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Summary

This report provides an overview of the post-glacial sedimentary evolution of the Firth of the Forth
during the late Quaternary. The superficial sediments of the Firth of the Forth vary in thickness
from 10 m to nearly 150 m. An understanding the superficial sediments has uses for understanding
geotechnical properties, for groundwater modelling and any potential geothermal energy sites.
Therefore, this report aims to provide a preliminary understanding of the nature of the superficial
sediments across the Firth of the Forth and wider controls of their deposition. The overall aim of
this work is to understand the three-dimensional spatial distribution of superficial sediments across
the Firth of Forth.

The report is in two parts, firstly looking at the literature to develop a model for the post-glacial
evolution of the Firth of the Forth and types of sediments that are expected. Secondly, using
borehole records to look at the composition of the superficial sediments and assess the developed
model.

From the literature a palaeogeographic model for the Firth of the Forth was developed for the post-
late glacial maximum (LGM) time. This model (testable hypothesis) describes eight major events
and their topographic feature or sedimentary deposit. This model includes: 1) a post-glacial sea-
level incursion; 2) collapse of the LGM ice sheet; 3) sea-level fall resulting in a local beach deposit;
4) fluvial/estuarine deposition; 5) Younger Dryas glaciation; 6) fluvial/estuarine deposition; 7)
marine transgression; and 8) a marine regression. This model is based on data and interpretations
from a combination of journal publications and BGS memoirs.

The BGS held borehole records from across the entire Firth of the Forth are used to describe the
composition and variability of the superficial sediments and test the literature-based model for the
post-glacial evolution of the region. Although the borehole records are a relatively low resolution
dataset they still provide the first information of the compositional make-up of the thickest
sedimentary sequences across the Firth of the Forth.

The data provided in geotechnical borehole records is an important stepping-stone toward further
work, such as more detailed sedimentary interpretations from field work and new drilled core.
Furthermore a useful outcome of further work would be a geotechnical classification of the highly
variable superficial sediments across the Firth of Forth.



1 Introduction

This report aims to review and assess our current understanding of the sedimentary post-glacial
infill of the Firth of Forth during and after the Late Devensian. The Firth of Forth has been affected
by numerous glacial cycles during the Pleistocene, which has resulted in multiple glaciations,
dynamic sea-level changes, isotatic rebound and a large variety of glacial and post-glacial marine
and non-marine sediments (Sissons, 1975).

This report is in two parts, firstly, an overview of what is currently understood in terms of the Late
Devensian sedimentary and geomorphological evolution of the Firth of Forth; and secondly, an
assessment of this model based upon currently available superficial geological maps, geotechnical
borehole records and topographic height data. The overall aim of this work is to understand the
three-dimensional spatial distribution of superficial sediments across the Firth of Forth.

1.1 RATIONALE

Numerous aspects of the Late Devensian geological evolution of the Firth of Forth have been the
focus of various studies over the last half century. This work provides comprehensive overview of
geological evolution of the entire glacial estuary system over the past 26,000 year BP. The large
database of borehole records (over 8000 records) and site investigations available in the BGS
records is used to determine the composition and 3D spatial distribution of the superficial
sediments in the Firth of Forth to assess our current understanding of the Firth of Forth depositional
system.

1.2 TESTABLE HYPOTHESIS

1.2.1 Hypothesis

The Firth of Forth sedimentary and geomorphological evolution was controlled by the interaction
of glacial, isotatic, eustatic sea-level and climatic processes of varying extents during the Late
Devensian time.

1.2.2 Objectives

The Late Devensian represents a relatively short time period with dynamic glacial-interglacial
cycles controlling glacial events, eustatic sea-level and local climate. The interaction of these
global and regional-scale processes has a strong control of the local sedimentary environments
across the Firth of Forth. The impacts of these processes have a major control of the composition,
spatial distribution and geotechnical properties of the superficial sediments within the Firth of
Forth.

1.2.3 Methods

To understand the subsurface superficial geology of the Firth of Forth a number of datasets has
been used including: 1:50 000 superficial (drift) maps, over 8000 borehole records and topographic
datasets. To assess and analyse datasets a number of software packages have been applied
including ARC GIS, BGS Groundhog and GeoVisionary.



1.3 GEOLOGICAL EVENT MODEL OF THE FIRTH OF FORTH

The first part of this work is to determine the major geological events that are thought to have
affected the Firth of Forth during the Late Devensian are summarized in Table 1 shows the various
regional geological events, the regional consequences, and the local features or deposits.

Table 1. Summary of the geological events that have affected the Firth of Forth during the
Late Devensian.

No. Event Consequence Feature/ Deposit Reference
1 Devensian Ice cover/ ice Till deposition (Browne,
glaciation streaming Gould, &
Akhurst,
2015)
1 | Sea-level incursion Flooding of Deposition of Errol Clay (Peacock,
landmass Beds 2003)
2 | Melting/collapse of Isostatic uplift “Main Perth Shoreline” (Sissons &
the Dimlington ice Smith, 1965)
sheet
3 Sea-level fall Sea-level regression Deposition of deltaic (Sissons &
deposits Smith, 1965);
(Sissons,
1969)
4 Fully deglaciated Fluvial/estuarine Largo Bay Member, (Gatliff,
during Windermere deposition Forth Formation 1994;
Interstadial (offshore)- No onshore Browne,
evidence Gould, &
Akhurst,
2015)
5 Loch Lomond re- Ice rafting Bothkennar Gravel (Peacock,
advance deposition 1998)
6 Holocene sea-level Fluvial/estuarine Claret Formation (Barras &
low stand deposition deposition Paul, 1999)
7 Holocene sea-level Sea-level Deposition of Holocene | (Cullingford,
high stand transgression raised marine deposit 1991)
forming the “Main
Postglacial Shoreline”
8 Holocene sea-level | Sea-level regression Beach deposit overlies (Browne,
fall to present level raised marine deposit Gould, &
Akhurst,
2015)

1.3.1 Devensian deglaciation

The Devensian deglaciation is represented by events one to three in Table 1. The Devensian
glaciation is the oldest glacial event to have sediment preserved in the Firth of Forth and is
represented by the Wilderness Till deposit (Sissons, 1975). The subsequent deglaciation is



represented by a marine deposit (Peacock, 2003), an isostatically uplifted shoreline (Sissons &
Smith, 1965) and overlying deltaic deposits (Sissons, 1969) (Table 1).

1.3.2 Windermere interglacial

The Windermere interglacial is represented by event 4 in Table 1, which is represented by a silty
clay infill of the Firth of Forth (Gatliff, 1994). The nature of the Windermere interglacial-aged
estuarine infill of the Firth of Forth is speculative as there is no exposed section (Gatliff, 1994).

1.3.3 Loch Lomond re-advance

The Loch Lomond re-advance is represented by event 5 in Table 1. Peacock, 2003 described a
“buried gravel” layer that is hypothesised to extend from Grangemouth to Stirling. This deposit
was interpreted as an ice raft deposit associated with the Loch Lomond re-advance.

1.3.4 Holocene

Three major events have been previously described to have affected the Firth of Forth during the
Holocene (events 6 to 8 in Table 1). Firstly, the Claret Formation which is the Holocene-aged
estuarine infill (Barras & Paul, 1999). Secondly, a major marine transgression is described that
results in the “Main Postglacial Shoreline” (Cullingford, 1991). Finally, a beach deposit is
described along the peripheries of the distal part of the Firth of Forth (Gatliff, 1994).



2 Methods and data

2.1 MAPPED DEVENSIAN RAISED MARINE DEPOSITS

For this work the 1:50 000 Edinburgh, Falkirk, Airdrie, Aberfoyle, Ben Lomond and Stirling BGS
superficial (drift) maps were used. These maps show the distribution of a Devensian-aged raised
marine deposit, Holocene raised intertidal deposits, till and glaciofluvial deposits surrounding the
Firth of Forth and River Forth.

