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ABSTRACT: The lower Mississippian Ballagan Formation of northern Britain is one of only two
successions worldwide to yield the earliest known tetrapods with terrestrial capability following
the end-Devonian mass extinction event. Studies of the sedimentary environments and habitats in
which these beasts lived have been an integral part of a major research project into how, why and
under what circumstances this profound step in the evolution of life on Earth occurred. Here, a new
palaeogeographic map is constructed from outcrop data integrated with new and archived borehole
material. The map shows the extent of a very low-relief coastal wetland developed along the tropical
southern continental margin of Laurussia. Coastal floodplains in the Midland Valley and Tweed
basins were separated from the marginal marine seaway of the Northumberland—Solway Basin to
the south by an archipelago of more elevated areas. A complex mosaic of sedimentary environments
was juxtaposed, and included fresh and brackish to saline and hypersaline lakes, a diverse suite of
floodplain palaeosols and a persistent fluvial system in the east of the region. The strongly seasonal
climate led to the formation of evaporite deposits alternating with flooding events, both meteoric
and marine. Storm surges drove marine floods from the SW into both the western Midland Valley
and Northumberland—Solway Basin; marine water also flooded into the Tweed Basin and Tayside
in the east. The Ballagan Formation is a rare example in the geological record of a tropical,
seasonal coastal wetland that contains abundant, small-scale evaporite deposits. The diverse sedi-
mentary environments and palaeosol types indicate a network of different terrestrial and aquatic
habitats in which the tetrapods lived.

KEY WORDS: Ballagan Formation, coastal wetlands, Midland Valley of Scotland,
palacoenvironment, Tournaisian, Tweed Basin.

The Mississippian (Tournaisian) Ballagan Formation of northern
Britain hosts a diverse assemblage of vertebrate fossils, including
the earliest known tetrapods with terrestrial capability (Clack
2002; Clack & Finney 2005; Smithson et al. 2012; Clack et al.
2016; Smithson & Clack 2018). This is one of only two
successions in the world where such fossils have been found
within the period of about 15 million years at the beginning
of the Carboniferous and has become known as Romer’s
Gap. The other is the Horton Bluff Formation in Nova Scotia,
Canada (Anderson et al. 2015), which at this time was rela-
tively close along the southern margin of Laurussia. The emer-
gence of tetrapods on land and their subsequent diversification
follows the mass extinction events in late Devonian times
(Kaiser et al. 2015). Understanding how, why and under what
conditions this step change in the evolution of life on Earth
occurred was part of the remit of the TW:eed Project led by
Jenny Clack from 2012 until 2016. So, what were the land-
scape, palaeoenvironments and habitats like at this time?

Francis et al. (1970) and later studies have all inferred a
coastal floodplain setting, although earlier Belt et al. (1967)
had proposed a marginal marine to restricted marine environ-
ment for dolostone deposition in the Ballagan Formation of
the Midland Valley of Scotland. The Anderton (1985) concep-
tual facies model for the important fish-bearing succession at
Foulden in the Tweed Basin was based on detailed sedimen-
tary logging. This type of model has been developed further
by Bennett ez al. (2016, 2017), Kearsey et al. (2016) and Millward
et al. (2018) from detailed investigations of sandy siltstones,
ichnofacies, palacosols and evaporite rocks displayed in the
successions through the formation exposed at Burnmouth and
in the cores from the Norham West Mains Farm Borehole
near Berwick upon Tweed (Fig. 1). All of these models show
the rapidly changing character of the sedimentary environments
in the rock record, suggesting the juxtaposition of a mosaic of
distinctive habitats within a strongly seasonal, tropical coastal
wetland. These studies are applicable particularly to the Tweed
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Figure 1 Outcrop and subsurface map of Tournaisian rocks in the Midland Valley of Scotland, Tweed and Northumberland Solway basins. These
strata include the Ballagan Formation and part of the Lyne Formation in the last basin. Major boreholes and thickness of the formation are shown.
Outcrop data from the British Geological Survey DiGMapGB© NERC 2015; subcrop extent in the Northumberland-Solway basin from Chadwick

et al. (1995).

Basin (Fig. 1), but how do they extend across the broader
region of northern Britain? This is important because the
palacogeography of the region and its control on the distribu-
tion of palacoenvironments and habitats may have played a
role in shaping vertebrate evolution.

The Tournaisian palacogeography of the Midland Valley,
and the Tweed and Northumberland—-Solway basins presented
here has its origins in the seminal atlases of the UK by Wills
(1951) and Cope et al. (1992). The TW:eed Project studies
have provided greater clarity of detail and connections across
the region between the sedimentary environments, habitats
and the tetrapods that lived in them (Clack et al. 2016). The new
map combines data from field sections and borehole records
through the Ballagan Formation in the Midland Valley and
Tweed Basin and includes reflections on published interpretations
of the Northumberland—Solway Basin. These investigations pro-
vide new insights into this rare example in the geological record
of an equatorial seasonal coastal wetland.

1. Regional setting and stratigraphy

During the early Mississippian, interconnected strike-slip
fault-controlled sedimentary basins opened across northern
Britain as a result of the break-up of the equatorial, southern
part of the Laurussian continental margin (Coward 1993;
Domeier & Torsvik 2014). The northern basins include those
in the Midland Valley, Tweed and Northumberland—Solway
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regions. Volcanism accompanied opening of the Tweed and
Northumberland—Solway basins (Leeder 1974a; Chadwick
et al. 1995). The early sedimentary fill to the basins comprises
the Ballagan Formation, which was preceded by the upper
Devonian Kinnesswood Formation and succeeded in various
parts of the region by the Clyde Sandstone, Garleton Hills
Volcanic, Lyne and Fell Sandstone formations (Figs 1, 2).
The Ballagan Formation is preserved at outcrop and in the
subsurface across the Midland Valley and Tweed Basin, and
this passes southward and stratigraphically upward into the
Lyne Formation in the Northumberland—Solway Basin (Fig. 2).
The Ballagan Formation consists of grey siltstone and thin
beds of argillaceous ferroan dolostone (historically referred to
as ‘cementstone’), with varying proportions of sandstone,
flood-deposited sandy siltstone, palacosols and evaporite rock
(Anderton 1985; Scott 1986; Andrews et al. 1991; Andrews &
Nabi 1994, 1998; Bennett et al. 2016; Kearsey et al. 2016;
Millward et al. 2018). The formation is best exposed in the
520 m thick, vertically dipping, coastal section at Burnmouth
(Fig. 1). Though a late Tournaisian, CM Miospore Biozone
age (e.g., Neves ef al. 1973; Neves & Ioannides 1974; Stephenson
et al. 2002) has been determined for the formation in central
Scotland, Smithson et al. (2012) recorded earliest Tournaisian,
VI Biozone miospores from the base of the formation at Burn-
mouth. Most recently, Marshall ez al. (2019) provide evidence
that in the Tweed Basin the formation spans the Tournaisian.
In East Lothian, the upper part of the formation has yielded
early Visean Pu Biozone miospores (Neves et al. 1973; Neves
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Figure 2 Stratigraphy chart for the region (after Waters ez al. 2011). Ballagan Formation (Browne 1980) sub-
sumes the Tyninghame Formation (Chisholm et al. 1989), Cementstone Group (Miller 1887; Greig 1988) and
part of the Lower Border Group (Lumsden ez al. 1967; Day 1970; Leeder 1974b). The Kinnesswood, Ballagan
and Clyde Sandstone formations comprise the Inverclyde Group (Browne ez al. 1999). The miospore biozones of
the Ballagan Formation are from Stephenson et al. (2002, 2004a, b), Williams ez al. (2005) and Smithson et al.
(2012). Abbreviations: KCBV = Kelso, Cottonshope and Birrenswark volcanic formations; W = Whita Sandstone

Member.

& loannides 1974); these upper beds are therefore laterally
equivalent to the Clyde Sandstone Formation of the west of
the Midland Valley which is inferred to be lower Visean (Waters
et al. 2011).

The thickness of the Ballagan Formation ranges from a few
tens of metres on the Isle of Bute, to 80 m in north Arran
(Young & Caldwell 2012), 150 m in the west of the Midland
Valley and in Fife, up to 355 m in Ayrshire (Stephenson et al.
2002), and possibly up to 900 m west of Edinburgh (Fig. 1;
Mitchell & Mykura 1962). At least 418 m are present in East
Lothian, but only 200 m at Birnicknowes at the NE margin
of the Southern Upland massif. Approximately 520 m occur
in the Tweed Basin whereas in the Northumberland—-Solway
Basin Tournaisian and Chadian strata may be up to 3400 m
thick in the centre of this asymmetric graben (Chadwick ez al.
1995). The formation is absent from the central part of the
Midland Valley, having been eroded during mid-Visean
(Arundian) uplift prior to the Clyde Plateau volcanism (Mill-
ward & Stephenson 2011).

In stark contrast to the Ballagan Formation, the Kinness-
wood and Clyde Sandstone formations comprise braided fluvial
sandstone in upward-fining cycles, interbedded with overbank
red and purple mudstone, multiple intervals with carbonate
nodules and thin beds of concretionary limestone (‘cornstones’;
Eyles et al. 1949; Read & Johnson 1967; Francis et al. 1970;
Leeder 1976; Leeder & Bridges 1978; Young & Caldwell 2011,
2012). The ‘cornstones’ are palaeosols with pedogenic carbonate
nodules (Burgess 1961; Leeder 1976; Andrews et al. 1991;
Wright et al. 1993).

In the Northumberland—Solway Basin the Lyne Formation
(formerly Lower Border Group of, e.g., Lumsden et al. 1967,
Leeder 1975a, b) is Tournaisian and early Visean in age, and
contains significant marine clastic and carbonate sedimentary
rocks and fossils (Leeder 1974b; Brand 2018). The Lyne and
Ballagan formations are overlain unconformably by the Fell
Sandstone Formation in the Tweed Basin and eastern part of
the Northumberland-Solway Basin. The Fell Sandstone is
composed of a stacked succession of mainly coarse-grained
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sandstone deposited from the first major Carboniferous fluvio-
deltaic system to cross the region (Kearsey et al. 2018).

2. Methods

The palaeogeography is reconstructed using data from field
exposures across the Midland Valley and Tweed basins, and
from about 40 borehole logs from the British Geological Survey
(BGS) archive that proved significant occurrences of Tournai-
sian strata. A sub-set of 12 boreholes, commissioned by BGS
as part of the stratigraphical investigation of Upper Devonian
and Mississippian rocks of the region from 1967 to 1981, pro-
vides descriptions and consistent information on the spatial
and temporal occurrence, context and general form of the
different lithofacies. Cores have been retained for only one of
these, the Glenrothes Borehole, and visual inspection of these
provided additional information.

