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Lacustrine carbonate deposits with spherulitic facies are poorly understood, but are key to understanding the
economically important “Pre-Salt” Mesozoic strata of the South Atlantic. A major barrier to research into these
unique and spectacular facies is the lack of good lacustrine spherulite-dominated deposits which are known in
outcrop. Stratigraphy and petrography suggest one of the best analogue systems is found in the Carboniferous
of Scotland: the East Kirkton Limestone. Here we propose a hydrogeochemical model that explains why the
CaCO3, SiO2, Mg-Si-Al mineral suite associated with spherular radial calcite facies forms in alkaline lakes above
basaltic bedrock. Demonstrating links between igneous bedrock chemistry, lake and spring water chemistry
and mineral precipitation, this model has implications for studies of lacustrine sediments in rift basins of all
ages. Using empirical and theoretical approaches, we analyze the relationship between metal mobilization
from sub-surface volcaniclastic rocks and the potential for precipitation of carbonate minerals, various Mg-bear-
ing minerals and chalcedony in a lacustrine spherulitic carbonate setting. This suite of minerals is most likely
formed by in-gassing of CO2 to a carbon-limited alkaline spring water, consistent with the reaction of alkali igne-
ous rocks in the subsurface with meteoric groundwater. We suggest that an analogous system to that at East
Kirkton caused development of the ‘Pre-Salt’ spherulitic carbonate deposits.

© 2017 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
Keywords:
Palaeozoic
Magnesium silicate
Calcite
Hydrolysis
Pre-Salt
Palaeogeography
Lake
PHREEQC
Europe
Sediment mineralogy
1. Introduction

Fibro-radial spherulitic calcite components are relatively well
known on a small scale from vadose, lacustrine and marine environ-
ments (Verrecchia et al., 1995; Braissant et al., 2003; Arp et al., 2012;
Wanas, 2012; Casado et al., 2014; Bahniuk et al., 2015). However, de-
posits constituted of more than a few grains of spherulitic habit are
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rare, and probably limited to specific processes and depositional condi-
tions that are currently poorly constrained. Comparatively little studied,
there has been increasing interest in understanding how such volumi-
nous lacustrine spherulitic calcite deposits, and the SiO2 and Mg-Si-Al
suite of minerals typically associated with them, were precipitated.
This increased interest has been further motivated by the need to ex-
plain the economically-significant and spatially voluminous early Creta-
ceous ‘Pre-Salt’ carbonate reservoirs of Brazil and Angola (Wright, 2012;
Wright and Barnett, 2015). The origin of these highly unusual deposits,
which occupied rift lakes formed during opening of the South Atlantic, is
controversial (Wright, 2012; Mercedes-Martín et al., 2016).

Crucial first-order questions, such as the source(s) of the calcium
and silica being deposited, remain unanswered. The sheer masses of
minerals precipitated from the Cretaceous lakes imply a major mass-
. All rights reserved.
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transfer process operated at the time, but this process has not been
identified. What is clear is that the petrographic appearances of these
sediments is markedly different from known Recent “meteogene” or
“tufa” carbonate deposits (Wright, 2012). Equally, the very high volume
of carbonate emplaced demonstrates that these systems were not
metal-limited as most modern “thermogene” or “travertine” deposits
are (Guido and Campbell, 2011; Renaut et al., 2013). Such geologically
unusual deposits imply an unusual mass transfer mechanism operated
during rifting of the South Atlantic.

