovsmow, indicating

precipitation from meteoric-influenced fluids under shallow burial conditions.

These data are consistent with established views on the formation of Jurassic
septarian concretions and also demonstrate their potential to provide robust sea floor
palaeotemperatures, free from assumptions about “vital effects” associated with biogenic
carbonates. While the data on early diagenetic phases presented in this study differ from
an earlier clumped isotope study on similar concretions (Loyd et al., 2014), the disparity is

probably caused by methodological differences.
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Chapter 4: Early Paleocene cementation of Middle Jurassic
sandstone by hot, meteoric water

4.1: Introduction:
4.1.1: Carbonate concretions and Clumped Isotopes:

Carbonate concretions are common features in the sedimentary rock record
(McBride et al., 1985, 2003; Wilkinson, 1991, 1992, 1993; Mozley and Burns, 1993; Selléz-
Martinez, 1996; Raiswell and Fisher, 2000; and others). Mudstone hosted carbonate
concretions have been extensively studied and are usually thought to have initiated
during early diagenesis, resulting from microbial reactions in the sediment (e.g., Raiswell
and Fisher 2000 and references therein). Sandstone hosted concretions are less
commonly reported, but are important due to their occurrence in reservoir rocks where
they can reduce porosity, decrease permeability and impede fluid flow, hence lowering
reservoir quality (e.g., Morad et al., 2010; Nyman et al., 2014). These concretions have
been explored in relation to their nucleation, distribution (Bjgrkum and Walderhaug,
1990) growth rates (Wilkinson and Dampier 1990) and carbonate source e.g.,
redistribution of calcite from dissolution of fossils within the host sand bodies. Others
have explored the use of concretions as indicators of palaeo-groundwater flow (e.g.,
Johnson, 1988), fluid flow relating to faults and deformation (Balsamo et al., 2012; Del
Sole and Antonellini, 2019) and as records of pore fluid evolution through their
geochemistry (e.g., Wilkinson 1991, 1993; Noh and Lee, 1999; McBride et al., 2003).

The clumped isotope paleothermometer has become a powerful geochemical
method for investigating carbonate material, as discussed in Chapter 1. As the abundance
of 13C-180 bonds in a carbonate formed at equilibrium is a function of temperature
(Ghosh et al., 2006) it is now an important tool in digenetic studies where it helps
elucidate the temperature and pore water composition of digenetic calcite (Chapter 1;
also e.g., Huntington et al., 2011; Purvis et al., 2020; Paxton et al., 2021).

The technique has been used to investigate several diagenetic scenarios,
including: to constrain the timing of sedimentary diagenetic events (Huntington et al.,
2011); to investigate pore fluid sources and temperatures for cements in fault systems
(e.g., Swanson et al., 2012; Bergman et al., 2013), to identify reactivation of
syndepositional fracture networks in a carbonate platform (Budd et al., 2013) and to

improve understanding of diagenetic recrystallization and alteration (e.g., Suarez and
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Passey, 2014; Stolper et al., 2018; Guo et al., 2021; and others). Clumped isotopes have
also been used in studies of cementation, for assessing the utility of early meteoric
diagenetic cements in paleoclimate studies (Defliese and Lohmann, 2016) and for
investigating the cementation and recrystallisation of authigenic carbonates at
subduction zones with implications for geothermal gradients (Sample at al., 2017).

Mudrock hosted concretions have been targets of several clumped isotope studies
(Loyd et al., 2012; 2014; Dale et al., 2014; Heimhofer et al., 2017; Paxton et al., 2021 and
Chapter 3). The application of clumped isotopes to sandstone hosted concretions and
cements should significantly improve our understanding of the temperatures at which
cementation proceeded (e.g. Methner et al., 2016; Purvis et al., 2020), provide insights
into porewater evolution during concretion growth (e.g., Fan et al., 2014), and help better
constrain the burial depth of cementation through the link between temperature and
geothermal gradients (e.g., Purvis et al., 2020; Cui et al., 2019; 2021; Jimenez-Rodriguez
et al., 2022).

The value of performing clumped isotope analysis on diagenetic carbonates is
clear. Analysis of sandstone hosted carbonate concretions using clumped isotopes will
help understand further the diagenetic processes leading to their formation, give insights
into the porewater evolution and through interpretation of temperature, may help

constrain depth and timing within a burial profile, constraining basin history.

4.1.2: Great Estuarine Group

This chapter focuses on concretions hosted in the Valtos Sandstone Formation of
the Middle Jurassic Great Estuarine Group (GEG; Fig. 4.1) which outcrops on the islands of
Skye and other Inner Hebridean islands, in particular the Isle of Eigg (Fig. 4.2). The GEG
Sediments are Bathonian in age, deposited in two half graben, the Sea of the Hebrides
Basin and the Inner Hebrides Basin (Fig. 4.3). The GEG is preceded by the Bearreraig
Sandstone Formation, shallow, open-marine sand wave deposits (Morton, 1976) and
succeeded by the marine Staffin Bay Formation (Hudson, 1962; Riding and Thomas, 1997;
see Fig. 4.1). Unlike the other Jurassic aged sediments of the Inner Hebrides, which are
fully marine (for summary see Morton and Hudson, 1995), the GEG represents a paralic,
mainly freshwater to brackish lagoonal sequence with no wholly marine fossils (Hudson,

1963; 1980) (Fig. 4.1).
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Figure 4.1. Stratigraphy of the Great Estuarine Group, with schematic log for Trotternish (Skye).

Black and white scale bar divisions represent ~25 m (after Andrews, 1984).

Two formations within the GEG are dominated by sandstone; the older Elgol
Sandstone Formation and younger Valtos Sandstone Formation, both of which are fluvial

deltaic sediments.

The Elgol Sandstone is a Gilbertian deltaic coarsening upward sequence (Harris
and Hudson, 1979; Harris, 1989). It is largely unfossiliferous (Harris and Hudson, 1980;
Harris, 1989), and besides localised silicic cementation (Harris, 1989) caused by
hydrothermal reactions relating to the Cullin igneous centre (Harris and Hudson, 1980) at

Port na Cullaidh, Elgol, there is little cementation.

The Valtos Sandstone Formation (Fig. 4.4) is the thickest formation within the GEG
and represents fluvial deltaic deposition as detailed by Harris (1992). The formation

outcrops in Trotternish, Waternish and Strathaird on the Isle of Skye, and on the isles of
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Raasay and Eigg, with some lateral variation between localities (Harris and Hudson, 1980).
The lithologies are broadly medium/coarse grained concretionary sandstones, usually
capped by Neomiodon biosparite limestones, with further Neomiodon limestones and
silty shales interbedded with the sandstones (Harris and Hudson, 1980). Neomiodon sp.,
the most common fossil found in the Formation, was a small freshwater burrowing

bivalve (Hudson, 1963; 1980).

4.1.3: Valtos Sandstone Formation and its Concretions

The Valtos Sandstone is unlike the Elgol Sandstone as fossils are preserved within
cemented concretions and limestone beds, although outside of these layers there is

sparse cementation.

An overview of the diagenesis and cementation of the Valtos Sandstone, as

understood in the mid-1980s, is given in Hudson and Andrews (1987). Sandstone beds
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Figure 4.5: Concretions from the basal Valtos Formation, Valtos Trotternish. A) ‘Spherical’

concretion, bed 3; B) ‘Tabular’ concretion, basal part of bed 3. This concretion previously analysed

in Wilkinson (1989) — vertical spacing of drill core holes is ~10 cm.
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with thicknesses <1 m are almost always cemented fully. At the type section (Valtos,
Trotternish; Harris and Hudson, 1980) within bed 3 there is a lower concretionary unit
which contains tabular concretions bounded by bedding (Fig. 4.5). Above this, large
spherical concretions first occur, many >1 m in diameter (Fig. 4.5) although the host
sandstone is otherwise very poorly cemented. While Neomiodon shells, originally
aragonitic, but preserved as neomorphic calcite, are found within the concretions, the
surrounding uncemented sandstones are unfossiliferous (Hudson and Andrews, 1987),

suggesting that total bioclast dissolution occurred.

On Eigg, there are three concretionary morphologies; i) large concretions (some
>1 m in diameter) occurring in Division E (Hudson and Harris, 1979; Harris, 1992), which
appear sub-spherical (elongated parallel to bedding) similar to those described at Valtos,
Trotternish; ii) highly spherical concretions, radius averaging 12 cm (Wilkinson, 1992)
which also occur in Division E (bed 2); iii) centimetre sized concretions that line the
contacts of intrusive dykes (Fig. 4.6) (Hudson and Andrews, 1987). The coarser sands of

Eigg have few shells and are sparsely concretionary (Hudson and Andrews, 1987).

At both Valtos and on Eigg there are also veins of calcite that post-date the
concretions (Fig. 4.7), and the lower cemented Neomiodon limestones of Valtos (most
likely bed 7 or bed 17; Harris and Hudson, 1980), Trotternish. Veins of cement are also
common subparallel to dykes on Eigg (Fig. 4.8) and also post-date dykes (in one case

filling a fracture within a dyke) at Valtos (Fig. 4.9).

4.1.4: Burial History:

The burial history of the GEG has been presented by Hudson and Andrews (1987)
and Morton (1987) and an updated representation is summarised in Figure 4.10. It is
thought that the Jurassic sediments underwent <500 m burial prior to uplift which
occurred before the Late Cretaceous (Hudson, 1983; Morton, 1987). There is no evidence
for significant sedimentation in the Upper Cretaceous; preserved outcrops do not exceed

~25 m (Hudson, 1983).

In the Paleocene, regional igneous activity buried the Mesozoic sediments rapidly
(within 1.6 Ma; Hamilton et al., 1998) under a lava pile of up to 1200 m thickness
(England, 1994; Emeleus and Bell, 2005). Emplacement of intrusive of sills and dykes also

occurred during this igneous activity; significantly, the Little Minch Sill complex of
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Figure 4.6: Concretions from upper part of the Valtos Formation (Division E) of Laig Bay,
Eigg. Hammer handle is 35 cm long. A) large concretions in bed 2 similar to the spherical
concretions seen at Valtos (Fig. 5a) B) ‘decimetre-scale’ concretions; C) concretions in cemented

zone adjacent to Tertiary dyke.
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Figure 4.7: Calcite-cemented veins that cross cut (post-date) concretions at, A) bed 3 Valtos Cliffs,

Trotternish, Skye; and B) bed 2 (Division E) Laig Bay, Eigg. Hammer handle is 35 cm long.
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Figure 4.8: Prominent calcite-cemented veins in cemented sandstone adjacent to a dyke margin
(dyke now eroded into trench feature (left). The veins run parallel to the dyke. Laig Bay, Eigg.

Hammer handle is 35 cm long.
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Figure 4.9: Calcite cemented vein within dyke at Valtos Cliffs, bed 2, Trotternish, Skye. Photo A
showing positions of photos B & C. Hammer handle in A is 35 cm long. Notebook in B is 13 cm

wide.
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Figure 4.10: Simplified burial history of the Great Estuarine Group, updated from Hudson and
Andrews (1987). The brown envelope shows the complete thickness of the GEG. The plot depicts
a theoretical maximum burial as tectonic/erosional disturbances are not accounted for. The
pecked lines indicate greater uncertainty post-60 Ma and are a compromise solution from varied
data sources. The timing of two phases of land surface erosion is indicated but depth of erosion is

not known. The Valtos Sandstone Formation is positioned in the centre of the GEG envelope.

Trotternish was emplaced some time after the lavas were deposited (Gibson, 1990;
Emeleus and Bell; 2005), and dyke emplacement is thought to have occurred throughout
the duration of the igneous event (England, 1994; Emeleus and Bell, 2005). However, the
effects of both burial and thermal alteration on the GEG are minimal in many localities;
aragonitic shells are still preserved in shales (Hudson and Andrews, 1987; Holmden and
Hudson, 2003), and there is very good organic preservation within the Jurassic succession
generally (e.g., Lefort et al., 2012). The thermal effects of the Skye Central Complex are
limited to a zone about 6.5 km from the margin of the complex; this alteration zone is
mostly due to hydrothermal effects (Taylor and Forester, 1971; Forester and Taylor, 1977)

(Fig. 4.2). Outside this hydrothermally influenced zone organic matter in Jurassic rocks is
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extremely immature (Thrasher, 1992). In such immature shales, the thermal influence of
smaller igneous intrusions on organic maturity is a local effect that is proportional to
intrusion width (Bishop and Abbott, 1995) and marked in the field by darker coloration

and lack of shale fissility.

Apatite fission-track analysis (AFTA) samples from Skye are typically >85 °C;
however, it is likely that they do not represent burial temperatures alone, but also

regional thermal influence from the igneous activity (Holford et al., 2010).

4.1.5: Concretion Petrography

The petrography of the Valtos concretions was described by Hudson and Andrews
(1989) and Wilkinson (1993) and is summarised here with additional observations made
during this study. The large spherical concretions from Valtos are formed by one
generation of ferroan calcite, with no inter crystal zoning (Wilkinson, 1993), growing
concentrically from an (assumed) initial nucleus. At the centre of the concretion, crystals
are equant, ~ 0.25 mm diameter, and increase in both size and elongation radially to
>50 mm (Wilkinson, 1993), with a poikilotopic texture which is clearly visible in hand
specimen. Wilkinson (1993) recognised the remains of feldspars preserved within the
cemented concretions, which had undergone significant degradation into illite and minor

kaolinite.

Hudson and Andrews (1987) reported that in addition to replacement of aragonite
shells by calcite, pressure solution of these shells was common, with some shells being
reduced to ‘films’ between quartz grains. Such shells are only preserved in concretions,
showing that pressure solution took place prior to concretion growth (Hudson and

Andrews, 1987).

Wilkinson (1989) estimated by point counting that, at present, ~30% porosity is
preserved within the sandstone, reduced from an estimated original porosity of 45-50%.
At Valtos, sediments around some concretions show clear deflection of lamination (e.g.,
Fig. 4.11; Hudson and Andrews, 1987; Wilkinson, 1993) although others do not. Using this
compactional ‘deflection’ Wilkinson (1993) estimated that the host sandstone framework

is 20 + 4% more compacted than the concretions.

The petrography of the small decimetre-scale concretions from Eigg division E are
also formed by a single generation of ferroan calcite cement, with poikilotopic texture

common; no zoning was observable under cathodoluminescence (CL) (Wilkinson, 1992).
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4.1.6: Models of formation

The concretions of both Eigg and Skye are thought to have formed through the
redistribution of calcium carbonate from dissolution of originally aragonite Neomiodon
shells (Wilkinson, 1992, 1993). This conclusion is supported by the preservation of shell
debris within the concretion bodies but absence in the host sands at Valtos (Tan and
Hudson, 1974; Hudson and Andrews, 1987) and the observation that the preservation of
shell material decreases from centre to edge within concretions (Wilkinson, 1993).

Wilkinson (1992) hypothesised that each small concretion from Eigg section E was

nucleated around one Neomiodon shell.

Figure 4.11: Concretion in bed 3 at Valtos, Trotternish. Compaction of sedimentary laminae visible

around the concretion is particularly clear on the LHS above concretion. Notebook is 20 cm long.

4.1.7: Stable isotopes

The concretions of the Valtos sandstone have been investigated by stable isotope
geochemistry for almost 50 years, starting in the 1970s when Tan and Hudson (1974)
measured single values from 27 individual concretions collected on Skye and Eigg (Table

4.1).
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No. of 813C (%o; PDB) 580 (%o0; PDB
Locality samples Mean Min Max Mean Min Max
Eigg 8 2.38 1.1 3.2 -7.53 -10.2 -5.3
Trotternish 18 0.86 -0.8 3 -10.7 -13.7 -6.2
Waternish 1 2.25 -8.5

Table 4.1: Stable isotope data from concretions from the Valtos Sandstone Formation from Tan

and Hudson (1974) showing average, minimum and maximum values.

Although Tan and Hudson (1974) reported a wide range of values, particularly
from Trotternish, it appears that for both §3C and 880 the Trotternish concretions were

on average more negative compared to those from Eigg.

This early work was followed by more detailed studies of Jurassic concretions in
the Valtos Sandstone at Laig Bay, Eigg (Wilkinson, 1992) and at Valtos, Trotternish
(Wilkinson, 1993), and also concretions in the older Bearreraig Sandstone (Wilkinson,

1991).

Transects were taken through several small concretions from bed 2 of Division E, Eigg
(Wilkinson, 1992). Oxygen isotope compositions (excluding two outliers) were

between -11.1%o to -9.4%o (mean -10.1%o), with a range in §'3C from ~-6.2%o to -3.7%o
(mean -5.2%.; Fig. 4.12). Wilkinson (1989) also measured a transect of one large (metre
scale) concretion from Division E, Eigg (Fig. 4.12). The results were different from the
smaller concretions, with a centre to edge trend that had three distinct zones. In
particular, carbon isotopes were almost all between +3.3%o0 and +2.3%o0 except
measurements from the third zone, towards the outer edge of the concretion, which
reached -5.22%o. For 680 there is a transition from ~-7%o in the core of the concretion
(P1) towards more negative values, around ~-9%o to -10%o (P2), then maintaining

this -10%e. in zone 3 (P3). Wilkinson hypothesised that this was due to burial and
temperature changes, with P1 at a constant temperature due to aquifer flow, despite
progressive burial; aquifer flow ceased in P2, allowing temperature to increase as burial

continued; and finally, formation of P3 after reaching a constant burial depth.

For Valtos concretions at Trotternish, transects of 5 concretions were analysed, 2
spherical concretions (Wilkinson 1989, 1993) and 3 tabular from the basal concretionary
bed (Wilkinson, 1989; see Fig. 4.13). Similar to the largest concretion from Eigg, these
concretions showed large variation in isotope values within one concretion, particularly
for oxygen isotopes: 880 values ranging from -18.2%o to -6.0%o were reported

(Wilkinson, 1989). §3C values varied less, ranging from -3.5%o to +1.6%o.
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4.1.8: Spherical concretions from Valtos:

Focusing on the spherical concretions from Valtos, Trotternish, two concretions
were analysed by Wilkinson (1993). Of particular interest was a near spherical concretion
of assumed concentric growth which had been bisected, more or less in half, by modern
weathering/coastal erosion, providing two centre-to-edge transects, oriented vertically
and horizontally from the centre. §3C in this concretion (VR1) did not vary by more than

1.0%o but was concentrically zoned with respect to 620 (see Fig. 4.14):

1. Zone 1 (Z1): The centre to ~26 cm radius had strongly negative values (-18.2%o

to -17.7%o PDB);
a. Atthe edge of Zone 1, sampled on each transect at ~¥30 cm, there is a
transition zone which had values between -16.3%o and -15.0%o;

2. Zone 2 (Z2): There were less negative values (-9.8%o to -8.3%0 PDB) from ~40 cm
to 53 cm (vertical transect) or 58 cm (horizontal transect);

3. Zone 3 (Z3): The outermost edge, sampled at 60 cm (vertical transect) and 66 cm
(horizontal transect), showed 680 once again becoming more negative (-12.4%o

and -11.7%. PDB respectively) (Wilkinson 1993).

Wilkinson (1993) hypothesised that these changes in 6§80 were caused by
changing porewater isotopic compositions rather than temperature effects. However, the
most negative values, found at the centre of the concretion, were difficult to interpret

and not satisfactorily explained.

The clumped isotope paleothermometer, by providing an independent
temperature estimate, allows derivation of the §'80¢.uip values of the precipitating pore
fluids, thus removing ambiguity. This new information enables us to interpret the pore
fluid and temperature evolution captured in the concentric cementation of sandstone
hosted concretions. This in turn allows better understanding of the cementation and
diagenesis of the Valtos Sandstone Formation, and carbonate concretion precipitation as

a whole.
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Figure 4.14: Data for concretion VR1 from Wilkinson (1989, 1992), indicating vertical and

horizontal transects; A) §*C and 880 (%o, PDB); B) SrCO3 and MnCO3 (mol%); C) MgCOs and

FeCO; (mol%).
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4.2: Methods:

4.2.1: Samples:

The main focus of this chapter is one large spherical concretion from Skye, VR1,
although data from other cements from both Skye and Eigg are included. Full location

details and sample notes are included in Appendix 2: Part V.

4.2.1.1: Main Valtos Sandstone Concretion:

Concretion VR1 (Fig. 4.15) is from bed 3 of the Valtos Sandstone Formation (Fig.
4.4; Harris and Hudson, 1980); a wave deposited sandstone (described as Facies 4 in Table
2 of Harris, 1992). The concretion is close to spherical, with a slight horizontal elongation
(Wilkinson, 1992). This concretion is no longer in situ but was originally sampled by Mark
Wilkinson at the Valtos Cliffs, Trotternish, Skye (approximate grid reference: NG 516 642)
(Fig. 4.2).

4.2.1.2: Additional samples from Valtos, Skye:

Several vein samples were collected at Valtos Cliffs (Trotternish, Skye). One vein
was collected from the base of a large concretion (189-1; Fig. 4.7a); one from a large
loose block of Neomiodon limestone (18-4; Fig. 4.16); and three which were associated
with a dyke which bisected the sandstone (189-5v, 189-6, 189-7a; Fig. 4.9 and Fig. 4.17).

A Neomiodon limestone with shelter porosity-filling spar (within articulated shells)

was also collected from a small loose block (189-8 spar and bulk; Fig. 4.16).
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Figure 4.15: Concretion VR1, bed 3, Valtos, Trotternish. A) In situ as illustrated by Wilkinson
(1993) and B) ex situ as seen on the foreshore in 2018 (inverted relative to A). Hammer handle is

35 cm long.
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Figure 4.16: Neomiodon limestone blocks, ex situ at Valtos Cliffs, Skye. A) Sample 189-8 in the
field; B) Sample 18-4 in the field; C) Sample 189-8 with spar fills visible; D) 18-4 vein sample.
Notebook in Ais 20 cm long.
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Figure 4.17: Veins associated with a dyke intruding the Valtos Sandstone at Valtos Cliffs, Skye. A)
Locations of samples in reference to the dyke; B) Sample 189-5, showing needle-like calcite
crystals and association with a brown smectite mineral; C) Sample 189-7a including location of
vein subsection; D) Sample 198-6; E) Schematic of the relationship between vein 189-5 and 189-
7a.
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4.2.1.3: Other Valtos Sandstone Formation Concretions:

Dun Dearg, Skye:

A concretion (EG191015-1) from bed 38 (Harris and Hudson, 1980) was sampled
from the Valtos Sandstone at Dun Dearg, Trotternish, Skye, which is stratigraphically
above the Valtos cliff section (Fig. 4.18).

KA

Figure 4.18: Sample EG 191015-1, concretion from Dun Dearg, Skye. Field photo courtesy of J. E.

Andrews.

Laig Bay, Eigg

One metre scale, sub-spherical concretion from bed 2 of Division E (Harris, 1992)
of the Valtos Sandstone at Laig Bay, Eigg was subsampled from near the centre (169-9),
edge (169-10), and at an intermediate point (169-11), all at ~¥30-35 cm from the top of the
concretion. See Figure 4.19 for the horizontal sampling scheme.

Sections of three decimetre-scale concretions were taken from the concretion bed
described in detail by Wilkinson (1992). All concretions were highly wave eroded, and the
vertical profile of these concretions is not known. Sample 169-6 was from a concretion
with a 16 cm radius and was sampled 8 cm from the centre (Fig. 4.20). Sample 169-7 was
from close to one nucleus of a concretion that had once had two nuclei (Fig. 4.20).
Sample 169-8 was from a concretion that appeared sub-spherical with an 8 cm ‘radius’; it

was subsampled once at ~2 cm from the apparent ‘centre’ and once at the edge of the
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Figure 4.19: Sampling schematic of ‘large’ concretion from bed 2, Divison E, Laig Bay, Eigg.

Hammer handle is 35 cm long.

concretion; however, this concretion may have not been zoned concentrically due to its

sub spherical nature (Fig. 4.20).

A concretion nodule from the margin of a Paleocene dyke was also sampled (Fig.
4.21). Cementation decreases from the margins of the dykes and most of the beds of
Division E are very poorly cemented, although cemented veins that run parallel to dykes
can be observed (Fig. 4.8) — measurement was attempted on one such vein, but the gas

volume produced was extremely low.

4.2.1.4: Other cements from Skye and Eigg:

Lealt Shale Formation — Kildonnan Member

Three samples were collected at Kildonnan Bay, Eigg from the Kildonnan Member
of the Lealt Shale Formation. Two (JEA-159-3 and JEA-159-4) were sandstone cements
from bed 4A (Hudson, 1966) — JEA-159-3 is from Hudson’s ‘Complex Bed’ (Hudson, 1966),
while JEA-159-4 is from 30 cm above the base of the Complex Bed.

The sparry infill of a septarian fracture from a mudstone hosted concretion (bed

5F; Hudson, 1966) was also measured.
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Figure 4.20: Field photos of decimetre-scale concretions from Laig Bay, Eigg. A) Sample 169-6; B)
Sample 169-7; C) Sample 169-6 in situ; D) section of Sample 169-6 taken for hand specimen.

Figure 4.21: Cross section of sample 169-1r, a dyke margin concretion from Laig Bay, Eigg. Powder

was milled from a well cemented section, seen here as the palest colour.
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Lealt Shale Formation — Lonfearn Member

Two samples were taken from the Lonfearn Member at Rubha nam Brathairean
(Brothers Point), Trotternish, Skye. A fibrous calcite vein (samples 18-9X) from bed 4
(Harris and Hudson, 1980) was subsampled at the base, centre and edge. The yellow
sparry calcite septarian fracture fill of a mudstone hosted concretion (bed 3) was also
sampled (sample 18-7ysc). The sample locality is close to a sill and is 0.5 to 1 m from

mudstone that is friable and visibly baked.

Duntulm Formation

Two samples of sandstone cement were obtained from beds 5 (17-1) and 23 (17-
2) of the Duntulm Formation (Andrews and Walton, 1990) at Lon Ostatoin, Trotternish,
Skye. It should be noted that the succession here is overlain by a Paleocene igneous sill,
though these beds are not close to the sill. Sparry vug infills of an oyster-rich
(Praeexogyra hebridica) limestone bed (bed 19; Andrews and Walton, 1990) from Lon
Ostatoin were also analysed.

At Kilmaluag Bay, two late-stage sparry calcite veins — that cross-cut a sill which
here is in very close proximity — were sampled. Sample 199-1 was within an oyster bed
(bed 3; Andrews and Walton, 1990) directly next to the sill (Fig. 4.22), while Sample 199-2
was within a cemented sandstone (bed 1; Andrews and Walton, 1990) 2 m from the sill
(~1.5 m from the sill stratigraphically) (Fig. 4.22).

The sample TR-1609, sparry infills of a fractured algal limestone was sourced from
bed 20 (Andrews and Walton, 1990) of the Duntulm Formation at North Duntulm,

Trotternish, Skye by John Hudson.