It is to be expected that the archived logs vary in amount
and quality of information they contain because they were
made over more than 100 years. The BGS sub-set provides
the greatest volume of data, though even here variations in
data quantity and quality arise because they were logged by
different geologists. Information is particularly sparse on
palaeosols and sandy siltstones. Palaecosols are under-described
in UK geology generally, though rooted ‘seat-earths’ have long
been recognised by Geological Survey staff because of extensive
work in the coalfields. Sandy siltstone is a facies only recently
identified from the Ballagan Formation and so is not recorded
(Bennett et al. 2016). Therefore, interpretation of the facies
from these boreholes (Table 1) is informed and benchmarked
against the facies analysis of the Norham West Mains Farm
Borehole undertaken by Bennett et al. (2016; Table 1). This
borehole is located in the Tweed Basin, about 10 km SW of
Berwick upon Tweed, and fully cored 491 m of the Ballagan
Formation (Fig. 1; Millward et al. 2013).

The BGS collections contain macrofossils from the Ballagan
and Lyne formations from 235 localities, including many of


https://doi.org/10.1017/S1755691018000737

282

Table 1
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Facies, facies associations and environments in the Ballagan Formation of the Midland Valley of Scotland and Tweed Basin. The

marginal marine facies of the Lyne Formation Northumberland—Solway Basin are omitted. Facies descriptions are from the archived borehole
logs in the BGS collections and from key exposures. Facies association after Bennett ez al. (2016).

Facies Facies description Where seen Depositional Facies
environment association
Dolostone Parallel beds of ferroan dolostone (‘cementstone’) In all boreholes and Saline—hypersaline Freshwater,
and dolomitised siltstone; grey but some reddish exposures, varying flood-plain lakes, saline and
brown; hard, compact, splintery; sporadic records of  abundance cryptic marine hypersaline lake
ostracods, some with shell fragments and Chondrites; flooding
some beds nodular or with bulbous base; varieties
include laminated dolostone, others with diffuse
top and base; tops may be cracked or brecciated;
commonly hosts evaporite nodules
Reddened Dolomicrite, bluish to greenish grey, pseudo- Mains of Errol Desiccated hypersa-
pseudobrecciated brecciated, cracked and reddened profile; Fe-rich Member, Glenrothes, line, ?alkaline lakes
dolostone claystone fills to cracks; low-angle, concave upwards  East Dron
fractures in upper part of profile resemble pedogenic
slickensides
Limestone Grey limestone, porcellaneous, in part pseudo- Spilmersford, East Flood-plain lakes
brecciated; or sandy, cross-bedded; with ostracods, Linton (top part),
fish scales and teeth, Spirorbids Tantallan
Evaporite Diverse suite of subfacies of gypsum and anhydrite Widespread, except in ~ Hypersaline lakes,
nodules, chicken-wire masses, evaporite rock and East Lothian brine pans and sabka
laminae, hosted by dolostone and laminated grey
siltstone facies. Pseudomorphs after halite in
siltstone facies
Laminated Planar laminated grey and dark grey siltstone and All boreholes and Flood-plain lakes,

grey siltstone

Heterogeneous
siltstone

Ripple-laminated
sandstone

Palacosols

‘Mudstone breccia’
(sandy siltstone?)

Conglomerate

Cross-bedded
sandstone

Volcaniclastic
sandstone

mudstone; disseminated pyrite; ostracods, bivalves,
fish scales, conchostracans and burrows; sporadic
marine taxa; desiccation cracks and roots generally
absent; typically interbedded with dolostone

Grey, purple-grey, mottled grey and brown,
red-brown or red and purple; massive to laminated,
some rippled or disturbed bedding; some rooting and
Stigmaria. Interbedded with laminated or ripple-
laminated sandstone

Ripple-laminated or cross-laminated, fine-grained
with siltstone laminae; plant, shell and fish debris;
bioturbation in some beds, sporadic records of
?Monocraterion and Planolites; interbedded with
siltstone; units typically <3 m

Few identified in logs; best indicator is record of
carbonised root traces in grey siltstone and ’seatclay’
or ’seatearth’ (?gleyed inceptisols) but depth of
rooting and thickness not given; also rooted fine-
sandstone (?entisols); unbedded mottled red-brown
siltstone may represent vertisols

Greenish grey dolomitised siltstone with irregular
dark grey siltstone clasts up to 10 mm. Beds 10—
84 cm. (described similarly as "Clast-rock’ in Ascog)

Round dolostone clasts 1-20 mm diameter with
calcareous mudstone matrix; plant fragments; beds
18 cm, siltstone above and below

Fine, medium and coarse-grained sandstone, trace
siltstone; conglomerate at base in some units; carbo-
naceous and micaceous coatings to laminae; massive
or cross-bedded, some convolute bedded; some units
ripple laminated towards top; sporadic beds with
mudstone flakes. Units 3—15 m thick. Unit base
sharp, irregular, erosive. Minor bioturbation,
rooting at top. Plant debris, ’Stigmaria’ pieces.

"Tuff’, ’agglomerate’, and tuffaceous siltstone and
sandstone; grain size from medium to coarse sand,
granules and pebbles, coarsest up to 15 cm; clasts

of green amygdaloidal ’lava’; dolostone, siltstone;

bedded units up to 2.5 m thick, occurring sporadi-
cally and in packages up to 8§ m.

exposures

In all boreholes and
exposures

In all boreholes and
exposures

Most boreholes; Bute,
Burnmouth

Glenrothes, East
Dron, Ascog

East Linton, Everton

Spilmersford,

East Linton,
Birnicknowes,
Marshall Meadows,
Blairmulloch;
Edington Mill

East Linton,
Spilmersford

cryptic marine
flooding

Overbank flooding Overbank

Overbank and storm
flooding into lakes;
small stream deposits

Vegetated flood-plain

Unconfined debris-
flow deposit

Unconfined debris-
flow deposit

Fluvial channels Fluvial

Reworked older
volcanic deposits and
ripped-up substrate,
probably fluvial
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the boreholes, collected over a period of more than 100 years.
The fossils have been re-examined for this study to ensure
taxonomic consistency (Brand 2018). The biogeographical dis-
tribution of marine taxa and ‘Estheria’ are included herein as
they provide additional insight alongside the sedimentary data.
Raymond (1946, p. 219) noted that ‘Estheria’ is an invalid
name for a conchostracan genus as the name was pre-occupied,
and he erected a number of genera in which to allocate the
known species. Unfortunately, he did not allocate all the
Scottish described species to his genera, and preservation of
the material from the Ballagan Formation often precludes
even a generic allocation.

3. Sedimentary facies

Facies identified in selected exposures and the archived borehole
logs are described in Table 1, and examples illustrated in
Figure 3. Summary statistics for selected features in the bore-
hole logs are given in Table 2. The stratigraphical variation of
facies across the Midland Valley is shown in Figures 4 and 5.

The succession in the west and north of the Midland Valley
mostly comprises small-scale intercalations of packages of
dolostone and grey siltstone, along with heterogeneous siltstone
and fine-grained sandstone, and locally, evaporite rock; these
abruptly interdigitated facies constitute the saline and hypersa-
line lake and overbank facies associations (Figs 3, 4). Laterally
continuous distinctive units that might be suitable for correla-
tion across the region are not present, though the uppermost
part of the formation is sand-rich in parts. At the base of the
formation in Fife and Tayside, a unit of distinctive dolostone
beds, 32 m thick, comprises the Mains of Errol Member
(Browne 1980). By contrast, in the east, the succession is more
heterogeneous with thick distinctive packages of, for example,
fluvial sandstone and floodplain-lake siltstones within a mixed
assemblage of fluvial and overbank facies associations (Figs 3, 5).
The position of the base of the Pu Miospore Biozone suggests
that some of the packages in East Lothian may be correlated,
at least over a distance of about 15 km.

3.1. Siltstone, dolostone and evaporite facies

Thin beds of micritic ferroan dolostone interbedded with planar
laminated, grey siltstone are the defining characteristic of the
Ballagan Formation. Siltstone occurs in both the saline and
hypersaline lake facies association, and the overbank facies
association (Fig. 3). Laminated grey siltstone comprises a high
proportion of the fines component in some of the boreholes,
for example 99 % in Blairmulloch and 89 % in Loch Humphrey
(Table 2), but is generally lower in the East Lothian boreholes.
Thick packages of laminated grey siltstone in the boreholes
with high proportions of fine sediment are likely to represent
floodplain-lake deposits, though these may include misidentified
thin beds of sandy siltstone. Laminated grey siltstone associated
with the upper part of massive and cross-bedded sandstone may
fill fluvial channels. The overbank facies association includes
grey, yellow, red and purple siltstone, only some of which is
described as having traces of bedding; these may be palaeosols,
but the descriptions are insufficient for a diagnosis.

After removing the sandstone component from each borehole,
dolostones comprise 3—-21 % of the thickness of the remainder
of the succession. The number of dolostone beds varies from
nine in the Ascog Borehole to 277 in Norham, with the average
thickness ranging from 9 cm in Ascog to 34 cm in East Linton
(Table 2). Thus, in the boreholes of the western and northern
part of the region, dolostone beds occur on average every 0.9 m
(Glenrothes) to 1.7 m (Knocknairshill, Blairmulloch; Fig. 3).
By contrast, dolostone beds are, on average, less common in
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the East Lothian boreholes, but there the concentration of
dolostone beds within packages of laminated grey siltstone up
to 35m thick is strongly evident, with significant packages
of overbank siltstone and fine-grained sandstone devoid of
dolostone beds (Fig. 5).

Apart from the thickness, few descriptive details of the
dolostone beds are typically given, though some are described
as ironstone (Davies et al. 1986; Greig 1988). Belt et al. (1967),
Francis et al. (1970) and Scott (1986) identified dolostone
nodules, laminated beds (Fig. 8d), evaporite-bearing beds and
massive beds; the last of these become more argillaceous at
the base and top. Identification of these differing facies is aided
by slicing the cores, but information from the borehole logs is
insufficient to make the distinctions in all but the evaporite-
bearing dolostones.