1.1. Fibro-radial calcite and the Great Pre-Salt Controversy

In the ‘Pre-Salt’ South Atlantic rift lake rocks, fibro-radial carbonate
components ‘float’ within Mg-rich clay deposits (Dias, 1998; Terra et
al., 2010; Wright and Barnett, 2015). The precise genetic relationship
between these Mg-Si and CaCO3 phases is a subject of ongoing contro-
versy that needs resolving if the origin of the ‘Pre-Salt’ deposits is to
be elucidated (Mercedes-Martín et al., 2016). Hypotheses based on pet-
rographic observations variously suggest fibro-radial calcite arises from
displacive concretionary crystal growth within Mg-Si matrices
(Dorobek et al., 2012), or as early diagenetic features from Mg-Si gel ca-
talysis (Wright and Barnett, 2015) or as a consequence of crystal growth
in the presence of specific organic compounds (Mercedes-Martín et al.,
2016). All three hypotheses are yet to be rigorously experimentally test-
ed, and a major barrier to effective testing is a lack of suitable deposits
that can be investigated beyond proprietary and confidential drill core
material of the South Atlantic rift lakes. Some partial analogues are
known from the literature, for example minor spherulitic facies are re-
ported from the distal facies of Jurassic hot spring systems from Deseado
Massif, Argentina (Guido and Campbell, 2011). Here we focus on the
mechanisms leading to the precipitation of carbonates and silicates in
a lacustrine Carboniferous analogue from Scotland, UK.

1.2. The East Kirkton Limestone: an interesting case study of rifting-related
spherulitic limestones

The Carboniferous East Kirkton Limestone of the Midland Valley gra-
ben of Scotland (Fig. 1) contains calcium carbonate spherulites, spherulitic
Fig. 1. Geological setting of the East Kirkton Limestone Quarry (red square). Limestones occur in
study area.
(Modified from Cameron et al., 1998)
bioherms, calcite-smectite laminites and primary chert (Rolfe et al., 1993;
Walkden et al., 1993). It occurs as a Member of the upper part of the West
Lothian Oil Shale Formation (Smith et al., 1993), and its petrology, paleon-
tology, stratigraphy and isotope geochemistry were well described in
studies from the 1980s and 1990s (Wood et al., 1985; McGill, 1994;
McGill et al., 1994; Clarkson et al., 1993; Rolfe et al., 1993; Walkden et
al., 1993; Goodacre, 1999). However, despite this significant effort to un-
derstand the East Kirkton Limestone, aspects of the system could not be
elucidated two decades ago. A pivotal question lies in unravelling the
source of the calcium and silica mass deposited in the lake, which is im-
plicit in ongoing debates over whether the water in the lake was affected
by deep-sourced “geothermal” springs (McGill et al., 1994).

The West Lothian Oil-Shale was deposited during a phase of rapid
extension of the Midland Valley Basin, and these strata were strongly af-
fected during their deposition by right lateral strike-slip movement
which created half-grabens with tilted blocks forming inter-basin
highs (Whyte, 1993; Read et al., 2002). Rift evolution was pulsed, with
each phase of activity producing voluminous calc-alkaline extrusive ig-
neous products (Monaghan and Parrish, 2006). These products were in-
terbedded as volcaniclastic rocks below, within and above the East
Kirkton Limestone, indicating that the lacustrine phase was short-
lived and coincided with an active volcanic pulse.

Basins opened throughout the South Atlantic in the Mesozoic from
the Berriasian, due to rifting followed by strong thermal subsidence
(Karner et al., 2003). In the southern basins of interest to this study
(Moulin et al., 2005), rifting was active from the Barremian to base
Aptian (Chaboreau et al., 2013). The active rifting was characterised
by widespread, largely trachytic, volcanism (Teboul et al., 2017) which
was particularly voluminous in the southern sector, encompassing the
Santos/Campo and South Kwanza basins (Chaboreau et al., 2013). The
Pre Salt carbonate formations developed during Early Aptian as accom-
modation was created by thermal sag of these rift basins (Karner et al.,
2003). Volcanism continued within the Santos (Moreira et al., 2007)
and Campos (Rangel et al., 1994) basins into the Aptian, reflecting that
some lithospheric stretching continued into the period of extensive car-
bonate deposition. As at East Kirkton, lacustrine carbonate formations
are therefore underlain by thick calc-alkaline volcanic materials, and de-
position is associated within minor ongoing extrusive volcanic activity.
terbedded within coeval tuffs and basalt lavas. Location of the studied borehole BH-3 in the
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Overall, the East Kirkton Limestone seems an exceptional case study
to better understand the origin of the mineral phases developed in rift
volcanic lake settings such as those forming the South Atlantic ‘Pre-
Salt’ deposits (sensu Dias, 1998, and Terra et al., 2010). The East Kirkton
Limestone is also an important geoheritage site in its own right, famous
for being the place where the earliest known well-preserved amphibian
reptile skeleton was discovered (Westlothiana lizziae; Wood et al.,
1985), so our findings have inherent value in further constraining a
globally important early reptilian habitat.