4.2.1.5: Eigg Lava Formation amygdales:

Amygdales from one hand sample of the Eigg Lava Formation, kindly collected by
Matt Wakefield from a loose block of basalt at the south-west side of Laig Bay were also
analysed. Sample SA-1 was calcite taken from one large vug, while SA-2 was drilled from

many small vugs.
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Figure 4.22: Images of veins from the Duntulm Formation at Kilmaluag Bay, Skye; A) veins

crosscutting both sedimentary and igneous intrusive rocks; B) Sample 199-1 from bed 3 (an oyster

bed); Sample 199-2 from a cemented sandstone (bed 1).
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4.2.2: Sample preparation

4.2.2.1: VR1 Concretion samples:

Core plugs of concretion VR1, collected by Mark Wilkinson, were made available
from the Leicester University archive collection; the complete vertical transect of
concretion VR1 (Wilkinson, 1993), was measured. Sample powders were drilled from each
core plug, taking care to avoid heating and pressure. The percentage of carbonate
material was found to be ~40%, therefore >40 mg of sample powder was drilled from
each sample. Within the results presented by Wilkinson (1993), the 5™ sample in the
transect (M8605) appears to give a 680 composition intermediate between the extremes
in 680carsonaTe; >100 mg was drilled for this sample to allow daily measurement (see
below). Powder was drilled from fresh surfaces with no visible discolouration. Where
weathered surfaces were unavoidable, a ‘fresh’ surface was uncovered by drilling a top
layer away, which was discarded. Samples were homogenised by shaking to mix the
sample powder within the vial.

For each measurement, 9.45-10.19 mg of sample were reacted, in order to
achieve a gas volume proportionate to the yield of a pure carbonate sample of 4 mg.
Refer to methods (Chapter 2.3) for the preparation system setup.

With the exception of sample M8605, samples were measured 3-4 times. Sample
M8605 was measured once each day providing 10 values in order to establish a

representative distribution of error.

4.2.2.2: Other samples:

Samples of sandstone cements, veins (including fibrous calcite veins), sparry vug
fills within shelter porosity in articulated shells, lava amygdales and other concretions
were also sampled for analysis (see Appendix 2: Part V for description and locality detail).
Samples were all carefully milled using a fine drill bit to ensure sampling of the desired

carbonate phase.

Some veins were subsampled parallel to their margins, relying on visual definition
of zones (refer to Appendix 2: Part IV, where inner and outer measurements are indicated

for such samples).
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For impure sandstone-hosted calcite cements, approximate carbonate percentage
was deduced and sample size scaled up as described for VR1 above, with the aim to

match the gas yield of a 4 or 6 mg sample, depending on MIRA preparation method.

Some samples were analysed as 4 mg or 4 mg gas yield equivalent with a
preparation method identical to VR1 (Chapter 2.3). Others were measured at 6 mg or
equivalent. The change in gas volume used between the two methods is not thought to
have affected the As7 values measured, although a size effect has been observed for
samples <4 mg, relating to the Poropak step of the gas preparation line (Umbo, 2020) —

see Chapter 2.2.

4.2.3: Clumped isotope measurement and data handling
Sample CO; was measured as described in Chapter 2.

4.2.4: A7 Temperature calculation

The temperature calibration is as described in Chapter 2. The calcite-water isotope
fractionation factor calibration of Kim and O’Neil (1997) is used for all samples, as it is
appropriate for abiotic carbonates (Equation 2.7).

The samples of VR1 were each repeated 3-10 times as described above. The
measurement uncertainty for 6*Ocarsonate, 813C and As7 of VR1 is reported as + 1
standard error of the pooled standard deviation of all VR1 measurements. Pooled
standard deviation was used as the sample composition is comparable for all 10 core
plugs.

Uncertainty for the 680carsonate, 613C and A47 of sandstone concretion
EG191015-1 is also calculated as + 1 standard error of the pooled standard deviation of all
VR1 measurements, as the concretion was effectively from the same locality (bed 38 at
Dun Dearg, above the Valtos Cliffs) and the same material.

Uncertainties for 6'80carsonate, 613C and A4z for the majority of the other samples
were also calculated by grouping samples with similar materials and calculating the + 1
standard error of the pooled standard deviation of each group. The groupings were as
follows:

- The 3 sub-samples of the large Eigg concretion
- The 4 samples from the 3 decimetre-scale Eigg concretions

- All other sandstone cements (including the Eigg dyke margin nodule)
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- Non-fibrous calcite veins

- Spar infills of shell vugs, septarian fractures, amygdales and a baked Callovian
belemnite (Staffin Shales) (upon the assumption that these are likely to be almost
100% pure calcite)

- Fibrous calcite vein subsamples (sample 18-9)

Samples where n = 1, could not be included in the calculation of pooled standard

deviation of a group; however, a representative uncertainty was assumed by applying the

pooled standard deviation from other samples in the group. This compromise allows a

notional uncertainty to be assigned. By definition using the pooled standard deviation

method, a sample with n =1 will have the highest representative standard error of the

group.

The final sample (189-8bulk) was thought to be comparatively different to all
other samples, being the only sample of ‘bulk’ limestone (non-discriminatory
shells/cement mix) thus §*80carsonate, 813C and A47 uncertainty for this sample is shown
as + 1 standard error of the individual sample replicates (n = 5).

Temperature and fluid isotope compositions were calculated using the mean Aszy
and 560carsonate Values with full propagation of the measurement and calibration
uncertainties. The 63C and 680carsonate values are reported for carbonates with respect
to Vienna-Pee Dee Belemnite (VPDB) and 8'80r.uip values with respect to Vienna-standard
mean ocean water (VSMOW).

All calculations are provided in Appendix 2: Part Il. A summary table with all data
and both their sample replicate and pooled standard deviation derived standard errors is

included in Appendix 2: Part IV.

4.2.3: Sr isotope analysis

Sr isotope analysis was kindly completed by Chris Holmden from the
University of Saskatchewan. Carbonate powders were dissolved twice were dissolved in
twice the stoichiometric volume of 1.0 N HCl required to completely dissolve the sample.
After the effervescence ceased, the solution was centrifuged, and the supernatant was
separated from any residues and dried down on a hot plate. The sample was purified
from Ca, Rb and other trace elements using conventional cation exchange
chromatography. The purified Sr aliqguot was then loaded onto single Ta filaments with

phosphoric acid and Ta-gel to increase the ionization efficiency of Sr in the mass
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spectrometer. The &Sr/8Sr measurements were performed using a thermal ionization
mass spectrometer (Thermo-Elemental Triton instrument) operating in static multi-
collection mode. An exponential law was used to correct the measured &’Sr/26Sr ratios for
instrumental mass fractionation against measurements of 88Sr/8Sr with a true ratio of
8.375209. Isobaric interference of 8’Rb on 8’Sr was monitored using #Rb, and corrections
made if necessary. The external reproducibility of 87Sr/8Sr was better than +15 ppm (20),
based on multiple runs of SRM 987 performed throughout the course of this work, which

yielded a mean &7Sr/2%Sr ratio of 0.710259.

4 .3: Results:

Stable and clumped isotope results for the vertical transect of VR1 are displayed in
Table 4.2 and Figure 4.23. Stable §3C and 880 as reported by Wilkinson (1993) are also
shown in Figure 4.23a for comparison. There are slight differences in our newly measured
stable isotope results compared to those measured by Wilkinson, (1993), which may be
explained by the sampling of different poikilotopic crystals, or sides of the core plug. The

trends, however, are consistent with those previously reported.

From the centre to the edge of the concretion, there are distinct changes in both
temperature and back-calculated pore water isotopic composition, with both of these

following the zonal trend previously seen in 6§10 measurements.

Temperatures at the concretion centre have been measured as 45 + 6 °C,
increasing to ~50 °C at 24-31.5 cm from the centre. After this there is a sharp transition to
higher temperatures, reaching 73 + 8 °C at 40 cm, which is reduced to 63 + 8 °C at 46 cm
from centre but increased again to 73 + 7 °C by 53.5 cm. The outermost measurement at

the edge of the concretion gave a much-reduced temperature of 57 + 7 °C.

Back calculated §'80warer compositions mimic the temperature trend fairly
closely. From 0-25 cm the fluid composition is between -11.1 + 1.1%o and -12.6 + 1.1%o
VSMOW. For the pore fluid, a transition begins one measurement earlier than for
temperature, but is also the transition point of §'80carsonate (31.5 cm) — water
compositions have risen to -7.7 £ 0.9%0 VSMOW. The measurements that gave very hot
temperatures (40-53.5 cm) give positive §'0water compositions, between 0.0 + 1.2%o and
+2.1 £ 1.1%0 VSMOW, before the pore fluid composition becomes more negative at the

concretion edge (-4.4 + 1.1%0 VSMOW), corresponding with the decrease in temperature.
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Distance

from 513¢C 6'80carsoNATE [AVY) T(A47) 6'80kLuip
Sample | N | Zone A

centre | (%o, VPDB) (%o, VPDB) (CDES-25) (°C) (%o, VSMOW)

(cm)

M8603 4 0 -0.19 + 0.03 -185 + 0.0 [0.598 + 0.011 45 + 6 -124 + 1.1
M87215 | 4 8.5 -0.32 + 0.03 -185 + 0.0 | 0.601 + 0.011 44 + 6 -126 + 1.1
M8604 4 Z1 16.5 -0.64 + 0.03 -17.8 + 0.0 | 0597 + 0.011 45 + 6 -11.7 = 1.1
M87216 | 4 24 -0.64 + 0.03 -180 + 0.0 | 0.587 + 0.011 50 + 6 -11.1 = 1.1
M8605 10 31.5 -0.35 + 0.02 -14.4 + 0.0 | 0.590 + 0.007 48 + 5 -7.7 = 0.9
M87217 | 3 40 -0.35 + 0.03 -10.0 £+ 0.0 [ 0.539 + 0.013 73 + 8 0.7 + 13
M8606 3 Z2 46 -0.80 + 0.03 -90 + 0.0 |0.559 * 0.013 63 + 8 0.0 + 1.2
M87218 | 5 53.5 -0.67 + 0.02 -86 + 0.0 {0539 + 0.010 73 + 7 21 = 11
M8607 4 73 60.5 -0.16 + 0.03 -126 + 0.0 [ 0,570 + 0.011 57 = 7 44 = 1.1

Table 4.2: Clumped isotope results from concretion VR1. All £ values represent one standard error of the pooled standard deviation.
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The concretion from bed 38 (Dun Dearg) gives a temperature of 64 + 9 °Cand a

5'80rLuip composition of -1.8 + 1.4%o (Table 4.3).

The results from Eigg’s large and small concretions are not similar to one another
(Table 4.3). The large concretion has 63C values between +1.5%o and +3.3%o VPDB and
580carsonaTe Values between -6.7%o and -7.2%o VPDB. The decimetre scale concretions
have negative 8'3C values (-3.0%o to -5.6%0 VPDB) and lower 6*¥0carsonate values than the

large concretion (-10.0 + 0.1%o to -10.4%0 VPDB).

The large and small Eigg concretions also have very different clumped isotope
derived results. Towards the centre of the large concretion, the temperature is 79 + 8 °C,
with a pore fluid value of +4.9 + 1.1%0 VSMOW. This changes to 98 + 9 °C and +7.2 + 1.2%eo
VSMOW at 63 cm from the previous measurement, and the outermost sample gave
measurements of 68 °C, and fluid 880 values of +2.7 + 1.1%0 VSMOW. In contrast, the
results from the decimetre-scale concretions of division E were much cooler, with
temperatures ranging from 13 + 6 to 35 + 6 °C. Fluid compositions range from -6.2 + 1.1%o

to -10.1 + 1.3%0 VSMOW.

A comparison of all concretions and spar data from Skye and Eigg is shown on
Figure 4.24. Data for other samples measured are shown in Table 4.4, ordered by

Formation.

Several veins from the Valtos Cliff section give §'3C results close to 0%0 VPDB
(+0.2 £ 0.1%o to -0.3 + 0.1%e0). Exceptions include the two central dyke veins (189-5v and
189-7a) which gave slightly more negative results; -2.0%o0 and -3.4%o. VPDB respectively.
The spar infill from a Neomiodon Limestone had values of +1.1%0 VPDB. 880 results were
also largely consistent for both spar and veins — all but one (detailed below) gave values

between -18.6 + 0.1%0 and -20.0 £ 0.1%. VPDB.

Most Valtos Sandstone Formation veins and spar infills from Valtos Cliffs give
temperatures between 30 + 13 °Cto 52 + 10 °C and fluid values between -12.1 + 2.7%o
and -15.4 + 2.5%0 VSMOW. Exceptions include a vein from the base of a large concretion
(189-1) which gave a temperature of 67 + 10 °C and a 6*80¢uip value of +4.1 + 1.5%0
VSMOW; the vein from the margin of the dyke (189-6; 24 + 8 °C; -16.5 + 1.6%0 VSMOW)
and the ‘bulk’ Neomiodon Limestone (189-8bulk), which gave a value of 94 + 8 °C and
fluid values of +5.5 + 1.1%0 VSMOW. The concretion vein (189-1) also gives an unusual

5'80carponaTe Value of -5.8 + 0.1%o0 VPDB, although the carbon value is not unusual.
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Location

Type Locality sample N i 513C 6'80carsoNATE Dy T(As7) 6'80ruip
. (%o, VPDB) (%o, VPDB) (CDES-25) (°c) (%o, VSMOW)
concretion
Dun Dearg, | 1910151 | 2 Base 205 + 004| -11.09 + 004|055 + 0016| 64 + 9 | -1.8 + 14
Large Skye
Sandstone | | 169-9 3| Centre 152 + 004| -672 + 005|0528 + 0011| 79 + 8 49 + 11
Concretion a'Egig;y' 169-11 3| 64cm 325 + 004| -7.08 + 005|049 + 0011| 98 + 9 72 + 12
169-10 3| Edge 308 + 004| -723 + 005|0549 + 0011| 68 + 7 27 + 11
169-6 B 550 + 0.03| -1007 + 006|0648 + 0016| 26 + 7 | -75 + 13
. S;“i” Laig Bay, | 169-7 3 304 + 002| -1039 + 004|0625 + 0011| 35 + 6 | -62 + 1.1
anadastone .
c : Eigg 3| 'Edge’ 563 + 003| -997 + 006|0688 + 0016| 13 + 6 | -101 + 13
oncretion 169-8
3| 'Centre’ | -551 + 003| -1025 + 006|0.659 + 0016| 22 + 6 | -85 + 1.3
Dyke margin | = LaigBay, |4 cq 3 010 + 002| -2008 + 002|0606 + 0020| 42 + 9 | -146 + 17
nodule Eigg

Table 4.3: Clumped isotope results from other Valtos Sandstone Formation concretions from Skye and Eigg. All £ values represent one standard error of the

pooled standard deviation.
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The sample of concretion nodule from the dyke margin in the Valtos Sandstone at
Laig Bay, Eigg (169-1) gives a temperature of 42 + 9 °C and fluid value of -14.6 + 1.7%o
VSMOW, comparable with veins from the Valtos Sandstone of Skye. The 63C and
5'80carsonaTe Values are also very comparable to veins, giving results of -0.1%o and -

20.1%0 VPDB respectively.

From the Lonfearn Member of the Lealt Shale Formation, the three subsamples of
the fibrous calcite vein (18-9x) show a trend from their base to upper edge of the vein in
both 613C (+2.1 to +2.7%0 VPDB) and 6®0carsonate (-13.2 to -11.8%0 VPDB). A trend in
temperature is not observed; values are between 29 + 9 °C and 32 + 9 °C with the lowest
value at the centre, but high measurement uncertainty and low replicate number (n =2
for each) means that a trend may have been poorly represented by the measurements
taken here. Derived fluid compositions show a slight trend of -9.6 £ 1.7%0 VSMOW at the

base and -8.3 £ 1.7%0 VSMOW at the top of the vein.

The other sample from the Lonfearn Member, a sparry septarian fracture fill from
a mudstone hosted concretion (18-7ysc) gave §3C results of +1.8%o and 8'80carsonaTe
results of -8.6 + 0.1%0 VPDB. This cement was hotter than the fibrous calcite vein, giving
047 derived temperatures of 59 + 8 °C. §*80rLuip values were at -0.2 + 1.3%0 VSMOW, a
value distinct from most other results from Skye reported in this chapter —there is
discussion of the range in §*80ruip values shown in concretions from the later Staffin

Shale in Chapter 3.4 which may also be relevant in this instance.

The samples collected from the Duntulm Formation were from a range of
localities, indicated in Table 4.4, and results will be described in relation to these

localities.

The sandstone cements, sample 17-1 (bed 5) and 17-2 (bed 23) both from Lon
Ostatoin, give §'3C values of -5.2%o and -3.8%o VPDB, with corresponding 680carsonaTe
values of -15.8%o0 and -19.4%. VPDB. Temperatures increase moving up the succession
from 28 + 7 °C to 58 + 9 °C, and fluid values change slightly (but within error)
from-12.8 + 1.4%0 to -11.1 £ 1.4%0 VSMOW.

Sparry vug fills from bed 19 at Lon Ostatoin (P22-LR; Andrews and Walton, 1990)
give lower temperatures than the bed 23 sandstone cement, 23 + 6 °C. The &'3C value of

this sample is similar to sandstone cement 17-2, at -3.4%o VPDB, and 8'80carsonaTe gave
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Location Formation Type Sample N 8 5" Ocarsonate Bar T(A7) §%0rwuio
P P (%o, VPDB) (%o, VPDB) (CDES-25) (°C) (%o, VSMOW)
, , , SA-1 4 |-608 + 004|-1658 + 007 | 0643 + 0.013| 28 + 6 2137 + 12
Laig Bay, Eigg Eigg Lava Amygdale
SA-2 4 |-58 + 004]|-1779 + 007 | 0646 + 0.013| 27 + 6 4151 + 1.1
Lo Ostator Sandstone | 17-1 4 |-521 + 002]-1580 + 002 |0.642 + 0.018| 28 + 7 -128 + 1.4
on S;:/Zm'”' cement | 17-2 5 | -381 + 002 -1935 + 002 |0568 + 0016| 58 + 9 111 + 1.4
buntulm | SParinfil | P22-LR 4 |-335 + 004]|-1471 + 007 | 0658 + 0.013| 23 + 6 4128 + 1.1
Kilmaluag Bay, | rormation 199-1 3|-287 + 004]|-1586 + 0.12 |0.633 + 0.020| 32 + 8 -123 + 16
Skye . .| 199-2 4 |-107 + 003|-1639 + 0.10 | 0606 + 0.017| 42 + 8 -109 + 1.5
VoS I Calcite Vein
ort Sk;‘gt” m TR-1609 1]-019 + 007|-1818 + 021 |0.631 + 0034 32 + 13 |-145 + 25
18-4bulk 3| 006 + 004]|-1933 + 012 |0.611 + 0.020| 40 * 9 -142 + 16
189-1 4 |-006 + 003| -579 + 0.10 |0.549 + 0.017| 67 + 10 41 + 15
Valtos | Calcite Vein | 189-5v 3|-198 + 004]|-19.96 + 012 |0581 + 0.020| 52 + 10 |-12.7 + 1.7
Valtos, Skye | Sandstone 189-6 3| 008 + 004]|-1863 + 0.12 |0.654 + 0.020| 24 + 8 -165 + 1.6
Formation 189-7a 2 |-339 + 005|-1890 + 0.15 |0.611 + 0.024| 40 + 10 | -13.8 + 1.9
Sparinfill | 189-8spar 5| 1.07 + 004]| -20.01 + 0.07 |0.606 + 0.011| 42 * 6 -145 + 1.1
Limestone | 189-8bulk* 5| 331 + 000| -820 + 0.06 |0.502 + 0.010| 94 + 8 55 + 1.1
Fracture fill | 18-7ysc 3| 175 + 005| -864 + 0.09 |0.567 + 0.015| 59 + 8 02 + 1.3
BR“tt’:a'”am Lonfearn " 18-9base 2| 208 + 001]-13.23 + 0.04 (0633 + 0022| 32 % 9 96 = 17
rathairean, | y1ember lorous — "1e gcentre | 2 | 2.39 + 001 -12.63 + 004 | 0639 + 0022| 29 + 9 04 + 17
Skye Calcite Vein
18-9edge 2| 275 + 001]| -11.81 + 0.04 |0.634 + 0.022| 31 % 9 83 + 1.7
. . Sandstone | JEA-159-3 4 194 + 0.02 -7.66 * 0.02 | 0592 * 0.018 48 + 9 -1.1 £ 15
Kildonnan Bay, | Kildonnan
Figg Member cement | JEA-159-4 4| 1.8 + 002| -698 + 002 |0593 + 0.018| 47 + 9 05 + 15
Fracture fill | 159-24ysc 4| 403 + 004| -475 + 007 |0603 + 0.013| 43 + 7 1.0 + 1.2

Table 4.4: Clumped isotope results from other samples from Skye and Eigg. All £ values represent one standard error of the pooled standard deviation, except for

189-8bulk* where standard error of sample repeats is used.
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Figure 4.24: Clumped isotope results for all samples from A) Skye; and B) Eigg. Contours show

5% 80ruip values (%o, VSMOW). Abbreviations are as follows: SSF — Staffin Shale Formation; DF —
Duntulm Formation; VSF — Valtos Sandstone Formation; LM — Lonfearn Member; KM — Kildonnan
Member; SST — Sandstone. Z1 to Z3 indicate zones for concretion VR1; C and E correspond to

centre and edge.
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similar values to 17-1; -14.7 £ 0.1%o0 VPDB. The derived fluid value for this sparis-12.5 +

1.1%0 VSMOW, very similar to the other cements from this locality.

Two calcite veins (199-1, 199-2) sampled at Kilmaluag Bay, Skye, which
unequivocally post-date the sill that is intruded into the Duntulm Formation at this
locality, give 63C values of -2.9%o and -1.1%o, and 8'80carsonate Values of -15.9 + 0.1%o
and -16.4 £ 0.1%0 VPDB. Temperatures are different by 10 °C (32 £+ 8 °Cand 42 £ 8 °C) and
pore fluid values are calculated to be -12.3 + 1.6%0 and -10.9 + 1.5%0 VSMOW.

Fracture fills from bed 20 of the Duntulm Formation sampled at North Duntulm
Foreshore (TR-1609) give higher temperatures than the Lon Ostatoin bed 19 spar fills, at
32 + 13 °C. The 83C value of this sample is the highest of the samples from this formation
at -0.2 + 0.1%o VPDB. 6*80carsonaTe give values of -18.2 + 0.2%o VPDB. The derived fluid
value for this sample is -14.5 + 2.5%0 VSMOW, very similar to many of the other Skye
samples but more negative than any other from the Duntulm Formation (with the caveat

that this sample was only measured once).

The Kildonnan Member of the Lealt Shale Formation was sampled at Kildonnan
Bay, Eigg, and results from this member appear quite distinct from the other data
collected. The two different sandstone cements from bed 4A (JEA-159-3 and JEA-159-4)
give similar results. Both have §3C measurements of +1.9%o VPDB, and 8'80carsonaTe
values are -7.7%o and -7.0%. VPDB for JEA-159-3 and JEA-159-4 respectively. As7 derived
temperatures are 48 + 9 °C and 49 + 9 °C, with §'80¢Luip values of -1.1 * 1.5%o
and -0.5 £ 1.5%0 VSMOW. The sparry septarian fracture filling cement from a mudstone
hosted concretion in bed 5f is different, with a §13C of +4.0%o and 880carsonaTe
of -4.7 £ 0.1%o VPDB. Temperatures are similar (43 + 7 °C) to the other samples and give

fluid values of +1.0 + 1.2%0 VSMOW.

In order to establish Paleocene §80¢uip values at or close to the timing of Lava
emplacement and cooling, calcite from within amygdales from the Eigg Lava Formation
were analysed by clumped isotopes (SA-1 and SA-2). These samples gave the lowest §'3C
values measured here (-6.1%o and -5.8%o VPDB) while 8'80carsonate Values were
comparable to many of the other cements measured here, at -16.6 + 0.1%o0
and -17.8 £ 0.1%. VPDB. Temperatures were consistent, at 28 + 6 °C and 27 + 6 °C, with
negative fluid values comparable to many of the other results (-13.7 + 1.2%o

and -15.1 + 1.1%o0 VSMOW).
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4 .4: Discussion:

4.4.1: Concretion VR1:

Concretion VR1, a spherical concretion from Valtos cliffs, Trotternish, was first
investigated by Wilkinson (1993). Horizontal and vertical centre to edge transects
indicated that the concretion grew concentrically, with little change from centre to edge
for 8'3C and SrCOs, and a slight trend towards increasing values for MnCOs. Distinct
trends for MgCOs, FeCOs and 8*®0carsonate (Fig. 4.14) were found in both transects, which

Wilkinson (1993) categorised into three zones:

- Zone1(Z1): 0 cm to ~35 cm from centre (vertical transect); zone of relative
stability, with lowest 6§80 values measured.

- Zone 2 (Z2): ~35 cm to ~58 cm (vertical transect); MgCOs, FeCO3 and 8'80carsonaTe
transition to higher values.

- Zone 3 (Z3): ~58 cm —60.5 cm (vertical transect); the outermost edge of the
concretion where §'®0carsonate decreases and both MgCOs and FeCOs fall to
lowest values.

Of particular note, 6§80 measurements of the earliest cements in the concretion (Z1)

were as negative as -18.2%o, and these ‘anomalously low’ values were difficult to

reconcile with the proposed model of concretion formation (Wilkinson, 1993).

Re-measurements of §'3C and 6*¥0carsonate from the vertical transect of VR1 using
the MIRA mass spectrometer (this study) concur with Wilkinson (1993) (Fig. 4.23a).
Wilkinson (1993) interpreted the change in 620 as being predominantly controlled by
changing pore-fluid composition; variation caused by temperature variation was not
perceived to be a significant control in the context of the assumed burial history during
the time-span proposed for concretion formation (see also below). Using measurements
of A47, the 8'80carsonate trend within VR1 has now been investigated thoroughly without
requiring any assumptions regarding temperature of calcite precipitation and allowing

much more confident assignation of fluid §20.

Temperatures and §'80f.uip compositions, shown on Figure 4.23 (B and C), record
zonal centre to edge changes consistent with the zones described by Wilkinson (1993).
The concretion cements began precipitating at 45+6 °C, and all measurements within Z1

are within error of the zonal average (47 °C). 8'80¢f.uip values of Z1 show gradual increase
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(Fig. 4.23 C), with earliest values ~-12.4 £ 1.1%0 VSMOW evolving to ~-11.1 + 0.9%.
VSMOW at 24 cm from centre. The final value of Z1 appears to be transitioning to a more
positive fluid composition and temperature increased sharply to 73 + 8 °C between the
final value in Z1 and the first value in Z2. Temperature remained high throughout Z2 in
comparison to Z1, averaging 69 °C. The change in pore fluid §'80 compositions between
Z1 and 72 is also steep, to values as positive as +2.1 + 1.1%0 VSMOW. Precipitation

temperatures and 680 compositions both decrease in Z3.