Small-scale evaporite deposits are a characteristic of the
Ballagan and other Tournaisian formations in the British Isles
(Millward et al. 2018). They are distributed spatially and
temporally throughout the succession in the Midland Valley
and Tweed Basin, though they are absent from the Lothians
and from the area bordering the Highlands (Figs 4, 5). Nodules
of gypsum occur in siltstone and dolostone; calcite and dolomite
pseudomorphs occur in the latter at Burnmouth and in some
of the boreholes (Scott 1986; Millward er al. 2018). Siltstone
pseudomorphs after hopper crystals of halite are recorded
locally in boreholes (Fig. 4) and in exposures, for example
in the Langholm area, Chattlehope Burn, Northumberland
and Willie’s Hole, Scottish Borders (Leeder 1974b; Cater et al.
1989).

3.2. Mains of Errol Member

The Mains of Errol Member (Fig. 4; Browne 1980) comprises
beds of hard dolomicrite, with a characteristic reddened, cracked
and ‘pseudobrecciated’ profile (Fig. 6). The top of each profile
is a sharp planar contact. Roots and burrows are absent;
ostracods and fish fragments are rare and other fossils absent.
Dolostone beds, 0.22—-1.70 m thick, are either stacked on top
of each other, or they are intercalated with units of laminated
siltstone or sandy siltstone. The dolostone is composed of planar-
textured subhedral dolomite with crystal size up to 10 pm.
A pseudobrecciated texture shows ‘clasts’ of finer grained
dolomite set in coarser grained dolomite. Quartz grains
scattered throughout the rock are etched, suggesting corrosion
in alkaline fluids. A few rhombohedra composed of dolomite
aggregates are probably pseudomorphs after gypsum. Scattered
clasts up to 500 um composed of chlorite and feldspar may be
volcanic in origin.

From just above each dolostone unit base, isolated, narrow
sinuous cracks widen upwards as they unite with adjacent ones
(Fig. 6). At their upper termination against subhorizontal planar
dislocations these cracks are polygonal and up to 20 mm across
on the bedding surface. The cracks are filled with iron (Fe)-rich
claystone. Above the cracked zone, 20-40 cm of dolostone
are intensely brecciated, with poorly sorted, angular clasts of
dolostone from 1 to 20 mm across, set in a Fe-rich claystone.
In this zone and the top part of the underlying cracked zone,
low-angle, concave-upwards dislocations resemble pedogenic
slickensides. In the most fully preserved profiles the uppermost
5-10 cm are composed mainly of red-brown, Fe-rich claystone,
with sporadic dolostone clasts, 1-5 mm across. Similar beds
have been reported from a borehole in the Stirling area (Francis
et al. 1970, plate 4, fig. 7).

3.3. Sandstone
Sandstone facies occur within the fluvial and overbank facies
associations (Bennett er al. 2016). All sandstone contains
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Figure 3 Sedimentary logs of sections drawn up from the archived BGS borehole logs to illustrate features of
the facies associations. Glenrothes Borehole: flood-plain lake facies, saline and hypersaline lake facies association
intercalated with overbank facies association; original written log by D. N. Halley, A. A. McMillan and M. A. E.
Browne. East Linton Borehole: overbank facies association, with subordinate saline and hypersaline lake facies
association; original written log by A. D. McAdam. Birnieknowes Borehole: fluvial facies associations, with

overbank facies association and floodplain lakes; author of original written log not recorded.

https://doi.org/10.1017/51755691018000737 Published online by Cambridge University Press


https://doi.org/10.1017/S1755691018000737

285

ROMER’S GAP PALAEOGEOGRAPHY

“SISK[BUE 10§ [IBI3P JUSDYINSUL UIEIUOD A[OYI0g SOISY Y} UL SIUN SUOISIIS pue duojspnul jo suonduosap S0 |

91 0S 91¢ 8CI Iel 40! Sve SIc LLT g'se paydeal JON U298 JON 0S°06% 0C MNPV6.LN WEYION
65 0 1 0¢ C yo'e €91 0°¢ 133 Sov MN 15 12°00¢ 6 SLLIN SomouwatuIyg
[47 0 9¢ (4% Sl Iv's I've 99 65 8'¢C payoeal JON AHD L1'81Y CANLSIN uoyury iseyq
a4 0 [4 ¥C L (444 1'¢c €8 €9 6'1¢ neq AHD yC8SC €L AN9VIN piojsioupidg
66 143 ! |14 € L1 S9'6l1 STl €8 811 payoeal JON dAd 867991 1T ANTSSN yoojnurIrerg
Y6 cl [4 6 4 LS'T 1°s¢ 091 ¥6 61 MNA SOTT €0°0ST 18 ASEPSN [Irquosesq
€8 LY [4 |14 LET 60 S91 0°81 651 S'L MNA d4dd VLS ¢8¢ dS0CON SAYIOIUS[
LS 41! 01 Sy Ol 6v'1 €91 601 LTI L6 MNT U39S JON $$°60C ¥ MNTTON uoi(y seq
68 ¥9 0 [4 9 11 'Sl ! 9¢l L9 paydeal JON dAd S6°091 I ANLYSN Aarquiny yoog
8 0¢ 0 9 [4 8¢l LS1 ! 8 08 MNA dAd 80°¢CI ¢ MNLYSN [yureg
(94 L1 0 0 8 0L'1 6°Cl S'L 33 9°0¢ MN dAd L80L 01 MSLESN [[TYsIreuxo0ous]
[pu 0 0 0 0 9T 1’6 a3 6 8'LT MNM dAd 60°¢€E 8 AS90SN Soosy
Pappaq syun sjosoaeed pajeqinjoiq SUoZLIoY 921 pues SINWNUID souyy jo spaq UonBULIO) Mo[aq Jroqe sanaw R_qunu Jureu
pue £313 uiodead [suozrioy [pamoring yoer ‘Saxpom ssauydIY % SY Jo oN Jo v, Jjun Jjun SSaWIIY Pa13)SIZY Joydiog
sauy v, RqumN pajool spaq UONBIINSIP ‘Kouanbaxy pPaq Juojspues NOg Sog
JdqunN] RquInN JdqunN] pPoq Jgerdne

(S9u0)S)UdUMID) SAU0ISO[O(]

"UOTJBULIO,] SUOJSIWI] JOMOT = SO ‘UOIIBULIO] POOMSSIUUTS] = AN ‘UOHBULIO] SUB[[ND) = (O ‘UOHBUWLIO,] JIULI[OA S[[I[] UOI[IBD)
= AHD ‘uoneuo, auojspues [ = ST, ‘UONBWIO] dUOISPUES IPA[D = QAD ‘UonewIo ueSe[jegd = NOJ :SUONLIAAIQQY 'SI[OYAI0q SO PIOJ[ds UT UONBWIO,] UeSe[eg J0J sonsnels Arewwng g d[qe],

https://doi.org/10.1017/51755691018000737 Published online by Cambridge University Press


https://doi.org/10.1017/S1755691018000737

DAVID MILLWARD ET AL.

286

‘G 9InJ1, Ul UDAIS SI SINOJ0J ASO[OYII 9y} 0} A3y Ay

“UO0ISSI00NS A} YINOIY) [BAIIUL W ()] Jod duolspnw/ouo)syfis pajeurwue] ‘413 jo ssouyory} jeuontodoid oy jussardar suwnjod [eorydessnens oyj uryiim saAINd Joe[q ay ], "] 2In31 ur
UMOUS IR SUOIBIO[ 9[0Y210g "PUR[I0IS JO A[[BA PUB[PIJA U} JO 110U PUE JSIM [} UI SI[OYI0Q P2JI9[as 10 SUONBIAIAINUI [RBJUSWUOIIAUL PUE SFO[ [BIISO[OY)I] ATRWWING  § NS

JuSWdO[aA3p 31343eD ‘SUIPOO]) JUeqIaN0
‘spues ule|dpielq 1@ [uueyd [e1An])

w
79¢ ; B wszz
\M \ SUBJBJISOYIUOD >
shoyy \
00¢ . m_suww M“_..___ﬁwu:: e NEL:] _>_m_,_,>_ S|ISSO4 duleW N
Odé ‘saxe( ureidpooyy 70443 40 SNIVIA
_» lexe * ___ (pa.4ajul) josoae|ed dé
\
\
\
_ uejdpooy . \ ea)eas) josoae|ed
pajejadon dé ,__ (upeazess) | ! s :_m_nuMoz
\ paje1agan
¢ 51004 Y wete
........ i -, weew Buipooyy
1uasqe Jsow|e Suipoo, jueqJano
s sweaus ||ews ¢ V_cw%_g_h paiequniolq / smoinq ¢ ‘seyyqes
. ‘seyyqes ‘sweans ‘sade| auljes
‘Buipooyy yueqJano
_mwv_m_:wﬂ.___um._w‘, flewss ey Jaye sydiowopnasd * 5
0S1 - uejdpooyy \ N
utejdpooyy s9|npou wnsdA3 * S Buipooy
Y paieradan auuew W
M ZO_._.<_>_m_0u_ auoisojop < Buipooyy
\ QOOMSSINNI S duegiano ]
w 687" pasihewsey _H_
Ju3sqe Jsowfe l
;3 mEMw“uMg__mMEm < Jlews m_ﬂwwwm ‘pajerddalq ‘auoisojop
ND p jueqJano seypjqes |ed0]
‘3uipooly S sjueqiano ‘Suipooly Buipooyy
jueqiano juasqe . jueqJano *
‘saye| auljes B sweaus |lews 'soxe| auljes 13 utejdpoojy W
€ Heidpool S apends s g
‘8uipooyy )
001 — jueqlano
‘saye| aules 13 2
2 urejdpooyy V\ ulejdpooyy
s 3 \
n_b pajejagon wasqe /
g < sweauns |[ews A e sweauls ¢
‘seyiqes llews
S Mu&oam ‘Buipooyy ¢
‘Buipooyy . eqJan0
¢ Juegiano swieass [jews v__._ma:m>o ‘8uIpgoyy WIS Juequan
Y auojspues ‘saye| auljes g ‘Bulpooy yueqiano sye| auljes g uejdpoojy
%6€ s uredpooyy 3U0ISPUES %05 save|
uipool auljes
s wioys W uje|dpooyy paie1asan S weidpany s
8 jueqJaNO s S sul
w0z 1POO}} ueqian0 y
Aywiouooun utejdpooyy . -sae| auljes
0S - 4 pare1asan dé m_wmu_muwww_» sweans 3
seyjqes dé jews
‘soxe| w:_me_m%mWﬂ_:mwmoﬂ ¢ W ‘sye] urejdpooyy W ese L_ﬂ_E_E 3
] : B urejdpooyy . ) & ‘Buipooyy
b4 s pajejadan dé utejdpooyy dé Y jueqano
i w\ pajejadan mwv_am_ - wis
auljes dipesods JIwiojuodun
uteidpoolj pazesa8an Y mE_m_M.HM + SweaJ)s |[ews s
sweas |[ews . . d . awos ‘Buipooyy
7 Suipoojy wiols g u_:nn“_hwau “ S .:_M_M WMM_» dé sje| “_wﬂ_muwww_n dé juequano . Buipooyy jueqJano awos $
‘ _....mu:_u 00 uteidpool ‘Buipooyy yuequano . ‘ure|dpooyy pajeradans s
SUCIPUES %08 % vm:m%_g_w v_.m”_m._”www + SWealss [|ews * ‘Buipooy yueqiano
— ; ry
A wepz U0 L OS] fouoispues % : mn__\w.N.N .......... - wee woy
wst
0~ peaLpfool NOILVIN¥OA INOLSANYS 0A12
saljaw NOILVINYOS
QviHHlvd | N
YZMNLLON £ouudwn CMNLYSN 0LMSLESN 83S90SN 183SEVYSN LZ3ANCSSN
Sayjolus|9 uoiq ise3 _“_oo._ H llyuseg [llysJieuyoouy (eIng) [llyuooeaq wJie
Boosy yoojnwuie|g