2. Materials and methods

The type section of the East Kirkton Limestone is a quarry face
(Fig. 1), where a heavily silicified spring emergence zone occurs at the
northern limit giving way to layered carbonate, chalcedony and
volcaniclastic deposits on its southern edge. This deposit was logged
and sampled in August 2014. In addition, a series of boreholes (BH1,
BH2 and BH3) drilled during 1987 and 1988 from the immediate area
around the quarry were accessed, logged and sampled via the BGS
Core Repository at Keyworth (UK) in February 2015. In particular, bore-
hole BH2 is comprised of thick altered volcaniclastics attributed to unit
61 of the East Kirkton Limestone (see Rolfe et al., 1993), and borehole
BH3 hosts N60 cm-thick tuffaceous rocks. Geochemical analyses were
performed from samples in borehole BH3.

2.1. Optical and energy-dispersive X-ray spectroscopy (EDS) analysis

Optical microscopic examinations of thin sections were made with a
Nikon Microphot FX microscope interfaced with a Nikon DS-Fi2 camera,
and Nikon Elements D software. An Oxford Instruments Peltier-cooled
type X-Max 80 EDS system integrated with a Zeiss EVO60 Scanning
Electron Microscopy was used to determine the abundance of specific
elements through the X-rays energy spectrum. Rasterization of particu-
lar areas within the sample was implemented to obtain the chemical
abundance of elements and create from matrix points, using a standard
method within the INCA Energy software.

2.2. X-ray powder diffraction

X-ray powder diffraction data were collected from ground samples
mounted in stainless steel sample holders. A PANAlytical Empyrean dif-
fractometer operating in Bragg-Brentano geometry with copper K�1 (�
= 1.540546 Å) and a PIXEL detector was used for the data collection.

2.3. Sr isotopes

The mobile fraction of strontium (i.e. HNO3 soluble) from samples
taken from within the East Kirkton Limestone and from the altered ig-
neous rocks of BH1 (Table 1) were extracted from powdered samples
in PFA Teflon (Savillex) beakers on a hotplate at 140–150 °C using ultra-
pure HNO3. Analysis follows standard procedures (Henderson et al.,
Table 1
Strontium isotope data used in this study. Position of samples shown in Fig. 3. Results
summarised in Fig. 7.

Lab no Sample name Sr 87/86 % Std error Abs error

H639 BGS 1 0.749678 0.0013 9.74581 × 10�6

H640 BGS2 0.766026 0.0013 9.95834 × 10�6

H641 EK 0 0.706511 0.0012 8.47813 × 10�6

H642 EK 3 0.706817 0.0014 9.89544 × 10�6

H643 EK 6 0.70685 0.0015 1.06028 × 10�5

H644 EK 25 0.70764 0.0013 9.19932 × 10�6

H645 EK 30 0.706706 0.0016 1.13073 × 10�5

H646 BGS 1WR 0.707575 0.0015 1.06136 × 10�5

H647 BGS 2WR 0.708487 0.0015 1.06273 × 10�5

H639 leachate BGS 1 L 0.706418 0.0017 1.20091 × 10�5

H640 leachate BGS 2 L 0.706517 0.0014 9.89124 × 10�5
1994; Pin et al., 1994) with multiple HNO3 elutions from a Triskem Sr-
spec resin packed Bio-Rad glass column. Pure strontium concentrates
were loaded on to Re filaments using Ta emitter solution and analyses
carried out on a VG sector 54-30 thermal ionisation Mass spectrometer
at SUERC.