2.2 SHORELINE MAPPING ARC

The Late Devensian post-glacial marine limit was deduced by the inland limit of mapped
“Devensian-aged raised marine” deposits. These deposits are distributed from Edinburgh to just
west of Stirling. Using a combination of Nextmap DTM and ordnance survey maps the marine
limited was correlated between mapped outcrops based upon height and topography. This
interpretation is shown in Figure 1 with the interpreted Devensian palaeocoastline based upon the
mapped outcrops shown as a black line and the interpreted palaeocoastline based upon height as a
blue line.

0 5 10 20 Kilometers

Holocene raised intertidal
Devensian raised marine sands and clays
Devensian raised marine

1

- Glaciofluvial
Glacial till (boulder clay)

o Interpreted Devensian palaeocoastline

Devensian palaeocoastline

based on deposits
= : BTN T4

i

Figure 1. Overview maps of the Firth of Forth showing the mapped Devensian raised marine
deposited and the interpreted Devensian Palaeocoastline. In addition, cross section lines are
shown, that later described including at the: 1) Forth Road Bridge, 2) Rosyth, 3) Bo’ness, 4)
Grangemouth, 5) Skinflats, 6) Plean, 7) Chartershall, 8) Stirling, and 9) South-west of Doune.
Contains Ordnance Survey data © Crown Copyright and database rights [2018]



2.3 BGS GROUNDHOG

2.3.1 Importing and filtering data

The BGS single onshore borehole database (SOBI) which contains records produced by geologists
or geotechnical engineers from drilling and site investigations. Boreholes used in this work range
in depth from several metres to over a hundred metres. The various lithologies described in the
boreholes have been coded based on the BGS unlithified deposits coding scheme (Cooper, Kessler,
& Ford, 2006). These coded borehole records can imported into the BGS Groundhog software,
where the borehole records can be viewed as logs and used to develop 2D cross sections.

2.3.2 Cross-sections

Nine cross-sections were drawn in BGS Groundhog from the Forth Road Bridge up to Thornhill,
on the edge of Loch Lomond and Trossachs National Park (Figure 1). These cross sections are
generally orientated north to south. The aim of developing these cross sections is to combine data
from superficial maps, borehole records and the BGS superficial thickness model to understand
changes in composition and thickness of superficial thickness across the estuary.



3 Cross section results

3.1 FORTH ROAD BRIDGE

This section is parallel to the Forth Road Bridge and is in the distal part of the Firth of the Forth.
The section is of interest because it dissects a narrow section of the Firth of the Forth, with till
mapped on the northern and southern flanks of the estuary that is overlain by post-glacial marine
sediments. The narrowing of the Firth of the Forth is also associated with a narrowing of the
interpreted Devensian palaeocoastline (Figure 2).

0 125 25 5 Kilometers
| L1 | | L1 ] |

Interpreted Devensian #
marine shoreline Rosyth .
section

Forth Road

Bridge section ==
7 . g {

[ IHalocene raised intertidal

B Devensian raised marine sands and clays

[_| Devensian raised marine

[l Glaciofiuvial

[ Glacial till (boulder clay)

— Interpreted Devensian palasocoasline - A . |
Devensian palagocoastiing I:Hulnr.ene raised marine deposits

~— based on depositz [_IMarine beach deposits |

=

Figure 2. Geological map of the raised marine superficial deposits and interpreted
Devensian palaeo-coastline at the Forth Road Bridge. Contains Ordnance Survey data ©
Crown Copyright and database rights [2018]
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Figure 3. GeoVisionary image of the small hill near the Forth Road Bridge, comprising
Till, surrounded by Devensian raised marine deposits.
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Figure 4. Groundhog section through the small till hill to the west of the Forth Road Bridge
(Figure 2) (Vertical exaggeration is 10x). Borehole records used for interpretations are
marked by the vertical lines with associated BGS borehole ID number.

==

3.1.1 Section description

The northern most part of section is through a small till hill that is surrounded by Devensian-aged
post-glacial deposits (Figure 2). On the superficial drift map, the northern side of the hill has been
mapped as Devensian tidal flat sediments that are overlain by lacustrine sediments (Figure 2). The
borehole records suggest that the entire Devensian tidal flat and lacustrine sequence comprises a
10-15 m-thick clay deposit. In the original borehole records the clay varies from sandy clay to silty
clay. There are no sedimentary descriptions such as laminations or lagoonal macrofauna to help
confirm a lagoon interpretation. Descriptions of the clay as firm/stiff in the lower part and soft in
the upper part, this might suggest that the lower part of the clay is glacio-marine rather than marine.
The borehole records in this area commonly document till under the clay, indicating that till
underlies the glaciomarine clay north of the hill (Figure 4).

South of the hill the deposit is mapped as a Holocene marine beach deposit. The borehole records
consistently indicate a thin silt (1.3 m thick), followed by clay (c. 4 m thick) and finally underlain
by diamicton. Other borehole records in the Firth of the Forth all have the same silt to clay
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relationship in their uppermost part, suggesting a continuous bed of silt. In the original borehole
records this upper silt bed (Figure 5) is generally described as containing shells. Furthermore, the
underlying clay is described as a soft red clay.

962894 962854 962917
Profie sourte: OF Open Data DTM S0e
SOUTH e NORTH
o
™
“Mapped as
raised intertidal M d
deposits” 500 m marine bi%?:i disposits"
BT N T T N T T O O e

[ Glacial till (boulder clay)
Silt
E=iClay

Figure 5. BGS Groundhog cross section showing the continuous upper silt bed near the
Forth Road Bridge. Borehole records used for interpretations are marked by the vertical
lines with associated BGS borehole 1D number.

The borehole records are not continuous across the Firth of the Forth within this area. Borehole
record with BGS ID 962894, which is just offshore in the Firth of the Forth, documents a soft red
clay and sandy clay deposit down to 57 m depth, but does not reach rockhead. Within the clay
deposit are thin (0.5-2 m thick) beds of sand, which could be interpreted as channels, although
these could also represent more continuous horizons. There are not enough borehole records in
this area to distinguish between these two interpretations.

A gravel bed is described in two boreholes, with a similar thickness and depth of c. 2.7 m thickness
and at 4 m depth. Some but not all of the onshore borehole records describe a thin gravel layer
within the upper part of the clay. The continuity and extent of the gravel bed is unclear. Gravel at
varying depths have been described in this area and interpreted as forming a continuous layer
starting in the Firth of the Forth and continuing inland up to Stirling (Sisson & Rhind, 1970).

The borehole records along the southern part of the Firth of the Forth show rockhead at around 23
m below the topographic surface, but most of the borehole records are situated along the estuarine
margin so this is likely to be a minimum depth. Some boreholes contain sedimentary descriptions.
For example, borehole record with BGS ID 18133378 (sloe to the cross-section of Figure 5), shows
the uppermost bed is a silty clay that is rich in shell fragments and 1.7 m thick. It is likely that this
bed correlates to the silt and shell beds on the northern side of the Firth of the Forth. Underlying
the shelly silt is a 1.4 m thick sand and gravel bed, with sub-angular clasts. Underlying the gravel
is a 1.9 m-thick interlaminated silt and clay sequence, which becomes sandier with depth. This is
underlain by a firm clay, followed by a stiff clay, with occasional boulders and gravel. This lower
most layer is 2.5 m thick and is likely to be a glaciomarine clay deposit.