https://doi.org/10.1017/51755691018000737 Published online by Cambridge University Press


https://doi.org/10.1017/S1755691018000737

Spilmersford
NT46NE73

659 m

Pu

East Linton

ROMER’S GAP PALAEOGEOGRAPHY

NTS57NE2

CM 3

VU S>UuM LV Lo 0 v

924 m

Birnieknowes
NT77SE9

287

GARLETON HILLS GULLANE
VOLCANIC FORMATION FORMATION "
metres
70m 198-m —
198 0
thin tuffaceous . IC
det bed small streams, reworking
mudstone beds volcanic detritus; overbank g
flooding; floodplain
and carbonate lakes —
L J overbank flooding dominant;
possibly vegetated floodplain; ) mixed fluvial channels, small |
sporadic saline lakes fluvial channels streams deposits, overbank flooding
‘ P
. _ ' L
overbank flooding + floodplain
lakes; probable vegetated floodplain 5 Pu
jor fluvial ch. |
major fluvial channels g 3 floodplain + saline lakes; |
overbank flooding
3 bank flood
floodplain lakes, saline major fluvial channels + //
lakes; minor overbank sands overbank flooding . .
/ major fluvial channels —100
/
v
overbank flooding / 2%
f i / 2 23 overbank flooding
major fluvial channels, 3 major fluvial channels + wl
volcaniclastic input overbank flooding / 2z X X
/ Q g major fluvial channels
/
overbank flooding /
< / overbank & storm flooding
overbank flooding, small streams; 3
large and SMIU\VM channels 3 floodplain lake: s * —
floodplain lakes + okr‘bank 3 / A floodplain + saline lakes; minor small
: . / g streams + overbank flooding;
flooding ~ )
~ ¢ / A vegetated floodplain
saline lakes T 3 .
3 A4 overbank flooding +
* overbank flooding/ /( saline lakes; overbank flooding; c floodplain lakes
* floodplain lakes c vegetated floodplain . fluvial channels
/( fluvial channels; overbank
flooding; ephemeral channel 398 m saline lakes — 200
_ fluvial channels vegetation
ry KINNESSWOOD FORMATION
_?, fluvial channel + braidplain sands;
‘ /\ floodplain and saline lakes; overbank flooding + calcrete development
. c overbank & storm flooding
* overbank & storm flooding/ g
* floodplain lakes
vegetated floodplain X
€ P E Ballagan Formation
fluvial/ overbank
* volcaniclastic sandstone
* PS - sandstone —
overbank flooding; minor
floodplain lakes
FAULT * I:l sandstone-rich units
? DEVONIAN g - floodplain lake
conglomerate + siltstone & dolostone dominant
sandstone sporadic small streams depositing
s A 7S volcaniclastic sandstone;
vegetated floodplain
A 8 P |:| siltstone, sandstone & dolostone
3 saline lake —300
volcaniclastic sandstone input .
- siltstone, bedded
3 *
s A ' I
overbank flooding; volcaniclastic sandstone & mudstone
'< vegetated floodplain
A
c ‘ saline lake & dolostone
A -
3 * A roots
3 z overbank flooding + saline lakes s palaeosol (seatearth)
A
vegetated floodplain
A : € P 2P palaeosol (inferred)
c conchostracans
F
3 burrows/ bioturbated
overbank flooding + — 400
floodplain lakes
489 m

Figure 5 Summary lithological logs and environmental interpretations for selected boreholes in the east of the
Midland Valley of Scotland. Borehole locations are shown in Figure 1. The miospore biozones CM, Pu and TC

are from Davies et al. (1986).
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Figure 6 Sedimentary logs through selected dolostone units in the
Mains of Errol Member in the Glenrothes cores.

abundant partings of mica and carbonaceous detritus. The
proportion of sandstone in the succession varies across the
region (2-46 %; Table 2), with the higher amounts in East
Lothian and the Tweed Basin (24 % in East Linton Borehole,
32 % in Spilmersford and 46 % in Birnieknowes) (Fig. 7). By
contrast, in boreholes in the north of the Midland Valley,
sandstone is most commonly seen at the base and top to the
formation, though in the Ascog Borehole it occurs throughout
(Fig. 4). Units up to 3 m thick occur in all the boreholes, with
the median occurrence less than 50 cm thick (Fig. 7). Typically,
these thin units of sandstone are described as fine-grained and
ripple-laminated or cross-laminated. Many are interbedded
with siltstone and are interpreted as deposited by overbank
flooding and crevasse splays. A few units in this interval are
recorded as having a sharp, erosive base and massive or cross-
bedded and may represent channel sandstone bodies.

By contrast, the Blairmulloch and East Lothian boreholes also
contain sandstone units more than 3 m thick (Fig. 7). Though
the number of such units is small, they make up a high propor-
tion of the total thickness of the sandstone component in the
succession; for example, three units in Spilmersford constitute
31 % of the sandstone thickness and in Birnieknowes 63 %
(Table 2). These sandstone bodies are described as sharp-
based, medium and coarse grained, massive or cross-bedded
(Fig. 3) and may include mudstone rip-up clasts and con-
glomerate layers in the lower part. A thin upper part typically
is finer grained and planar laminated to ripple laminated.
Thicknesses vary from just a few metres up to 15m in the
Spilmersford, East Linton and Birnieknowes boreholes. The
11.4 m thick sandstone unit illustrated in Figure 3 is typical of
many, comprising stacked subunits separated by a thin bed of
siltstone, suggesting that the thicker sandstone bodies represent
multiple-storey channel fills. Lenticular beds of conglomerate
at the base of sandstone units at Burnmouth host disarticulated
vertebrate bones.

The geometry of one of these sandstone units is seen in the
river cliff of the Whiteadder River at Edington Mill [NT 894
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548] (Fig. 8a, c). The lower part of the channel cuts sharply
down about 4m into the underlying siltstone-dolostone
succession. Rotated blocks of siltstone-dolostone suggest that
the channel margin collapsed during formation (Fig. 8c). The
channel fill shows lenticular units of cross-bedded sandstone
with lateral accretion at the channel base. Clasts of dolostone
in the thalweg can be traced to a bed cut by the channel. Beds
in the upper part of the channel thicken to the right in Figure
8a. Another unit, more than 20 m thick, near the top of the
formation, and exposed along the SE bank of the River Tweed
at Norham is strongly trough cross-bedded with sediment
transport consistently towards the SW.

At the coastal locality of Burnmouth in the Tweed Basin, a
number of sandstone fluvial bodies are exposed in the almost
vertical strata of the wave-cut platform and cliff. Depicted
on a geological excursion map, Scrutton & Turner (1995)
numbered the large sandstone bodies 1 (youngest) to 14 (oldest).
Analysis of these bodies indicates that a number are multistorey
and multilateral, and can be traced across the wave-cut platform
for up to a kilometre. Lateral accretion deposits (2-3 m thick)
are recognised in several bodies. Whereas individual channels
may only reach 3 m in thickness, one or two of the multistorey
systems comprise a total in excess of 30 m. In general, the
erosive bases to the channels cut into the underlying floodplain
sedimentary rocks, but some systems cut into the dolostones,
representing lake deposits.

Poorly bedded volcaniclastic rocks within the Ballagan
Formation are described here for the first time from the
Spilmersford and East Linton boreholes (Fig. 5). They occur
both within, and at the top of, the formation, interbedded
with sandstone and siltstone. A unit in the lower part of the
East Linton Borehole is 7.9 m thick with beds ranging from
24 cm to 1.5m thick. They are composed of multicoloured
fragments of volcanic rock of medium sand through gravel
grade, with some dolostone, siltstone and sporadic chert clasts.
These rock types have not been reported from elsewhere in the
formation.

3.4. Emergent surfaces and palaeosols

Desiccation cracks and brecciated, upper parts of beds, both
at outcrop and in boreholes, represent short-lived episodes
of emergence and drying out of the sediment. At least five
horizons are seen, for example, in the upper part of the
shallowly dipping succession in the well exposed coastal section
at Belhaven Bay, west of Dunbar (Fig. 8), but there is great
variation in abundance across the Midland Valley (Fig. 9;
Table 2). Glenrothes and East Dron borehole logs contain 138
and 110 horizons respectively, similar to 131 in the Norham
core of the Tweed Basin (Figs 3, 9). By contrast, the very
low numbers of desiccated surfaces in the other boreholes
may inversely relate to the high proportion of laminated grey
mudstone present, representing extended periods of sedimenta-
tion in perennial bodies of standing water. Alternatively, the
low numbers may reflect under-recording of detail.

The preservation of plant roots and palaecosols indicates
established episodes of emergence and vegetation cover.
Carpenter et al. (2015) interpreted the mottled red mudstone
beds containing carbonate nodules and vertic cracks within the
thin succession on the Isle of Bute as well drained, seasonally
dry palaeosols. Near Foulden, Retallack & Dilcher (1988) in-
ferred that gleyed inceptisols were populated by small shrubby
ferns such as Lyrasperma scotica and vertisols by tall forest
trees such as the reconstructed Stamnostoma huttonense. Kearsey
et al. (2016) described 216 palaecosols from the Norham core
and 64 from the exposed section at Burnmouth in the Tweed
Basin. Nineteen vertisols occur in the Norham core and 15 at
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Figure 7 Histograms for key Midland Valley boreholes showing the frequency of sandstone bodies of a
given thickness interval. The percentages shown for the thicker units are of the total sandstone thickness in the

borehole succession.