2.4. Organic geochemistry

Lipid biomarkers were extracted from c.2.8 to 4.0 g of freeze-dried
and homogenised sample, following the microwave-assisted extraction
methodology of Kornilova and Rosell-Melé (2003). Known concentra-
tions of 5�-cholestane and hexatriacontane (Sigma-Aldrich) were
added as internal standards. Each total lipid extract was hydrolysed
using 8% KOH in methanol, heated for 1 h at 70 °C and left overnight.
Neutral fractions were recovered using repeated liquid extraction with
hexane, then separated into apolar, ketone and polar fractions using sil-
ica column chromatography and n-hexane, dichloromethane and meth-
anol as eluents, respectively. The apolar fractions were analysed by gas
chromatography–mass spectrometry (GC–MS), using a 30 m HP-5MS
fused silica column (0.25 mm i.d. 0.25 �m of 5% phenyl methyl siloxane).
The carrier gas was He, and the oven temperature was programmed as
follows: 60–200 °C at 20 °C/min, then to 320 °C (held 35 min) at 6 °C/
min. The mass spectrometer was operated in full-scan mode (50–
650 amu/s, electron voltage 70 eV, source temperature 230 °C). Quanti-
fication was achieved through comparison of integrated peak areas in
the total ion chromatograms and those of the internal standards.

Known concentrations of 5�-cholestane and hexatriacontane
(Sigma-Aldrich) were added as internal standards. Each lipid extract
was hydrolysed using 8% KOH in methanol, heated for 1 h at 70 °C and
left overnight. Neutral fractions were recovered using repeated liquid
extraction with hexane, then separated into apolar, ketone and polar
fractions using silica column chromatography and n-hexane, dichloro-
methane and methanol as eluents, respectively. The apolar fractions
were analysed by gas chromatography–mass spectrometry (GC–MS),
using a 30 m HP-5MS fused silica column (0.25 mm i.d. 0.25 �m of 5%
phenyl methyl siloxane). The carrier gas was He, and the oven temper-
ature was programmed as follows: 60–200 °C at 20 °C/min, then to 320
°C (held 35 min) at 6 °C/min. The mass spectrometer was operated in
full-scan mode (50–650 amu/s, electron voltage 70 eV, source tempera-
ture 230 °C). Quantification was achieved through comparison of inte-
grated peak areas in the total ion chromatograms and those of the
internal standards.

3. Results

The general stratigraphy, mineralogy and geochemistry of the East
Kirkton Limestone were previously described by Clarkson et al., 1993;
Rolfe et al., 1993; Smith et al., 1993; Walkden et al., 1993; McGill et
al., 1994; Goodacre, 1999. The most significant facies (Figs. 2 and S1)
and a representative sedimentary facies log (borehole BH3, Fig. 3) are
provided to illustrate the main stratigraphic features. The mineral as-
semblages and stratigraphic context of these deposits are comparable
to those documented so far in the South Atlantic ‘Pre-Salt’ rift lakes
(sensu Bertani and Carozzi, 1985; Dias, 1998; Terra et al., 2010; Tosca
and Wright, 2015; Saller et al., 2016). We make this claim on the basis
of: i) the occurrence of meter-scale beds yielding abundant partially
eroded fibro-radial, spherical calcite components about 1 mm in size
and displaying sweeping extinction; ii) the presence of serpentine-
rich floatstone of spherulitic components; iii) the laminated nature of
the alternations of Mg-Si and CaCO3 mineral phases throughout; and
the presence of significant chalcedony and calcite cementing both Mg-
Si and Ca phases (Fig. 4), iv) presence of mature hydrocarbons stored
in spherulitic biohermal reservoir facies (Fig. S1F).