The topography on the southern margin is significantly steeper than along the northern margin,
and the interpreted Devensian marine shoreline is observed significantly closer to modern
shoreline, compared to the northern side of the Firth of the Forth. The borehole records (e.g. BGS
IDs 18133378 and 18867823) through the deposits that are immediately offshore are relatively
similar, with the upper part comprising a silty and sandy clay with layers of gravelly sand overlying
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a very stiff clay (glacial). The upper clay is 2.35 m thick, and the base of the unit is at 28.74 m
A.O.D (Above Ordnance Datum).

3.1.2 Section discussion

Combining the section with a more detailed assessment of the original borehole data provides
better understanding of the key sediment types and relationships across in the area. The clay on
the northern side of the till hill are mapped as Devensian-aged tidal and lacustrine deposits, but
the boreholes provide no extra information to help define this environment. The area is within the
mapped palaeoshoreline so is likely to have been below sea-level after the last glacial maximum,
so that the post-glacial deposits are likely marine. However, the topography of this area suggests
a small local embayment, which may have been a semi-enclosed lagoon setting.

The area mapped as Holocene beach deposits comprises a shell-rich silt to clayey silt which is
likely to be continuous across the Firth of the Forth, This bed is around 1 m thick, but varies in
thickness across the Firth of Forth. The deposit is more likely to be a littoral marine setting rather
than a true beach, due to: 1) the presence of shells, 2) fine-grained sediment facies, and 3) lateral
continuity of the deposit across the Forth.

Underlying the shell-rich silt/clay deposit is a unit of predominantly clay and occasional gravel
beds. The boreholes all contain gravel or sand, with the gravel bed depths varying fromc. 2 to 4
m. The gravel is likely to be continuous across the Firth of the Forth in this area, although the lack
of borehole records in the centre of the Firth of the Forth makes it hard to distinguish between a
continuous gravel bed versus several channels. Some borehole records describe “sub-angular”
clasts in the gravel, which would be less characteristic of a channels and more representative of an
ice raft deposit. Underlying the gravel is a clay unit, which is over 2 m thick and overlies a firm
glacial clay.

The mapped Devensian raised marine deposit on the southern side of the Firth of the Forth
comprises silty and sandy clay with gravel, this is generally similar to the type locality for the Errol
Clays Beds near Gallowflat just outside Perth (Peacock, 2003).

3.2 ROSYTH

This section is on the northern side of the Firth of the Forth, immediately west of the Forth Road
Bridge. The section is approximately 2 km long, and starts onshore before continuing for
approximately 1 km into the Firth of the Forth. The section is mainly focused on the Devensian
raised marine deposits and infill of the Firth of the Forth.

3.2.1 Section description

The northern part of the section is through the small east-west trending till hill (Figure 6), and has
Devensian tidal deposit mapped in on its northern side. The deposit is described in the borehole
records on the northern side include a soft to firm clay with silt and sand underlain by a dense
gravel. Overlying the till hill is a thin clay layer, in the original borehole records this is described
as “stiff” and is therefore likely be part of the underlying till deposit.

The southern flank of the small till hill is mapped as Devensian raised marine, Holocene raised
marine and Holocene raised beach deposits. Borehole records in the area mapped as Devensian
marine deposit predominantly comprise clay, which is underlain by till and overlain by a thin layer
of sand and/or gravel (Figure 6). Further down slope is an area mapped as Holocene raised marine
deposit that is overlain by a Holocene beach deposit. Borehole records (BGS ID 963655) in the
area mapped as Holocene raised marine deposit comprising a 3 m-thick soft grey clay, overlying
firm blue clay and a brown sand and finally bedrock. The firm clay and sand are likely to be glacial-
related deposits due to their description as being “firm”.
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Figure 6. Northern part of Rosyth Section, with small Till Hill feature and mapped
Holocene raised marine deposit and beaches. Borehole records used for interpretations are
marked by the vertical lines with associated BGS borehole ID number.

Further down slope in the area mapped as a Holocene beach deposit, the borehole records describe
a sequence comprising sand and silt overlying either till or bedrock (Figure 6). The deposits are
described (BGS ID 963735) as silty fine to coarse-grained sand with a fine to coarse-grained gravel
and small shell fragments and is 1.8 m thick. Underlying the sand and gravel is a 1 m thick soft
clay deposit, overlying a dense clay with gravel, sand and boulders, which is likely to be till.

Moving offshore, the borehole records show a sequence of interbedded clays, silts, sands and
gravels that are just over 20 m thick. The uppermost part of the sequence comprises just over 2 m
of silt with shells, which is described in nearly all of the borehole records in the area. Underlying
the shelly silt are a series of inter-bedded sands and sandy clay beds, with bed thicknesses of
approximately 1 m. The sand and clay unit varies in thickness from 8 to 20 m (BGS ID 880699
and BGS 1D 880709) overlying till.

3.2.2 Section discussion

The area surrounding the east-west orientated till hill feature is mapped as a Devensian tidal
deposit, with borehole records indicating that the sediments comprise clay which is locally
underlain by gravel. There is not enough sedimentary detail in the borehole records within this
area to distinguish between tidal versus raised marine deposit interpretation. Similarly to the Forth
Road Bridge section (Section 3.1), these deposits are observed within the interpreted marine
boundary and therefore should be either Devensian raised marine or Devensian intertidal deposits.

On the southern side of the till hill are three units, the highest being a Devensian raised marine
deposit at 15 to 30 m OD. The borehole records indicate this unit to be predominately composed
of clay, overlain by sand and gravel. This clay and sand deposit is similar in thickness and lithology
to the Errol Clay Beds described outside Perth (Peacock, 2003).

On the next topographic surface down from the Devensian marine deposit is the Holocene-aged
raised marine and beach deposits (Figure 7). There is a clear topographic step down from the
Devensian to the Holocene mapped surfaces (Figure 7). The area mapped as a Holocene raised
marine deposit comprises a thin deposit of clay overlying till. The deposit becomes more variable
down slope (southward) into the area mapped as a beach deposit, with more sand and silt appearing
in the borehole records. The sedimentary relationship between the Devensian raised marine,
Holocene raised marine and Holocene beach deposits are key to understanding this system but
cannot be deduced through borehole records alone.
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Figure 7. GeoVisionary view of the Rosyth section showing the relations between Devensian
and Holocene raised marine deposits

The offshore part of the cross-section has number of similarities with the Forth Road Bridge
section, with a continuous 1-2 m thick deposit of the silt containing shells making up the
uppermost part of the sequence. This is underlain by interbedded sand, clay and gravel of up to 20
m thick. There is no continuous buried gravel layer described within any of the borehole records.
The gravel units are described in some boreholes and are at highly variable levels. Sand beds (0.5
to 1 m thick) are observed throughout the borehole records at various depths, with slightly thicker
clay beds (1 to 10 m thick) between the sand. This could be interbedded as a channelized sequence,
such as tidal channels. The sequence is similar to the silty clays and sands of the Holocene-aged
Claret Formation described at Grangemouth but with significantly more sand (Barras & Paul,
1999).

The depth to the till is highly variably, but appears to rapidly deepen from approximately 6 m to
nearly 30 m below the topography surface over nearly 800 m. This is suggestive of a major
topographic low within the offshore area of the Firth of the Forth that has been subsequently
infilled by estuarine clay, silt and sand.

3.3 BO’NESS

The Bo’ness cross-section runs across the entire width of Firth of the Forth near the town of
Bo’ness (Borrowstounness), east of Grangemouth. This is an important section as is represent the
start of the narrowing of the Firth of the Forth east of Grangemouth and up to the Forth Road
Bridge. The interpreted Devensian coastline is still relatively close to the modern coastline on both
the northern and southern margins of the Firth of the Forth in this area.