Burnmouth, representing extended periods of stabilised flood-
plain. Some 60 % of the vertisols have a gleyed top, indicating
that the soils were finally flooded by surface waters (Kearsey
et al. 2016).

Few palaeosols are described in the archived borehole logs
(Table 2). In the Glasgow and Ayrshire logs there are sporadic
mentions of ‘seatearths’ and ‘seat clay’, typically associated
with carbonised root traces; the absence of coals capping these
suggest that they probably equate to the gleyed inceptisols of
Kearsey et al. (2016). Roots in the top of sandstone beds are
likely to be the entisols described by Kearsey et al. (2016).
However, the depth and form of rooting is not given. Massive,
red-, brown- and yellow-mottled siltstone, particularly in the
East Lothian boreholes and sporadically elsewhere, might
suggest that vertisols are also present there, but indicative
evidence of vertic cracks and pedogenic slickensides is missing.
However, in many of the logs from the west and north of
the Midland Valley, the high proportion of laminated grey
siltstone present would seem to preclude the presence of well-
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developed palaeosols from those parts of the succession. This
is also the case with the Glenrothes core, visual inspection
of which showed the presence of very few palacosols of any

type.

3.5. Sandy siltstone

Matrix-supported sandy siltstone with millimetre-sized rock
clasts and bioclasts was first described from the Ballagan Forma-
tion from the Norham core and at Burnmouth by Bennett et al.
(2016). The 146 and 71 beds respectively from the two sections
are mostly less than 1 m thick; sandy siltstone makes up about
6 % of the succession and typically overlies palaeosols or desic-
cated horizons. The deposits have lateral extents of up to
several tens of metres at Burnmouth. The beds are inferred to
have been generated by episodes of high rainfall and deposited
as unconfined, cohesive flows across the floodplain, forming
temporary pools and small lakes. Bennett ez al. (2016) suggested
that because of the small size of the clasts, the facies could be
misinterpreted as a massive siltstone, with colour varying from
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Figure 8 Images illustrating features of the Ballagan Formation. (a) Fluvial channel cut into interbedded
siltstone, fine-grained sandstone and dolostone alongside the Whiteadder Water at Edington Mill [NT 894 548].
Detail in white rectangle in (c). Fisherman, bottom centre, for scale. (b) Desiccation cracks, Dunbar shore.
(c) Detail of channel side, showing multiple dislocations probably caused by collapse of the channel bank.
(d) Laminated dolostone, Glenrothes borehole, depth 305.65 m; core 95 mm wide. (¢) Sandy siltstone in Mains
of Errol Member — dolomitised siltstone containing small dark fragments of siltstone; Glenrothes borehole,
depth 358.21 m; core 78 mm diameter. (f) Scan of thin section of oncolite-bearing limestone. Located at top of
the formation, just beneath the Fell Sandstone, Coomsdon Burn [NY 710 038].
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Figure 9 Occurrence of sedimentary features and fossils recorded in selected boreholes across the east of the

Midland Valley.

black, grey and red to light green. Thus, it is likely to be that
the sandy siltstone facies is more widespread in the Ballagan
Formation than hitherto reported. This facies is not described
in many of the borehole logs throughout the Midland Valley,
but inspection of the Glenrothes core revealed at least three
beds in the Mains of Errol Member. Described in the logs as
‘mudstone breccia’, these are 10-44 cm thick and composed
of greenish grey (?)dolomitic siltstone with elongate irregular
clasts of dark grey siltstone (Fig. 8e).

3.6. Fauna and flora

The Ballagan Formation has a generally sparse and low-
diversity invertebrate fauna dominated by bivalves (particu-
larly Modiolus latus), ostracods, shrimps and other arthropods
(Cater et al. 1989), along with rarer occurrences of Spirorbis,
Serpula and scolecodonts (Bennett ez al. 2017). In a few beds
invertebrates may be locally common (Brand 2018), and
Modiolus and ostracods can occur in large numbers (Williams
et al. 2005, 2006). By contrast, the vertebrate fauna appears
to have been diverse with actinopterygians, dipnoans, chon-
drichthyans, acanthodians and tetrapods (e.g., Andrews 1985;
Gardiner 1985; Clack 2002; Clack & Finney 2005; Smithson
et al. 2012, 2016; Carpenter et al. 2015; Clack et al. 2016;
Richards et al. 2018; Smithson & Clack 2018). A varied
flora has been reported from plant elements and palyno-
morphs (Scott & Meyer-Berthaud 1985; Retallack & Dilcher
1988; Bateman & Scott 1990; Stephenson et al. 2004a, b);
furthermore, indeterminate plant debris is a ubiquitous com-
ponent of many lithofacies.
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In the BGS fossil collections (Brand 2018), most of the
invertebrate species from the Ballagan Formation are con-
sidered to be either non-marine or euryhaline. Important
indicators of terrestrial lakes are the sporadic conchostracans
which occur in the Midland Valley and Tweed Basin, but
which are absent from the Northumberland—-Solway Basin
(Fig. 10). Recorded from several levels in most of the bore-
holes (Figs 4, 5, 9), they are particularly abundant in the East
Linton Borehole (340.66-347.50 m depth), where specimens
were recorded from eight levels within 8 m of dark purple
and grey, bedded or poorly bedded, mudstone and siltstone.

There is no sedimentary evidence for fully established open
marine conditions across the Midland Valley and Tweed
Basin: for example, carbonate rocks of this type are absent,
as are successions indicative of the upward transition from
storm wave-base to shore face. Beach and tidal deposits have
also not been reported. However, marine fossils are recorded
sporadically. Typically, the occurrences are restricted to a
single taxon per interval and include orthocone nautiloids, the
bivalves Schizodus pentlandicus?, Phestia traquairi, Sanguinolites
cf. clavatus, S. aft. striatolamellosus and S. cf. roxburgensis,
Cardiomorpha, very rare rhynchonellid brachiopods and
Lingula mytilloides. The shells are disarticulated or fragmen-
tary, except at one level (496.17 m depth) from the Norham
Borehole where an articulated Phestia traquairi was found
vertical to bedding, in a life position. Sanguinolites, Cardio-
morpha, orthocones and brachiopods occur in the west of the
Midland Valley, notably in Ayrshire but also near Glasgow
(Fig. 10). Also, four marine intervals are present in the lower
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part of the Blairmulloch Farm Borehole. Similarly, an ortho-
cone and Sanguinolites occur near the top of succession in the
East Dron Borehole. Larger marine macrofossils occur at five
intervals in the Norham core. In stark contrast, at outcrop
along the northern flank of the Northumberland Basin, records
of marine species are more widespread and assemblages from
individual localities are more varied (Fig. 10; Brand 2018).

A significantly greater cryptic marine influence has been
demonstrated from 128 thin beds in the Norham core of a
Chondrites ichnofacies, particularly within dolostones of the
saline—hypersaline lake facies association (Bennett er al.
2017). These occurrences are described as single-tier colonisa-
tions, with a high ichnofabric index. By contrast, very few
bioturbated cementstone beds were recorded in the Midland
Valley borehole logs, where burrows and bioturbation are
most commonly recorded in mudstone and siltstone (Table 2;
Figs 3-5). ‘Flat’ burrows were noted in some finer grained
rocks and simple vertical burrows in sandstone, but there are
few records of the ichnotaxa present. Exceptions are in the
East Linton Borehole where ?Monocraterion and Planolites
were recorded from ripple-bedded sandstone. Eighteen beds
containing scolecodont (marine polychaete) jaws were identi-
fied from grey siltstones in the Norham core (Bennett et al.
2017) providing more evidence of cryptic marine incursions.

4. Palaeogeography

The new map (Fig. 11) combines elements of the palaco-
geography from throughout the Tournaisian, a period of
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some 12 million years. The map shows areas of more elevated
land with a coastal floodplain occupying a broad swath
through the Midland Valley into the Tweed Basin, and con-
nected east of the Southern Uplands and Cheviot massifs to
a shallow seaway in the Northumberland—Solway Basin.
The western Midland Valley is connected through Northern
Ireland to full marine conditions in the south of Ireland
(Clayton & Higgs 1979; Clayton et al. 1986). At times,
shallow saline lagoons were established in the Belfast Lough
area, as evidenced by the presence of stromatolites at Cultra
(Clayton 1986), and the thick succession of dolostone and
evaporite containing marine invertebrates proved in the
Belfast Harbour Borehole suggest restricted marine conditions
(Smith 1986). The coastlines migrated from time to time in the
Northumberland—-Solway Basin (Sherwin 2018), but storm-
driven marine flooding (Bennett et al. 2017) reached much
greater extents into the western Midland Valley and in the east.

Over most of the region, floodplain lakes and overbank facies
are juxtaposed. Three floodplain-lake successions hosting
significant fish communities are indicated on the Isle of Bute
(Carpenter et al. 2015) in the Midland Valley, at Foulden in
the Tweed Basin (Clarkson 1985; Wood & Rolfe 1985) and in
Coomsdon Burn on the flanks of the Northumberland—Solway
Basin (Fig. 11; Moy-Thomas 1938). Detailed distributions are
given where known for small-scale temporary inland ponds
(see below), sabkhas and perennial hypsersaline lakes; the early
Tournaisian Mains of Errol alkaline lakes in Fife and Tayside
are also shown. Forested areas are known from the Tweed
Basin and on the Isle of Bute, but were probably more exten-
sive, particularly adjacent to upland massifs. The approximate
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Figure 11 Palacogeographic map of the Ballagan Formation.

likely extent of the belt of fluvial sandbodies that dominated
the east of the Midland Valley and Tweed Basin in the upper
part of the succession is indicated (Fig. 11). Alluvial fans along
the margin of the Southern Uplands and Cheviot massifs
are early features. The environments of the Northumberland—
Solway Basin are described only briefly for context.

4.1. Massifs

Tournaisian strata are absent from the isolated outcrops of
Carboniferous rocks in the western part of the Highlands
of Scotland, which has long been regarded as terrestrial in
the Tournaisian. This upland may have extended south to the
Ochil Fault (Figs 1, 11), though this is difficult to prove. The
Lower Devonian Ochil Volcanic Formation, which today
forms the eponymous hills, comprises 2400 m of largely sub-
aerial volcanic rocks that interdigitate north-eastwards with flu-
vial and lacustrine rocks of the Arbuthnott Group (Stephenson
et al. 1999). Though the sedimentary strata may have been
buried by up to about 3 km of later strata by the late Carbon-
iferous (Marshall er al. 1994), it is possible that the core of
the volcanic massif in what is now Fife and Tayside remained
elevated through early Carboniferous times.