4.4.1.1: Zone 1: Early cementation

The initiation of cementation was thought by Wilkinson to be due to an influx of a
meteoric water into the sand body that reduced (by dilution) any Mg inhibition to calcite
nucleation in the connate pore fluids (Wilkinson, 1993). Meteoric water influx was
assumed to be either a Bathonian event that also penetrated the stratigraphically lower
Bearreraig Sandstone, or due to confined aquifer flow after basin inversion in the Late
Jurassic/Early Cretaceous (Hudson and Andrews, 1987; Wilkinson 1991). An estimate of
the rate of diagenetic feldspar degradation was used to infer that initiation of concretion
formation occurred approximately 8 Ma after sandstone deposition, i.e., Upper Jurassic

(Wilkinson, 1991; 1993).

While 8'80rLuip values of ~-12%0 VSMOW from the centre of concretion VR1 are
consistent with a meteoric water source (e.g., Dansgaard, 1964), the §'80 composition of
meteoric water of Jurassic age for the Hebrides is thought to have been much less
negative. Estimates of -4 to -6%o. VSMOW by Hudson and Andrews (1987), based on
isotope values from freshwater fossils and early diagenetic freshwater precipitates, were
also supported by Searl (1992) when interpreting the Hettangian-Sinemurian aged
Broadford beds of Skye and Raasay. Similarly, Emery et al. (1988) suggested values of -
7%0 VSMOW for the Bajocian Lincolnshire Limestone of Eastern England. It thus seems
unlikely that values ~-12%o0 VSMOW represent meteoric pore fluid values of Jurassic

origin.

We assume here that replacement of connate pore fluids in the Valtos Sandstone
Formation had occurred before precipitation of the concretion began. After deposition of
the GEG, the succeeding Jurassic rocks rapidly became fully marine, culminating with the
Callovian — Early Kimmeridgian Staffin Shale Formation (Morton and Hudson, 1995).

Meteoric water recharge is not likely to have occurred during this globally significant
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transgressive episode. More likely, recharge coincided with a period of exposure and
erosion. Two possibilities present themselves: (1) pre-upper Cretaceous erosion (Hudson,
1983) before deposition of the thin Upper Cretaceous marine sediments, and (2) after any
marine Upper Cretaceous deposition and the onset of Paleocene volcanism (Hudson,

1983 summarises).

There is no direct evidence of meteoric cementation, and thus inferred pore fluid
composition, from the rather sparse Inner Hebridean Cretaceous sediments. Elsewhere in
the UK, sphaerosiderites from Lower Cretaceous Wealden Facies (southeast England)
gave a range of derived pore fluid 60 compositions between -6 to -4%o. VSMOW
(Robinson et al., 2010). Pore filling cement in the Lincolnshire Limestone of the Midland
Platform provided estimates of 6§80 around -8%. (or more -ve) for meteoric water of
Early Cretaceous age (via the Late Cimmerian unconformity; Hendry, 1993). Climatic
models for the Middle Cretaceous tend to yield more negative estimations — for a latitude
of ~40-45 °N (approximate latitude of the Inner Hebrides in Mid Cretaceous; Smith et al.,
1994); estimates for meteoric values range from -5.5 to -11%. VSMOW (see details and
references in Table 4.5). Thus, while inferences from direct measurements in UK cements
and fossils are not more negative than -8%o., modelling results may allow Cretaceous
meteoric water as negative as -11%o in the study area. It is therefore possible that that Z1
cementation in concretion V1 formed from pore fluids sourced during a period of pre-

upper Cretaceous exposure.

Reference | 8®0rup Estimation | Description Further notes:
Poulsen et | ~-7%o to -10%o Continental Atmosphere general circulation model
al. (2007) VSMOW precipitation with transportation and fractionation

580 at 40-45°N | of water isotopes;

four different CO;, concentrations

Zhou etal. | ~-5.5%0 to -7%o Precipitation Ocean-atmosphere general circulation
(2008) VSMOW 580 at 40-45°N | model with transportation and

fractionation of water isotopes

Suarez et -7.5%0 t0 -11%o Groundwater Groundwater gradients used in

al. (2011) VSMOW 580 at 40-45°N | precipitation model as proxies for
meteoric composition; matched to
meteoric §'¥0 compositions derived

from pedogenic carbonates

Table 4.5: Estimates of meteoric §'®Owarer values for Middle Cretaceous from modelling.
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Evidence for Paleocene meteoric fluid compositions are better constrained for
Skye; using estimations of hydrothermal fluid 8D values, Paleocene meteoric §'80 values
were estimated to be -12%0 SMOW (Taylor and Forester, 1971; Forester and Taylor,
1977). There is therefore circumstantial evidence that VR1 precipitation may have
commenced from Tertiary pore fluids. Analysis of other cements from Skye and Eigg also

support this conclusion and will be discussed in detail in Section 4.4.3 and 4.4.4.

The new clumped isotope data show that cementation of Z1 occurred at
temperatures averaging 47 °C. Previous work by Wilkinson (1993) proposed that the
concretion formed in the Late Jurassic at cooler temperatures under a burial of less than
400 m (Wilkinson, 1993, his Fig. 9); using a simple model with an assumed ‘mean upper
crust’ geothermal gradient of 30 °C km™ and a surface temperature of 20 °C following
Hudson and Andrews (1987), this would be at <31 °C. However, if initiation of concretion
growth was instead after Cretaceous exhumation (Fig. 4.10) but before Paleocene lava
emplacement, it must have occurred under <300 m burial. Using a mean geothermal
gradient of 30 °C km™ and a surface temperature of 20 °C, the initial temperature of
formation would have been ~29 °C at a proposed 300 m maximum burial. Since the
Jurassic/Cretaceous burial history is unlikely to be seriously in error (see Hudson and
Andrews 1987; Morton 1987), the new temperature data demand one of the following
possibilities: a) that the Paleocene Hebridean geothermal gradient was higher than
present; b) pore fluids were the additional source of heat; c) a combination of both a) and

b); or d) concretion initiation after lava emplacement.

As discussed below, we can be reasonably confident that Z1 cements formed
before emplacement of the Skye Lava Group. This means that Z1 cementation started
either in the Paleocene (just before lava emplacement) or possibly late in the latest
Cretaceous. What is certain is that by the time Z1 cementation initiated, temperatures
were ~47 °Cin the Valtos Sandstone. If precipitation temperature was to be wholly
explained by regional geothermal gradient increase, at a surface temperature of 20 °C
and burial depth of 300 m a geothermal gradient of ~90 °C km™ would be required which

is considered unlikely.

A geothermal gradient of 90 °C km is not impossible in the context of volcanic
provinces; for example, Icelandic geothermal gradients (Palmason and Seemundsson,
1979) can exceed these values at >40 km from active rifting zones (a similar distance to

that of Valtos from the igneous centres on Skye), and at distances greater than this,
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values of up to 86 °C are known (Palmason and Seemundsson, 1979). In a survey of drill
hole geothermal gradients collected throughout Africa, the highest values were up to
90°C but these were related to the Red Sea Rift and otherwise non-typical (Macgregor,
2020). Such geothermal gradients over regional areas are, however, unusual; the
Norwegian passive margin has maximum regional Cenozoic crust geothermal gradients of
53-55 °C km™ (Gholamrezaie et al., 2017) while the passive margin of southwest Africa
only reaches 48-50 °C where sediments are thickest (thousands of metres) (Gholamrezaie
et al., 2017). It is worth noting that these examples are mostly not directly comparable to
the continental passive margin setting being examined from the Hebrides, where a
pre-eruptive igneous centre was developing, and where the thermal conductivity of the
sedimentary cover and the degree of crustal radiogenic heating affected geothermal

gradients in specific ways (e.g., table 2 of Thompson, 1977).

Although a gradient of 90 °C km™ is unlikely, a higher gradient than that typical for
‘mean crust’ is considered highly likely for the Paleocene; indeed, the present-day
geothermal gradient of an exploration well c. 50 km SW of Skye in the in the Sea of
Hebrides Basin (134/5-1) was calculated to be <43 °C km™ by Holford et al. (2010). An
arbitrary geothermal gradient of 60 °C km for the Paleocene was used by Hudson and
Andrews (1987), which may still be a reasonable maximum thermal gradient for this

period; and 43 °C km™ a reasonable minimum value.

We caution, however, that such assumed geothermal gradients are
simplifications. They do not, for example, allow for variations of conductivity in different
lithologies. They also require assumptions regarding initial surface temperature. For the
Jurassic, Hudson and Andrews (1987) assumed a surface temperature of 20 °C. However,
surface temperatures may have been different in the Paleocene. Paleoflora from Skye
(dated to 60.28 + 0.45 Ma) suggest a mean annual land surface temperature <13 °C for
the Mid-Paleocene (Poulter, 2011). Higher surface temperatures may have prevailed in
the early Paleocene; Mull palaeoflora dated at 60.6+0.3 Ma, may have been 1-5 °C
warmer than the Mid-Palaeocene (Poulter, 2011). Moreover, laterites from interbasaltic
layers of the Antrim Lava Group, Northern Ireland dated between 0.5-1 Ma before the

Skye paleoflora, suggest a tropical to sub-tropical monsoonal climate (Hill et al., 2000).

If the elevated temperatures observed in the Valtos Formation were due to
heated pore fluids alone, they would need to add about 20 °C to the ‘normal’ (30 °C km™;

surface temperature 20 °C) geothermal depth profiles (outlined above) to give a
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combined temperature of 47 °C. It is difficult to imagine how heated fluids could have
been present before the Paleocene igneous centres evolved, which argues against a Late
Cretaceous timing. However, once the igneous centres developed, local sources of heated
water may well have been common, even before lava emplacement. The earliest
evidence for volcanic activity in northern Skye is from the Portree Hyaloclastite
Formation, which outcrops at locations on both the Trotternish (including sites near
Portree, and on the coast north of Staffin) and Waternish Peninsulas (Anderson and
Dunham, 1966). Volcanic material was sourced from explosive vents and deposited
subaqueously (Anderson and Dunham, 1966). It is very likely that meteoric water was
implicated (and heated) in this phreato-magmatic activity, which would explain how

heated groundwater might access and migrate into the porous Valtos Sandstone aquifer.

The most likely scenario may be that that Z1 concretion initiation temperatures
were influenced by both a high local geothermal gradient due to the imminent onset of

plume volcanism, and the influence of locally heated pore fluids.

It is important to note that a steep geothermal gradient (e.g., up to 60 °C km™) can
only have developed as the Tertiary Igneous Province was becoming established around
61 Ma (Emeleus and Bell, 2005 and references therein). We cannot constrain the
geothermal gradient before this time, i.e., in the 100 Ma between deposition of the GEG
and early Paleocene. This means that a more ‘normal’ upper crustal average geothermal
gradient of 30 °C km could have prevailed during the late Jurassic and Cretaceous as
envisioned by Hudson and Andrews (1987). This said, a present-day maximum thermal
gradient of 43 °C km™ has been measured from the Sea of the Hebrides Basin, as noted

above (Holford et al., 2010).

4.4.1.2: Zone 2:

Our results show the transition of §'80carsonate from -18.5%o to -8.6%o represent a
change in both temperature and §80warer composition (Fig. 4.23). This is contrary to the
conclusion reached by Wilkinson (1993) who interpreted the 60 trend to be primarily
due to a change in pore fluid composition, inherent in the proposed stability of burial

depth in his model of formation.

Such a steep transition between zones may be taken to indicate a pause in

cementation; however, this is inconsistent with the petrography of the concretion, which

119



shows only one generation of ferroan calcite with no evidence of zoning (Wilkinson,
1993). Petrography does, however, show a changing cement crystal morphology from
centre to edge of the concretion, with crystal size and degree of elongation increasing
radially (Wilkinson 1989, see also Fig. 4.25). Poikilotopic cement texture has been
associated with lower supersaturation levels (e.g., Saigal and Bjgrlykke, 1987; Wilkinson,
1993) which is compatible with the observation that there is a decrease in preserved shell
material from the centre to the edge of the concretion, with only one sample of Z2
containing shell material (0.8%, derived by point counting; Wilkinson, 1993). However,
the morphological change from approximately equant crystals to crystals with distinct
elongation along the C axis appears to be close in timing to the isotopic compositional
transition. Petrography from the third sample from the centre of the concretion (M8604,
Z1; 16.5 cm radius) shows equant crystals; a thin section at a radius comparable to the 4t
sample (M8614, Z1 vertical transect, 26 cm) has a mixture of approximately equant and
elongated crystals, and by the transition point (final measurement of Z1 at 31.5 cm,
M8605) calcite crystals have distinct elongation, with crystal short axes ~1 mm and long
axes >3 mm in dimension (Fig. 4.26). It is unclear whether the timing of this
crystallographic change is coincidental or related to the fluid compositional and/or

temperature change.

The temperature difference between outermost Z1 and innermost Z2 is from
53+ 3°Cto 79 £ 7 °C. Similar to the discussion of temperature in Z1, the reasons for this

steep change could be due to:

e Steepening of a geothermal gradient without additional burial
e Input of heated fluids

e Increased burial without change in regional geothermal gradient.

If this change happened entirely due to a regional increase in geothermal gradient
(potentially related to the onset of Paleocene plume sourced volcanism), without
increasing the 300 m depth of pre-Tertiary burial, the geotherm (with a surface
temperature of 20 °C) would be required to reach 180 °C km™ to increase the
temperature of concretion cementation to 73 °C, the maximum recorded in Z2. Although
a simplification, this modelled gradient is unrealistic, and if maintained throughout the
Paleocene Intrusive Event (particularly after lava emplacement) such high temperatures
would have had a metamorphic effect on the surrounding and underlying Jurassic

sediments, particularly the formations beneath the Valtos Sandstone. Even with a
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Figure 4.25: XPL petrographic images of the poikilotopic crystal structure of concretion VR1,

increasing in size and elongating radially. A) shows a schematic of concretion fabric from
Wilkinson (1989) and approximate positions of sample site; B) shows the central, almost equant
crystal in extinction at the concretion centre (Z1), highlighted in C); D) shows crystals in Z2 at

46 cm from the concretion centre, annotated in E) to highlight calcite crystal terminations; F)
shows a crystal boundary from Z3, the outer edge of the concretion (60.5 cm from the centre),

where individual crystals greatly exceed the size of the field of view, highlighted in G).
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Figure 4.26: XPL petrographic images from concretion VR1. A) shows approximately equant

crystals from sample M8604 16.5 from centre (Z1), highlighted in B); C) shows mixture of
elongated and approximately equant crystals in Z1 from sample M8614 at 26 cm from concretion
centre (horizontal transect, approximately equivalent to M87216), highlighted in D); E) shows

elongated crystals from sample M8605, 31.5 cm from centre at Z1 edge, highlighted in F).
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minimum estimate of 450 m of lava emplacement on Northern Trotternish (based on the
preserved thickness represented in Fig. 10 of Emeleus and Bell, 2005), the buried Valtos
Sandstone would be at a temperature of ~155 °C (at a geotherm of 180 °C km™%, ignoring

lithological controls on thermal conductivity).

Evidence against regional heating to such temperatures are abundant and
reviewed in Hudson and Andrews (1987). Aragonite bivalves are preserved in the
underlying Lonfearn Member in various localities in northern Skye, as reported in Hudson
and Wakefield (2018), who also comment that spore colouration does not support
intense heating. More specifically in the local area at Valtos, AFTA data on apatites from
the of the Valtos Sandstone Formation at Culnacnoc (NG516629) indicate that the
maximum temperature reached in these sandstones in the early Paleocene was 2110 °C
(Holford et al., 2010); moreover, these values are likely to be slight overestimates
(Holford, pers. comm. 2021). Vitrinite reflectance data from the nearby Lealt Shale at
Invertote give Rovalues of 0.55 (data in Hudson and Andrews, 1987), while source rock
maturity within two wells (Hebrides 1 and Upper Glen 1) show R, values less than 0.5 for
sediments buried up to 1300 m and 1600 m respectively (Fyfe et al., 2021). Organic
material from the earliest member of the GEG, the Cullaidh Shale Formation, and the
earlier Toarcian aged Dun Caan Shale Member (below the Bearreraig Sandstone
Formation) were examined by Thrasher (1992) who concluded that these sediments
remain immature unless sampled within 15 km of the main Paleocene Skye Central
Complex or close to igneous dyke margins. It is therefore very unlikely that a steep rise in

geothermal gradient is the cause of the temperature trend seen in VR1.

Burial might be considered a different potential mechanism for the 26 + 10 °C
temperature change, particularly considering the proposal that Z1 formed close to or

contemporaneous with the earliest volcanism on Skye.

The Valtos cliff section (Trotternish) is overlain by the Skye Lava Group. The
cumulative thickness of the Skye Lava Group was estimated to be 1200 m by England
(1994), although it should be noted that King (1976) used zeolite evidence to estimate a
maximum thickness of 2000 m. It is likely that the lava pile was less extensive above
Trotternish; mapping of North Skye was undertaken by Anderson and Dunham (1966),
who suggested that only the Beinn Edra Group and the Beinn Totaig Group extended to
the majority of the Peninsula, estimating approximate thicknesses of these groups as

~300 m (1000 ft) and ~600 m (2000 ft), ~ 900 m cumulatively. The preserved thickness of
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the lavas in northern Skye is given by Emeleus and Bell (2005) as ~450 m, including the
underlying Portree Hyaloclastite (30 m), while the zeolite-based thickness map of King
(1976) projects that there was around ~1200 m of burial for the location of Valtos Cliffs.
Emplacement of 900 to 1200 m of lava could reasonably explain the temperature change
within the concretion if the geotherm was >30 °C km, as proposed above. After
emplacement of 1200 m of lava, a geotherm of 40 °C km would give temperatures of 80
°C using a simplified model; a geotherm of 60 °C km™ gives too great an increase (110 °C)
to explain the temperature rise, although it would still be consistent with the Holford et
al. (2010) AFTA result (see above). A 900 m lava pile would be able to increase

temperatures to 80 °C with a geotherm of 50 °C km™.

Zeolite assemblages and zones can be related to temperature estimates; King
(1976) identified the zeolites within the lowest part of the lava pile (resting above the
Jurassic sediments) as belonging to the Analcime Zone, corelating to approximate
temperatures of 75 °C to 90 °C. This provides an independent estimate of the maximum
burial temperature of the sandstones post lava emplacement and is close to the highest

temperature results of Z2 of concretion VR1 (73 + 8 °C).

On this basis it is possible to explain the transition to high temperatures in 72 if
this part of the concretion grew after burial by the Skye Lava Group, raising and
maintaining the temperature of the pore fluids. However, field evidence argues against
this; many, although not all, concretions in the Valtos Cliff section have visible deflection
of bedding of the host sandstone around them, where the host rock has deformed
around the cemented concretion (Hudson and Andrews, 1987; Wilkinson, 1993; see also
Fig. 4.11 and Fig. 4.15). An estimate of 20 + 4% compaction of the host rock relative to
concretions was calculated by Wilkinson (1989), with no evidence for earlier compaction
preserved within the concretion. Our interpretation of Z1, which requires concretion
precipitation within the Paleocene, demands that compaction was due to emplacement
and thickening of the lava pile as proposed by Wilkinson (1993), which also implies that
compaction was complete within the 1.6 Ma (Hamilton et al., 1998) time window of lava

emplacement.

As burial and/or changes in the geothermal gradient do not seem to explain the
temperature increase, we now consider the introduction of a heated fluid, with a
temperature sustained at an average of 69 °C for the duration of the precipitation of Z2.

This hypothesis requires a heated water source, as discussed for Z1. It is also important to
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note that the temperature change is preceded and then accompanied by a change in
5'80rLuip composition (Fig. 4.23); Z1 averages -11.1%0 VSMOW, whereas Z2 averages
+0.9%0 VSMOW, a 12%o change, with highest values of +2.1 + 1.1%0 VMOW at the edge of
Z2. There is also a marked increase in calcite Fe and Mg content that follows the
temperature and 8 80r.up trends (Wilkinson, 1993). The meteoric pore fluid of Z1 must
have been replaced with a pore fluid that was enriched in 80 and the trend suggests that

the composition evolved progressively to such positive values over time.

Heated fluids in hydrothermal systems are known to undergo isotope exchange
with surrounding rock units, and such water-rock interaction can result in more positive
5'80warter values (Craig, 1963; Shepperd, 1986). With the proposed timing of concretion
growth, it seems reasonable to explain the progressive positive change in pore fluid
values towards the outer edge of the concretion as a result of local meteoric water
percolating through, and reacting with, hot basaltic glass and phenocrysts. High levels of
seasonal meteoric precipitation (1175.6 mm to 2266.7 mm) are indicated by fossil flora
preserved within the Skye Lava Group (Poulter, 2011), and the Skye basalts are known to
have 680 values above +5%o0 SMOW (Taylor and Forester, 1971; Forester and Taylor,
1977). Such a scenario also explains why the Z2 cements have high Fe and Mg contents
(about 1.5x higher) relative to Z1. Mg?* is relatively easily leached from basaltic glass and
olivine, while rainwater, being naturally acidic (pH 5.6), will facilitate leaching of iron.
Initial oxidation reactions between the basalt and water will also consume dissolved
oxygen such that the percolating fluid would have been acidic and reducing, conditions
that favour the leaching of ferrous Fe (Garrels and Christ, 1965). Heating of the water by
the hot basalt would have further promoted Fe solubility (e.g. Seyfried et al., 1991). The
Z2 Fe contents are approximately 3x, and the Mg contents approximately 8x, those in
limestone-hosted sparry, burial cements from the overlying Duntulm Formation (cf.

Andrews 1986; Hudson and Andrews 1987).

We favour heated fluids generated within the lava pile as there are serious spatial
and ‘timing’ issues with other more regional heat sources. For example, it is well known
that hydrothermal systems developed around the central igneous complexes of Skye,
Mull and Rum (Taylor and Forester, 1971; Forester and Taylor, 1977). However, the
effects of these systems are typically limited to a radius of about 6.5 km distance
(Forester and Taylor, 1977; Fig. 2.2) from the centre. Also, it is likely that concretion
cementation was complete before eruption of the Skye Central Complexes, as they post-

date eruption of the Skye Lava Group (Emeleus and Bell, 2005). Similarly, influence of
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Figure 4.27: Map of the Inner Hebrides adapted from Thrasher (1992). Red dashed zone shows

mapped extent (Forester and Taylor, 1977) of hydrothermal influence of the Cuillin/Red Hills
Igneous Centres. Blue labels identify localities where Paleocene lava was emplaced directly on the
eroded surface of the Valtos Formation. Note that these localities are spread across the

depositional basin.
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heat from the intrusion of the Little Minch Sill complex into the Valtos Formation at
Valtos cannot have been responsible for local heating as it was emplaced after the Skye
Lava Group (Anderson and Dunham, 1966; Gibson and Jones, 1991; Emeleus and Bell,

2005).

Taking all the evidence together it seems likely that, while Z1 of the concretion
began forming at the earliest stage of effusive igneous activity on Skye, Z2 was forming
after extrusion of a small volume of lava pile, the hot lavas being the source for the
heated meteoric water. In this scenario, meteoric water passed through the still cooling
lava pile, undergoing isotope exchange and leaching Fe and Mg from the mafic minerals.
While the concretions were growing the down-bearing pressure of the lava pile was not
enough to overcome the supporting litho-and hydro-static pressure in the sandstone;
compaction occurred after the concretions had formed, presumably as the overlying lava

pile thickened.

There are several areas where lava was emplaced directly onto a land surface
where the Valtos Formation Sandstone was outcropping. Localities include the east coast
of Eigg (overlain by the Eigg Lava Formation), within the Upper Glen 1 borehole in
Waternish (NG299506; see Schofield, 2016; Fyfe et al., 2021), and at Craig Ulatoa near
Prince Charles’ Cave/Portree (NG51047) (Fig 4.27). At Waterstein Head on Waternish the
Lavas are also just above the Valtos Sandstone Formation. These outcrops show that
there were multiples points of entry (others may be present in sub-crop) for meteoric-

derived fluids to enter the Valtos Sandstone aquifer.

Sr isotope measurements were taken at 3 points of the VR1 transect to investigate
the concretion cement in comparison to other Skye rocks (see Table 4.6 for results, and
Figure 4.28 for comparison). The outermost measurement of Z2 gave the highest
measured values (0.710020 + 0.000008) which is the only measurement that does not
overlap with values for Jurassic shells (Holmden and Hudson, 2003). It is, however, far
below values measured for Jurassic clays (Hamilton et al., 1992), and seems to favour the
concretion values being representative of the Jurassic shell carbonate source. Values also
do not overlap with Sr Isotopes from the Skye lavas (Fig. 4.28), which range from 0.70300
to 0.70531 (Scarrow, 1992). The lack of trace of the lava signal in the concretion may be
due to the heated fluids being undersaturated with respects to aragonite, hence allowing
further shell dissolution which released Sr and overprinted the lava signature. This is

supported by the 613C data for the concretion (Table 4.2 and Fig. 4.23a), which shows no
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Figure 4.28: Sr isotope results for concretion VR1 and dyke vein 189-7a from Valtos Cliffs, Skye, in
comparison to a suite of other Sr results from the Jurassic sediments and shells of the Inner
Hebrides (data from Andrews et al., 1987; Hamilton et al., 1992; Holmden and Hudson, 2003) and
Paleocene Lava from Skye (data from Scarrow, 1992). In B, the results of Jurassic clays from the

Duntulm Formation (DF) and Kilmaluag Formation (KF) are omitted for ease of comparison.
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zoning and is consistent with rock buffered values derived by shell dissolution, as

suggested by Wilkinson (1993).

The lava water-rock interaction and heating scenario seems most capable of
explaining both the temperature and pore fluid compositional change for Z2. The

elevated temperatures would have had to been sustained throughout the growth of the

zone.
Distance from
Sample ID | Description centre (cm) 87Gr /86Sr Error
189-7a Earliest vein within dyke at Valtos 0.709941 | 0.000007
M8603 Centre sample, VR1 0 0.709836 | 0.000006
M87218 2nd outermost sample, VR1 53.5 0.710020 | 0.000008
M8607 Edge sample, VR1 60.5 0.709961 | 0.000008

Table 4.6: Sr isotope results for samples from concretion VR1 and a sample from a vein within a

dyke at Valtos Cliffs, Skye (189-7a).