3.3.1 Section description

The mapped till deposits on the southern margin of the Firth of the Forth form a broad flat surface
that is gently dipping northwards at approximately 2—4°, before a terraced step near the modern
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coastline. The southernmost part of the section starts at the northern margin of this relatively flat
till surface (Figure 8). Borehole records describe the till deposit as including stiff sandy clay with
gravel and very stiff dark greyish brown sandy boulder clay.
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Figure 8. Overview geological map of the area covered by the Bo'Ness section line.
Contains Ordnance Survey data © Crown Copyright and database rights [2018]
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Figure 9. Overview of the Bo'Ness section. Borehole records used for interpretations are
marked by the vertical lines with associated BGS borehole ID number.

The southern margin of the mapped Devensian raised marine deposits is on a gentle northward
dipping slope (Figure 9). Borehole records show that the area mapped as a Devensian raised marine
deposit comprises a 1.5 m-thick sandy clay deposit overlying till. The deposit is mapped
discontinuously along this steep northward dipping slope (Figure 8).

The lower part of the slope is mapped as Holocene raised marine. The borehole records show that
this unit comprises an upper sandy silt of nearly 3 m thickness on top of a 0.5 m thick gravel in
turn overlying 7 m of grey silty clay. The mapped Holocene raised marine deposits at the base of
this slope locally continues eastwards in this area (Figure 8).
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Undifferentiated tidal deposits form a broadly flat surface that is at or near modern sea-level. In
this area the borehole records show a large variation in the sediment. Several borehole records
(e.g. NTO8SW107/5) show that the top of the sequence comprises a fine-grained clayey sand with
patches of brownish-grey silty clay and abundant shell fragments (described as too small to
identify), with a total thickness of 15 m. The available data in the area shows that the dominant
deposit is clay, with subordinate sand, silt and gravel beds. In a number of the borehole records
the uppermost bed is either a silt, sand or a sand and gravel deposit.

There are no usable offshore borehole data in this area. The few borehole records (four) either only
describe bedrock or show little useful detail on the superficial deposits.

On the northern side of the Forth is Torry Bay (Figure 8), which is a generally flat area at just
above modern sea level and is bounded to the north by a southward dipping slope (Figure 10).
From borehole records the top of sequence in Torry Bay comprises a 1.5 m thick deposit of silt
with shells. This is underlain by 4 m of silty clay, followed by another 4 m of silty clay but with
occasional gravel beds. The entire unit overlies a unit of a 0.7 m-thick boulder clay (till). The
uppermost part of other boreholes in the area comprises an approximately 30 cm-thick soft blue-
grey sandy silt with shell fragments that is underlain by silty sandy clay with cobbles.

i 7 B £
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Figure 10. GeoVisionary overview of Torry Bay on the Bo'ness section.

The southward dipping slope along the northern margin of Torry Bay has been mapped as
Holocene raised marine (Figure 10) and the borehole records indicate that the unit comprises 1 to
4 m-thick sand and gravel deposit. This mapped deposit is approximately 300 m wide. At the top
of this slope the mapping shows a change to a till deposit.

3.3.2 Section discussion

The oldest superficial deposit across the Bo’ness section in the till forms a relatively flat surface
along the northern and southern edge of Firth of the Forth. There is a topographic step down from
the till surface down to a surface that is at just above modern sea level. Till deposits underlie
deposits that are just above sea level, along the margin of the Firth of the Forth, at relatively a
shallow depth of less than 5 m. This relationship suggests that the till blankets the bedrock surface,
which has then has been overlain by younger glaciomarine and estuarine marine sediments.

Devensian raised marine deposits are mapped on the northern and southern sides of the Firth of
the Forth and comprise a 1.5 m-thick deposit of sandy clay that overlies till. These deposits are
found on small steps on a southward dipping slope, rather than a larger flat topographic platform,
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suggesting deposition on the pre-existing, stepped erosional surface. The Devensian raised marine
deposit are mapped in at 20 to 40 m A.O.D. (Above Ordinance Datum).

The Holocene raised marine deposit is composed of sand, silt and gravel. These deposits are
slightly coarser (likely representing a higher energy setting) than those of the Devensian raised
marine deposits.

The tidal deposit making up the surface just above modern sea level, are compositionally similar
to those further east in the Firth of the Forth, with the uppermost bed comprising silt to sand beds
rich in shell fragments. This is underlain by a clay deposit that is up to 15 m thick. Gravel beds are
discontinuously observed in the uppermost part of the deposit. The sequence is similar to the
Holocene-aged Claret Formation that has been described at Grangemouth (Barras & Paul, 1999).
Furthermore, the uppermost shell-rich bed is likely to correlate with marine deposits further down
the Firth of the Forth. This unit infills the northern part of the section at Torry Bay. The limited
borehole records within the Firth of the Forth make correlating the Claret Formation equivalent
deposit on the northern and southern margins difficult. If the unit is continuous then it is unclear
if it thickens, thins or remains the same across the Firth of the Forth.

3.4 GRANGEMOUTH

The next section runs through Grangemouth and across to Longannet. The BGS superficial
thickness model (red line in section lines) shows a major thickening of the superficial sediments
beneath Grangemouth of up 160 m thickness. This sections focuses on understanding the
composition of this sedimentary sequence and the surrounding relationships.

3.4.1 Section description

The section starts (from the south) in a deposit mapped as Devensian raised marine to the south of
the Firth of the Forth, then continues into undifferentiated intertidal deposits and back into a
Devensian raised marine deposit on the northern edge of the Firth of the Forth. The interpreted
Devensian-aged palaeo-coastline is just over 5 km inland (Figure 11) of the current Firth of the
Forth at Grangemouth and only 1.5 km at Longannet. The main reason for the large inland distance
of the Devensian paleo-coastline at Grangemouth is the large flat plain at just above modern sea-
level from Grangemouth to Falkirk (Figure 11).
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Figure 11. GeoVisionary overview of the mapped superficial deposits and topography at
Grangemouth.
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The borehole records from the area mapped as Devensian raised marine sediment comprise a 1.4
m thick deposit of sandy clay, followed by 2.3 m of cobbley clayey sand and finally overlying
boulder clay (till). The mapped Devensian-aged deposit is on a flat surface that is approximately
850 m wide. Along the northern edge of the deposit the surface slopes down towards the north
exposing the underlying sediments that are mapped as glaciofluvial (Figure 11). Borehole records
through this dipping surface describe deposits such as a firm brown sandy clay and gravel and a
dark grey silty sand. The deposits all overlie a stiff clay that often contains boulders (likely till).

The base of the glaciofluvial deposit slope marks the start of a planar surface that is just above
modern sea-level and is mapped as Holocene-aged raised tidal flat sediments. The rock head model
for the area provides an idea of the shape of the over-deepening across the Firth of the Forth
showing a clear asymmetry (Figure 12). On the southern side of the deepest point there is a gradual
deepening from south to north, while of the northern side of the there is a relatively steeper
deepening. The till thickness is thickest at the deepest point, and generally thins towards the
margins of the area.
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Figure 12. Overview of Groundhog cross-section through Grangemouth. Borehole records
used for interpretations are marked by the vertical lines with associated BGS borehole ID
number.

The sedimentary infill above the till comprises clays, silts, sands and gravels. Borehole records
from the southern edge of the section indicates that sediments comprise predominately 8-20 m-
thick deposit of clay. Along the edges of the tidal flat area the clay deposit is underlain by sand
and/or gravel. Occasionally within the sequence there are 1.8 m-thick beds of grey clayey silt.
Further northwards, across the Firth of the Forth the silt beds become thicker and more vertically
repetitive (Figure 13). Boreholes from along this section describe the uppermost silt beds as being
soft and grey and containing bands of shells. The clay in these boreholes is described as a soft grey
silty clay. The borehole records describe both a silty clay and a clayey silt. In several borehole
records, laminations are described within the silty clay deposits. Furthermore, beds of sand are
described in several borehole records: these are either continuous beds or channels.
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Figure 13. Groundhog cross section segment from Grangemouth illustrating the
interbedded silt and clay sequence. Borehole records used for interpretations are marked
by the vertical lines with associated BGS borehole 1D number.
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In the deepest part of Firth of the Forth in this area the sequence is made up of a thick sequence of
clay and silts; the ratio of clay to silt varies across the available borehole records. In several of the
borehole records near the deepest point, sands and gravels are described in the lower part of the
sequence. In summary, sequence in this area comprises over 100 m-thickness of silt and clay
sediments with some sand and gravel bodies, overlying a 20 m thick deposit of till. The borehole
records from within the Firth of the Forth (over the deepening) provide no evidence for an upper
bed rich in shells, as is commonly seen in the distal part of the estuary.