South of the Midland Valley, an upland massif of Lower
Palaeozoic rocks is inferred to approximate to the area of the
modern-day Southern Uplands, extending SW to include the
Longford—Down massif in Northern Ireland. The Sanquhar
and Thornhill coalfields crop out in a northerly trending half
graben within the Southern Uplands. The oldest Carbon-
iferous rocks are Pendleian in the former coalfield and upper
Visean in the latter (Davies 1970; McMillan 2002). Further-
more, on the northern margin of the Northumberland—Solway
Basin northerly derived palacocurrent directions in the Whita
Sandstone at the base of the Ballagan Formation suggest that
the massif was a source of sediment and probably remained
significantly elevated for much of the Tournaisian (Nairn
1958; Leeder 1974b).
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Though the lower Tournaisian basalts of the Northumber-
land—Solway Basin margin were rapidly buried by the Ballagan
Formation (Leeder 1974a), the eroded remains of the Middle
Devonian Cheviot volcano probably stood above the flood-
plain. Relict outcrops of Ballagan Formation in the interven-
ing ground suggest that the Cheviot massif was separated
from the Southern Uplands. On the flanks of the Cheviot mas-
sif, alluvial fan conglomerates at Roddam Dene, Ramshope
Burn and Windy Gyle reworked the volcanic rocks and granite
(Purnell & Cossey 2004). These rocks are thought to be coeval
with the Kinnesswood Formation (Stone et al. 2010) and are
therefore latest Devonian in age (Marshall ez al. 2019). Seismic
mapping and borehole interpretation across the Mid North Sea
High suggest that several small elevated areas also persisted
eastwards across the coastal plain (Arsenikos ez al. 2018; Kear-
sey et al. 2018), like an archipelago separating the Tweed and
Northumberland—Solway basins. To the south of the latter
basin, the Manx—Lake District—Alston Block was also terres-
trial at this time, with fluvial (possibly as valley fills) and allu-
vial fan deposits of the Marsett Formation on the northern
flank of the Lake District and on the present-day Pennine
escarpment, suggesting that that block had some relief
(Burgess & Holliday 1979).

Pointers to the location of the margins of upland areas are
indicated in the uppermost part of the underlying Kinnesswood
Formation, by local occurrences of massive carbonate rock,
several metres thick and typically associated with stringers,
nodules and irregular masses of chert; these have been inter-
preted as super-mature calcretes (Wright ez al. 1993). Examples
occur in Bute (Young & Caldwell 2011), Ayr (Burgess 1961),
at Pease Bay [NT 795 712], east of Dunbar (Clough et al.
1910; Andrews et al. 1991) and in the Tweed valley, about
5km SW of Coldstream, where the Carham Limestone is
at least 7.5 m thick (Carruthers et al. 1932). These are highly
significant as they may represent disconformity with a signifi-
cant time span (Ettensohn er al. 1988; Wright et al. 1993;
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Alonso-Zarza 2003). The calcrete-bearing palaeosols may have
formed in areas elevated above the floodplain for a long time,
perhaps up to several million years, for example as terraces
adjacent to upland areas or through tectonic uplift, or on
terraces formed by uplift associated with volcanism (Leeder
1976; Leeder & Bridges 1978).

4.2. Coastal floodplain of the Midland Valley and
Tweed basin

Over the western and northern parts of the Midland Valley
boreholes show abrupt intercalations of facies belonging to
the saline—hypersaline and overbank facies associations. Long
core runs of grey laminated siltstone suggest perennial flood-
plain lakes dominated much of the area through the Tournai-
sian. The common fauna of these rocks are ostracods, which
were locally monospecific and in great abundance (Stephenson
et al. 2004a; Williams et al. 2006). Stable isotope analysis of
the ostracod shells from different communities indicates that
salinity of the lakes varied from brackish to saline and hyper-
saline (Williams ez al. 2006), though later work indicated that
the ostracods’ calcite carapace had been recrystallised as a
result of diagenetic alteration (Bennett ez al. 2011).

It is difficult to estimate the size of the floodplain lakes.
Unpublished studies of the laminated siltstone beds and dolo-
stones at Burnmouth and in the Norham core by the authors
suggest deposition in very shallow lakes up to a few kilometres
across, based on the outcrops of planar beds of dolostone and
their thickness on the foreshore at Burnmouth. Dolostones
can be traced some 500 m or so, though some are less exten-
sive, but no beds can be correlated between Burnmouth and
Norham, a distance of about 10 km. None of the lakes was
thought to have been long-lived, with mud-cracks at the top
of many of the thin units indicating drying out of the surface.
However, the area west and north of Glasgow was repeatedly
occupied by lakes throughout most of the formation. Similar
lacustrine-dominated successions are recorded in the middle
of the formation in the area between Spilmersford and East
Linton in East Lothian, some 15km apart, suggesting a
substantial area that was persistently occupied by lakes.

Thin intervals of overbank flood and crevasse-splay deposits
become dominant sedimentary environments in the upper part
of the formation around the Isle of Bute and west of Glasgow.
Few palaeosols are recorded from this area, though in the East
Dron and Glenrothes boreholes in the NE dried out surfaces
are common (Table 2; Fig. 3). Vegetated land seems to have
been sparse as indicated by the dominance of floodplain lakes.
These features are well demonstrated by Figures 3 (Glenrothes
Borehole) and 4. Correlation between boreholes is not possible,
suggesting a mosaic of juxtaposed and ever-changing sedimen-
tary environments. No aeolian deposits are known, though dif-
ferentiating these in fine-grained successions may be difficult.

A more complex picture occurs in the SE of the Midland
Valley and in the Tweed Basin where overbank facies dominate
and fluvial channel systems developed (Figs 3, 5). Brackish to
saline floodplain lakes continue throughout, but are particu-
larly concentrated in two 30-40 m thick intervals of strata
in the upper Tournaisian, as indicated by the base of the Pu
Miospore Biozone (Neves & loannides 1974; McAdam &
Tulloch 1985). Waterlogged palacosols appear to be more
common in this region. Recognition of these is important
because these are the likely habitat of the creeping lycopod
Oxroadia, the spores of which are abundant where tetrapods
have been located in the Burnmouth section (Clack et al.
2016). In the upper part of the succession in the Tweed Basin
(Kearsey et al. 2016) and on the Isle of Bute (Carpenter et al.
2015), well-developed reddened vertisols indicative of forests
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demonstrate areas of greater floodplain stability. Reddened
siltstone and mudstone constitute a significant proportion of
boreholes in the SE of the Midland Valley, suggesting that
vertisols may have developed more widely in this region, but
descriptions are insufficient to be secure in the interpretation.

4.2.1. Perennial floodplain lakes with vertebrate communities.
Fragmentary vertebrate material including teeth, scales and
spines is a common component of many of the floodplain
lake successions. However, at least three of these successions
have revealed more abundant and complete specimens within
diverse communities that included bivalves, malacostracan
crustacea and Spirorbis and these sites are located in Figure
11. The best studied of these is the Foulden Fish Bed, which
occurs at the top of a lacustrine succession that began develop-
ment as a lycopod wetland, became a semi-permanent flood-
plain lake and finally was silted-up to return the area to a
floodplain environment (Clarkson 1985; Wood & Rolfe 1985).
The abundant complete fish remains and beds of shrimps are
likely to represent mass mortality events. Kills of this sort
are well known in the seasonal tropics today, for example in
northern Australia, where they result from sudden changes in
water quality caused by the influx of sediment at the onset
of the wet season (e.g., Townsend et al. 1992). The precise
position of the Foulden Fish Bed within the Ballagan Forma-
tion is not known, though its outcrop location and its CM
Miospore Biozone age (Clayton 1986) suggest the upper part.

Moy-Thomas (1938) described six species of fish from
Coomsdon Burn [NY 710 038], in north Northumberland
that resemble those seen at Foulden. Exposure in the stream
banks today is poor and it is difficult to interpret the sedimen-
tary context of these fossils from the two contrasting published
sedimentary logs of the succession by Day (1970, p. 280) and
Cater et al. (1989, fig. 6). However, the presence of nearly
complete specimens of both fish and shrimps suggests similar
palaeoenvironments in the upper part of the formation.
Carpenter et al. (2015) described two fish beds, possibly from
two different stratigraphical levels, on the Isle of Bute. Though
the material is mostly fragmentary, it contains possible juveniles
and the community occupied shallow fresh- to brackish water
lakes.

4.2.2. Temporary inland ponds. The presence of abundant,
small temporary lakes is revealed from the widespread occur-
rence of conchostracans across the Midland Valley and Tweed
Basin (Fig. 10). Tasch (1969, pp. 146-49) described the main
habitat of modern conchostracans as small temporary inland
ponds, generally no larger than about 0.4 hectares (1 acre) in
extent. Modern forms have also been recorded from spring
water, from the margins of large lakes in Africa and from
coastal salt flats in Brazil. Further, he found that fossil forms
may have inhabited temporary pools close to coastal areas
subject to fluctuating tides, possibly in lagoons or at shorelines
subject to marine inundations. Gueriau et al. (2016) also sug-
gested that conchostracans typically inhabit temporary fresh-
water environments. Their discovery of resting eggs associated
with conchostracans in a late Famennian deposit at Strud in
Belgium suggests a mechanism of dispersal from such tempo-
rary environments and offers a capability of surviving seasonal
desiccation.

4.2.3. Sabkhas and hypersaline lakes. In the Tweed Basin
evaporite rocks are most abundant in the lower part of the
succession, but elsewhere these rocks occur throughout the
formation (Fig. 4). In contrast, evaporite rocks are notably
absent from the SE part of the Midland Valley. Most of the
evaporite occurrences are located within areas where there is
evidence for marine flooding (see below). Millward et al.
(2018) have described this unusual feature of seasonal coastal
wetlands that developed in evaporative closed hypersaline
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lakes and perennial brine pans. Sabkhas, marsh and microbial
mats surrounded some of these. Floodplain lake—evaporite
cycles were illustrated from the Tweed Basin by Millward
et al. (2018, fig. 6) whereby flooding events over a palacosol
surface established a floodplain lake with a low-diversity
ichnofauna and invertebrate assemblage. Subsequent evapora-
tion led to deposition of dolomite and hypersalinity ultimately
to gypsum; saline groundwater and marine flooding events
recharged the lakes.