4.4.1.3: Zone 3:

The final outer zone of the concretion, Z3, contains only one measurement
representing the outermost edge of the concretion, and therefore the youngest region of
cementation. Clumped isotope measurements reveal that there is a change in
temperature and 8'0warer between Z2 and Z3, in addition to the changes in
8'80carsonate, Mg and Fe reported by Wilkinson (1993). The final temperature
measurement of Z2 is 73 + 7 °C, which decreases to 57 + 7 °C for the Z3 measurement.
While distinct from the final measurement of 72, the Z3 measurement is within error of
the second measurement of Z2 (63 + 8 °C). The change in derived §*0f.uip is more
distinct, with the final value of Z2 of +2.1 + 0.8%. decreasing to -4.4 + 1.1%0 VSMOW. Mg
and Fe both drop to their lowest values of the transect; MgCOs drops from 1.5 to 0.60
mol%; FeCOs drops from 2.3 to 0.97 mol%; (see also Fig. 4.14) (Wilkinson, 1993).

Zone 3 also represents the termination of cementation and must have formed
when carbonate supply from dissolving Neomiodon shells was becoming limited. The
surrounding sand body remains very friable and poorly cemented, with Neomiodon shells
only preserved within concretions (Hudson and Andrews, 1987). Petrography shows
poikilotopic cement also clearly visible in hand specimen, with distinct elongation, the

longest axis of some crystals reaching >50 mm length (Wilkinson, 1993; see also Fig. 4.25).
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As with the transition from Z2 to Z3, there is no petrographic evidence for a break in

cementation.

With one measurement, it is difficult to interpret this zone due to the limited data;
additionally, the second concretion (VR2) measured by Wilkinson (1993) did not show
similar zonation. Overall, the decrease in element contents, temperature and isotope
ratios either point to a change in the extent of water/rock interaction, or the introduction
of another distinct pore fluid with a different composition to that of Z2. The latter

scenario is not wholly consistent with petrographic evidence for no break in cementation.

We can be confident that the fluid did not supply any additional carbonate —
dissolving Neomiodon shells continuing to be the carbonate source, as evidenced by the
Z3 Sr isotopes (Table 4.6) which are not distinct from measurements of the other zones
(Fig. 4.28 and Table 4.6). Figure 4.24a shows concretion T (°C) vs 6'80carsonate, With
contour lines representing the 6*80ruip values. The measurement of Z3 falls almost
midway between the measurements for Z1 and Z2. This could be evidence that a
meteoric fluid of similar composition to that of Z1 infiltrated the sandstone and a mixture
of the two fluids precipitated the outer edge of the concretion. Alternatively, a similar
composition could have resulted if the Z3 fluid was dominantly fracture fed; meteoric
water passing through fractures would interact much less (higher water/rock ratio) with
the bulk of the basaltic glass, picking up less Fe, Mg and heat, while retaining a more

negative ‘meteoric water’ isotopic composition

With eruption of the Skye Lava Group continuing after the concretion formed, as
clear from the bedding lamination deflection observed around some concretions, the
source of the heated and altered meteoric fluid that formed Z2 may well have become
limited as the lava pile grew. Indeed King (1976) makes the point that vertical fluid
movement predominantly through ‘unconnected’ vesicular horizons would have been
difficult, a problem that intensifies as the lava pile gets thicker and more non-vesicular

aquitards are emplaced.

4.4.1.4: Summary of concretion VR1:

The analysis of concretion VR1 utilising clumped isotopes has significantly altered
the understanding of the diagenetic history of the concretion. Previously, the

5'80carsonaTe isotopic trend of the concretion had been inferred to be pore-fluid
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controlled, but with unexplainably negative initial values (Wilkinson, 1993). We now can
see that the isotopic trend is controlled by both temperature and pore-fluid §80rLuip
changes. The formation of the concretion has been shown to have initiated in the
Paleocene, due to the isotopically depleted §'80fuip composition of the initial pore fluids,
with the influence of heating due to earliest igneous activity influencing the temperature
of precipitation of Z1. The subsequent evolution of pore fluids, proposed to be caused by
exchange with the earliest Skye Lavas, and associated pore-fluid heating has been
recorded in the transition to Z2, which has the greatest volume of cementation. The
outermost zone appears to record a reduction in meteoric water-rock exchange with
lavas, implying fluid transport through fractures within the lava. This also changes the
assumption made by Wilkinson (1993) that pore fluids were near-stagnant; fluid

movement within the sand-body was necessary to allow the pore-fluid evolution seen.

As compaction of the Valtos Sandstone by a significant thickness of lava (up to
1200 m; England, 1994; Emeleus and Bell, 2005) must have occurred after most, if not all,
of the concretions were formed, including VR1 which had visible deflection of lamination
when in situ (Fig. 4.11; Fig. 4.15), the rate of concretion cementation must be re-
evaluated. Previous modelling by Wilkinson and Dampier (1990) concluded that a Valtos
Sandstone concretion of radius 0.5 m would have taken >6 Ma to form if in stationary
pore fluids, and ~4 Ma with pore fluids moving at a rate of 5 m a™1. The constraint of
precipitation initiation contemporaneous with earliest igneous events on Skye (the
Portree Hyaloclastite), then fluid interaction with earliest Lavas in Z2 but termination of
growth before compaction due to more significant emplacement of lava, indicates that
cement precipitation was much more rapid than previously modelled. The emplacement
of the full extent of the lavas is thought to have occurred within 1.6 Ma (Hamilton et al.,
1998), thus concretion formation and subsequent sandstone compaction must have

occurred within a fraction of this time.

4.4.2: Wider context: other cements Valtos Cliffs.

In order to put the VR1 concretion data into a wider paragenetic context, other
samples from the Valtos cliff locality were measured using clumped isotopes. These
included vein-fed sparry calcite cements that post-dated concretion formation, but also
Neomiodon limestones which were analysed as both whole rock and separated sparry

calcite cement components. The results are given in Table 4.4 and plotted on Figure 4.24.
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Veins from bed 3 (Harris and Hudson, 1980; the horizon of VR1 and associated
concretions) with clear cross-cutting relationship to the concretions were sampled. The
first (189-1) was from a concretion ~2 m diameter from the same horizon as VR1. Here a
sparry calcite filled fracture cross-cuts the concretion, clearly post-dating it. Calcite from
this vein gave a A7 temperature of 67 + 10 °C and a derived 8'80¢uip value of +4.1 +
1.5%0 VSMOW. These results are similar to those of Z2 in concretion VR1, again indicating
a hot, evolved fluid. The §*3C was 0.1%0 VPDB, again consistent with carbon sourced from

dissolving Neomiodon shells.

The second vein samples come from the margins and interior of a small dyke (Fig.
4.17) about two metres from the first vein. These veins are filling intrusion-parallel
fractures that opened sometime (unconstrained) during or after cooling of the dyke and
are likely to postdate concretion formation by a substantial period of time, probably
hundreds of thousands of years. Three samples were taken (see Fig. 4.17). Samples
189-5v and 189-7a come from two generations of calcite that filled a fracture 5 cm wide
within the dyke, while sample 189-6 comes from a 2-5 mm thick vein filling a fracture
between the wall of the dyke and the host sandstone (Fig. 4.17). We assume the opening
of the fractures was caused by cooling and contraction. Samples 198-5v and 189-6 gave
As7 temperatures of 52 + 10 °C and 40 + 10 °C with pore fluid values of -12.7 +
1.7%0VSMOW and -13.8 + 1.9%0 VSMOW respectively. This former calcite (sample 189-5v)
is intergrown with a brown fibrous smectite (possibly saponite) as identified by X-Ray
diffraction (J.E. Andrews, pers. comm., 2021). A Sr isotope measurement was also taken
from the earliest part (sample 189-7a) of the vein, giving a value of 0.709941 + 0.000007,
which overlaps values found in the VR1 cements, suggesting that carbonate was similarly
sourced from dissolving Jurassic shell carbonate or limestones (Fig. 4.28). These
temperatures indicate that both generations of vein calcite formed after the dyke had
cooled substantially from its emplacement temperature; they are also cooler than the
maximum cementation temperatures reached during VR1 (Z2) cementation. The pore
fluid 8'80fLuip values are consistent with a fracture-fed source from isotopically negative
Paleocene meteoric water (Taylor and Forester, 1971), the water having relatively low
interaction (high water/rock ratio) with the host sandstone. The presence of smectite
suggests that the water interacted with some silicate during transit, either rocks of
basaltic composition or mudstones in the overlying GEG. A similar association between
calcite cement and smectite has been noted at Duntulm Foreshore/Lon Ostatoin

(J.E. Andrews, pers. comm., 2021) and it may be associated with intrusion of the Little
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Minch Sill Complex which post-dated lava emplacement (Gibson, 1990; Gibson and Jones,
1991; Fowler et al., 2004). Sample 189-6 was taken from the dyke margin in contact with
the host sandstone (Fig. 4.17) and gave the coolest temperatures (24 + 8 °C) for this
locality, and the most negative pore fluid values (-16.5 + 1.6%0 VSMOW). This fracture
was clearly cemented after cooling of the lava pile and presumably following some
regional exhumation - a geotherm of 40 °C km™ and surface temperature of 13 °C — based
on earliest Mid-Paleocene paleoflora evidence from Mull (Poulter, 2011) — suggests burial

at ~300 m).

Considered together, these vein samples demonstrate a wide range of
temperatures and water/rock interaction. While the latter is probably controlled by crack
geometry and connectivity, it is likely that the hotter fluids were introduced first, and
heating might have been related to intrusion of the Little Minch Sill Complex, which is

well developed in this part of Trotternish (Gibson and Jones, 1991; Schofield et al., 2016).

To better understand the spatial context of cementation we also sampled from
two fallen blocks of Neomiodon limestone, one of which displayed a well-developed
ferroan calcite vein. These limestones are inaccessible in the Valtos cliffs but very
distinctive lithologies. It is most likely the blocks were from bed 7 which is
stratigraphically about 10 m above bed 3 (Harris and Hudson, 1980). Alternatively, the
block could have derived from bed 17 about 20 m above bed 3 (Harris and Hudson, 1980).

This limestone allowed for a number of sampling strategies, a whole-rock
approach, a cement only approach and also sampling of the vein which clearly post-dated

the main phase of shell-bed cementation.

The whole rock sample avoided both vein calcites and vuggy areas of sparry calcite
(e.g., in shelter porosity within articulated shells) but integrated calcite from both the
calcite-replaced Neomiodon shells, and the main phase of post-compactional ferroan
sparry calcite cementation (Hudson and Andrews, 1987). This was adopted as it was not
possible to separate these components by drilling, but the assumption (based on
petrography in Hudson and Andrews, 1987) was that the sample would broadly represent
the post-compactional ferroan sparry calcite cement. This sample gave a As7
temperatures of 94 + 8 °C, and an enriched 6'80f.uip composition of +5.5 + 1.1%eo
VSMOW. These results are most similar to those from Z2 of concretion V1 and we infer
that this phase of ferroan spar cementation was essentially coeval with concretion

formation.
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In the second sampling approach we drilled-out vugs of pure sparry calcite from
shelter porosity within articulated Neomiodon shells. For this spar the As; temperature
was 42 + 6 °C and the §*0¢fuip value was -14.5 + 1.1%0 VSMOW. These results are
essentially identical to those from the post-cementation vein sample (18-4bulk), a ferroan
sparry calcite with As7 temperature of 40 + 9 °C and a 8'0¢uip values of -14.2 + 1.6%o
VSMOW. We conclude that the vug-filling and vein cementation were the same phase, an
approach borne out by subsequent CL petrography (Fig. 4.29). The cooler temperatures of
these vein-fed cements confirm their formation after the main phase of post-
compactional cementation described above, presumably later in the Paleocene after a
period of cooling, perhaps during basin inversion. The fluid compositions are in keeping
with other assumed Paleocene meteoric water sourced values measured in this study

(See Table 4.4 and Fig. 4.24).

To try and ensure our interpretations above were robust we also investigated
whether the ‘hot whole rock’ data could be explained as an artefact of mixing calcite
phases (cf. Defliese and Lohmann, 2015). These authors showed that mixing two cements
with differing 633C and 880 values can have a substantial effect on measured A47 and
thus on temperature estimation. Using their model for As7 non-linearity by two
component mixing, the hypothesis that the ‘whole-rock’ calcite temperature result was
hotter than its true value due to mixing was tested. For a first approach, the vein-hosted
vuggy calcite described above was used as one end member (EM1) and calcite-replaced
Neomiodon shells were the second (EM2), with average 680 and &3C taken from Tan and
Hudson (1974) and a A4y value that corresponded to ~70 °C, an estimation that assumes
the end member was close in composition to Z2 values (as 5*¥0carsonate Values are
similar). In a second approach, EM2 was considered an unknown, but 6§20, §'3C and 647
(and thus A47) were interpolated due to their linear relationships between endmembers,
using values measured from the ‘whole-rock’ calcite sample and estimates of the
percentage of EM1 and EM2 (by area) within the ‘whole-rock’ sample. Neither
experiment indicated that the temperatures derived from As7 could be explained by two
component mixing, all digressions from linearity resulting in negative temperature shifts.
We note however, that CL petrography also shows that at least part of the sample
contained more than 2 cement generations, beyond the resolution of sampling and

beyond the capacity of simple mixing models (Fig. 4.29).

Overall, we conclude our initial interpretation is correct and that this Neomiodon

limestone was mainly cemented by fluids with high temperature and elevated §'80f.uip
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Figure 4.29: Petrography of sparry calcite cements in the shelter cavity of an articulated
Neomiodon sp. shell (Sample 76861, equivalent to Sample 189-8) Valtos Cliffs, Skye. A) PPL image
of stained thin section; note pink colour of the final cavity filling cement (non-ferroan) versus the
blue colour (ferroan) of the penultimate cement generation; B) CL image of centremost cements
showing bright orange CL colour of the final cement fill. It is assumed that drilling for A47 sampled
mainly the bright orange CL final cement fill as drilling was targeted in the centre of the cavity; C)

bright orange CL colour of vein cements in Sample 18-4 similar to that in B).
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values, a cement precipitated at a similar time to those in Z2 of concretion V1; later,
cooler, vein-fed fluids infilled the vuggy-shelter porosity that had been uncemented by

the first (hot) phase of ferroan calcite cementation.

4.4.2.1: Summary of wider context: other cements Valtos Cliffs:

Non-concretionary measurements from the Valtos Sandstone at Valtos Cliffs give a
range of results; warm and evolved pore fluid is associated with a vein on the edge of a
concretion and for the bulk measurement of a well cemented Neomiodon spar bed. Other
cements have a depleted meteoric pore fluid source, with §80fLuip values between -12.7
+ 1.7%o0 and -14.5 + 1.1%o for higher temperature cements (40 + 10 °Cto 52 + 10 °C)
and -16.5 + 1.6%. for lower temperature cement (24 + 8 °C). These values seem to add to
evidence that supports unusually depleted pore fluids for the Paleocene (as suggested by
Taylor and Forester, 1971; Forester and Taylor, 1977), and indicates that the §'8Oruip
values seen at the centre of concretion VR1 are not unusual for cements at this locality.
The 8'80¢uip values from the majority of veins and vugs are more negative than those
proposed by Taylor and Forester (1971) and may imply either an orographic effect or a
rainout (amount) effect consistent with a high relief landscape post-lava deposition, with
-16.5 £ 1.6%0 VSMOW as a minimum value measured for Paleocene meteoric water in

North Skye.

4.4.3: Wider context: other concretions of the Valtos Sandstone Formation

The Valtos Sandstone Formation has a wide area of outcrop (Fig. 4.2; Harris and
Hudson, 1980; Harris, 1992), from Trotternish and Waternish in North Skye, through
Raasay and Strathaird to the southern localities of the Small Isles (Eigg and Muck). To
better understand the basin-wide context for Valtos concretion VR1, we sampled more
concretions in the southern part of the basin on the Isle of Eigg, approximately 75 km
south of Valtos. In addition, the Eigg concretions were sampled from near the top of the
formation, whereas VR1 was located close to the base of the formation. Earlier stable
isotope work on the Valtos concretions (basin-wide) had been performed by Tan and
Hudson (1974), followed up by the more detailed studies of Wilkinson (1989, 1992, 1993)

who also worked at Valtos and on Eigg.
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In this section we mainly describe results (Table 4.3) from concretions collected
from Laig Bay (Isle of Eigg) and also a concretion collected from Dun Dearg (Trotternish),
near Valtos. This latter sample is from bed 38 (Harris and Hudson, 1980), stratigraphically

about 40 m above VR1, so helps constrain any possible stratigraphic variation.

At Laig Bay, there are several different concretionary cementation styles that
occur within the concretionary horizon of Division E (Harris and Hudson, 1980): large,
spherical concretions similar to VR1 (Fig. 4.6; Fig. 4.19); decimetre-scale spherical
concretions (Fig. 4.6, Fig. 4.20; average radius: 11.8 cm; Wilkinson, 1992); cemented dyke
margins (Fig. 4.6, Fig. 4.21; described by Hudson and Andrews, 1987). There are also
calcitic veins, which, although rather friable due to weathering, occur within the
otherwise very poorly cemented sandstones. Some of these veins are closely related to
dykes, frequently running parallel to the intrusion (Fig. 4.8). Clumped isotope analysis was
undertaken on three parts of one large concretion, three decimetre-scale concretions and

a sample of cemented dyke margin.

Results from these concretions are shown on Figure 4.24 and Figure 4.30, while
the data is in Table 4.3. Three measurements (roughly centre, intermediate, outer edge,
Fig 19) from a large concretion from Eigg give values between 68 + 7 °Cto0 98 + 9 °C, and
isotopically enriched pore fluid 620, between +2.7 + 1.1%o0 and +7.2 + 1.2%0 VSMOW. The
single sample from a Dun Dearg concretion (EG191015-1) gave a similar temperature of
64 +9 °C, and a derived 8'0¢Luip composition of -1.8+ 1.4%0 VSMOW. These results are
consistent with those from Z2 in concretion VR1. They indicate that the high
temperatures and enriched pore fluids were a basin-wide phenomenon, or at least, when
there were points of entry for hot water, enabled where lava directly overlaid the eroded
top of the Valtos sandstone, as in Trotternish and Eigg. These results also show that this
style of concretionary cementation occurred throughout the thickness of the Valtos

Formation.

The decimetre-scale concretions on Eigg (Wilkinson, 1992) give rather different A4z
values to those from the larger concretions (Fig. 4.30). The A47 temperatures are generally
cooler (13 + 6 °C to 35 + 6 °C; averaging 24 °C) with derived pore fluid 6§80 values of -6.2 +
1.1%o0 to -10.1 £ 1.3%0 VSMOW, averaging -8.1%o0 VSMOW. The pore fluid compositions
are not negative enough to be of Paleocene age (-12%., Taylor and Forester, 1971; -11.1 +
1.1%o0 to -16.5 + 1.6%., this study), and they are slightly lower than the expected range of

Jurassic meteoric pore fluids (-4 to -6%., Hudson and Andrews, 1987; Searl, 1992; -7%.o,
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Emery et al., 1988). Estimates for Cretaceous pore fluids encompass the range seen (-4 to
-6%o0, Robinson et al., 2010; -8%., Hendry, 1993; -5.5 to -11%. from modelling studies, see
references in Table 4.5). We can be sure they formed before the emplacement of the
Tertiary dykes as these crosscut the sandstone unit that host the concretions (Fig. 4.31).
This suggests that the concretions formed before the Paleocene, (Wilkinson, 1992)
possibly during the Lower Cretaceous. It seems likely that these concretions were formed
much earlier than the larger concretions, under shallow burial (<200 m), a hypothesis that

is supported by the lower temperatures.
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Figure 4.31: Decimetre-scale concretion at Laig Bay, Eigg, showing the concretion’s proximity to a
dyke and its location within the cemented sandstone dyke margin, which therefore must have

succeeded concretion formation. Hammer handle 35 cm long.

One small concretion was measured twice, towards the apparent centre of the
concretion and towards the outer edge, although this concretion was sub-spherical. Due
to the morphology of this concretion, however, it is uncertain without more
measurements whether the point taken as ‘centre’ is true. However, if taken as so, a
weak centre to edge trend is recorded, as was found by Wilkinson (1992) for several other
concretions, with the centre having a slightly more negative 620 and §'3C, and possibly a
decreasing trend in 6'80warer and temperature, although the latter results for these are
within error of one another. This concretion has the most negative §¥0warer values of the

three measured, with lowest values from the edge of the concretion.

All concretions studied on Eigg in this study (and by Wilkinson, 1992) give
distinctly different results to a nodular concretion sampled from a 60 cm wide zone of
cementation adjacent to a Tertiary dyke margin (Fig. 4.24 and Fig. 4.30). This cement gave
a A47 temperature of 42 + 9 °C, and a derived 6*80¢.uip value of -14.6 + 1.7%0 VSMOW. The
sample was taken from the fully cemented horizon (see description in Hudson and
Andrews, 1987) within a few centimetres of the dyke margin. It had been assumed that

this zone of cementation was related to the intense heating from the dyke (Hudson and
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Andrews, 1987), an interpretation apparently supported by very negative calcite 620
values (-13.8%o0 and -17.2%.; Wilkinson, 1992). However, the As7 temperatures in this
study show that these cements were formed by warm fluids with a negative, Paleocene,
meteoric water composition. It seems likely that the zone of cementation is not related to
heating effects, but rather to the palaeohydrology of the zone adjacent to the dyke. it is
suggested that cementation had been focused along the vertical dyke wall (a vertical
aquitard), possibly exploiting fractures that developed in the host sandstone as the dyke
cooled. In support of this there are numerous calcite-filled veins that run parallel to the
dyke within the zone of cementation, and it is plausible that these fractures were the
conduits for the cementing fluid. It is noted that the temperature and fluid composition of
this calcite is within the range of the calcites from veins associated with a dyke at Valtos

(see above).

4.4.3.1: Comparison with previous work:

Previously published 8'80carsonate and 813C measurements from Wilkinson (1989, 1992,
1993) are plotted against our concretion results (Fig. 4.32). Through the use of our As7
derived temperature and fluid measurements we can make interpretations of these
results in the context of the constrained temperatures. Tan and Hudson (1974) did not
report individual concretion values but provided maximum, minimum and average for the
concretions they measured in Trotternish, Waternish and Eigg; these largely overlap the

data from Wilkinson and so are not shown on Figure 4.32.

Figure 4.32 shows four distinct data fields that approximately correspond to the
measurements of the Valtos Cliffs spherical and basal concretions, the Eigg large

concretions and the smaller Eigg decimetre-scale concretions.

Data from the large concretions are overall more complex. Our §'3C and
8'80carsonaTe measurements of VR1 Z2, the Dun Dearg concretion and the large Eigg
concretion plot in similar isotopic space to previous measurements of large concretions
(excluding P3 of the large concretion measured by Wilkinson, 1989). It is unclear whether
the results from Trotternish from Tan and Hudson (1974) include a mixture of spherical
and ‘basal’ tabular concretions; basal concretions, which we have not measured with
clumped isotopes, mostly give values for §'80carsonate between -8%o and -15%o, with only
a few outliers giving more negative values. Without clumped isotope analysis, further

interpretation of these concretions is poorly constrained. However, they plot mostly

140



5 M Aragonite Neomiodon (Tan
Eigg large Aragonite . Hl{dson’ 1974)
ncretion 4 M Calcite replaced
conc p%t ons m BN Neomiodon (Tan &
Ve o - 3 o URISRRILRLEN 1993)
Trotternish basal o = P%’ . ,
concretlons - . e OVR2 (Wilkinson, 1993)
Trotternish spherical @ O% ‘ O m Calcite ] |
. o &P g}(ﬁ%@ " Neomiodon OBasal Concretions
concretions a% . (Wilkinson, 1989)
I T . s o L S O%Ye T T T T —_—
%o 5.8 oo ;.9!., o, @ OV
Z1 ® o o 1o
© O >g OLarge conc., Dun Dearg
: 2
*P3 5‘2" # Large Eigg Concretion
A G -3 W  (Wilkinson, 1989)
¢ A L ¢ Large Conc., Eigg
a A A ﬁ N o |
: 5 /\ Eigg decimetre concretions
2\ (Wilkinson, 1992)
Eigg small ‘A - ADecimetre conc's, Ei
concretions @i\\ ° o
-7 ADecimetre conc. 169-8,
-20 -18 -16 -14 -12 550 ("71(KIPDB) -8 -6 -4 -2 Eigg
00

Figure 4.32: Comparison of §3C and §0carsonate Of Valtos concretions from Skye and Eigg for the present study and Wilkinson (1989, 1992, 1993) and Tan and Hudson
(1974). Figure includes values for original aragonite and calcite replaced Neomiodon shells from Tan and Hudson (1974). P1-3 correspond to zones from the large Eigg

concretion analysed by Wilkinson (1989) and Z1-3 correspond to zones within concretion VR1.
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between 6'80carsonaTe isotopic values of Z2 and Z3, or possibly the transitional outer edge
measurement of Z1, suggesting they would give similar warm temperatures and evolved
pore fluid compositions. Definition between Trotternish spherical and basal concretion
regions is primarily defined by §'3C, as the majority of the Basal concretions show higher

813C values, as does the concretion from Dun Dearg.

Data from the large concretions are overall more complex. Our 8§'3C and
5'80carsonaTe measurements of VR1 Z2, the Dun Dearg concretion and the large Eigg
concretion plot in similar isotopic space to previous measurements of large concretions
(excluding P3 of the large concretion measured by Wilkinson, 1989). It is unclear whether
the results from Trotternish from Tan and Hudson (1974) include a mixture of spherical
and ‘basal’ tabular concretions; basal concretions, which we have not measured with
clumped isotopes, mostly give values for §80carsonate between -8%o and -15%., with only
a few outliers giving more negative values. Without clumped isotope analysis, further
interpretation of these concretions is poorly constrained. However, they plot mostly
between 680carsonaTe isotopic values of Z2 and Z3, or possibly the transitional outer edge
measurement of Z1, suggesting they would give similar warm temperatures and evolved
pore fluid compositions. Definition between Trotternish spherical and basal concretion
regions is primarily defined by 8'3C, as the majority of the Basal concretions show higher

813C values, as does the concretion from Dun Dearg.

No other concretions give 680 results as negative as VR1; it is possible that this
concretion nucleated and began cementing earlier than any of the others analysed and is
thus the only one which recorded the pore fluid composition before lava emplacement.
The large concretion from Eigg measured by Wilkinson (1989) is also an outlier, with three
growth ‘phases’ identified (P1, P2, P3), where both §'80 and (particularly) §'3C evolve.
We do not see such a trend in §*¥0carsonate from the large concretion we sub-sampled,
and although the centre of the concretion has §'3C values ~1.5%o lower than
measurements closer to the edge, this is the opposite trend to that measured by

Wilkinson (1989).