On the northern side of the overdeepening the boreholes indicate a combination of clay, silt and
sand, the ratio of which varies along strike. The borehole records in this area do not provide
sedimentary descriptions and only describe thick sequences of sand, silt or clay.

On the northern most edge of the section, is an area mapped as Devensian raised marine deposits.
The borehole records from this area describe a deposit comprising sandy clay (0.4 m thick)
overlying sand and gravel (3 m thick) and till (8 m thick).

3.4.2 Section discussion

The till deposit forms an almost continuous unit across the region, underlying both the estuarine
and raised marine deposits. On the northern and southern flanks of the section, the Devensian
raised marine deposit is preserved on a raised step at approximately 30-40 m A.O.D. These
deposits comprise a sandy clay that is typical of the Errol Clay Beds Formation described in the
Tay estuary (Peacock, 2003). The raised marine sediments overlie sand and gravel sediments that
is likely to be a subglacial deposit.

The main intertidal area infill is just over 7 km wide and is just above sea-level. The infill of this
area is predominantly silt and clay with occasional sand and gravel deposits. The silt and clay
deposits range from 8 m to over 100 m thick. The silt and clay that underlie Grangemouth town
are approximately 20 m thick and have been interpreted as the Holocene-aged Claret Formation
(Barras & Paul, 1999). However, the thickening of the sequence in the deeper parts of the Firth of
the Forth have not been previously described and it is unclear if they are only Claret Formation or
part of a Clyde Clay Formation equivalent, representing the Windermere Interstadial.

3.5 SKINFLATS

Skinflats is a village to the north-west of Grangemouth town. The section in this area is just at the
edge of the overdeepening near Grangemouth town. This section crosses a large area mapped as
Devensian raised marine deposits.

3.5.1 Section description

The section runs south-west to north-east from Camelon, through Skinflats and to Kincardine. The
section (from the south) starts in an area mapped as Devensian raised marine, which forms a 1.4
km-wide surface, with occasional outcrops of glaciofluvial deposits (Figure 14). The main part of
the section comprises an intertidal deposit, forming a c. 7.7 km wide surface. On the northern edge
of the section, there is another area mapped as Devensian raised marine but only 400 m wide. On
the northern margin, the interpreted Devensian coastline is close to the modern River Forth, but is
over 8 km further south on the southern margin.
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Figure 14. Geovisionary overview of the Devensian raised marine deposits on the Skinflats
cross section (see Figure 15 for cross section).
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Figure 15. Groundhog cross section through the Devensian raised marine deposits on the
western most part of the Skinflats section.

The Devensian raised marine deposit (Figure 14) is observed on a southward dipping slope, which
dips from till and glaciofluvial sediments on its southern end, down to intertidal sediments (Figure
14). Borehole records in this area reflect a combination of clay, sand and gravel sediments
overlying the till deposit (Figure 15). Along the southernmost part of the section available borehole
records indicate till overlain by 6 m of gravel, overlain by 12 m of sandy silty clay. The next
available borehole records are on the north-east edge of the deposits and show a change from clay
dominant to clay and sand dominant deposits.
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Figure 16. Groundhog section through the intertidal deposits in central part of the
Skinflats section. Borehole records used for interpretations are marked by the blue lines
with associated BGS borehole ID number.

The BGS superficial thickness modal for the intertidal area shows a large variation in thickness of
sediments across the section line (red line on Figure 16). Rockhead goes down to 80 m depth, with
a relatively continuous thickness of 20 m of clay overlying a more variable 20-60 m of till. The
areas mapped as intertidal sediments comprise predominately clay and silt with minor sand and
trace amounts of gravel. Along the cross section line the southern part is clay dominant, however
other borehole records in the area show a change from clay dominant to silt dominant. Several
borehole records in the area describe shells within the upper silt beds. In addition, in the southern
part of the section there are peat deposits described in upper part of clay sequence (Figure 16).

In the northern part of the section the intertidal deposit is comprised >20 m-thick deposits of silt
with minor sand and clay. The data from this area come mainly from a single site investigation
(NS98SE2329), which describes slighter more silty sediment (Figure 16). The silt-rich section of
the deposit also contains 0.5-1.2 m-thick beds of sand. The silt and sand section of the intertidal
area continues up to the northern edge of the River Forth. On the northern side of the River Forth
in the area mapped as intertidal deposit is a 4 m-thick clay deposit overlying till.

On the northern end of the section there is step in the topography from 10 to 30 m A.O.D. The
Devensian raised marine deposit is found on this slope, while the top of the slope marks the start
of the till deposit. Limited borehole records through the Devensian raised marine deposit suggest
that the predominant lithology is sand, gravel and sandy clay. The total thickness of this deposit is
less than 3 m.

3.5.2 Section discussion

The till deposit in the Skinflats section infills the various topographic highs and lows in the
underlying bedrock, forming and almost flat palaeosurface (Figure 16). Interestingly, on the
southern end of the section the intertidal sediments are deposited on a gentle step in the till. On the
flat top above the step, there is a Devensian raised marine deposit forming a relatively wide surface
comprising predominantly sandy clay and sand. However, limited borehole data in this area puts
a limitation on the accuracy of this observation. In comparison, on the northern margin of the River
Forth the Devensian raised marine sediments includes sand, gravel and sandy silt, implying a
slightly higher energy environment than is observed on the southern end of the section.

The main intertidal fill comprises a mainly clay, silt, sand and trace amounts of gravel. Interbedded
clay and silt form the bulk of the sequence, however the borehole record descriptions are often
“silty clay” or “clayey silt”, therefore it is unclear how accurate these descriptions are and how far
interpretations can be taken. Discontinuous peat preserved in the upper part of the intertidal infill,
suggest a short-lived terrestrial environment within the area.

Along the northern part of the section, near the modern River Forth there is an increase in the
number of sand beds in the borehole records. These sand beds could be interpreted as channels
within the silt, due to increased grainsize relative to background sedimentation and not being
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continuous within surrounding borehole records. A similar sequence of repetitive sand beds is not
seen elsewhere along the section. The thickness and composition of the Holocene infill above the
till deposit is similar to those described for the Clarets Formation in Grangemouth (Barras & Paul,
1999). Unlike in the Grangemouth area, the overdeepening has been mainly filled with till rather
than estuarine sediments.

3.6 PLEAN

The Plean section line runs approximately south-west to north-east just to the east of the village of
Plean. The section covers an area mapped as Devensian raised marine that overlies till and infills
a small embayment (Figure 17, 17). The cross section line continues into the Holocene-aged raised
tidal flat to the north east.
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Figure 17. Geovisionary overview of the Plean cross-section line.

3.6.1 Section description

In the Plean area there is a substantial surface mapped as Devensian raised marine deposits, which
adjacent to till and glaciofluvial deposits (Figure 18). The Devensian-aged palaeocoastline is
interpreted to follow the contact between the Devensian raised marine deposit and the till, which
is as at nearly 40 m A.O.D. The interpreted palaeocoastline is between 4-7 km inland of the
modern Forth River (Figure 18). The Devensian raised marine deposit in this area are observed on
a surface that is gently dipping down to the south-east from 30 to 40 m A.O.D.