4.2.4. Mains of Errol alkaline lakes. The reddened and
pseudobrecciated dolostone beds that comprise most of the
Mains of Errol Member in the NE of the Midland Valley
probably represent similar lakes that were hypersaline and
alkaline: repeated episodes of dolomite precipitation in shallow
evaporating lakes, which dried out and desiccated. The very
sparse, low-diversity fauna and lack of bioturbation suggest
that these lakes were not conducive to life. The absence of
roots suggests that the dried out lake beds were barren.

4.2.5. Fluvial systems. The occurrence of thick packages of
fluvial sandstone and dominance of overbank siltstones over
floodplain lakes suggests that a major fluvial system persisted
for much of the Tournaisian in the east of the Midland Valley.
Palaeocurrent indicators show sediment transport to the SW
in the Tweed Basin, presumably contributing to the sediment
budget of the Northumberland—Solway Basin. The fluvial
systems appear to be integral components of the palaeo-
environment (Bennett ez al. 2016), and no valley systems are
recognised at outcrop. Lateral accretion deposits characterise
some of the sandstone bodies, suggesting that meandering
systems dominated, though braided systems were also present.
At times, sand appears to have also been diverted by the NE
extent of the Southern Uplands massif along its Midland
Valley margin. However, the SW extent of these sandstone
bodies is unclear, as very little sand characterises the Ayrshire
succession. Though the source of the sand is not known
because no heavy mineral studies have been published yet,
derivation is likely from somewhere northwards along the
North Sea to the Greenland or Norway Caledonides moun-
tains (Cliff ef al. 1991; Coward 1993).

In the rest of the Midland Valley fine sand appears to have
been distributed mostly by overbank flooding and small
streams. In the area north of Glasgow, the small proportion
of fine sand suggests that there was no significant volume of
sediment supplied from the north. Late in the Tournaisian in
Fife, overbank flooding and small streams supplied sediment,
either from the north, or more likely from the major river
system. Some alluvial fan deposits were likely localised along
the northern flank of the Southern Uplands massif in Ayrshire
for example (Monaghan 2004).

The intercalations of volcaniclastic rocks are localised to a
small area adjacent to the NE extent of the Southern Upland
massif. In the written logs, use of the terms tuff and agglo-
merate implies that these rocks represent primary pyroclastic
deposits rather than contemporaneously re-sedimented ash or
eroded and reworked older volcanic rocks. Such a distinction
is difficult to make from the descriptions, particularly as other
sedimentary lithologies form a component of some beds and
could have been included as pyroclasts or through erosion of
substrate material. However, the volcaniclastic beds inter-
calated with Ballagan facies at the top of the formation, beneath
the Garleton Hills Volcanic Formation (Fig. 5), probably repre-
sents the initial explosive eruptions, or contemporaneous fluvial
reworking of such deposits.

The derivation of the volcaniclastic rocks at lower levels in
the formation in the East Linton and Spilmersford boreholes
(Fig. 5) is enigmatic. Though basaltic volcanism preceded the
Ballagan Formation in the Northumberland—-Solway Basin,
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the only record of contemporary volcanism elsewhere in
northern Britain during the Tournaisian is at Heads of Ayr
(Stephenson et al. 2002). Thus, it seems likely that the volcani-
clastic rocks in the east of the Midland Valley were eroded
from older outcrops, transported and re-deposited in river
systems. The closest source is the Lower Devonian volcanoes
near Eyemouth and these may have had a more extensive out-
crop at the time. However, no palaecocurrent or geochemical
data are available to support this inference.

4.2.6. Marine flooding. The sporadic occurrences in the
succession of this area yielding low-diversity marine taxa
suggest cryptic marine events. Bennett ez al. (2017) clearly
demonstrated that such intervals were abundant in the Tweed
Basin from the presence of 128 beds containing single tier
colonisations of Chondrites in the 500 m thick succession of
the Norham Borehole. They attributed emplacement of the
burrowing fauna to storm surges.

The marine taxa seen in the western part of the Midland
Valley include Cardiomorpha and brachiopods such as Lingula,
which are not seen in the Tweed Basin and Fife. This suggests
that their marine connections were from different directions;
their emplacement may represent true marine transgressions,
rather than surges. A pathway from Ayrshire to the SW is
likely, on the grounds that brachiopods are recorded from the
coeval and sedimentologically similar Ballycultra Formation
in Northern Ireland (Griffith & Wilson 1982). The Tweed
Basin is, by contrast, much closer to the more marine
Northumberland—Solway Basin and here the storm surges
could have been funnelled inland along drowned river systems.
The presence of two marine intervals near the top of the East
Dron succession is more difficult to understand, though here
again access could have been via the same route and these two
events probably represent the most energetic storms seen.

4.3. Marginal marine Northumberland—Solway Basin

A narrow coastal floodplain existed along the southern margin
of the Southern Uplands massif (Leeder 1974b). The basalt
lavas of the Birrenswark Volcanic Formation were buried
beneath fluvial sands of the Whita Sandstone Member at the
base of the Ballagan Formation. The sandstone unit comprises
up to 500 m of massive and cross-bedded, fine to coarse-
grained sandstone in typically fining upwards units up to 6 m
thick (Lumsden et al. 1967; Leeder 1974b). It is clean, carbo-
nate cemented and without the characteristic micaceous and
carbonaceous partings of most other Ballagan sandstones.
Leeder (1974b) interpreted these as fluvial channel deposits
derived from the Southern Uplands massif. Floodplain silt-
stones and thin dolostones are interbedded with the Whita
sandstone units, but there are very few palaeosols. Surface
exposures reveal little evidence of evaporite deposits in this
belt, with the exception of the Hoddom Borehole, near Eccle-
fechan, which proved abundant layers and nodules of gypsum
deposited in a perennial brine pan (Millward et al. 2018).

To the SW, bordering the Solway Firth, Maguire et al.
(1996) interpreted early Mississippian environments. Coarsely
clastic alluvial fan deposits built up adjacent to the active syn-
depositional Solway—Gilnockie faults marking the southern
margin of the Southern Uplands massif and were bordered by
low-relief coastal plains. Prograding deltas, supplied with
sediment along the axis of the basin, along with lime muds
and storm-emplaced sheet sands were deposited in a shallow
offshore region. Biostratigraphical control on some of the
sections in this area is poor and only some of these rocks may
be Tournaisian in age.

Sherwin (2018) described mixed marginal marine and vege-
tated floodplain environments with vertebrate remains from
three sites along the northern edge of the basin that further
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illustrate the proximity and migration of contemporary coast-
lines. The succession in Whitrope Burn [NY 507 965], near
Langholm comprises carbonate rocks, deposited by high-
density turbidity currents into a sheltered lagoon (Richards
et al. 2018). Some beds contain an abundant and diverse
assemblage of shark teeth. At Coldstream (Fig. 1), and in the
River Coquet, south of the Cheviot massif, shallow marine
carbonate, coarsening-upward bay-fill and near-shore facies
assemblages are intercalated with a vegetated floodplain facies
assemblage.

Further southward towards the basin depocentre, there is
increasing evidence of marine conditions, which are character-
istic of the Lyne Formation. There are coarsening upward silt-
stone to fine sandstone units, interpreted as bay fills (Leeder
1974b). The dolostones are replaced by carbonate rocks, some
including stromatolitic bioherms and oncolite beds, whereas
others contain an abundant and diverse marine fauna includ-
ing crinoids, foraminifera and brachiopods (Fig. 10; Leeder
1975a, b; Brand 2018).

In the centre of the Northumberland—Solway Basin, 1153 m
of anhydrite-bearing carbonate rocks and mudstone within the
Lyne Formation were proved in the Easton No 1 well, north
of Carlisle (Fig. 1; Ward 1997). The uppermost part of the
evaporite succession is upper Chadian—lower Arundian (Ward
1997), but the age of the lower part is not well-constrained
biostratigraphically and may be of Tournaisian age. The suc-
cession contains about 120 anhydrite beds ranging from 30 cm
to 7.9 m thick with some of the thickest evaporite units in the
lower part. The subsurface extent of these evaporites mapped
by Ward (1997) may extend eastwards to the Newcastle
area. Sulphate deposits cementing Permian breccias along the
Ninety-Fathom Fault and from brines encountered in the local
collieries (Younger et al. 2016) may have been derived from
this deep source. Ward (1997) suggested that the evaporites
were deposited in salinas, but the thickness and association
with carbonate rocks suggests a restricted marine environment.

5. Discussion

The facies change at the base of the Ballagan Formation
signals a profound change in the paleoenvironments along
this part of the southern margin of Laurussia. The upper
Devonian Kinnesswood Formation represents braided or
meandering river channels filling several small depocentres in
the Midland Valley (Read et al. 2002), while in southern
Scotland rivers fed sediment from the catchments into an
elongate, north-eastwards orientated endorheic basin (Leeder
1976). Throughout, calcrete-bearing palaeosols developed on
stable alluvial terraces in a semi-arid seasonal climate (Burgess
1961; Leeder 1976; Wright et al. 1993). In late Famennian
times (Marshall et al. 2019), basalt lava and pyroclastic rocks
were erupted from volcanoes during rapid extension along the
northern margin of the Northumberland—Solway Basin. The
change to a wetland regime was likely to have been brought
about by a combination of events related to the juxtaposition
of Gondwana and Laurussia causing fragmentation of the
continental margin and opening of strike-slip basins through
the region, and to climate change (Coward 1993; Falcon-
Lang 1999; Domeier & Torsvik 2014). Contemporary faulting
played a significant role in the particularly thick accumulation
of Tournaisian to Chadian strata in the Northumberland—
Solway Basin (Chadwick ez al. 1995). Subsidence related to
the major faults bounding the Southern Uplands is inferred
from the presence of alluvial fan deposits, and at Dunbar, for
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example, by local thickening of the flood-plain sedimentary
rocks toward the fault.