4.4.3.2: Summary of wider context: other concretions of the Valtos Sandstone Formation:

Large concretions analysed by clumped isotope analysis from Dun Dearg,
Trotternish and Laig Bay, Eigg have similarly enriched pore fluid values and high
temperatures to VR1 Z2. In keeping with the interpretations for VR1, this indicates that

these concretions formed from fluids that had undergone heating and experienced water
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rock interaction with Paleocene lavas. As previously described, both Trotternish and Eigg
have locations where lava directly overlies the eroded top of the Valtos Sandstone
Formation, providing a potential entry point for such pore fluids. The fact that this
composition appears to be the most common, when comparing both new As7
measurements and previous 6'80carsonate measurements (Fig. 4.32), might indicate that
at this point in basin evolution there was enhanced pore fluid ingress and conditions that
were more propitious for concretion nucleation. This might indicate that the local
Paleocene climate was particularly wet, in agreement with paleoflora evidence from Skye
(Poulter, 2011). More speculatively, it may be that concretion nucleation was initiated by
attainment of a critical (high) temperature; no large concretion records a temperature

below 44 + 6 °C.

4.4.4: Wider context: Other cements from Skye and Eigg

To put the results from the Valtos Sandstone Formation into a basinal, burial
diagenetic context, we compare here, results (Table 4.4) from other burial diagenetic
cements from Skye and Eigg. These samples were taken from sandstones, limestones and
veins in sediments from the Lealt Shale Formation (Lonfearn Member and Kildonnan
Member) and the Duntulm Formation stratigraphically below and above the Valtos
Sandstone Formation respectively. We focused on samples where it was possible to
sample just the cement phase, which for limestones in particular, restricted the sampling
to either vuggy or fracture-fill (veins) calcites. Figure 4.24 A shows a comparison of
5'80carsonaTe, temperature and §'80ruip with results from Skye, and Figure 4.24 B shows

results from Eigg.

4.4.4.1: Trotternish, Skye:

Samples from the Duntulm Formation in Trotternish came from Duntulm
foreshore, Lon Ostatoin and Kilmaluag Bay (Fig. 4.2). The most complete set of data
comes from Lon Ostatoin, sampled from a range of lithologies and using the bed numbers
of Andrews and Walton (1990). Two samples of ferroan sparry cement in sandstones
(sample 17-1 from bed 5; sample 17-2 from bed 23) gave temperatures of 28 + 7 °Cand a
8'80¢uip value of -12.8 + 1.4%0 VSMOW, and 58 + 9 °C and -11.1 + 1.4%0 VSMOW
respectively. While the bed 23 temperature is consistent with warmer temperatures in

concretion VR1, the fluid composition does not reflect extensive water/rock interaction.
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The Lon Ostatoin locality is situated within a few hundred metres of a thick dolerite
intrusion and it is possible that the warm temperature has been caused by localised
heating of groundwater that routed through the permeable sandstone. A sample of vug-
filling sparry calcite cement from an intra-shell (Praeexogyra hebridica) cavity from bed
19 (oyster-rich limestone), sample P22-LR, gave a temperature of 23 + 6 °C, with a
8'80rLuip fluid value of -12.8 + 1.1%0 VSMOW. This result shows that the final stage of
cementation of this limestone was affected by meteoric water of likely Paleocene origin
(fluid 680 composition) and probably at relatively shallow burial depth, perhaps during
basin inversion. Spar-filled fractures (TR-1609) in a microbial limestone from nearby
North Duntulm (bed 20, Andrews and Walton, 1990) gave a similar ‘cool’ result (single
measurement indicates temperatures of 32 + 13 °C and §80¢Luip of -14.5 * 2.5%0
VSMOW). The fractures clearly post-date the lithification of this limestone, such that a
Paleocene timing for calcite mineralization is considered likely. Distinctive white calcite
veins (Fig. 4.22) from bed 3 at Kilmaluag Bay (samples 199-1 and 199-2) must be of
Paleocene or younger age as they crosscut the Duntulm Formation sediments, an
intruded dolerite Tertiary sill and vuggy mineralization in the dolerite. These calcites gave
temperatures of 32 + 8 °C and 42 + 8 °C and §*80kuip values of -12.3 + 1.6%o and -10.9 +
1.5%o. The latter is the highest 680f.uip result from cements known to be Paleocene or
later, although both values are within error of each other, and similar §80¢.uip values
were recorded for a Duntulm Formation sandstone cement (11.1 + 1.4%. for sample 17-2,
discussed above). In addition, a fibrous calcite vein (18-9x) from the Lonfearn Member
(Lealt Shale Formation) at Rubha nam Brathairean (Fig. 4.2) gave very similar
temperatures (29 £ 9 °Cto 32 + 9 °C) to those from the Duntulm Formation, albeit with
less negative 6*0rLuip values (-8.3 + 1.7%o to -9.6 + 1.7%0 VSMOW), perhaps indicating

greater water/rock interaction.

Sparry calcite fills from mudstone hosted concretions, including those reported in
Chapter 3 from the lower Kimmeridgian Staffin Shale Formation are also included in
Figure 4.24a. As reported in Chapter 3, there is considerable heterogeneity in some of
these spars, particularly with respect to §'80ruip values. This is possibly due to porosity
limitation of both the hosting mudstone sediment and the concretion itself, meaning that
pore fluids were able to infiltrate the concretion fractures at different stages of uplift and
burial and may have recorded different degrees or episodes of meteoric pore fluid
displacement (Hendry et al., 2006; Paxton et al., 2021), regardless of being within the

same sedimentary unit. One additional vug-cementing sparry calcite (18-7ysc) was
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sampled from a mudstone hosted concretion in bed 3 of the Lonfearn Member at Rubha
nam Brathairean (Fig. 4.2). This spar was the only example of a high temperature and
enriched fluid measured outside of the Valtos Sandstone Formation (59 * 8 °C, §'80rLuip of
-0.2 + 1.3%0 VSMOW). It is possible that this spar was precipitated from hot waters that

have escaped via fractures from the overlying Valtos Sandstone.

4.4.4.2: Eigg:

Samples of cements were collected from the type section of the Kildonnan
Member (Lealt Shales) on the east coast of Eigg (Hudson et al., 1995) as part of a wider
study (Chapter 5). The data is discussed here (Table 4.4; Fig 4.24b) as it helps further

constrain the burial diagenetic conditions of the Valtos Sandstone concretions.

Two samples were collected from bed 4A (Complex Bed of Hudson et al., 1995),
both cements from sandstone layers (JEA-159-3, JEA-159-4). A third sample was from the
fracture-filling sparry calcite of a bed 5F mudstone hosted concretion. As shown on Figure
4.24b, the results of all three samples are quite consistent, albeit rather distinct relative
to most of the other cement data (also see Table 4.4). The As7 derived temperatures are
between 43 + 7 °C and 48 + 9 °C, while the derived fluid 8180 values are between -1.1 +
1.5%o0 and +1.0 + 1.2%0. What these data show very clearly is that relatively hot water (up
to 48 + 9 °C) flowed through the fractures and porosity of the Kildonnan Member, even
though shale-hosted aragonite shells are well-preserved (Hudson et al., 1995) within their
encasing (aquitard) mudstones. The fluid compositions, while not diagnostic of Tertiary
meteoric water, most likely represent such waters that had undergone water/rock
interaction; one possible explanation is that they reacted with basaltic lithologies, as
explained for the Z2 data from concretion VR1 (see above), before routing into the
Kildonnan member through fracture and sandstone permeability. The high temperatures
may be a remnant of the heated fluids from the Valtos Sandstone but could also
represent precipitation at (close to) maximum burial temperature, which seems equally

likely based on work in Chapter 5.

4.4.4.3: Eigg Lava Formation amygdales:

In a preliminary attempt to measure the temperature and isotopic composition of

Paleocene meteoric water from amygdaloidal calcites from the Tertiary lavas, Matthew
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Wakefield kindly sampled amygdales in a loose block of basalt from the Eigg Lava
Formation at Laig Bay (SA-1 and SA-2). These calcites gave As7 temperatures of 28 + 6 °C
and 27 + 6 °C and 8*0f.yip values of -13.7 + 1.2%o and -15.1 + 1.1%0 VSMOW, values that
help corroborate many of the calcite cement samples discussed above. The calcite
precipitated when the lava had cooled considerably, and provides additional confirmation
that Paleocene meteoric §'80 values in the Inner Hebrides had unusually negative

compositions.

4.5: Conclusions:

Clumped isotope analysis on a sandstone hosted concretion (VR1) from the Valtos
Sandstone Formation which had ‘anomalously low’ §'80 compositions (Wilkinson, 1993)
has presented a more complex picture than previously assumed for concretion genesis.
Using A47 derived temperature estimates and back-calculated pore fluid §'80

compositions, a new hypothesis for concretion cementation is proposed.

The centre of the concretion (Z1) formed from Paleocene meteoric pore fluids at
~47 °C, under conditions of a higher-than-average geotherm (between 40 to 60 °C km?)
and elevated water temperature due to earliest Paleocene Igneous Event activity. This
zone of the concretion gave the most negative §®0carsonate results of any Valtos
concretion measurement studied previously by Wilkinson (1989, 1993) and Tan and
Hudson, (1974) due to formation from negative meteoric sourced pore fluids (-12.6

1.1%0 to -11.7 £ 1.1%0 VSMOW).

At the outermost edge of Z1, a transition began towards Z2 compositions, where
evolved 8%0¢uip values (average +0.9%0 VSMOW) and higher temperatures (average 69
°C) were caused by hot water-rock interaction with basalts from the Skye Lava Group,
although only a partial lava thickness is plausible, given arguments regarding timing of
compaction and constraints relating to lava permeability. As more lavas were emplaced
and the pile thickened, vertical fluid movement was controlled more strongly by
fractures, increasing the water rock ratio and giving rise to the cooler and less evolved
measurements found for Z3 (57 £ 7 °C; -4.4 £ 1.1%0 VSMOW). Other large concretions
from the Valtos Sandstone Formation at Dun Dearg, Trotternish and from the Isle of Eigg
also show clumped isotope results similar to Z2. The Eigg decimetre scale concretions are

outliers and are presumed to have precipitated pre-Paleocene, with less depleted pore
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fluids (avg. -8.1%0 VSMOW) and low As7 derived temperatures (avg. 24°C) indicating

formation at <100 m burial.

The large concretions formed much later than has been proposed in past studies
(Wilkinson, 1989; 1993), and must have formed within < 1 Ma, far more rapidly than

modelled previously (Wilkinson and Dampier, 1990).

Using a suite of other calcite cements from the associated Great Estuarine Group
sediments of Skye and Eigg, the results from VR1 can be placed in a context of
predominantly Paleocene cementation. The assumption that Z1 precipitated from
meteoric pore fluids with values as low as -12.6 + 1.1%o., a value for Hebridean meteoric
pore fluids previously postulated by Taylor and Forester (1971) and Forester and Taylor
(1977), is strongly supported by measurements from other burial diagenetic cements.
Most other sparry calcite and fibrous calcite cements within the Valtos Sandstone
Formation and Duntulm Formation from Skye gave similar negative results, as negative as
-16.5 + 1.6%0 VSMOW, and with a range of temperatures presumably caused by cooling in
the region after the Skye Lava Group cooled. Amygdale calcite cement from the lavas also
gave a value of -13.7 + 1.2%o0 to -15.1 + 1.1%0 VSMOW, corroborating these

interpretations.

It is worth noting that most of the high temperatures (>50 °C) come from cements
within the large concretions of the Valtos Sandstone Formation: temperatures >50 °C are
uncommon in most of the other cements studied. It seems plausible that the Valtos
Formation sandstones were a high permeability conduit that transmitted hot, meteoric-
sourced, shallow groundwater. It is possible that the hot water promoted calcite
nucleation and concretion growth. In contrast, mudstone-dominated units like the Lealt
Shale Formation and the Duntulm Formation, acted largely as aquitards, with fluid flow

restricted to fractures and permeable sandy beds.
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Chapter 5: Clumped isotopes in Middle Jurassic molluscan
aragonite: time for a reset?

5.1: Introduction:

Stable isotope analysis of biogenic carbonate has been used to investigate
numerous significant issues in geological history (e.g. Urey et al., 1951; Hudson and
Anderson, 1989; Veizer et al., 1997, 1999; Zachos et al., 2001; Huck and Heimhofer,
2021). However, as discussed in Chapter 1, without independent constraints on either
8'80rLuip Or precipitation temperature, assumptions are required to solve the
‘palaeotemperature equation’, leading to inherent uncertainties. In addition, some
organisms display biogenically mediated disequilibrium isotope effects (vital effects) in
the skeletal carbonate they precipitate (Urey et al., 1951). This further complicates the
utility of stable isotopes in biogenic carbonates as a reliable record of temperature or
other environmental conditions. Vital effects have been identified in a wide range of
organisms including corals (e.g., Weber and Woodhead, 1970; Erez, 1978), echinoderms
(e.g., Weber and Raup, 1966; Gorzelak et al., 2012), coccoliths (e.g., Ziveri et al., 2003),

and foraminifera (e.g. Duplessey et al., 1970; Erez, 1978).

When the clumped isotope technique was pioneered, it was soon applied to
paleoclimate/environment studies as it was thought that the abundance of *3C-180 bonds
in the precipitated skeletal carbonate were insensitive to ‘vital effects’ (Eiler, 2007; 2011).
However, as more organisms were analysed, this early conclusion was proven to be
untrue. Clear examples of clumped isotope vital effects have been found in some corals
(e.g. Saenger et al., 2012; Spooner et al., 2016), echinoids (Davies and John, 2019), adult
cephalopods (Davies et al., 2021), brachiopods (Bajnai et al., 2018) and juvenile marine
bivalves (Huyghe et al., 2022). Recent developments with combined A47 and Ass analysis
may allow calculation of ‘true’ A4z values from carbonates precipitated with vital effects
(Bajnai et al., 2020; Fiebig et al., 2021) but this depends on high precision measurements

of Asgwhich is not yet achievable in all laboratories.

Nonetheless clumped isotopes in skeletal carbonates remains a promising method
to help understand palaeoenvironmental conditions (e.g., Price and Passey, 2013;
Petersen et al., 2016; Bergmann et al., 2018; Evans et al., 2018; Henkes et al., 2018;
Vickers et al., 2020, 2021; De Winter et al., 2021; Barney and Grossman, 2022; Letulle et

al., 2022). Mollusc shells are a commonly analysed fossil due to their prevalence
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throughout geological history (e.g., Petersen et al., 2016; Vickers et al., 2021; De Winter
et al., 2021; Letulle et al., 2022). Calcitic shells are typically quite well preserved,
particularly in Mesozoic and younger rocks, and the preservation of the less stable
polymorph aragonite is a clear target if the mineral can be proven to be pristine. Excellent
fossil aragonite preservation in limestones is not favoured, due to dissolution-
reprecipitation reactions (neomorphism), which are known to affect §'0 values and
highly likely to affect As7 values (e.g., Staudigel and Swart, 2016). However, pristine
aragonite shells, typically those encased in an impermeable clay-rich matrix, should
preserve their environmental clumped isotope compositions, making them attractive for
palaeoenvironmental studies. Recent clumped isotope measurements of unaltered
aragonite shells have allowed insights into temperature change at the K-T boundary
(Petersen et al., 2016; Tobin et al., 2021), Early Jurassic temperatures from arctic and mid
latitudes (Letulle et al., 2022), and late Miocene — Pliocene temperatures of the Tibetan

Plateau (Wang et al., 2021), among others.

The application of clumped isotopes to shells with proven pristine preservation
from the GEG would therefore be desirable, not only to investigate the environmental
conditions of growth, but also to help further evaluate the applicability of clumped

isotope data from biogenic carbonates.

5.1.1: The Kildonnan Member and Praemytilus strathairdensis

Shells of Praemytilus strathairdensis (Anderson and Cox, 1948) are an extinct
species of small bivalve molluscs (mussels), found exclusively within the Kildonnan
Member of the GEG. The Kildonnan Member represents a lagoonal environment, the
nature of which is described below. The shells were described in detail by Hudson (1968),
who demonstrated their wholly aragonite composition and nacreous aragonite structure,
which, through the observation of excess hydrogen, was also suggested to have trapped
free water (Hudson, 1967). Shells are particularly well preserved at the type section,

located 1.5 km north of Kildonnan on the Isle of Eigg (Hudson, 1966) (Fig. 5.1).

Shells from this locality have been extensively investigated in previous work.
Carbon and oxygen isotope analysis of shells from bed 5 (all bed numbers from Hudson
1966, Hudson et al., 1995; Fig. 5.2) was undertaken by Tan and Hudson (1974), who noted

a positive correlation between aragonite §'3C and 580, suggesting that this was due to
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Figure 5.1: Map of Skye and the Small Isles, including Eigg, with sampling locations indicated by

arrows. Map adapted from Thrasher (1992).

mixing between marine and less saline, meteoric-derived waters (with more negative
5'80water compositions) in a marine-brackish lagoonal system. Hudson (1970) described
an algal (microbial) limestone, which contained calcite pseudomorphs after gypsum,
which was taken to indicate the potential for the lagoon to become hypersaline as it dried

out. Re-examining the previous isotopic data of Tan and Hudson (1974), salinities were
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§h : Praemytilus clusters in silty shale
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5f : sandy mudstone with septaria; disturbed bedding, Viviparus < Brachiopods
Se (upper) : silty mudstone with septaria; Praemyiilus
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5a ; silty mudstone with abundant small Praemytilus; gastropod
shell-bed at base

COMPLEX BED : shelly limestone (4b) overlies coarse calcareous sandstone with
fish debris & shale partings (4a)

3h : shell layer with large Unio, Praemytilus

Je,l,g ; silty shale; layers of small Praesmytilus

3a-d : shale, limestone; gastropods
REPTILE BED : sideritic limestone with plesiosaur bones, shark testh, gastropods

1 : hard, pootly-fissile silty mudstone. Base not seen

Figure 5.2: Graphic log of the Kildonnan Member at the type section (Eigg) after Hudson et al.
(1995).

estimated for the two ‘end members’ of the positive §'3C and 680 relationship, with
34%o salinity suggested for the ‘marine’ shells, and 0%. salinity estimated for freshwater,

which was assigned a 6*80¢uip value of -6%o0 VSMOW (Hudson et al., 1995).

Work studying other flora and fauna preserved within the Kildonnan Member also
supported salinity variation within the lagoon (e.g., Hudson et al., 1995; Wakefield, 1995).
Of note, Patterson (1999) studied the 680 and 6*3C of fish otoliths from bed 3g, finding

that samples fell in to two distinct regions of isotopic space. The conclusion reached from
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this data segregation was that some fish were able to migrate to the open ocean,
recording a marine signature, while a mixed meteoric-marine 880 signature was retained

for fish confined to the lagoon system (Patterson, 1999).

This simple salinity control hypothesis was challenged, however, by an
investigation into strontium isotope compositions of several shell species from the
Kildonnan Member as part of a wider study on Hebridean Middle Jurassic mollusc fossils
(Holmden and Hudson, 2003). They found that 87Sr/8Sr compositions of P. strathairdensis
were too radiogenic to support aragonite formation from Jurassic seawater. Their data
indicated negligible input of marine Jurassic Sr in P. strathairdensis shells and suggested
that the positive relationship between molluscan 680 and 63C was instead controlled by
seasonal variation in evaporation/flooding of a freshwater system, possibly with influence
of a marginal marsh environment that was isolated in the dry season but hydrologically
connected to the lagoons in the wet season, increasing the input of isotopically depleted
fresh water (Holmden and Hudson, 2003). The unstated inference from this
interpretation is that the most evaporated, dry season, water compositions reached 6§20

values more or less identical to Bathonian seawater (i.e., c. -1.5%0 VSMOW).

P. strathairdensis shells from Kildonnan, Eigg were thus chosen for clumped
isotopes as they are known to have excellent aragonite preservation in soft mudstones
when collected away from minor (cm-scale) igneous sills and dykes. The mudstones have
immature vitrinite reflectance values, Ro averaging 0.56 for both bed 5 and for all
measured associated beds (beds 1-6) (Hudson and Andrews, 1987; Hudson, pers. comm.
2021; data courtesy of Brian Cooper). Moreover, the overall environmental and
diagenetic conditions of the Kildonnan member are well constrained and framed by the

previous work.

The aims for measuring P. strathairdensis using clumped isotope analysis were
twofold; to derive the ambient temperature of the water of the lagoonal system, allowing
an insight into Hebridean Middle Jurassic climate, and to thereby calculate §*80¢uip
values which would corroborate (or otherwise) the environmental model of Holmden and
Hudson (2003). The data would also contribute to understanding the applicability of the

clumped isotope paleothermometer to fossil molluscan aragonite.
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5.2: Methods:

5.2.1: Sampling and sample pre-preparation:

A total of 18 P. strathairdensis shells with the identifier ‘159-' (see Table 5.1) were
collected from bed E of the Kildonnan member at Kildonnan Bay, Eigg (Fig. 5.3)
(NM49608721). While the shells were not all complete specimen, all but two of shells
measured (10a and 11b) looked to be several cm in shell length and had widths of at least

1 cm. These were likely adult specimen (John Hudson, Pers. Comm. 2021).

After careful removal of detrital material from host mudstones using a needle,
shells were visually appraised for impurities. For some samples, the top surface of the
shell was flaked away if there were areas of discoloration. There was no intentional

differentiation between umbonal or dorsal/ventral areas when choosing samples.

Figure 5.3: Shell plaster of P. strathairdensis in bed 5e of the Kildonnan member at the type

section (Eigg). Note the distinctive pink colour of the skeletal aragonite. Hand lens is 6 cm long.

Photo courtesy of Julian Andrews.
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sample | N Aragonite 613C 5'80carBONATE D47 T(Aa7) 6%80kLup
% (%o, VPDB) | (%o, VPDB) (CDES-25) (°C) (%o, VSMOW)
159-7a 2 97 28 + 00| -3.0 +* 00| 0568 *+ 0.025 |58 + 12 50 + 27
2.9 -2.9 0.521 83 10.3
2.8 -3.0 0.614 38 0.7
159-8al 1 98 28 + 00| -22 + 01| 0623 + 0035 |35 + 14 09 + 29
159-8a2 1 929 29 + 00| -21 + 01| 059 + 0035 |46 =+ 15 34 + 33
159-8b 2 99 27 + 00| -26 * 00| 0653 * 0.025 |25 + 9 -1.8 + 19
2.7 -2.5 0.662 21 -2.4
2.7 -2.6 0.644 28 -1.2
159-8c 1 98 27 + 00| -24 + 01| 0619 *+ 0.035|37 + 14 1.0 +* 3.0
159-9b 2 98 23 + 00| -33 + 00| 0577 + 0.025 |54 + 12 3.7 + 25
2.3 -3.3 0.574 55 4.0
2.3 -3.3 0.580 53 3.5
159-10a 1 100 28 + 00| -1.7 + 01| 0579 + 0035 |53 *+ 16 52 + 35
159-11a | 1 98 28 + 00| -29 + 01| 0607 *+ 0.035|41 =+ 15 15 + 31
159-11b | 1 100 29 + 00| -22 + 01| 0642 + 0035 |28 + 13| -0.7 + 27
159-14a | 2 99 31 + 00| -18 + 00| 0620 * 0.025 |36 + 10 15 + 22
3.1 -1.8 0.594 47 3.7
3.1 -1.9 0.645 27 -0.5
159-14c | 5 99 29 + 00| -15 +* 00| 059 *+ 0.016 |46 =+ 8 38 + 1.6
2.9 -1.5 0.575 55 5.8
2.9 -1.4 0.615 38 2.3
2.9 -1.6 0.576 54 5.6
2.9 -1.5 0.595 46 3.9
2.9 -1.5 0.620 36 1.8
159-14e | 1 99 31 + 00| -14 + 01| 0580 *+ 0.035|53 + 16 54 + 35
159-16a 7 99 32 + 00| -18 + 00| 0610 + 0.013 |40 *+ 7 24 + 14
3.2 -1.8 0.642 28 -0.2
3.2 -1.9 0.683 15 -3.1
3.2 -1.9 0.587 50 4.2
3.2 -1.8 0.614 39 2.0
3.2 -1.8 0.591 48 4.0
3.3 -1.6 0.579 53 5.3
3.3 -1.8 0.571 57 5.9
159-20a 1 98 27 + 00| -19 + 01| 0603 + 0035 |43 + 15 28 + 3.2
159-21a | 2 99 29 + 00| -21 * 00| 0657 * 0.025 |23 + 9 -16 +* 19
2.9 -2.1 0.649 26 -1.0
2.9 -2.1 0.666 20 -2.2
159-22a | 7 100 26 + 00| -21 +* 00| 0601 *+ 0.013 |44 =+ 7 28 + 1.4
2.6 -2.1 0.569 58 5.8
2.6 -2.1 0.660 22 -1.8
2.6 -2.2 0.550 67 7.7
2.5 -2.1 0.566 59 6.1
2.6 -2.1 0.596 46 3.2
2.6 -2.1 0.612 40 1.9
2.6 -2.3 0.655 24 -1.6
159-23 2 100 16 +*+ 00| 45 * 00| 0573 * 0.025 |56 =+ 12 29 + 26
1.6 -4.5 0.577 54 2.7
1.5 -4.6 0.570 57 3.2
159-18a | 2 77 28 + 00| -54 + 00| 0621 * 0.025|36 + 10| -2.1 * 2.2
2.7 -5.4 0.657 23 -4.9
2.8 -5.3 0.585 51 1.0
159-18e | 2 75 23 + 00| -56 + 00| 0610 + 0025 |40 + 11| -15 + 23
2.3 -5.6 0.627 34 -2.9
2.2 -5.6 0.592 48 0.1

Table 5.1: Clumped isotope results from P. strathairdensis shell collection ‘159-. When N>1,

average values are presented above data from individual measurement repeats. All + values

represent one standard error of the pooled standard deviation.
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513(: 5180Carbonate Sr
Sample 87Sr/8Sr | Sr/Ca
P | (veDB) | (VPVB) | (ppm) / /
94E7 2.54 -1.81 1955 0.710026 2.661
94E8-2 2.92 -1.8 1917 0.710042 2.284
E218 0.85 -4.78 4176 0.710122 5.696
E331 1.14 -4.45 5900* 0.710142

Table 5.2: Results from Holmden and Hudson (2003) for the shells remeasured in this chapter.

*Sr concentration estimated using figures within Holmden and Hudson (2003).

18
sample . &3¢ 61:0CARBONATE LYY T(°A47) 8 (E/T:'UID
(%o, VPDB) (%o, VPDB) (CDES-25) (°C) VSMOW)
94E7 3|30 + 00|-17 + 00|0618 * 0.020 37 * 9 1.7 + 19
3.0 -1.7 0.641 29 -0.1
3.0 -1.7 0.608 41 2.5
3.0 -1.7 0.604 42 2.9
94E8-2 3|30 + 00| -21 + 000643 * 0.020|28 + 8 -06 + 1.7
3.0 -2.1 0.644 28 -0.7
3.0 -2.2 0.626 34 0.6
3.1 -2.0 0.658 23 -1.6
E218 2|17 + 00| -33 * 000632 * 0025|132 + 10| -09 + 2.1
1.7 -3.2 0.644 28 -1.8
1.7 -3.3 0.620 36 0.0
E331 3 15 + 00| -51 * 000627 * 002034 * 8 23 + 138
1.5 -5.1 0.628 33 -2.4
1.5 -5.1 0.632 32 -2.7
1.5 -5.1 0.621 36 -1.8

Table 5.3: Clumped isotope results from P. strathairdensis shells that were also previously
analysed by Holmden and Hudson (2003). For all shells average values are presented above data
from individual measurement repeats. All + values represent one standard error of the pooled

standard deviation.