The engineering geology map (Gostelow, Browne, & Cratchley, 1986) distinguishes Devensian-
aged raised marine and Devensian-aged raised beach and deltaic deposits (Figure 19). The map
suggests that Devensian-aged raised beach deposit overlies the Devensian raised marine deposit,
and also on-lap onto the till deposit. The Gostelow & Browne (1981) map also describes a post-
glacial (e.g. Holocene) raised intertidal flat deposit of the ‘Carse Clay’ Formation, which is now
known as the Claret Formation.
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Figure 18. Geological map showing the Devensian raised marine deposits adjacent to till
and glaciofluvial deposits surrounding Plean. Contains Ordnance Survey data © Crown
Copyright and database rights [2018]
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Raised intertidal flat deposits, Post-Glacial, mainly clay and silt (Carse
clay)

Raised beach and deltaic deposits, Late-Glacial, and associated Ilsrramad
fluvial deposits, mainly sand and gravel, locally the beach deposits may
consist of marine washed till

Raised marine deposits, Late-Glacial, mainly clay, with silt and sand bands
interbedded, passes locally into raised deltaic deposits

Feature marking forme! coastline within the Post-Glacial raised beach

Glacial sand and gravel, ranging from boulder gravel to silt grade, mainly
occurring in distinct mounds and elongate ridges

Till, usually an unbedded, unsorted mixture of boulder to pebble sized
gravel in a sandy, clayey silt matrix (boulder clay)

Figure 19. Extract from 1:50 000 superficial geology map from *‘Engineering geology of the
upper Firth of Forth’ covering the Plean area (Gostelow, Browne, & Cratchley, 1986).
Contains Ordnance Survey data © Crown Copyright and database rights [2018]

A 2 m-thick till deposit underlies the Devensian raised marine deposit in the Plean area (Figure
20). Locally, sand and gravel and minor boulders are described in borehole records directly

overlying bedrock. Overlying both the till and the sand and gravel is an approximately 8 m-thick
sandy clay deposit (Figure 20).

In several borehole records the sandy clay deposit is overlain by a sand and gravel deposit that is
just over 4 m-thick (Figure 20). This sand and gravel deposit is not observed in all the borehole

records overlying the sandy clay, but is generally found in areas mapped as Devensian raised
marine beaches (Gostelow, Browne, & Cratchley, 1986).
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Figure 20. Groundhog cross section through the Devensian raised marine, till and
fluvioglacial deposits. Borehole records used for interpretations are marked by the vertical
lines with associated BGS borehole ID number.

Further along to the north-east the section moves into an area mapped as a raised intertidal flat,
which from borehole records comprises silt and clay and minor amounts of gravel and peat.
Underlying the intertidal deposit is a thin (<1 m thick) till deposit, which is locally absent. In
general the borehole records suggest that the intertidal flat deposit is silt dominant in its
southernmost extent, and becomes clay-dominant further northwards. The sequence is
approximately 10 m thick. Overlying the entire sequence is a 3 m-thick peat deposit, which forms
an 800 m wide by 4 km long sized deposit, orientated north-west to south-east (Figure 18; not
shown on the section line).

3.6.2 Section discussion

The Plean section provides an opportunity to look in detail at the potential Devensian raised marine
depositional setting and the relationship of the Devensian raised marine deposit with the till
deposit.

The underlying till is thickest beneath the Devensian raised marine deposit, and thins and locally
disappears northwards into the intertidal flat area. The composition of the till varies between
“boulder clay” and sandy gravels with occasional boulders. The lower sand and gravel is
interpreted as subglacial glaciofluvial channel (i.e. esker) that has cut down into the boulder clay.

The Devensian-aged marine deposit overlying the till and glaciofluvial deposit forms a nearly flat
surface at 30-40 m A.O.D. On either side of the Devensian raised marine deposit there is till
deposit that forms slightly higher topography. The Devensian raised marine deposit comprise a
continuous 8 m-thick sandy clay, which is locally overlain by 3 m-thick sand and gravel. The
sandy clay is likely to represent the raised marine deposit, due its similarity with the Errol Clay
Formation (Peacock, 2003). The overlying sand and gravel is likely to represent the remains of an
abandoned post-glacial local fluvial to deltaic drainage system within this small embayment.

The intertidal flat deposit is representative of a significant change from the thick till and estuarine
sequences at Grangemouth to much thinner glacial and estuarine sediments. The estuarine deposit
is less than 10 m thick and overlie a discontinuous 1 m-thick till deposit.

3.7 CHARTERSHALL

The Chartershall section runs north-west to south-east from just south-east of Chartershall, through
Plean and along to Tappoch. The section starts (from the west) on till, then into glaciofluvial, then
into Devensian raised marine and finally into a raised intertidal flat deposit (Figure 18). The section
looks at glacial to raised marine to raised tidal flat sedimentary relationships. It crosses the Plean
section.

3.7.1 Section description

The section runs through the small marine embayment that was discussed in the Plean section
(Section 3.6). The section also crosses the interpreted palaeocoastline which follows the till-raised
marine and glaciofluvial-raised marine contacts (Figure 18).
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The westernmost 1.5 km of the section is through an area mapped as till. Borehole records through
this area indicate that the till deposit comprises a combination of boulder clay, sand and gravel and
clay, and is c. 5 m thick (Figure 21). Boulder clay is only observed in the northern most part of
section, for the rest of the section the area mapped as till comprises sand and gravel, and
discontinuously overlain by clay. Most of the borehole records in the area suggest a superficial
deposit thickness from 5-20 m. Further towards the north-west the mapped till deposit thickens
and becomes boulder clay dominant.

East of the till, the section cuts through a glaciofluvial deposit where the borehole records indicate
a 3.5 m-gravel unit, which lies directly on bedrock. The gravel appears to form a continuous
horizon from the area mapped as glaciofluvial into the area mapped as Devensian raised marine
(Figure 21).
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Figure 21. Groundhog cross section illustrating the glacial and marine deposits
sedimentary relationship along the northern part of the Chartershall section. Borehole
records used for interpretations are marked by the blue lines with associated BGS borehole
ID number.

In the eastern part of the section is an area mapped as Devensian raised marine deposits forming a
3.6 km wide deposit, with a gentle south-eastward dipping upper unit from 40 to 20 m A.O.D. This
unit comprises a 15 m-thick deposit of interbedded silty sand and sandy clay, with occasional beds
of gravel. Glacial deposits beneath the raised marine deposits comprise a stiff boulder clay that is
around 5 m thick. The gravel in the Devensian raised marine deposits is described as fine to coarse-
grained with some inter-bedded sand. The sand is brown-coloured and fine to medium-grained
with pockets of silty sandy clay. The sediment changes from being described as “stiff” to
“compact” at the transition from raised marine to till.
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Figure 22. Groundhog section through the lower part of the Chartershall section, showing
the full Devensian raised marine and intertidal deposits. Borehole records used for
interpretations are marked by the blue lines with associated BGS borehole ID number.

There is a topographic step down from the Devensian raised marine deposit onto the raised tidal
flat. Borehole records indicate that the raised tidal flat deposit predominantly comprises soft
grey/brown silty clay and occasional sand and gravel at the base of the sequence. The entire
sequence is up to 18 m thick and overlies either bedrock or a thin (3 m thick) till deposit. The clay
is described as dark grey/brown, silty and soft with occasional mottling.

3.7.2 Section discussion

The north-east part of the section starts in an area mapped as till. The borehole records indicate
that the mapped till comprises a boulder clay, sand, gravel and clay. In general, sand and clay is
the dominant lithology. The clay is described as firm and sandy with gravel and cobble inter-beds.
This suggests that the section line cuts in part through a glaciofluvial deposit rather than till.