Thin section and XRD analyses (Figs. 4 and 5) both demonstrate that
the primary carbonate mineralogy is dominantly calcite, with silica and
dolomite as secondary phases: the composition and mineral



Fig. 2. Main facies types. A) Spherulitic carbonates affected by different scales of soft-sediment deformation. Hammer for scale. B) Spherulitic components are embedded in organic-rich
muddy matrices displaying floatstone to laminite textures. C) Spherulites are composed of fibro-radial calcite generating spherical or elongated particles seen in crossed Nichols. EDS
analysis on carbonate spherulites confirms calcite mineralogy (Cc: calcite, Mgc: low-magnesium calcite). D) Floatstone of volcanic remains (Volc) and spherulites (Spher) in a
serpentine-like amorphous matrix (Am. silicate). Calcite cements crosscut previous materials. Plane polarized light image. E) Calcite pseudomorphs [Cal and arrows] replacing former
amygdaloidal textures [Am] in volcanic rocks. F) Diverse generations of fibroradial/spherulitic chalcedony [FSC] and drusy mega-quartz cements [DM] as cavity-filling minerals.
Dolomite rhombs [D] forming tiny rims around the edge of the cavities.
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paragenesis of this rock is consistent with currently published data on
South Atlantic ‘Pre-Salt’ deposits (Bertani and Carozzi, 1985; Dias,
1998; Terra et al., 2010; Tosca and Wright, 2015; Saller et al., 2016). It
is possibly coincidental that the East Kirkton Limestone contains abun-
dant mature hydrocarbons (Fig. 6), which have likely migrated into
this reservoir facies from the black lacustrine West Lothian Oil-shale,
however this does illustrate that it occurs in a hydrocarbon-prone
basin context analogous to the Pre Salt and that migration of mature hy-
drocarbons and their formation waters are shared features of the para-
genesis of both deposits.

3.1. Stratigraphic relationships

Borehole BH-3 (Fig. 3) displays a soil and rock cover in the first 3 m.
Spherulitic carbonates are found between 2.8 and 3.6 m and between
4.3 and 6.2 m depth occurring as laminites, which are formed by the al-
ternation of carbonate-rich and organic-rich laminae hosting abundant
calcite spherulitic components (Figs. 2B, C and S1A, B). In some cases, a
large number of spherulites are found floating in clay/organic to mud-
stone-rich matrices producing floatstone textures (Fig. 2D). Soft-
sediment deformation (slumps, creeping of laminae, Figs. 2A and S1B)
and diverse biota is occasionally recognised in laminites (Fig. S1C).
Some cm-scale calcareous-rich tuff layers are interbedded within the
sequence (from 3.6 to 3.8 m depth, Fig. S1D) which hardly ever contains
spherulitic components. Three organic-rich shale packages (3.8 to
4.3 m; 6.2 to 7.3 m, and 7.8 to 13.5 m depth) previously named
Little Cliff Shale Member by Rolfe et al. (1993) are also recorded.
These authors identified pelecypods (Curvirimula scotica), plants
(Lepidodendron), fish scales, ostracods (Carbonita), and arthropods. A
50 cm-thick layered carbonate interval (Fig. 3A) is recorded between
7.3 and 7.8 m depths displaying nodular to tabular beds of wackestone
to floatstone textures. Evidence of slumps and convolute beds is present
and peloids, fish scales and ostracods allochems are common. In the bot-
tom of the borehole (between 13.5 and 14.6 m depth) a greenish to dark
orange tuff is recognised (Figs. 3 and S1D). This unit is characterised by a
pyroclastic texture with mm-thick angular to subangular lapilli clasts
surrounded by fine-grained vesicular and amygdaloidal ash and shards
(Fig. S1D). In some cases, calcite pseudomorphs after altered amygdale
textures were observed emplaced within plagioclase or olivine pheno-
crysts (Fig. 2E), and some of these alkali minerals showed alteration
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