Four additional P. strathairdensis shells from the same locality were kindly
provided by Chris Holmden; these have been previously investigated by Holmden and
Hudson (2003). Samples were chosen to represent a range of high and low Sr

compositions (Holmden and Hudson, 2003; see Tables 5.2 & 5.3).

Several other shells of varying ages and localities were also analysed in order to
provide wider context to the clumped isotope technique. These are summarised in Table
5.4 and 5.5. These shells had been pre-prepared but were also inspected visually for

impurities.

Mudstone hosted concretion body cements, two of which were kindly provided by
Matt Wakefield (MWxxCB), were sampled from bed 5f and bed 6e (Hudson, 1966, Hudson
et al., 1995; Fig. 5.2) of the Kildonnan Member at Kildonnan Bay, Eigg (Table 5.6).
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5.2.2: XRD measurements:

Shell fragments were gently crushed into a fine powder using a pestle and mortar.
XRD measurements of the ‘159-‘ P. strathairdensis shells were completed on resultant
sample powders using a Rigaku Smartlab SE diffractometer (Cu K-a radiation; 25 to 44
deg; step: 0.02 deg; speed: 4 deg per min). Aragonite percentage was derived by
comparing the peak area of the primary aragonite and calcite peaks (a4, /(ad; + aC;)

and comparing this with equivalent percentage aragonite (Milliman, 1974).

The results of this analysis were taken into account for the measurement of
clumped isotopes: 16 of the shells measured were >97% aragonite, and the remaining
two shells contained 75% and 77% aragonite, measured in order to provide a comparison

to the more pristine samples.

5.2.3: Clumped isotopes:

5.2.3.1: Clumped isotope preparation and measurement:

Regardless of shell species, the method of preparing samples for clumped isotope
analysis were the same. Shell fragments were gently crushed into a fine powder using a
pestle and mortar. Care was taken when milling to ensure only gentle pressure was used,

in order to avoid resetting.

For clumped isotope analysis, usually, 6 mg of sample was used for each replicate
measurement (see Chapter 2.2). 1-6 replicates were measured for each shell. The
clumped isotope preparation for these shells has been described in Chapter 2.3 and Table

2.1.

Sample CO; was measured as described in Chapter 2.4.
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Sample Grid Reference Location Formation Age Type
rpUnioKmgFmB3 | NG 43678 75128 Kilmaluag Bay, Skye Kilmaluag Formation (KF) Middle Jurassic Unio andersoni
16-5V1 NG 46826 71494 Staffin Bay, Skye Staffin Shale Formation (SSF) Late Jurassic Ammonite sp.

16-5 NG 46826 71494 Staffin Bay, Skye Staffin Shale Formation (SSF) Late Jurassic Ammonite sp.
jbel NG 46824 71479 Staffin Bay, Skye Staffin Shale Formation (SSF) Late Jurassic Belemnite sp.
JEA2805-1 TG 18700 43201 West Runton, Norfolk ‘Monkey Gravel’ Bed (MGB) Pleistocene Unionid

JEA11196-1 TG 18700 43201 West Runton, Norfolk West Runton Freshwater Bed (WRFB) Pleistocene Mya truncata
JEA11196-2 TG 18700 43201 West Runton, Norfolk West Runton Freshwater Bed (WRFB) Pleistocene Mya truncata
JEA11196-4 TG 18700 43201 West Runton, Norfolk West Runton Freshwater Bed (WRFB) Pleistocene Mya truncata
JEA-SK-Mya TF 96472 44186 Stiffkey Salt Marsh, Norfolk | Modern Modern Mya truncata

Table 5.4: Location, age and species information for other biogenic samples measured with clumped isotopes.
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Sample Species Formation/Period N 8C 5" *Ocasonare Aar T(Ax7) §"°0ruo
(%o, VPDB) (%o, VPDB) (CDES-25) (°C) (%0, VSMOW)
rpUnioKmgFmB3 Unio andersoni KF, Jurassic 1 3.42 + 0.03 -1.59 + 0.065 0.563 * 0.035 61 + 17 6.9 + 3.7
16-5V1 Ammonite sp. SSF, Jurassic 3 -0.02 + 0.03 -4.19 + 0.031 0.686 + 0.014 14 + 5 -5.6 + 1.1
0.0 -4.1 0.674 18 -4.8
0.0 -4.2 0.698 10 -6.4
0.0 -4.2 0.685 14 -5.6
16-5 Ammonite sp. SSF, Jurassic 6 -0.11 + 0.01 -4.21 + 0.015 0.692 + 0.011 12 + 5 -6.1 + 1.0
-0.1 -4.2 0.653 25 -3.4
0.0 -4.2 0.730 1 -8.3
-0.1 -4.2 0.704 9 -6.8
-0.1 -4.3 0.690 13 -6.0
-0.1 -4.3 0.704 9 -6.9
-0.2 -4.2 0.673 18 -4.8
jbel Belemnite sp. SSF, Jurassic 4 1.89 +  0.02 -0.56 + 0.033 0.633 + 0.018 31 * 7 3.1 * 1.4
1.9 -0.6 0.641 29 1.1
1.9 -0.5 0.633 32 1.8
1.9 -0.5 0.625 35 2.4
1.9 -0.6 0.634 31 1.6
JEA2805-1 Unionid MGB, Pleistocene 2 -9.73 + 0.06 -5.62 + 0.631 0.766 + 0.035 -8 * 9 -11.7 % 1.9
-9.8 -5.6 0.801 -16 -13.4
-9.7 -5.6 0.731 1 -9.8
JEA11196-1 Mya truncata WREFB, Pleistocene 2 0.62 + 0.02 1.36 + 0.046 0.690 + 0.025 13 + 8 -0.4 + 1.7
0.6 1.3 0.688 13 -0.3
0.7 14 0.692 12 -0.5
JEA11196-2 Mya truncata WRFB, Pleistocene 1 -0.19 + 0.03 1.47 + 0.065 0.682 * 0.035 15 + 11 0.2 + 24
JEA11196-4 Mya truncata WRFB, Pleistocene 1 1.66 + 0.03 2.35 +  0.065 0.637 * 0.035 30 + 13 4.3 + 2.6
JEA-SK-Mya Mya truncata Modern 3 -2.99 + 0.02 1.46 + 0.038 0.685 * 0.020 14 + 7 0.0 + 1.5
-3.0 1.5 0.700 10 -0.9
-3.0 1.4 0.662 22 1.6
-3.0 1.5 0.695 11 -0.6

Table 5.5: Clumped isotope results from all other biogenic material. When N>1, average values are presented above data from individual measurement repeats.

All £ values represent one standard error of the pooled standard deviation. Formation abbreviations refer to Table 5.4.
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sample N 813¢C 6'80carsonATE Dsy T(A47) 5'%0FLup

(%o, VPDB) | (%o, VPDB) (CDES-25) (°) (%o, VSMOW)
rp-159-24cbc 3 90 + 00| -15 = 0.0 0.684 + 0.017 15 * 6 13 + 14

-8.9 -1.4 0.682 15 -1.2

-8.9 -1.4 0.709 7 -2.9

-9.0 -1.6 0.660 22 0.2
MW-5FCB 4 91 + 00| -14 *+ 0.0 0.691 + 0.015 12 *+ 6 1.7 + 1.2

-9.1 -1.5 0.718 5 -3.6

-9.1 -1.4 0.705 8 -2.6

9.1 -1.4 0.657 23 0.6

-9.0 -1.4 0.683 15 -1.2
MW-5FCB 4 97 + 00| -28 * 0.0 0.662 + 0.015 21 + 6 1.2 + 13

-9.8 -2.9 0.697 11 -3.6

-9.7 -2.8 0.678 16 -2.3

-9.7 -2.8 0.659 22 -1.0

-9.6 -2.8 0.615 38 2.1

Table 5.6: Clumped isotope results from mudstone hosted concretions. For all concretions,
average values are presented above data from individual measurement repeats. All + values

represent one standard error of the pooled standard deviation.

5.2.3.2: Data handling:

One key difference in preparation from the majority of other data is that more
than half of the measurements were analysed during periods where corrections were
required to be applied to the As7 data, due to: a) experiments resulting in progressive
reference gas contamination (Chapter 2.5.7.1); and b) gradual reference gas
reequilibration (Chapter 2.5.7.2). Timeframes for this issue are indicated in Table 2.1 and

have been made clear in Appendix 3 Part | & IlI.

Chapter 2 describes the data handling. Of note, for aragonite samples an acid
fractionation correction was applied when calculating §'80(aragonite) from 680(CO,)

(VSMOW).

For the aragonite samples, the mollusc-specific aragonite-water isotope
fractionation factor calibration of Grossman and Ku (1986) is used to derive §*30¢uip, as
the majority of samples are in the phylum ‘Mollusca’ (Equation 2.9).

For calcite, the calcite-water isotope fractionation factor calibration of Kim and

O’Neil (1997) was used (Equation 2.7).

5.2.3.3: Uncertainty:

The standard error of the pooled standard deviation of the following collections of

samples were calculated to represent §3C, 6*80carsonate and As47 uncertainties:

e P. strathairdensis shell samples;

159



e Ammonite septa (although from the same ammonite, two septa were measured);

e Kildonnan Member mudstone-hosted concretion body samples.

Ordinarily, if a sample had been measured only once, no individual sample
standard deviation or error would be achievable. However, although such a sample was
not contributing to the pooled standard deviation of a group, a representative standard
error could be calculated from the pooled standard deviation results of the other
members of the same group. This uncertainty is considered appropriate as it is based on
the principle that the uncertainty calculated from the population can be applied to a
single member of the population, although it is acknowledged that the given values may
not be a true representation of the uncertainty for a given individual sample. As standard
error takes into account the number of measurement repeats, these samples report the

highest uncertainty of all samples in a population.

For all other measurements where species specific pooled standard deviations

were not available, two other methods were used to derive approximate uncertainties:

1. Using the sample standard deviation

2. Using pooled SD of the P. strathairdensis population

Method 2 was chosen for samples with n=1, and for samples with >2 repetitions,
unless method 1 gave higher uncertainty for all three parameters (8'3C, 6'80carsonaTe,

As7).

The pooled standard deviation of ETH3, a biogenic calcite standard, was
considered for application to these samples; however, the uncertainty produced was
lower than when calculated using the pooled standard deviation of P. strathairdensis and
thus the latter was considered preferable, if only to demonstrate more clearly that these

uncertainties are approximate.

Temperature and 6*0Luip uncertainties were calculated using the standard error
of As7 and 8*80careonate Values, with full propagation of the measurement and calibration

uncertainties.
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5.2.4: SEM

Four shells were investigated using scanning electron microscopy (SEM). Broken
edges of shells were gold sputter coated with a Polaron SC7640 and viewed using a Zeiss

Gemini 300 Field Emission SEM using secondary electron imaging mode.

5.2.5: CHN:

In order to measure water content of selected aragonite shell samples, hydrogen
(H) was measured using an Exeter Analytical CE440 combustion CHN analyser. Samples
were ground to a fine powder in an agate pestle and mortar and combusted and oxidised
at 975°C before being reduced to elemental H at 620°C. Gas was then cleaned using
scrubbers and passed through a thermal conductivity detector. Acetanilide was used as
the analytical standard. Replicate analysis of LRM (internal standard) and SRM (certified
sediment reference standard), corrected for acidification, gave a 2o precision of + 0.12

and + 0.13 wt% H respectively.

5.3: Results

5.3.1: XRD:

Of the 18 Praemytilus strathairdensis shells screened by XRD, 16 had aragonite
percentages of >97%, with only two (from the same hand specimen) showing evidence

for higher calcite presence (23 and 25% calcite) (Table 5.7).

A unionid sample from the Pleistocene West Runton ‘Freshwater Bed’ (JEA2805-1)

was composed of 100% aragonite.

5.3.2: Clumped isotopes: Praemytilus strathairdensis - ‘“159-" collection:

A summary of the results of clumped isotope analysis of the suite of P.
strathairdensis shells analysed are shown in Table 5.1; the number of sample
measurements are also recorded — six shells measured only once and 9 measured twice.

Shells show variable 63C and 8'80carsonate results; however, as seen on Figure
5.4, the majority of shells fall in a 2%o range in 880 and 1%o range in §3C. Values for §'3C

range from +1.6%. to +3.2%0 VPDB, averaging +2.7%o. For the shells with >97% aragonite,
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5'80carsonate Values range from -1.4 + 0.1%o to -4.5%0 VPDB (Table 5.1). The two shells
found by XRD to have only 75-77% aragonite preserved give more negative 8'80carsonaTE
values of -5.4%o and -5.6%o0 VPDB.

A7 derived temperatures are highly variable, ranging from 23 +9°Cto 58 + 12 °C.
Only three shells gave temperatures below 35 °C. The back-calculated §'80¢uip values
give a range between -1.8 + 1.9%o and +5.4 + 3.5%o (Fig. 5.5). For the (near-) fully
aragonite shells these are highly temperature dependent, with the lowest §%0¢uip values
corresponding to the lowest temperatures, rather than related to changes in
8'80carsonate. The two shells with high calcite percentage provide negative §*¥0warer

values and are distinct from the other measurements when comparing 5§¥0warer with

temperature.
Sample ID aAl/(aAl+aCl) | Percentage Percentage
aragonite (%) | calcite (%)

159-7a 0.916306 97 3
159-8al 0.948123 98 2
159-8a2 0.976159 99 1
159-8b 0.977681 99 1
159-8c 0.969556 98 2
159-9b 0.96863 98 2
159-10a N/A 100 0
159-11a 0.972555 98 2
159-11b N/A 100 0
159-14a 0.989613 99 1
159-14c 0.993624 99 1
159-14e 0.976503 99 1
159-16a 0.978207 99 1
159-18a 0.585392 77 23
159-18e 0.553681 75 25
159-20a 0.969323 98 2
159-21a 0.976453 99 1
159-22a N/A 100 0
159-23 N/A 100 0
JEA2805-1 N/A 100 0

Table 5.7: Results of XRD analysis of P. strathairdensis and unionids.

5.3.3: Clumped isotopes: Praemytilus strathairdensis Holmden and Hudson (2003)
samples:

Four samples of P. strathairdensis, provided by Chris Holmden and originally

analysed by Holmden and Hudson (2003), were investigated using clumped isotope
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Figure 5.4: Measured 56*3C and 8'®0carsonate Values of suite ’159-" P. strathairdensis shells, in
comparison with shells previously measured by Tan and Hudson (1974) and Holmden and Hudson

(2003). 10 °C groupings of A47 derived temperatures are indicated by colour (MIRA 159: xx-xx °C).

analysis. The previously reported data from Holmden and Hudson (2003) is displayed in
Table 5.2. Results from MIRA are shown in Table 5.3.

The 880carsonate and 813C results from the two studies can be directly compared
(Fig. 5.5). Two measurements are within 0.5%o of one another; sample ‘E 218" was 0.8%o
different in 613C and 1.5%. different in 620, while sample ‘E 331’ had a 0.6%. difference
in 880. It should be noted that re-measurement on MIRA was done on different
fragments of shell than those previously analysed, and due to the limitations of the
clumped isotope method a much larger mass of sample was required for measurement.

The temperatures derived through clumped isotope analysis for these shells ranged from
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Figure 5.5: Clumped isotope results for P. strathairdensis, distinguishing between the ‘159-
collection and the shells provided by Holmden and Hudson (2003). Contours show 80¢up values

(%o, VSMOW).

28 + 8 °Cto 37 £ 9 °C. Back calculated 80Oy results are between +1.7 + 1.9%o and -2.3
+ 0.8 %0 VSMOW.

5.3.4: Clumped isotopes: Other shells:

Seven other aragonite shells and one calcite belemnite guard, with a variety of
sources and species (Table 5.4), were measured to further investigate clumped isotope
analysis of biogenic carbonates and to contextualise the results of the main dataset,
particularly, to compare with the high temperatures measured for P. strathairdensis. The
results can be found in Table 5.5.

One single measurement of a Unio andersoni. collected at Kilmaluag Bay from the

Bathonian Kilmaluag Formation of the GEG was the only other bivalve shell to give a hot
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Figure 5.6: Comparison of 680 and §3C of shells measured by Holmden and Hudson (2003) (open

markers) and remeasured here (filled markers).

temperature (61 + 17 °C) and this corresponded with a very positive §'80r.uip estimate of
+6.9 £ 3.7%0 VSMOW. An ammonite from the Kimmeridgian Staffin Shale Formation
(samples from Staffin Bay, Skye) gave much cooler values for two individual septa (12 £+ 5
and 14 + 5 °C) but fluid values that are unusual for marine organisms (-5.6 + 1.1 %o

and -6.1 + 1.0 %o). A calcite guard from a belemnite from the same formation and locality
gave warmer temperatures, 31 + 7 °C, and positive 8§*¥0¢uip values of +3.1 + 1.4%o

VSMOW.

Samples of Mya truncata from the Pleistocene aged (West Runton Formation)
‘Monkey Gravel’ at West Runton, North Norfolk (UK) and a modern shell of the same
species from a saline pan at Stiffkey Salt Marsh, North Norfolk (UK), largely gave
temperatures close or equal to 14 °C, although with uncertainty estimates between + 7
and 11 °C, with one exception (30 + 13 °C) from one of the Pleistocene samples. 6*¥0rLuip
estimates for the cooler measurements were between -0.4 + 1.7%o0 and 0.2 + 1.5 %o

VSMOW; with the ‘hottest shell’ producing a §'80¢fLuip value of 4.3 + 2.6%0 VSMOW.
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The unionid measurement from the Pleistocene West Runton Freshwater Bed,
Norfolk (UK) gave a negative temperature (-5 °C) and a corresponding negative §*¥0¢Luip

value of -11.0%o (VSMOW).

5.3.5: SEM:

Three shells inspected by SEM were also analysed using clumped isotopes, while
one other shell (18b) was not measured by XRD or clumped isotope analysis but was used

as an example of a shell with visual discolouration.

SEM imaging of shells did not show evidence for aragonite alteration to calcite in 3
of 4 shells investigated (Fig. 5.7 and 8). Shell sample 18b, which showed chalky
discoloration and was from the same hand sample as 18a and 18e (both of which had
>20% calcite composition, Table 5.7) had possible evidence for nacre morphology change
(see Fig. 5.8) which appeared to be limited to the shell upper and (particularly) lower
surfaces. The only shell investigated by all three techniques (18a), was indicated by XRD
to be composed of 23% calcite (see Table 5.7) but no aragonite alteration was visible in
the broken section imaged, indicating that samples from this hand specimen were more
likely contaminated by a thin calcite vein which the SEM ‘transect’ of the broken surface

did not intersect.
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Figure 5.7: SEM images of aragonite nacre of shells A) 14a; B) 14c; C) 18a.
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Figure 5.8: SEM images at increasing magnification of the bottom surface of shell 18b (not

otherwise analysed). Possible neomorphism can be seen in the lowermost nacreous layers.
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5.4: Discussion:

5.4.1: Praemytilus strathairdensis: High temperatures

The majority of the A47 derived temperatures for the Kildonnan Member P.
strathairdensis from Eigg are higher than expected; only 3 shells gave temperatures that

fell below 35 °C, and results range up to 58 + 12 °C (see Fig. 5.5).

In order to interpret the results, it is important to consider whether these results
can represent plausible living temperatures. Although P. strathairdensis is an extinct
species, it is ancestral to modern shells of the genus Mytilus (Hudson, 1968) and was also
potentially ecologically equivalent/cospecific with Modiolus yunnanensis Chen of China

(Hudson et al., 1995; Holmden and Hudson, 2003).

A range of published thermal tolerances for modern Mytilus species are shown in
Table 5.8. Although several metrics for tolerance are used, the majority of results show
decreases in metabolism and increasing critical population mortality at 30 °C. A species
which had much higher tolerance, Mytilus californianus, still attained 100% mortality at
41 °C (Denny et al., 2011), as did Mytilus edulis after a single 6-hour aerial exposure at the
same temperature (Seuront et al., 2019). A survey of the upper lethal thermal limit of
many bivalve species by Compton et al. (2007) gave a range of values representing 50%

population mortality, between 23.7 °C and 41.8 °C.

Organisms acclimatised to higher temperatures can show higher upper thermal
tolerances (e.g. Braby and Somero, 2006); however, it has been noted that for Mytilus
edulis, increasing summer high temperatures within the last 50 years have been linked to
a polewards shift in habitat range (Jones et al., 2010) implying limits to thermal tolerance
by acclimatation. The effects of prolonged acclimatation temperature of Modiolus
barbatus was studied by Anestis et al., (2008), finding that, after an initial acclimatation of
18 °C and subsequent temperature elevation to 30 °C, 20% population mortality occurred

after 30 days.

Considering the evidence from modern bivalves, it seems implausible that P.
strathairdensis was able to grow and survive in temperatures greater than 35-40 °C, not
least because the shells are abundant, suggesting that they were thriving in the Kildonnan

member lagoons.
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Species: Metric: Acclimation Temperature tolerance | Notes: Author:
temperature (°C): | (°C):
Mytilus trossulus Herie * 14 23.50+0.93 - 24.20+1.36 | Salinity acclimatation range Braby and
21 26.9041.53 - 26.00+0.59 | 22-34 psu Somero (2006)
Mytilus galloprovincialis | Heric* 14 25.70+0.41 -28.30+1.08 | Salinity acclimatation range Braby and
21 29.90+0.60 - 30.90+£0.41 | 22-34 psu Somero (2006)
Mytilus edulis Herie * 14 25.50+0.99 - 24.20+0.89 | Salinity acclimatation range Braby and
21 29.0040.47 - 28.50+0.51 | 22-34 psu Somero (2006)
Mytilus edulis 50% mortality of population 4and 14 27.87 Compton et al.
(2007)
Mytilus edulis 50% mortality of population 30.5 Shells from White Bay, Great Davenport and
Cumbrae, Scotland. 55°N Davenport
(2005)
Mytilus californianus Onset of mortality 147t 36 tPopulation held at 14 °C after | Denny et al.
experiment (2011)
Total mortality 41
Mytilus edulis 50% mortality of population following | 18 & 13.5 30 Jones et al.
5 successive 6 hr aerial exposures (2009)
Mytilus edulis 50% mortality of population following | 16 29 Metric chosen specifically Seuront et al.
5 successive 6 hr aerial exposures here, but more parameters (2019)
were investigated
Muytilus edulis 50% mortality of population following | 17 35.2 Two sample sites Sorte et al.
6 hr aerial exposure 37.9 (2019)
Muytilus edulis Similar to Heit™ 15 30 Widdows (1973)

*H.nir = temperature at which heart rate rapidly falls)

Table 5.8: A survey of published thermal tolerances for modern Mytilus species. Note — often these experiments included a sharp transition in temperature, rather than

a continuous high temperature.
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In addition, such high temperatures are inconsistent with prior estimates for the
depositional environment of the Kildonnan Member; although with the caveat that the
majority of these estimates were made under the since-challenged assumption that the
lagoonal system had a considerable marine component throughout the period of
deposition. Temperatures were first estimated by Tan and Hudson (1974) for the P.
strathairdensis shell 580 data, giving 22 °C as an average, a value lowered by Hudson
(1980) to 18 °C by using a 6'0warer estimate of -1%. for the shells assumed to be
displaying a Jurassic marine influence. Subsequently, Hudson et al. (1995) used an
assumed temperature of 25 °C, based on estimates by Hudson and Andrews (1987) for
the GEG lagoons as a whole, rather than one based on §¥0warer composition

assumptions.

As an independent measurement, Patterson (1999) calculated an average
temperature of 23 °C by measuring fish otoliths from bed 3g of the Kildonnan Member at
Eigg, specifically from the samples assumed to be migratory from the lagoon to marine
waters — again using a -1%o0 VSMOW &880 uip (seawater) estimate. The fish otolith data
from Patterson (1999) was considered by Holmden and Hudson (2003) to provide
evidence that there was an occasional marine connection to the lagoon at times, despite
their conclusion from Sr isotope data that marine fluids were significantly less important

than had previously been assumed.

An additional source of evidence for temperatures within the Kildonnan member
lagoon are provided by the measurement of concretion bodies from beds 5f and 6e
(Hudson, 1966; Hudson et al., 1995) of the Kildonnan Member at Eigg. As concluded by
Paxton et al. (2021) (see also Chapter 3), the microsparitic concretion body cements of
mudstone hosted concretions can be used to estimate approximate bottom water
temperatures for the sediments they precipitate in, due to their synsedimentary growth.
Three concretion bodies were measured from beds 5f and 6e providing temperatures
between 12 £ 6 °Cand 21 £ 6 °C and pore fluid values between -1.7 £ 1.2%o0 and -1.2 +
1.3%0 VSMOW. These are slightly cooler than previous temperature estimates, but
provide further evidence for lagoonal temperatures substantially lower than 30 °C.
Perhaps significantly, the lowest temperatures measured for the P. strathairdensis shells

gave similar temperatures (23 £ 9 °C and 25 + 9 °C) to those previously published.

It can be assumed, therefore, that the range in temperatures derived through

clumped isotope analysis of P. strathairdensis shells (Table 5.1) largely do not represent
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environmental temperatures, despite most samples being formed of >97% aragonite.

Several reasons for this are discussed below.

5.4.1.1: Mixing:

Briefly examined in Chapter 3.4 and Chapter 4.4.2, one possibility investigated to
explain the elevated temperature trends is that of mixing. When two end-members with
different 6180 and 6*3C values are mixed, as is possible in clumped isotope analysis due to
the large volume of sample powder required for analysis, while 880 and §3C values mix
linearly, As7 can produce a non-linear effect, either artificially enhancing or decreasing
reported temperature (Defliese and Lohmann, 2015). The P. strathairdensis shells have
been reported to show seasonal variation within an individual shell, with variations in

both 6*0carsonate and 8'3C (Hudson, 1968; Patterson, unpublished data).

William Patterson kindly provided unpublished, high resolution, stable isotope
data from individual P. strathairdensis shells (including one from bed 5e) which were
micro-milled to investigate seasonal growth variations of 620 and §3C preserved within
growth laminae. The shell in bed 5e gave isotopic values that ranged between +3.2%. to

+3.6%o in 813C and -2.2%o to -2.9%o in §180.