The mapping shows a change from till to glaciofluvial deposits towards the south-west, which is
marked by a change to gravel-rich sediment overlying boulder clay (till). There is limited borehole
records available for this area, therefore there is no constraint as to how the glaciofluvial deposit
varies across the area.

The Devensian raised marine deposit comprises a sequence of interbedded clay, sand and gravel
overlying till. The thickness of the deposit is highly variable from 5 to 12 m thick. The boundary
between the raised marine and till deposits is determined by the change in character of sediment
from compact to stiff. The raised marine deposit in the area is typical of those described in Perth
as the Errol Clay Formation (Peacock, 2003). The cross section shows a continuous gravel horizon
through the glaciofluvial and Devensian raised marine deposits, which is likely part of an
abandoned fluvial deposit overlying both the glaciofluvial and raised marine deposits.

The raised tidal flat deposit comprises up to 18 m-thickness of soft grey/brown clay with
occasional mottling textures. The type of sediment and thickness is typical of those described as
part of the Claret Formation (Barras & Paul, 1999).

3.8 STIRLING

The Stirling section is approximately 6 km-long and runs north-south through Stirling. The section
starts in the south in Devensian raised marine and till deposits, then moving across Holocene-aged
raised tidal flat and finally into a bedrock over-deepening at the foot of the Ochil Hills.

3.8.1 Section description

There are two significant features in this area: firstly the over-deepening along the base of the
Ochil Hills (Figure 23); and secondly, the two topographic highs on either side of the River Forth

28



resulting in a local narrowing of the valley (Figure 23). Stirling Castle and Wallace Monument are
located on the topographic highs. The overdeeping feature is mapped as a raised tidal flat with
small patches of Devensian raised marine along its margins. The topographic highs are mapped as
being partially overlain by Devensian raised marine sediments. Devensian raised marine sediments
have been mapped partly surrounding the two topographic bedrock highs. The section runs just
east of the topographic highs and into the western edge of the buried valley system.
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Figure 23. Overview map of the superficial geology surrounding the Stirling. Contains
Ordnance Survey data © Crown Copyright and database rights [2018]

The sections starts in an area mapped as Devensian raised marine deposit, which comprises 8 m-
thick sandy clay and occasional gravel. The sandy clay deposit overlies a thick (>20 m thick)
deposit of boulder clay (till). The deposit forms a gentle 600 m wide north-eastward dipping slope
(Figure 24) from just over 40 m A.O.D. down to 20 m A.O.D.
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Figure 24. Geovisionary view of the southern end of the Stirling section, showing the
northward dipping slope comprising Devensian-aged raised marine deposits.

At the base of Devensian raised marine slope is an almost flat plane at less than 10 m above modern
sea-level, which has been mapped as a raised tidal deposit. The rockhead level significantly varies
across the section, varying from 18 to 60 m depth, but reaching over 100 m depth at the buried
valley feature (Figure 25). The section has a deepening beneath Stirling City, a minor deepening
at the Forth River and a major deepening at the base of the Ochil Hills (Figure 25).
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Figure 25. Overview of the Stirling section in Groundhog. Borehole records used for
interpretations are marked by the blue lines with associated BGS borehole ID number.

Underlying the raised tidal deposit is till that varies in thickness from 2—40 m. The till is thickest
(c. 30 m) in the over-deepening area, it is thinnest underneath the modern Forth River and absent
beneath Stirling (Figure 25). Notably, beneath Stirling City where till is absent, there is a channel
shaped downcutting in rockhead filled with sand, silt or gravel.

The majority of boreholes surrounding the cross section line show a predominantly clay-rich
sequence, suggesting that the sand and gravel deposits are discontinuous across the section. The
sand and gravel are generally concentrated along the deepest parts of section, and between areas
the sediment is dominated by clay. The deepening between Stirling and the Ochil Hills is sand
dominant, whereas the modern Forth River is gravel dominant.
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The clays are described as soft to firm, grey to grown, silty, sandy and occasionally mottled. The
silt is described as loose grey and clayey with bands of grey silty clay. Several of the borehole
records describe laminations in the clay. Occasionally, the gravel is described as being sub-angular
and containing cobbles.

3.8.2 Section discussion

The southern end of the section is in a Devensian raised marine deposit, which was deposited on
a gently north-eastward dipping palaeo-slope formed on the till. The sandy clay deposit with
occasional gravel are typical of the Errol Clay Formation (Peacock, 2003). The till underlies the
marine deposits and continues inland and into the Forth Valley beneath the raised tidal sediments.
The raised marine sediments are deposited on the gentle northward dipping surface and do not
continue onto the flatter surface.

The area mapped as a raised tidal flat deposit, underlying Stirling, has a significant variation in
estuarine infill thickness and till thickness and composition. The till thickness is highly variable
across the section. The thickest till deposit is observed in the Ochil Hills overdeepening, with
thinnest deposit observed beneath Stirling City. This suggests a combination of draping of till on
palaeo-surfaces and the infilling of pre-existing topography. The large variation in depth of
rockhead and the channel shaped features in the bedrock indicates significant bedrock erosion prior
to deposition of the till.

The intertidal sediments infills the remaining accommodation space in the Forth Valley above the
till with clay, sand, silt and gravel. The main infill of the tidal sequence is grey brown sandy clay,
however in the areas of interpreted channels cut into bedrock there is an increase in sand and
gravel. The sand and gravel deposits do not appear continuous across the surrounding boreholes
hence these are interpreted as channels, which are forming on the older pre-existing drainage
pathways. The repetition and depth of the sand and gravel deposits are highly variable across the
section. Underlying Stirling City there is one sand and silt channel identified in the upper part of
the sequence. At the location of the modern River Forth, there is a wide gravel deposit forming the
entire intertidal infill sequence. Finally at the base of the Ochil Hills there are at least three sand
channels identified that spread equally down the entire section. The channels underlying Stirling
and the modern River Forth are generally in line with the eastward flow direction down the Forth
Valley.

3.9 SOUTH-WEST OF DOUNE

This section is the most western section, and is in the proximal part of the Forth Valley catchment.
The section runs north to south for approximately 3.8 km, to the south-west of the town of Doune
and beside Blair Drummond safari park (Figure 26). The section cuts across areas mapped as a
Holocene-aged raised tidal flat and Devensian raised marine deposits.

31



3

3 6 Kilometers
[

ornhill

une A

Flanders

Moss
Section

L Peat
Holocene raised intertidal
ial sed marine sands and clays

Glaciofluvial
[ |Glacial till (boulder clay)
~ Interpreted Devensian palaeccoastline

Devensian palaeocoastline
baszed on deposits

Figure 26. Overview geological of the Doune section line. Contains Ordnance Survey data
© Crown Copyright and database rights [2018]

3.9.1 Section description

The section line start south of the Forth River, before the river heads up to Loch Ard, and the hills
of the Loch Lomond and Trossachs national park. The section runs across a raised tidal deposit
surrounding the River Forth, and up into mapped Devensian raised marine deposit to the north
(Figure 26). The interpreted Devensian palaeocoastline runs through the surrounding till deposit
at just below 40 m A.O.D. There is approximately 4.8 km between the northern and southern
Devensian palaeocoastlines in this area.

The rockhead surrounding the River Forth is just over 20 m depth, but occasionally reaches depths
of 45 m, at the southern part of the section (Figure 27). The superficial thickness model shows a
significant thickening of the superficial deposits along an east-west transect just south of the River
Forth. This deepening appears to form an east-west channel-shaped feature that is infilled with till
and post-glacial sediments, including sand, silt and peat. The post-glacial sand and silt are
described as silty, fine-grained, laminated, soft, grey and with 10 cm thick gravel bands. In
addition, 40 cm-thick buried peat beds are observed within the silt and clay. A thin (20 cm thick)
peat layer is observed overlying the silt filled channel (on the southern part of the section) at
approximately 20 m depth (Figure 27) (BGS ID 623409). Thin peat beds at similar depths are
observed in several of the surrounding borehole records in the area.