The analysis presented here of the Ballagan Formation ex-
tends the detailed picture that has emerged from recent studies
of the Norham cores and the coastal section at Burnmouth by
Bennett et al. (2016, 2017), Kearsey et al. (2016) and Millward
et al. (2018) across the Tweed and Midland Valley basins. The
spatially and temporally diverse set of palaeoenvironments
defines a tropical, strongly seasonal, coastal wetland with
very low-relief landscape, developed in the hinterland of an
archipelago of more elevated landmasses. Abundant fresh
to brackish water, saline and hypersaline floodplain lakes co-
existed on the floodplain. Evaporation of some of the closed
saline and hypersaline lakes during the dry season or drier
intervals formed sabkhas. Microbial mats were associated
with these areas (Millward et al. 2018). A persistent, dominantly
meandering, fluvial system in the east of the region hosts
the greatest diversity of terrestrial habitats with the riparian
strip extensively vegetated as indicated by a diverse suite of
palaeosols ranging from ephemeral plant colonies to marsh
and forest (Retallack & Dilcher 1988; Kearsey er al. 2016).
Forest habitats were also present at times along the northern
margin in the Isle of Bute (Carpenter et al. 2015), but the true
extent of such habitats is poorly known because of low con-
fidence in the interpretation of palaeosols in the archived bore-
hole data. Other areas were dominated by perennial floodplain
lakes. By contrast, rainfall, overbank and marine flooding dis-
tributed sediment across the floodplain during the wet season,
forming and recharging lakes (Bennett ez al. 2016, 2017). The
large lateral extents reached during the storm surges suggest
that the floodplain had very low relief and was only just above
sea level.

High rainfall during tropical storms is likely to have formed
many of the floodplain lakes. However, storm surges caused
marine flooding from the SW and northward into the east of
the region, reaching significant parts of the Midland Valley
and at times as far north as Fife and Tayside, some 140 km
due north of the nearest likely coastline. Are such distances
supported from modern examples? Williams (2009) and
Goodbred & Hine (1995) documented the transport by storm
surges of sediment containing sporadic marine fossils inland
from the Louisiana and Florida coasts respectively for dis-
tances up to 6 km. However, far greater distances have been
recorded occasionally. The storm surge associated with the
category 1 hurricane Isaac in Louisiana in 2012 caused the
Mississippi river to flow upstream for a distance of 480 river
kilometres and at about two-thirds of this distance the river
level was still 2.6 m above normal (Berg 2013). Substantial
areas were flooded to depths up to 5 m, though the deepest
water was recorded adjacent to man-made levees.

Another factor may have contributed to the extensive
existence of saline and hypersaline lakes. Evaporation in the
coastal lagoons and marshes during the dry season may have
initiated the upstream flow of saline water when there is low
fresh water runoff. This was demonstrated for example by
Barusseau et al. (1985) to occur in the Salum and Gambia
rivers of West Africa. There the effects of a ‘salinity tide’ and
increasing salinity inland are seen up-river for up to 250 km.

Many equatorial coastal zones, for example around the
Gulf of Mexico, in Florida and Ghana, are barred with barrier
islands protecting lagoons. Breaching of the barriers during
tropical storms can increase the flooded area hugely and this
could have been a further mechanism of flooding the Ballagan
wetlands. However, barrier island deposits have low preserva-
tion potential and their recognition in the geological record is
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difficult. Sherwin (2018) considered the possibility of such an
origin for a succession of planar bedded, wave-rippled sand-
stones in Coquetdale, though these rocks overlie floodplain
strata and were more likely to have represented transgression,
establishing more open bay conditions.

Though the Ballagan floodplain was dynamic in that local
sedimentary environments changed from time to time,
probably instigated by river flooding events, the coastal wet-
land regime remained remarkably constant for the duration
of the Tournaisian, a period of at least 12 million years. The
succession is aggradational, in which a delicate balance was
maintained between subsidence, compaction and sedimenta-
tion rates to keep the floodplain just above sea level. Few
hiatuses in the succession are seen and are mostly evident in
erosive channels at the base of fluvial sandstone units. Another
exception is the floodplain terraces represented in the succes-
sion at Eastern Hole near Pease Bay on the NE margin of the
Southern Uplands massif where the formation is substantially
thinner than in nearby areas (Andrews et al. 1991). Preserva-
tion of delicate desiccated and cracked surfaces (Bennett ez al.
2016; Kearsey et al. 2016) and abundant palacosols testify to
continued ‘passive’ burial of the floodplain. Time gaps of
centuries to thousands of years are mostly evident in the sub-
stantial number of vertisols that are seen in the upper part of
the succession in the Norham Borehole and at Burnmouth
(Kearsey et al. 2016).

Johnson (1982) likened the landscape of northern England
during Mississippian times to that of the Gulf Coast plain of
SE USA today. However, the picture that has emerged during
Tournaisian times is not of a floodplain associated with a
major delta system. That scenario was initiated in Arundian
times with the onset of the Fell Sandstone fluvial distributive
system and the overlying Yoredale facies (Kearsey et al.
2018). Modern analogues for the Ballagan Formation appear
to be few, despite an extensive search.

The Everglades of southern Florida demonstrate some
aspects in common. This area has a seasonal climate and
is frequently inundated by tropical storms. Freshwater and
brackish lakes and marshes are abundant; palustrine carbonates
and peats are accumulating; and desiccation features and pedo-
genic overprinting are widespread (Platt & Wright 1992). These
give way at the coast to marginal marine conditions, and off-
shore in the Bahamas, gypsum precipitates within the carbonate
system (Glunk ez al. 2011).

The seasonal wetlands of the Pantanal of Brazil in South
America have a precipitation rate of about 1100 mm per year,
similar to that estimated for the Ballagan Formation by
Kearsey et al. (2016); during the wet season the wetland is
flooded through the major rivers (Costa et al. 2015). The land-
scape is gently undulating with variations in elevation of up to
5 m, but the overall gradient across the region is less than 1 %.
A major feature of the southern part of the region is the juxta-
position on the floodplain of round to elongate freshwater and
saline lakes; the latter are locally concentrated. Typically, the
saline lakes have surface areas of less than 0.15 km? and are
at a slightly lower elevation than the freshwater lakes covering
areas of up to 0.8 km? (Costa et al. 2015). The pH of the saline
lakes is greater than 9 and, though carbonate minerals are
precipitated, the lakes never dry out and gypsum or halite is
unknown. Seasonal drainage channels provide connections
between the lakes and rivers and the intervening areas are
covered in forest or open, mainly herbaceous, cover vegetation.

The vast expanse of the northern Great Plains of western
Canada is characterised by undulating topography and hosts
many hyposaline to hypersaline and alkaline lakes with sur-
face areas that vary from a few tens of metres across to the
immense Lake Manitoba (Last & Slezak 1988). Some of the
hypersaline lakes are meromictic; carbonate sediment accumu-
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lation is common with gypsum and other evaporitic salts
in some. Large rivers traverse the region and there are many
regions of endorheic drainage. The climate is cold and semi-arid.

Comparative examples in the geological record are sparse
too. The lower Cretaceous Leza Formation of the Cameros
Basin in NE Spain contains evidence for a coastal wetland
setting, with a low-diversity biota, terrestrial sediments with
a range of edaphic features, lacustrine environments from
freshwater to hypersaline, and leading into a transition to the
marine environment; alluvial fans fed clastic detritus into
some lakes (Suarez-Gonzalez et al. 2015).

The Late Miocene Solimoes Formation in the Amazon
Basin comprises a thick vertebrate-bearing succession of typi-
cally red or blue-grey, fine-grained sandstones and mudstones
(Latrubesse et al. 2010). The sandstones are stacked river-
channel deposits of avulsive Andean megafans and floodplain
distributaries. The mudstones are lacustrine and floodplain
deposits with pedogenic layers, abundant desiccation cracks
and some gypsum veins. Latrubesse ez al. (2010) interpreted
the succession as an extensive wetland that lay between the
Andes and the Purus Arch, prior to development of the
current Amazon River system.

Fluvial and lacustrine environments are intercalated in the
Miocene Siwalik Group in northern Pakistan. Laminated silt-
stones, decimetres to several metres thick, were deposited in
lakes estimated to have water depths of no more than 14 m
and many less than 10 m; the lakes were from a few hundred
metres to 25 km across (Zaleha 1997). Desiccation cracks are
common and siltstone beds typically overlie palaeosols. Units
of very fine- to medium-grained sandstone are generally 5-10 m
thick, though some exceed 100 m and comprise up to ten
storeys. The sedimentary characteristics indicate these to
be river-channel deposits. Thin sandstone beds intercalated
with mudstone are thought to have been deposited from non-
channelised and channelised flows during flood episodes
(Zaleha 1997).

None of these examples is a particularly good fit for the
early Mississippian Ballagan palaeoenvironments. The Northern
Great Plains, Pantanal, Siwalik Group and Solimoes Formation
are all located in tectonic settings different from that of the
Ballagan Formation. A coastal setting with transition to
marginal marine is present only in the Everglades and the
Leza Formation. Tropical seasonal climates are present in the
Siwalik Group, Pantanal and the Everglades. However, none
of these successions hosts evaporites in abundance comparable
with the Ballagan Formation. Primary dolostones are absent
from all, though palustrine carbonates are a characteristic of
the Everglades. However, the Great Plains, Siwalik Group
and Solimoes Formation are examples of the association of
lacustrine and fluvial systems. Furthermore, lakes of various
salinities characterise both the Great Plains and Pantanal regions.
The Leza Formation has perhaps the best range of comparable
palaeoenvironments, though the wetland was small, estimated to
have been about 10 x 30 km, was not equatorial and evaporites
are a minor component; though alluvial fans fed sediment into
lakes, established fluvial systems were absent. These examples
serve to illustrate the unusual nature of the Ballagan wetlands.

6. Conclusions

The Ballagan Formation is an unusual example in the geo-
logical record of a succession with abundant lacustrine deposits
of various scales and salinities, interspersed with fluvial and
evaporitic facies within a tropical, seasonal, coastal wetland
palacoenvironmental setting. It has few parallels in the litera-
ture, particularly with the abundance of small-scale evaporite
deposits. An extensive, very low-relief coastal wetland developed
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along the equatorial southern continental margin of Laurussia
and lasted for the 12 million years of the Tournaisian. The
Midland Valley and Tweed basins were separated from the
marginal marine seaway of the Northumberland—Solway Basin
to the south by an archipelago of upland areas.

The new palacogeographical map constructed from bore-
hole and outcrop data across the Midland Valley and Tweed
Basin shows the juxtaposition of a mosaic of sedimentary
environments from fresh and brackish to saline and hyper-
saline lakes, a diverse suite of floodplain palaeosols and a
persistent fluvial system in the east of the region. The strongly
seasonal climate led to episodic flooding, both meteoric and
marine, the latter driven from the SW into both the western
Midland Valley and Northumberland-Solway Basin; marine
flooding also reached the Tweed Basin and Tayside in the
east via the river floodplain. The sedimentary environments
and palaeosol types indicate a broad mosaic of different terres-
trial and aquatic habitats that hosted a diverse vertebrate
fauna that included tetrapods which had, for the first time,
terrestrial capability. The areal size of the region is com-
parable to that of coastal wetlands today, such as the Everglades
of southern Florida.
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