It was shown by Defliese and Lohmann (2015) that variation between end
members of <2%. would give variations far lower than the precision achieved by typical
mass spectrometers. Indeed, using the extremes of §13C and 680 above as end members,
it was found that the effects of non-linear mixing were not high enough to produce any
temperature offset; the deviation from linearity was less than 0.00002%o As7. Therefore,
seasonal variation within individual shell samples could not explain the high temperatures

recorded by clumped isotope analysis.
5.4.1.2: Vital effects and stress

Earlier stable isotope data from P. strathairdensis aragonite (Tan and Hudson,
1974; Hudson, 1980; Hudson et al., 1995; Holmden and Hudson, 2003) has recorded what

appear to be sensible palaeoenvironmental water compositions and temperatures, such

that isotopic equilibrium between lagoon water and the precipitating shell aragonite has
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been assumed, in line with what is known about most bivalves (see Immenhauser et al.,
2015).

However, the new As7 data mean that disequilibrium (vital effects) precipitation
should be reconsidered, especially as vital effects may be caused by other biological or
external stressors (Immenhauser et al., 2015; Zhou et al., 2020). Of note the bivalve
Eurhomalea exalbida experienced an increasing vital offset with shell age (Yan et al.,
2012); and periods of environmental stress (heat wave and ‘shock’ after transplantation

to a different site) can also cause 80 disequilibrium (Hahn et al., 2012).

The presumption that the 8'3C values recorded in mollusc shells represent
ambient water 8'3C is complicated due to the varied sources of the precipitating shell’s
carbon pool, which is sourced from seawater/lagoon water DIC, metabolic and respired
carbon, although the latter is less important in aqueous molluscs (e.g. McConnaughey,
1997; McConnaughey and Gillikin, 2008). The influence of the various pools on shell §3C
can also change over a shell’s lifetime; for example, Lartaud et al. (2010) showed, by
introducing a 3C-light food supply, changes in the 8'3C of Crassostrea gigas shells were
evident when metabolic activity was enhanced.

The question of vital effects in clumped isotope data from bivalves were raised by
both Eagle et al. (2013) and Henkes et al. (2013), where ‘true’ growth temperatures from
modern shells were compared to As7 derived values in order to construct temperature
calibrations. A range of A47 values were measured for shell samples from a known growth
temperature by Henkes et al. (2013), although they could not definitively attribute this to
inter-species vital effects, citing sample heterogeneity and inaccuracy in growth
temperature estimates as complicating factors. Some bivalve species analysed by Eagle et
al., (2013) gave values that were outside the 95% confidence limits of the constructed
temperature calibration, suggesting that species specific vital effects may have been
recorded but acknowledging the need for more specific study.

More recently, in a study of modern calcitic marine bivalves, disequilibrium vital
effects were detected in juvenile shells of Magallana gigas, resulting in more negative As;
values than expected and thus more positive apparent temperatures, while adult shells
showed no such disequilibrium (Huyghe et al., 2022). Slightly elevated temperatures were
also measured in a high-resolution study of a modern sample of Megapitaria aurantiaca
when compared to other species from localities only 70 km apart (Caldarescu et al.,
2021). This seemingly systematic relationship led the authors to suggest species-specific

vital effects as a cause.
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Molluscs precipitate shell carbonate through the extrapallial fluid located between
the mantle and growth surface of shells (see Marin et al., 2012 and references therein)
rather than directly from seawater; thus this process could be a source of vital effects.
Some brachiopods (which precipitate shell carbonate similarly) show vital effects due to
kinetic isotope effects from the incomplete hydration and hydroxylation of DIC (Bajnai et
al., 2018). The biomineralization of brachiopod shells does not involve the enzyme
‘carbonic anhydrase’, which is present in molluscs and acts as a catalyst between DIC
species (e.g., McConnaughey and Gillikin, 2008). Bajnai et al. (2018) suggested that
carbonic anhydrase might thus reduce kinetic isotope effects, although this enzyme is
also present in corals (e.g., Chen et al. 2018, and references therein) and echinoderms
(e.g. Chow and Benson, 1979) which still display vital effects in both 580 and A47 (Saenger
et al., 2012; Spooner et al., 2016; Davies and John, 2019). McConnaughey and Gillikin
(2008) suggest that milder alkinization in molluscs prevents the strong vital effects seen in
corals.

Disequilibrium in the DIC-H,0-CO; system caused by absorption and desorption
were modelled by Guo (2020) to be a greater potential source of A4y vital effects than
hydration and hydroxylation; results from corals fit well with the modelled predicted
disequilibrium related to absorption, and explain the positive As47 values observed in
comparison to the expected values. Molluscs have potential to experience disequilibrium
due to CO; absorption or DIC speciation effects, and Huyghe et al., (2022) explained their
disequilibrium results using the Guo (2020) model. It is important to note that the Guo
(2020) models allow for both positive and negative As7 offset, which would cause lower
and higher temperatures, respectively.

Regardless of cause, it seems from the studies of modern and fossil bivalves where
Q47 vital effects have been described, that these effects are species specific (Eagle et al.,
2013; Henkes et al., 2013; Caldarescue et al., 2021; Huyghe et al., 2022), whereas there is
a large range of variation between the individual P. strathairdensis shells measured here,
implying that this is not a simple species-specific offset. Moreover, all shells sampled
here, aside from samples 10a and 11b, were interpreted to be of adult size (cf. Hudson
1968), negating any issue caused by sampling juveniles (Huyghe et al., 2022). We also see
a similar high temperature effect with the single measurement of a U. andersoni from the

Kilmaluag Formation of the GEG, suggesting that this is a regionally significant issue.

In summary, there is no compelling evidence that the As7 values in P.

strathairdensis have been caused by disequilibrium vital effects.
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5.4.1.3: Measurement variability

The measurement precision for the P. strathairdensis shells analysed is low. For
one shell with 7 repeat measurements, there is up to 45 °C difference between maximum
and minimum measurement repeats. Another 7-measurement shell has an internal range
of 42 °C, and one shell of 2 measurements has a 44 °C temperature difference. As these
shells were ground to a fine homogeneous powder in a pestle and mortar, is not likely

that such variability is due to real variations in the shell chemistry.

Most P. strathairdensis shell measurements were made during the time a
reference gas experiment was occurring, which resulted in progressive incremental
contamination of reference gas. A blanket correction for the whole time period (5
reference gas changes, ~1.5 months) was applied for all affected measurements (Chapter
2.5.7.1), created using an average of the gradients for the standards ETH1, ETH3 and
UEACMST produced when all data of each standard was plotted against the time past
reference gas change (in days). This created an added uncertainty, as addressed in
Chapter 2.5.7.1. Individual gradients for each reference gas had some variation, most
prominently those with fewer days of reference gas use. The precision of 7-measurement
repeats slightly improves if data, ran during the periods where individual reference gas
gradients are most different from the mean, are excluded. Some repeats were also
measured during an unexplained reference gas drift in 2022 (Chapter 2.5.7.2) which had a

similar correction applied, also potentially adding unquantifiable uncertainty.

Despite this internal inconsistency, as the shells are the same material (biogenic
aragonite) and the environment at the time of deposition is unlikely to have experienced
extremes in temperature, the mean of all measurements including repeats (n=54) can be
used as a representative value for the population — doing so gives a mean of 41 °C with a
standard deviation of 13.7 °C, 5t percentile of 22.8 °C and 95 percentile of 58.4 °C (not
taking into account uncertainty relating to the temperature equation). The mean is at the
warmest extreme of the survival temperatures of modern Mytilus (Table 5.8) and as
discussed above, is not thought to represent environmental temperatures in these

Jurassic lagoons.

Four shells, those previously used for Sr isotope analysis (provided by Chris

Holmden) were, by chance, measured (repeated 2-3 times) during a period where there

175



were no additional corrections required in the data processing. Means for these repeats
gave temperatures between 28 + 8 °C and 37 + 9 °C, with a mean of 33 °Cfor all 11
measurements. The standard deviation for all 11 measurements of the four shells is 6 °C,
the 5% percentile is 25 °C and 95 percentile is 42 °C (not taking into account uncertainty
relating to the temperature equation). These statistics are clearly lower than those for the
main batch of data described above, excepting the 5% percentile value which is similar in

both cases.

The standard deviation of the A4z results for all shell data is 0.034%s.; in
comparison, the pooled standard deviation of the biogenic standard used throughout the
measurement period (Table 2.4) is 0.030%.. This is the highest standard deviation of ETH3
recorded throughout the work discussed in this thesis, probably due also to the
correction issues outlined above. The 7-measurement shells (159-16a and 159-22a, with 5
repeats requiring correction each) had standard deviations of 0.040%. and 0.051%o
(Appendix 3: Part Il). Comparing these to other samples that were measured repeatedly
but required no reference gas corrections, these values are high; the ammonite rp-16-5
measured 6 times had a standard deviation of 0.027; the sandstone concretion
subsample M8605 (Chapter 4), repeated 10 times over the course of two weeks, has a
standard deviation of 0.022%.. It is therefore possible that measurement issues have
exaggerated the extreme temperatures, particularly as some shells were not measured

more than once.

5.4.1.4: Organic contaminants

If gases released through acid digestion of organic material in shells have not been
removed in the gas preparation cleaning process, this may cause isobaric interference,
resulting in ‘contamination’ of the A47 values measured.

A negative shift in A47 (and thus increase in temperature) has been observed by
Bergmann et al. (2017) for modern linguliform brachiopods with high organic content,
attributed to hydrolysable carboxylic groups, which also caused depletions in §13C and
680 and a rise in Ass. However, using MIRA we have found that A47 more typically
increases as a result of such contamination, causing cooler reported temperatures,
although this will depend on the masses of the interfering molecules and both positive

and negative distortions have been observed (Snell et al., 2019).
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The organic preservation in P. strathairdensis is thought to be low (10-20%
remaining of the original content; Hudson 1967). Despite this, it is worth interrogating our
own data for potential influence of shell specific contamination. Due to the ‘systematic
contamination’ issue in the period of time when the reference gas experiment was taking
place, for our shells it is difficult to relate A47 to Ass with confidence, although we can
apply a correction to these Asg values using the same method as applied to A47 (Chapter
2.5.7). The values of Asg measured for our samples are not unusual in comparison to
other measurements. Comparing corrected Asg results to As7 derived temperature shows
a corelation with R2=0.1, and there is also no trend between §3C or 680 and
temperature.

Additionally, after the main period of data gathering was complete, one P.
strathairdensis shell was prepared for clumped isotope analysis as described in Chapter
2.3.2.7, but at the position of the sample bellows on MIRA, a quadrupole mass
spectrometer was used to investigate the composition of the prepared gas. No unusual
traces indicating the presence of a contaminant gas were found. We thus conclude that

organic derived contamination has not affected our measurements.

5.4.1.5: Aragonite to calcite neomorphism

Aragonite is metastable at earth surface temperatures (Jamieson, 1953) and thus
preservation over geological timescales is unusual (e.g., Hall and Kennedy, 1967; Cherns
and Wright, 2009), limited to impermeable mudstone matrices where interaction with
basinal fluids is minimised. Aragonite — calcite neomorphism has been shown to cause
changes particularly in 880 and A47, enhanced by both external (e.g., Ritter et al., 2017)

and internal (Pederson et al., 2019; 2020) fluid involvement.

XRD analysis showed that some shells measured have trace amounts of calcite
(Table 5.7), and two shells from the same hand specimen had ~25% calcite. No XRD
analysis was performed at UEA for the shells provided by Chris Holmden as they were

previously reported as being pristine (Holmden and Hudson, 2003).

For the shells with the highest calcite contents, both from hand sample ‘18’, §'80
values are the lowest recorded, below -5%., and are >3 SD from the population mean.
The 83C values are not unusual in comparison with the other shells measured, ranging

from 0.2 to 1.2 standard deviations from the population mean.
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Previous workers have reported 6'80carsonate values for P. strathairdensis shells
from Kildonnan ranging from <-6%o to -2%o. VPDB (see Tan and Hudson, 1974): values <-
5%o VPDB are not unusual. As many of the shells analysed in this study have 6*80carsonaTe
values >-2.5%0 VPDB (Fig. 5.9) it is possible there may have been an unintentional bias
during field sampling, in so far as the extent of exposure changes with time due to
covering by mobile beach sediment. However, in these previous studies, §'3C covaries

with 8'80. The shells from hand specimen 18 are clear outliers when compared to the
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Figure 5.9: Covariant trend in 6*3C and 8'®0careonate S€€N in P. strathairdensis shells, including
data previously measured by Tan and Hudson (1974) and Holmden and Hudson (2003). Coloured
circles represent data measured by MIRA, with colours corresponding to the percentage of calcite
indicated by XRD. The two shells with calcite percentage between 23-25% are clear outliers of this

trend.
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other measurements made here and with previously published data (Fig. 5.9). Only one
other shell (E331 from Holmden and Hudson, 2003, thought to be pristine) measured by
MIRA gave a 680carsonate Value of <-4%o, but this shell clearly follows the covarying

trend.

In previous studies, the presence of minor calcite has been related to measurable
differences in As7; Wang et al. (2021) reported that aragonite shells with between 0.4 and
1.2% calcite gave lower §'80 and §3C values, and A47 derived temperatures were ~10 °C

lower in comparison to ‘pristine’ shells (with <0.4% calcite).

For our shells, where XRD indicated between 0-3 % calcite (all bar 2, above), 63C
and 60 data when plotted against one another do not show lower 880 for higher
calcite content (gradient: 0.13, R = 0.1). Excluding the two shells with 6§80 < -3%o and
813C < +0.5%o (in order to focus on shells plotting at ~-2%o), there is only a weak trend
towards 680 becoming more negative with calcite % (gradient -0.3; R = 0.25). There is, in
addition, no trend in temperature with increasing calcite %, even after exclusion of shells

with 60 < -3%o and 63C < +0.5%. (gradient = 1.8; R? = 0.02).

SEM imaging of 3 shells showed no textural evidence for aragonite — calcite
transition (Fig. 5.7), while a shell from the ‘18’ hand specimen showed fabric along its
lowermost edge where aragonite may have reacted with micro-vein fed fluid (Fig. 5.8). It
is thus unlikely that aragonite-calcite neomorphism has taken place, and there is little to
no isotopic evidence for such reaction. It is possible that calcite spar-filled micro fractures
were missed when choosing shells, particularly those from this hand specimen ‘18, which
would explain the higher calcite percentage recorded by XRD. There is no evidence that

calcite percent has any relationship with As7 derived temperatures.

5.4.1.6: Carbonate-Fluid interaction:

CHN analysis of modern and fossil shells, including P. strathairdensis, led Hudson
(1967) to observe that some shells had hydrogen concentrations that were higher than
expected to be combined with organic carbon, concluding that ‘free water’ is trapped
within the shell structure (finding as much as 2 wt.% water in both modern and some
fossil shells). Such inclusions were observed to be more common in aragonite versus
calcite, and more abundant still in aragonite with a nacreous structure (Hudson, 1967), an

observation echoed by Towe and Thompson (1972) who investigated inclusions using
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TEM. Subsequent work by Lécuyer and O’Neil (1994) indicated that the percentage of
internal water in modern biogenic carbonates varies strongly between members of

different species but is reproducible within species.

Aqueous fluids liberated from organics have been suggested by Pederson et al.
(2019; 2020) to be important in the early alteration of biogenic carbonates, particularly
with reference to aragonite/calcite neomorphism which also causes stable and clumped

isotopic exchange.

There is also evidence that internal fluids may facilitate isotopic resetting without
any phase transition; Nooitgedacht et al. (2021) observed for biogenic aragonite that with
heating (175 °C for 90 minutes) there was strong evidence for oxygen isotopic exchange
between internal fluids (both inclusions and organic associated water) and the carbonate,
with fluid inclusion 6§80 increasing and carbonate 620 decreasing. Additionally, As7
decreased, leading to a temperature increase from the initial measurement of 31.9 +
15.4 °Cto 70.0 £ 19.2 °C (95% confidence). No mineralogical change was recorded,
indicating that the principles normally thought to indicate ‘pristine’ preservation may not
be enough to be confident that no change in As7 has occurred; they accept, however, that

mineralogical change may have been below the instrumental detection limit.

The Kildonnan Member P. strathairdensis fossils are wholly aragonite, which is
largely of nacreous structure (Hudson, 1968). They were observed by Hudson (1967) to
also have excess hydrogen, calculated as 0.19% excess H (1.7 wt.% water), in comparison
to modern nacreous shells with 0.22% excess H, equivalent to 2 wt.% water, thus isotopic
exchange with both structurally trapped and organic associated aqueous fluids is
plausible. For example, in some corals, liberation of fluid from organic matter is observed
at temperatures as low as 60 °C (Dauphin et al., 2006), although most remains bound to
higher temperatures (Cuif et al., 2004; Dauphin et al., 2006). This noted, most of the
organic matter in the P. strathairdensis fossils is both degraded and in low concentration
(compared to modern shells of similar type; Hudson, 1967). It is unknown whether fluid

was liberated during any such post-depositional reactions.

The experiment on biogenic aragonite by Nooitgedacht et al. (2021) was
necessarily (due to rate constraints) performed at much higher temperatures (175 °C)
than the P. strathairdensis fossils are thought to have been exposed to. The Eigg Valtos
Sandstone concretion cements provide an upper limit of 98 + 9 °C (although this is fluid

was heated by reaction with lavas). The warmest calcite cement value measured from
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Kildonnan outcrop is 48 + 9 °C (Fig. 4.24 and Table 4.4) which is a better estimate of burial
temperature. Moreover, the experiment (Nooitgedacht et al. 2021) was held at
temperature for only 90 minutes, rather than the millions of years of maximum burial as
constrained by the Eigg lava chronologies (Chambers et al., 2005; Emeleus and Bell,
2005). Lower temperatures would implicate slower rates of exchange, on timescales that
are not feasible to mimic experimentally. It is, therefore, difficult to constrain the
feasibility for measurable changes in As7 and 880 caused by slower, cooler reactions over
hundreds-of-thousands to millions-of-years. Indeed, Nooitgedacht et al. (2021) suggest
that the fraction of carbonate available for isotopic exchange might increase with

reaction time.

The 680 change reported by Nooitgedacht et al. (2021) was small —a ~0.12%o
decrease for their aragonite bivalve sample, although the As7 change raised the calculated
temperatures by ~30 °C. We do not see a conclusive relationship between 680 and
temperature when all our data are plotted; comparing the averages of shells with
8'80carsonate Values > -3%o0 VPDB against their As7 derived temperatures, there is a very
weak positive trend with a gradient of 12 but an R? of 0.25. This is the opposite trend to
that expected if higher temperatures were caused by isotopic exchange with internal
fluids. Internal fluid values are likely to be more negative in 880 composition than P.
strathairdensis 6*¥0carsonate — initial 620 for the internal fluid of an aragonite bivalve
measured by Nooitgedacht et al. (2021) were +1.7+2.2%0 VSMOW, and Lécuyer and
O’Neil (1994) measured fluid inclusion §¥0 between +6%o and +18%0. SMOW for a range
of marine and freshwater skeletal carbonates. However, the §'80carsonate Of P.
strathairdensis shells are between +25%o and +29%. (converted to the VSMOW scale);

exchange with internal fluids should result in more negative §'®0carsonate.

Preliminary water content data for three P. strathairdensis shells and one unionid.
shell measured for Asz; were measured using a CHN analyser (Table 5.9). No relationship
between water content and higher/lower temperature is evident. Moreover, shell E 218
(Holmden and Hudson, 2003) — was previously investigated for water content by Hudson
(1967). One measurement of this shell had the second highest H% measured for P.
strathairdensis (0.23% H) but gives a relatively cool A47 derived temperature of 32 + 10 °C,
supporting the notion that there is no relationship between high internal water content

and high temperatures (Table 5.9).
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It is concluded that it is unlikely that the high As7 derived temperatures for P.
strathairdensis can be explained by isotopic exchange with internal fluids at geologically
constrained temperatures between 50 °C and 100 °C, even allowing for the millions of
years reaction time. There is no evidence for increasing temperature with decreasing
8'80carsonate and there is no evidence for high temperatures corelating with shell water

content, although this is an aspect that could be investigated further.

It is also unclear whether shell water content would be related to a range of
temperatures or a more uniform shift — the H% values measured by Hudson (1967) for P.
strathairdensis ranging from 0.14 to 0.24%. In fact, this variation may itself be a product
of diagenesis - Lécuyer and O’Neil (1994) found that % fluid data was highly reproducible
within a species- a conclusion that appears consistent with modern shell data in Hudson
(1967). It is unknown at what point, before or after maximum burial, fluid content may
have decreased in some shells; however, if the sampling locality experienced fairly
uniform burial heating, as is probable, a more systematic change in temperature might

have been expected than is observed, using a species with fairly uniform fluid contents.

Sample ID Species 520 T (8s7) H Water
(%o, VPDB) (°C) (%) | (wt. %)
E218* p. strathairdensis | -3.291 + 0046 | 32 + 10 | 023 | 297
0.20 1.80
rp-159-16a | P. strathairdensis -1.803 + 0.025| 40 + 7 0.22 1.98
rp-159-21a | P. strathairdensis -2.064 + 0046 | 23 + 9 0.13 1.17
rp-159-22a | P. strathairdensis -2.132 + 0.025| 44 + 7 0.11 0.99
JEA2805-1 Unio sp. 5621 + 0.046| -8 * 7 0.26 2.34

Table 5.9: All £ values represent one standard error of the pooled standard deviation. Water
content are an approximation that does not take into account alternate sources of hydrogen.

*sample E 218 results are from Hudson (1967).

5.4.1.7: Solid-State Resetting

Another potential cause of A47 change in natural systems is ‘solid-state bond
reordering’, or ‘resetting’. When exposed to high temperatures, the energy to break the
bonds between 3C-180 may be overcome, allowing diffusion to take place, and with this
the As7 values of the material will begin to approach a new thermal equilibrium.

Early experiments investigating solid-state reordering focused on calcite spar

crystals. Samples were heated to a high temperature and As7 was measured in time
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increments, which showed that reordering takes place in two phases: initially a fast, non-
first order reaction dominates, where a rapid decrease in measured A47 values is
observed; after a period of time a slower, first order reaction then becomes dominant,
where A47 decrease continues less rapidly (Passey and Henkes, 2012). These experiments
were repeated by Henkes et al. (2014) for brachiopod shell calcite, with a similar pattern
of results.

Both Passey and Henkes (2012) and Henkes et al. (2014) concluded that the initial,
fast, non-first order reaction was due to the presence of crystal defects (for this purpose,
‘vacancies’ of atoms in the crystal lattice which are a preferred route for a molecule to
diffuse to), the abundance of which allow rapid initial reordering. However, many of these
defects rapidly anneal, meaning that the high rate of diffusion is not maintained.
Annealing of defects has been observed in diffusion studies of carbonates as a process
that reduces diffusive rates (e.g. Kronenberg et al., 1984; Farver 1994).

Henkes et al. (2014) developed a hypothesis to suggest that both rapid and slow
processes were due to defects within the crystal structure, but the apparent two stages of
reordering were due to annealable and non-annealable defects — some defects, such as
structural defects (caused, for example, by dislocations, macro scale inclusions) are able
to be annealed and become less abundant with time, and thus are the cause of the non-
first order observation; whereas others, such as intrinsic defects (whose occurrence are
thermodynamically controlled and which reequilibrate with temperature change), are un-
annealable and thus diffusion takes place as a first order reaction. After the abundance of
annealable defects has been reduced the diffusion through the presence of non-
annealable defects is the main method of solid-state reordering.

A second ‘reaction-diffusion’ model was developed by Stolper and Eiler (2015)
where the fast, non-first order reaction is explained as a rapid As; decrease due to
breakage of many 13C-80 bonds followed by isotopic exchange to an adjacent carbonate
ion, forming ‘singly-substituted isotopologue pairs’ - a 13C*®0; is now immediately
adjacent to a 12C*800,, when initially a 1>C'®03 was adjacent to a 13C!80*%0,. After this,
slow first order diffusion is the cause of the subsequent lower rate process.

Similar experiments to those described above were performed on inorganic
aragonite by Chen et al. (2019) who observed comparable results except near the
aragonite-calcite transition where, after the previously observed rapid As7 decrease, A4y
increased and then once again decreased to proceed towards thermodynamic

equilibrium. Chen et al. used the ‘reaction-diffusion” model of Stolper and Eiler (2015) to
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explain this - a temporary reformation of clumps from pairs - and could not see how the
defect-annealing model could explain this change.

Hemingway and Henkes (2021) later proposed that a disordered kinetic model
based on random walk diffusion could explain the experimental observations and model
results of all prior work, suggesting that; a) defects may influence the ability to overcome
activation energy that allows diffusion to take place, but that their presence is not vital
for diffusion to take place, as in Henkes et al. (2014); and b) the clump-pair transition of
Stolper and Eiler (2015) does not need to be modelled as a process separate to diffusion.

While able to re-create the experimental results of Chen et al. (2019),
Hemmingway and Henkes (2021) did not apply their model to aragonite over geological
time scales. For calcite, estimates of change over geological timescales were attempted
by some modellers; Stolper and Eiler (2015) suggested that there would have been a <1
°C change for calcite held at 75 °C for 100 million years, and a 10 °C change at 100 °C for
the same length of time, while Henkes et al. (2014) projected that there would be no
change for a calcite held at 100 °C for 60 Ma, but a 26 °C change at 130 °C. However,
Hemmingway and Henkes (2021) suggested that previous models overestimate the
temperatures that are required to initiate solid-state reordering in calcite when compared
to their model. Application of the Hemmingway and Henkes (2021) model by Barney and
Grossman (2022) to Ordovician calcite brachiopod shells with a proposed burial history
that reached maximum temperatures of 85 °C caused a As7 derived temperature change
of only ~1 °C.

Regardless of model, the experiments, based on calcite, were done at higher
temperatures than those that could have affected the Kildonnan member shell aragonites
considered here. However, as observed by Staudigel and Swart (2016) in experimental
heating of biogenic aragonite, changes were seen in As7 values at temperatures as low as
125 °C, with no evidence of mineralogical change, suggesting that the temperature
threshold for the initiation of reordering in biogenic aragonite is lower than that observed
in calcite. Experiments on the aragonite shell of the bivalve Arctica islandica supported
this observation, showing a A47 decrease resulting in a ~26 °C temperature increase after
being held at 100 °C for 20 weeks (Ritter et al., 2017).

First order Arrhenius equations produced by Staudigel and Swart (2016) based on
their experiments (at temperatures between 125 °C and 425 °C; Ea = 1.1 x 105 J/mol and

In(ko) = 21.7), when calculated for 100 °C, give a suggested time span for aragonite
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equilibrium resetting of 0.3 years, and for 75 °C, 3.2 years. Wang et al. (2021) used the
same equations to show that at 1 °C, total reequilibration could take place in ~100,000
years. At face value, this suggests that the Kildonnan member fossils would be fully
annealed. However, depositional A7 temperatures from Jurassic belemnite phragmacone
aragonite (Christian Malford Lagerstatte, southern England; Vickers et al., 2021) imply
that their phragmacone aragonite is unaltered under maximum burial temperatures
between 40-50 °C (Hudson and Martill, 1994; Green et al., 2001). Thus, near-pristine
preservation must be possible over geological timescales, under shallow burial conditions.
While the experimental and modelling approaches are likely to be simplified -
based on limited kinetic data (Wang et al., 2021), and while some of the equations only
model the second, ‘slow process’ of reordering, the outcomes do overall suggest that
reordering at temperatures <100 °C are not implausible on geological timescales. In the
specific case of the P. strathairdensis shells from the Kildonnan Member, exposure to a
burial temperature above or at 50 °C but below 100 °C may have meant that resetting
had initiated, but that complete reequilibration had not been attained. The Christian
Malford data suggests that the energy required for overcoming the activation energy for
bond breaking and diffusion is unlikely to have started until burial temperatures were
above 50 °C, which in the case of the Kildonnan member, cannot have happened until
earliest Paleocene times (see Fig. 4.10, though note that lava thickness displayed is based
on estimations from Skye), >100 million years after deposition of the shells: at this time
the burial temperatures were then presumably above or at ~50 °C but below 100 °C for
potentially <1 Ma (a length of time based on the apparent high erosion rates reported for
the unroofing of Rum; Hamilton et al., 1998; Chambers et al., 2005) during extrusion and
subsequent erosion of the Eigg lavas. Thus, although previous work on solid state
reordering shows that the earliest stage of A4y resetting is a rapid process, a detectable
amount of bond reordering must have been able to take place many millions of years
after shell deposition. This seems to be the most plausible explanation for the higher-

than-environmental temperatures measured for our P. strathairdensis shell population.

5.4.1.8: Summary of Praemytilus strathairdensis: High temperatures

There are several processes that have been discussed that could plausibly cause

the unrealistically high temperatures derived within our sample population:

1. Measurement variability
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The measurement precision of shells ran multiple times is lower than average
for our data, and indeed the population standard deviation is lower than for
the regularly analysed biogenic standard. Additional corrections have also
necessarily been applied to much of the P. strathairdensis A7 data, with
varying effectiveness; these cannot be improved upon.

Results from samples measured only once or twice should be regarded as
suspect and may have caused the significance of shells with extreme
temperatures to be exaggerated.

Despite this, the population mean A4; temperature is still higher than
expected, and shells measured when no correction has been required also give
higher temperatures than would be probable for the envisioned environment

of growth.

Organic contamination

Gases released by acid digestion of organic material from within the shell
structure, if not removed by the gas preparation/cleaning process, can cause
isobaric interference resulting in ‘contamination’ of the A47 values measured,
which can be both positive and negative.

We do not have evidence for contamination in our shells.

Vital effects

Both species specific (Caldarescue et al., 2021; Eagle et al., 2013; Henkes et al.,
2013) and juvenile (Huyghe et al., 2022) specific bivalve disequilibrium vital
effects have been identified in reference to As;.

It is unlikely that the temperature variability we see is due to vital effects, as
all but one shell was thought to be adult size and vital effects tend to show
systematic effects within species. They are also typically associated with vital
effects in 613C and 620, and previous environmental interpretations of stable

isotopes are not compatible with strong disequilibrium effects.

Mixing

Although P. strathairdensis are known to record seasonal variations (Hudson,
1968; Patterson, unpublished data), the ranges in 6§80 and 8'3C are not large
enough to cause non-linear A4z mixing effects as a result of sample

inhomogeneity (calculated using the methods of Defliese and Lohmann, 2015).

Aragonite to calcite contamination/neomorphism
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e Aragonite is metastable at Earth surface temperatures and readily transforms
by neomorphism to calcite, which is known to cause 8§80 and A47 shifts (e.g.,
Hemmingway and Henkes, 2021; Ritter et al., 2017, Pederson et al., 2019;
2020; Wang et al., 2021). There is no SEM evidence for shell neomorphism.

e Two shells measured here were shown by XRD to have ~25% calcite and 13
shells had traces of calcite (£3%). Shells with >3% had clearly identifiable
decreases in A47, the shell at 3% calcite may have also shown evidence for a
880 shift but other shells had no apparent 6§20 shift and A47 temperature
showed no relationship even with ~25% calcite.

6. Fluid-carbonate isotopic exchange

e Isotopic exchange with internal fluids and hydrated organics has been thought
to enhance changes in As; when the material is exposed to higher
temperatures, although an associated change in 610 is also observed (e.g.,
Staudigel and Swart, 2016; Nooitgedacht et al., 2021).

e We cannot know if we observe any §'80 shift as we do not have a definite
original reference point for P. strathairdensis; however, A4; derived
temperatures do not show a trend with decreasing 6'80carsonaTe, €vEN When
excluding 'environmental trend' related outliers. We therefore do not have
evidence of isotopic exchange that has reordered A47 values, and suggest it is
not the cause of higher-than-expected temperatures.

7. Solid-state resetting

e If the activation energy of 3C—'80 bond breakage is overcome, diffusion may
take place, changing the abundance of ‘clumped isotopes’, leading to changes
in As7 — higher temperatures are most often involved (for example due to
burial) and A47 will tend towards a new equilibrium at a higher temperature.
The beginning of this process appears to occur rapidly (Passey and Henkes,
2012; Henkes et al., 2014; Stolper and Eiler, 2015; Staudigel and Swart, 2016;
Chen et al., 2019).

e The energy required for solid-state bond reordering appears to be lower in
aragonite than in calcite (Staudigel and Swart, 2016; Ritter et al., 2017, Chen et
al., 2019). Experiments have shown A47 reordering at 100 °C when held for 20
weeks (Ritter et al., 2017), yet Jurassic aragonitic material, thought to have
been exposed to burial temperatures < 50 °C, has been described as pristine

(Vickers et al., 2021). It is possible that the Kildonnan Member P.
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strathairdensis shells were buried to an intermediate temperature where the
activation energy allowing the initiation of reordering, which may explain the
high A47 derived temperatures. No 680 or 8§3C reordering is required in this

scenario.

In summary, it is thought that the high temperatures derived using clumped
isotope measurements of P. strathairdensis may be accentuated due to a period of low
measurement precision, but this alone does not explain high temperatures measured
after this period, or the overall trend of results. Partial solid-state resetting, despite burial
at temperatures likely to have been well below 100 °C, is concluded to be the most likely

cause.

5.4.2: Environmental conclusions from P. strathairdensis data

Despite the majority of the As7 data from P. strathairdensis equating to unusually
hot values, several shells gave results that may give insights into the original
environmental conditions of the Kildonnan Member lagoons.

The shell with the lowest average value gives a As7 derived temperature of 23+
9 °C and 6*0¢ip values of -1.6+1.9%0 VSMOW. Three other shells give measurements
below 30 °C: one at 25° + 9 °C (6*80fLuip = -1.841.9%0), and two at 28+8 °C and 28+13 °C
(8*80FLuip = -0.6%1.7%o0 and -0.7+2.7%0 VSMOW, respectively). These four shells have
8'80carsonaTe Values between -2.1%o0 and -2.6%o and fall in the ‘more positive’ region of
the 8'3C/880 covariant trend; there is no low temperature measurement that falls in the
more negative region of the §3C/6%0 covariance.

We cannot be certain these results represent real depositional environment
conditions or are simply part of the wide-ranging measurement variability. However,
when plotting the temperature, §80f.uip and 6*¥0carsonate Of all repeat measurements of
shells (excluding values from shells with calcite % >22), a clear trend emerges, suggesting
that ~20-30 °C may be close to original growth and calcification temperature, and
therefore that original 8'80¢Luip values were approximately 0%o to -2%0 VSMOW (Fig
5.10): recalling that 6'80carsonate Values are historically not thought to have been altered
(Tan and Hudson, 1974; Hudson 1980; Hudson et al., 1995; Holmden and Hudson, 2003).

This conclusion relies on the assumption that the equation used to calculate

8'80rLuip from measured 6'80carsonate and A4z derived temperature, in this case the
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mollusc specific calibration of Grossman and Ku (1986; equation 3), is representative of
the true relationship between the three variables. This is one of several equations that
exist for aragonite material and is in fact one of 3 published in Grossman and Ku (1986).
At the temperatures we are interested in (20-30 °C) there is little difference between
calibrations — for example, there is only a 0.2-0.3%o difference between §*0¢uip results
calculated using the mollusk specific and ‘general’ aragonite calibrations of Grossman and
Ku (1986), well below our uncertainty limits. This suggests that the Grossman and Ku
(1986) equation 3 is appropriate, with the caveat that it is based on modern, not fossil,
taxa.

Our A47-derived temperatures, particularly the lowest temperatures, are
consistent with previous estimates of P. strathairdensis palaeotemperatures (e.g., 18 °C,
Hudson, 1980; 25 °C, Hudson et al., 1995; 23 °C, Patterson, 1999) and for the §*0f.uip
estimates from comparable samples wrt. the §3C/5%0 covarying trend (-1%o0 VSMOW,
Hudson et al., 1995; ~-0.5%0 VSMOW, Holmden and Hudson, 2003). They also fall within
error of results from the calcitic bodies of mudstone hosted concretions from bed 5f and
6e (Hudson, 1966, Hudson et al., 1995), which give temperatures between 1246 °C and
2146 °C and 8'80fuip values between -1.2+1.3%o and -1.7+ 1.2%0 VSMOW; such
concretions are argued, in Chapter 3 and Paxton et al. (2021), to provide bottom water
temperature and fluid estimates due to their synsedimentary formation. With reference
to the latest interpretations of the Kildonnan Member at Eigg by Holmden and Hudson
(2003), 8'80rLuip values reported here for the low temperature shells (between -0.7+2.7%o
and -1.8+1.9%0 VSMOW) would represent evaporated ‘freshwater’ lagoon water. Due to
the low number of ‘apparent’ true temperature and fluid compositions, in addition to the
fact that most shells measured were, by chance, from the ‘evaporated water’ region of
the covariant trend, it is difficult to draw any further conclusions that provide more clarity

to this particular palaeoenvironmental reconstruction.

5.4.3: Wider context:

A small number of other Scottish Jurassic biogenic samples were also measured by
clumped isotope analysis (Table 5.5). It is interesting that, although based on only one
sample measurement, the temperature of aragonite from a Bathonian U. andersoni shell
from the Kilmaluag Formation (GEG; Kilmaluag Bay, N. Skye) also gave an unreasonably
high temperature (61 + 17 °C ), while measurement of septal aragonite from an ammonite

in the younger (lower Kimmeridgian) Staffin Shale Formation (Staffin, N. Skye) gave
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Figure 5.10: A4; derived temperatures and back calculated 8'®0ruip results of P. strathairdensis
and mudstone hosted concretion bodies*, with contours indicating measured 6*0careonate. Green
box highlights the likely region of original temperature of growth and ambient §®0¢.up of shells
with 8*0carsonate close to -2%o (VPDB).

* Concretion 8%0ruip values have been recalculated using Grossman & Ku (1986) for ease of

comparison with 80carsonate CONtours, thus are representative.
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temperatures of 12 £ 5 and 14 £+ 5 °C, much cooler than those from Belemnite rostrum
calcite from the same formation (Vickers et al., 2021), but within error of two of the three
calcite concretion bodies that record bottom water temperatures (Chapter 3; Paxton et
al., 2021). The ammonite aragonite gives 8'80r.uip values of -6.1 + 1.0%o and -5.6 + 1.1%o,
very negative for Jurassic marine organisms, for which seawater values might be expected
to have been closer to -1.2%0 VSMOW (Shackleton and Kennett, 1975).

These N. Skye, localities are ~5 km apart, and the Kilmaluag Formation, being
older was definitely buried deeper than the Kimmeridgian sediments, perhaps by up to
200 m (inferred from Hudson and Andrews 1987; Fig. 5.4). This raises the possibility that
the lower A47 values for the Bathonian U. andersoni reached a threshold burial
temperature for A4z resetting, while the Kimmeridgian ammonites did not - a difference of
200 m would amount to 12 °C difference using the maximum proposed thermal gradient
of Chapter 4 (60 °C km). Alternatively, there may be ultrastructural differences between
bivalve and ammonite shell nacre that make bivalve nacre more susceptible to thermal
reordering. Clearly, more data from these, and other nearby localities are required to

better understand these differences and resolve these intriguing questions.

5.5: Conclusions:

Fossil aragonite shell material from the GEG appears to have undergone variable
but incomplete solid-state resetting towards warmer temperatures. This is presumed to
have occurred when the sediments were buried by Paleocene lava, the maximum
thickness of which is unknown (but at least 430 m, based on Emeleus and Bell, 2005). The
sediments were held at maximum burial temperatures of not less than 50 °C (based on
A47 temperatures for vein fed calcite cements from within the sedimentary sequence) for
<1 ma (based on rapid erosion rates seen in Rum unroofing; Hamilton et al., 1998;
Chambers et al., 2005), although there have been suggestions that resetting could occur
at lower temperatures under geological timescales (Wang et al., 2021). Maximum burial
temperature may have been >50 °C but cannot have been more than 100 C which is the

highest Eigg A47 temperature recorded in the overlying Valtos Sandstone Formation.

Results for P. strathairdensis range between 23+ 9 °C and 58 + 12 °C (Fig. 5.5), the
upper values far higher than plausible for bivalve life, let alone shell calcification.
Interestingly, such a spread of results is similar to a study of calcite brachiopods from the

Late Ordovician, which give A7 derived temperatures of 25 to 55 °C (Barney and
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Grossman, 2022); this study used the model of Hemmingway and Henkes (2021) to
project that solid state re-ordering had caused a maximum of 1 °C alteration in Asy
derived temperatures, leaving the highest temperatures largely unexplained. Despite the
differences in mineralogy between the two fossil groups -- with aragonite thought to
require lower thermal influence to reset (Staudigel and Swart, 2016; Ritter et al., 2017,
Chen et al., 2019) — there are strong similarities. The range of temperatures recorded by
A47 in both studies cannot all be original depositional values; As7 values are spread widely
despite the small range in §'3C and 56*¥0carsonate. We continue to favour partial solid-state

resetting as the best explanation of this trend in our data.

For our results, high (>50 °C) As7 derived temperatures are present even in shells
composed of 100% aragonite (Table 5.1); no covariance with §'80carsonate or 63C was
observed and no physical evidence for neomorphism was seen under SEM. It is therefore
important to reiterate that traditional methods of assessing preservation are not enough
to allow the assumption that A47 values are unaltered, a conclusion supported by
experimental studies (e.g., Chen et al., 2019) and the results of other recent studies of

clumped isotopes in aragonite shells (Nooitgedacht et al., 2021).

Interestingly, pilot results from one modern and two Pleistocene aged (West
Runton Formation, >450 000 year old) aragonite shells (Table 5.5) collected from Norfolk
(UK) give reasonable ‘temperate’ As7 derived temperatures (from 13+ 8 °Cand 15 + 11
°C), while one singly measured Pleistocene shell gave a temperature of 30 + 13 °C (noting
that errors are estimated based on P. strathairdensis population pooled standard
deviation, due to few or single measurements). While more work will be required to allow
a more rigid comparison, these data support the notion that preservation of As7 in
biogenic aragonite is entirely plausible over 100, 000 year timescales under shallow burial

conditions.

The coolest results from the P. strathairdensis shells give the best estimate of the
environmental temperatures (~20-30 °C) that the shells lived in; the lagoon waters had
5'80rLuip compositions (~ 0%o to -2%o0 VSMOW). Mudstone hosted concretions in
Kildonnan Member beds slightly younger than the shells have As7 derived temperatures
within error of the lowest shell values and corroborate the environmental reconstructions
based on more traditional geochemical proxies (e.g., Hudson, 1980; Hudson et al., 1995;

Patterson, 1999; Holmden and Hudson, 2003).
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Despite their pristine appearance, it is clear that these P. strathairdensis shells
have experienced a complex As7 history. By chance these shells seem to have experienced
burial temperatures/durations just cool enough to allow preservation of some
environmental information, but also warm (or long) enough that solid state resetting has
commenced. The Kildonnan member biogenic aragonites may thus be a unique geological
data set with which to complement experimental studies to understand how, when and

why resetting of biogenic aragonite As7 occurs.
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Chapter 6: Conclusion

The aims of this thesis, as outlined in Chapter 1, were to apply the clumped
isotope paleothermometer to a range of geological case studies taken from the Middle to
Upper Jurassic succession of the Inner Hebrides. The As7 derived temperatures have
successfully allowed interpretation of temperature and pore fluid conditions of
depositional, early and later (burial) diagenetic carbonates. The application of clumped
isotope paleothermometry to skeletal aragonite has uncovered a complex picture
involving lattice-scale reordering, with implications for other work on fossil aragonite, but

has still allowed some paleoenvironmental interpretations to be made.
Chapter 3:

Diagenetic mudstone hosted carbonate concretions from the Upper Jurassic of
Skye and the south of England are confirmed to have formed under shallow burial
conditions, confirming previous interpretations (Hudson, 1978; Hudson et al., 2001;
Hendry et al., 2006). The similarities in the early diagenetic data in particular, from this
wide range of localities, indicates that the results are robust; As7 derived temperatures
show that concretion bodies formed at between 9+ 5 °C and 18 + 5 °C, and back
calculated 8'0rLuip values confirm this occurred in marine pore water. The difference
between these results and earlier high temperature clumped isotope data from similar
concretions from the south of England (Loyd et al., 2014) is thought to be mainly due to

methodological differences.

The clumped isotope data from early diagenetic phases in concretions have the
potential to be used to help reconstruct bottom water temperatures in ancient seas.
These data from inorganic cements should be free from any complications caused by vital
effects, as might occur for example in bottom living fossils. Robust reconstructions of
bottom water temperature have the potential to be combined with clumped isotope data
from free- swimming or floating organisms (e.g., ammonites, belemnites, foraminifers) to

reconstruct temperature profiles in ancient seas of the post-Palaeozoic world.
Chapter 4:

The enigmatic metre-scale sandstone hosted carbonate concretions of the Valtos
Sandstone Formation from the Middle Jurassic Great Estuarine Group are shown to have

formed much later than previously assumed, from Paleocene meteoric pore fluids.
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Cementation temperatures were elevated, due to an increased thermal gradient
(between 40-60 °C km™) associated with the beginning of regional-scale volcanism, but
more significantly through interaction of meteoric water with hot, earliest Paleocene
lavas, which also caused the pore fluids to become 80 enriched. A combination of the
new temperature information and field observations on differential compaction around
the grown concretion, demonstrate that concretion growth was likely completed within
<1 Ma, much more rapidly than previously suggested. This, in turn, has implications for
both fluid flow rates and inferences based on concretion morphology — highly spherical
concretions previously having been assumed to form in slowly moving or stagnant pore

fluids (e.g., Wilkinson and Dampier, 1990).

The elevated temperatures and positive §80r.uip compositions are a feature of
concretions in the north (Trotternish, Skye) and south (Isle of Eigg) of the study area,
demonstrating that meteoric-water interaction with lavas was a basin wide phenomenon.
The Valtos Sandstone Formation concretionary cements gave the warmest clumped
isotope derived temperatures so far recorded in the Middle Jurassic of Scotland; they
suggest that the porous aquifer sandstone was acting as a conduit for hot water during
the early Paleocene. Some data from fracture-fed cements in the underlying Lealt Shale
Formation suggest limited leakage of this hot fluid into the underlying aquitard. However,
most other basinal cementation attributed to the Paleocene, gave lower temperatures

(average 33 °C) and pore fluid values highly depleted in 180 (average: -12.7%o0 VSMOW).

The 60¢uip values of Hebridean, Paleocene, meteoric-derived pore fluids are
highly depleted in 20, as originally proposed by Taylor and Forester (1971) and later
supported by Fallick et al. (1985). The work of Taylor and Forester (1971) suggested that
these meteoric fluids had values around -12%0. SMOW, and the new &' 80fuip values
derived from the cements studied here averaged -12.7%0 VSMOW. The most 80 depleted
value for Paleocene meteoric water in this study was -16.5 + 1.6%0 VSMOW. A value
of -12%0 VSMOW or lower has always been considered unexpectedly negative for the
latitude at the time of formation. It suggests a local altitude effect, perhaps relating to the
topography of the igneous centres and/or the lava pile, or an amount effect — paleofloral
evidence suggests that the Hebridean Paleocene experienced high amounts of rainfall

(Poulter, 2011).

The new clumped isotope data reported here means that the hydrogeological

setting was quite different to that proposed by Wilkinson (1993). The new data requires
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direct ingress of hot water from the growing lava pile at land surface locations where lava
rested more or less directly on the eroded top of the sandstone. Such sites are present
both in the north and south of the study area. Earlier suggestions that the concretions
grew during the Middle or Upper Jurassic in a groundwater lens (Wilkinson, 1993) can no

longer be supported.

In a wider content, these new results suggest that models for the timing and
setting of concretionary cements in sandstones, particularly those published in the 1980s-
2000s, should be reassessed. In particular, the study shows that §80carbonate values in
sandstone cements are potentially ambiguous and in many case studies require the
support of clumped isotope data to eliminate previously unavoidable assumptions.
Moreover, the implication that the sandstone contained hot meteoric-sourced fluid, while
other, more mudrock-dominated units in the sequence, were otherwise thermally
insulated is significant. It suggests that basing basinal temperature estimates and basinal
thermal histories on sandstone cements may lead to serious errors in interpretation,
unless other supporting contextual information is available: if the Valtos Sandstone
concretionary cements had been analysed in isolation, an overestimation of the overall

basinal burial temperatures by ~30-50°C would have been possible.
Chapter 5

Clumped isotope analysis of skeletal aragonite of the Bathonian mussel P.
strathairdensis gave T(As7) between 23 + 9 °C and 58 + 12 °C, with many values above the
likely threshold (~35°C) for survival of the organisms. This outcome was unexpected; the
apparently pristine aragonite of P. strathairdensis had previously been interpreted to
contain geochemical proxies that gave ‘sensible’ palaeoenvironmental outcomes (e.g.,

Hudson, 1980; Hudson et al., 1995; Holmden and Hudson, 2003).

Although the molluscan aragonite meets the criteria typically expected for
excellent preservation (several shells being wholly aragonite, well-preserved nacreous
ultrastructure and pearlescent macro-physical appearance), the As7 data are most
satisfactorily explained by partial solid-state resetting of As7, but with no relationship
between apparent (reset) temperatures and preserved §'80carsonate Values. The
implication, supporting other recent clumped isotope studies, is that the methods for
assessing preservation quality of skeletal fossil aragonite are not sufficient to determine

47 signal preservation.
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The solid-state partial resetting of shell aragonite has not resulted in a uniform
offset; however, the trend of the large dataset, allows identification of a ‘best estimate’
for paleoenvironmental conditions. In this case, allowing for the statistical uncertainty in
the data set, it is likely that environmental water temperatures were between 20-30 °C
and pore fluid values were ~0%o to -2%0. VSMOW, corroborating interpretations of earlier
studies (e.g., Hudson, 1980; Hudson et al., 1995; Patterson, 1999; Holmden and Hudson,
2003).

Solid-state resetting of As; must have proceeded under maximum burial
conditions when the overlying strata were >430 m thick (early Paleocene Lavas; Emeleus
and Bell, 2005) and temperatures were >50°C but <100°C, as constrained by T(A47) results
from other calcite cements in the same sedimentary sequence. The duration of maximum
burial was <1 Ma, suggesting that partial resetting of aragonite As7 can take place under
reasonably shallow burial conditions and in timescales of hundreds of thousands of years.
These shells came from a single stratigraphic horizon with well-constrained
environmental context and probably a rather unique burial history; our identification of
partial resetting is highly fortuitous (a ‘lucky strike’) that highlights the need for vigilance
when skeletal aragonite is used for deep time palaeoenvironmental studies. As7 signal

preservation in Mesozoic and Cainozoic skeletal aragonite may not be straightforward.

6.1: Future work:

Recommendations follow for a continuation of the work reported in this thesis,
both to further investigation into the sedimentary history of carbonates in the GEG and,
more importantly, to improve our understanding of the clumped isotope

paleothermometer, particularly with reference to biogenic material.

- To support the analysis of early diagenetic mudstone hosted concretions,
particularly with respect to their utility as bottom water temperature indicators,
cross-comparisons with other bottom dwelling organisms (such as Gryphea in the

Jurassic) would be very useful.

- Earlier palaeohydrological models for the Valtos Sandstone Formation have been
challenged in this work. Consequently, concretions in the Bearreraig Sandstone

Formation deserve reconsideration. These concretions are thought to have very
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early diagenetic marine core cementation, with growth continuing through later
burial cementation from meteoric porewaters (Wilkinson, 1991). Analysis of these
concretions should help further constrain basin history and should provide a

contrast to the heated meteoric fluids identified in Valtos Sandstone cementation.

In this study, an unavoidable sampling bias was caused by the sample size
requirements; large, pure samples were used, limited mostly by the drill size.
Consequently, the majority of cement sample procured were from fractures or
larger vugs. All of these samples had strongly negative §'80.uip compositions

(< -12%0 VSMOW) that indicated a Paleocene age. A targeted investigation of
cements that could have formed during the Jurassic (for example, Neomiodon-rich
shell beds within the Lealt Shale Formation, and other early diagenetic concretions
such as those from the Lonfearn Member of the Lealt Shale) could greatly improve
the characterisation of the diagenetic history of the succession and may confirm

assumptions about Jurassic meteoric §80fLuip compositions.

A number of avenues for future work stem from Chapter 5. Analyses of P.
strathairdensis shells (100% aragonite) during a time period where there are no
systematic measurement (MIRA) issues is a high priority, as would investigating
shells with more negative 6*80carsonate and 813C compositions (from the covariant
C-0O trend; fig 5.4). Analysis of other GEG bivalve aragonites with cross-lamellar
aragonite structure (e.g., Neomiodon sp., Corbula sp.) would allow investigation
into whether shell structure had any influence on A7 preservation; pre-treatment
of shells to oxidise any organic components should be trialled, although previous

work at UEA suggests this will not alter the data quality.

Measurement of dual As7 and Asg was not available from MIRA for most of the
shell analysis period. However, this would be an ideal next step, as this technique
can help distinguish kinetic disequilibrium (Bajnai et al., 2020; Fiebig et al., 2021)

and would likely improve the understanding of the As7 results.
A critical review of published clumped isotope data in biogenic carbonates is

timely. We need to better understand: the criteria used to identify ‘pristine

preservation’, how measurement variations are treated statistically, criteria for
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rejecting values, and how errors are reported. Such a study would allow the
community to move further towards a methodological consensus, with the goal of

producing reliable and transparently reported paleoenvironmental data.
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