The remaining fill of the raised intertidal flat comprises up to 26 m thickness of clay described as
light grey to brown, with mottling, interlaminated plant material, poorly laminated and
occasionally contains shell debris. In a number of the borehole records along the northern and
southern edges of the raised intertidal flat, an approximately 4 m-thick sand layer is described in
several borehole records. The sand is described as fine to medium-grained and angular to sub-
angular.
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Figure 27. Groundhog section through the raised tidal deposits at the Doune section.
Borehole records used for interpretations are marked by the blue lines with associated
BGS borehole ID number.

On the northern side of valley, the Devensian raised marine deposit is mapped on a gentle
southward dipping slope, which is nearly 1 km-wide and dips from 30 to 20 m A.O.D. Borehole
records from this area indicate that the deposit comprises interbedded sand, gravel and clay
overlying a 2 m-thick till deposit that is directly on bedrock. The sands are silty, fine to medium-
grained and contain pebbles of sandstone and siltstone with some imbrication. The thin clay
deposit is silty, stiff, mottled and yellow to blue in colour.

3.9.2 Section discussion

The west of Doune section is located in the proximal part of the Forth Valley, which represents
one of the furthest inland mapped Devensian raised marine deposits in the area. This region is
proximal to the Highland Boundary Fault representing a major change in the topography, and the
limit of the Loch Lomond glacial readvance (Evans & Wilson, 2006). In this area, the mapped
Devensian raised marine deposit is only seen on the northern side of the valley. The main valley
area is mapped as an alluvium deposit. This area is a similar width to the distal part of the Forth
Valley Catchment at 4-5 km wide.

The mapped Devensian raised marine deposit is observed at a similar height to other areas further
down the catchment and on a slope dipping towards the River Forth. The mapped deposit
terminates at the top of the slope and from borehole records is directly on till. Unlike further
downstream, the Devensian raised marine deposit in the area is sand-rich and not clay-rich, and is
interpreted in borehole records as a beach deposit (BGS ID 625736). Most of the borehole records
describe imbricated pebbles within the deposit and a fine to medium-grained sand, which would
fit with this interpretation.

The area mapped as an intertidal deposit forms a continuous mapped surface with areas
downstream. The borehole records indicate that the deposit predominantly comprises a light grey
to brown clay with plant material and shell debris that is up to 26 m thick. This is typical of the
Claret Formation, representing estuarine infill of the valley. Discontinuously underlying this clay
is a thin layer of peat, suggesting a short lived sub-aerial environment. On the southern end of the
section the deeper channel feature cut into bedrock is infilled with a nearly 20 m-thick deposit of
silt and sand with bands of gravel, which are interpreted in the borehole records as representing a
marine setting. Although no description of shells is provided a silty sand is typical of the Errol
Clay Formation described elsewhere. Not all borehole records in the area reach bedrock or top till.
However there are boreholes that reach either rockhead (with no till preserved) or top till,
suggesting a discontinuous till layer in the area. The mixed preservation of the till deposit is
suggestive that it has been partially eroded away in the area.
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4 Discussion of the major features and deposits

41 SEA-LEVEL RECORD IN THE FORTH

Sea-level change in the Firth of the Forth is major control of sedimentation, particularly of the
glaciomarine and post-glacial estuarine systems. Relative sea-level is controlled by an interplay of
both glacial isostatic adjustment and global eustasic sea-level rise. In general, in the Firth of Forth
post-LGM the rate of glacial isostatic rebound and eustatic sea-level rise result in fall in sea-level
after the LGM (Boulton, Peacock, & Sutherland, 1991; Shennan, et al., 2006; Lambeck, 1991;
Peltier & Fairbanks, 2006). The Devensian and Loch Lomand glaciations resulted in relatively
short-lived deviations from the overall falling sea-level trend.

According to the model proposed by Shennan et al. (2006), sea level in the Firth of the Forth post-
LGM was between 15 and 45 m above modern sea-level, depending on the thickness of the
modelled elastic lithosphere of between 96 and 71 km thick. This work also uses a number of sea-
level index points from younger deposits and features to interpolate a sea-level curve for the Late
Devensian, suggesting post-LGM sea level that was up to 40 m above modern sea-level.

4.2 SUBSURFACE ROCKHEAD TOPOGRAPHY

The BGS superficial thickness model indicates significant variation in the subsurface palaeo-
topography, defined by significant variation in depth of rockhead. The deepest rockhead is
observed along the present River Forth path and immediately to south of it, at between 50 to 80 m
depth, with some areas reaching nearly 150 m depth around Grangemouth and Stirling. The
subsurface topography forms an asymmetrical valley-shaped profile, which is orientated east-west
and varies from 3 to 10 km wide. Generally, the asymmetry of the subsurface valley has a gently-
dipping southern flank and steeper dipping northern flank. The valley profile is widest (10 km)
from Stirling to Grangemouth before narrowing (3 km) around the Forth Road Bridge and finally
opening up offshore at Edinburgh. There are two points where the valley narrows, including at the
Forth Road Bridge and at Stirling. At the two narrowing areas the depth of the subsurface valley
is still at a maximum of 60 m, but the width is less than 3 km. In central part of the Firth of Forth,
between Stirling and Grangemouth, the subsurface topography forms a subsurface valley that is
up to 10 km-wide and with a maximum depth of 150 m. The geometry of the subsurface
topography in this area varies from one large asymmetric valley to having multiple smaller 2 km-
scale valleys.

This subsurface topography is likely to have been shaped by numerous glaciations affecting
Scotland during the Late Quaternary (Lee, Busschers, & Sejrup, 2012). The dynamic glacial
history is likely to have strongly shaped the subsurface rockhead and top till topography. The
numerous glacial intervals affecting Scotland are thought to have resulted from extreme repeated
environmental conditions, which had a strong imprint on the landscape (Porter, 1989).

4.3 GLACIAL DEPOSITS

Till and glaciofluvial deposits have been mapped and are observed in borehole records extensively
across the Firth of Forth. The borehole records indicate a significant variation in thickness of till
deposits across the area, from less than 5 m to nearly 60 m thick. The thickest till deposit is
observed in the deepest subsurface topography, such as north-west of Grangemouth and around
Skinflats village. Along the flanks of the subsurface topography in the Firth of Forth the till deposit
varies from 0-30 m thick. Along the boundary of glaciofluvial and till deposits, the till varies from
being described as boulder clay to including sand and gravel deposits, suggesting that further
detailed work is needed to map out the boundary between till and glaciofluvial deposits.
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Outcropping till in the Edinburgh district has been shown to represent three major tills (Kirby,
1966). Hence, it is likely that the till preserved in Firth of Forth, particularly where interbedded
with sand and gravel, represent the multiple glaciations affecting the region during the Quaternary.

4.4 DEVENSIAN RAISED MARINE AND DELTAIC DEPOSITS

Late Devensian-aged raised marine deposits are mapped around the periphery of the Firth of Forth,
and are interpreted as comparable to the Errol Clay Formation from the Tay Estuary (Peacock,
2003). The borehole records indicate deposits comprising interbedded silt, clay, sand and gravel
of 2-4 m thickness, at 40-30 m A.O.D west to east, and within 5 km to the north and south of the
modern River Forth. Generally, the Late Devensian raised marine deposits observed form an
approximately 200 m to 1 km wide surface, with occasional outcrops of approximately 3 km wide
in the Grangemouth to Skinflats area.

The narrowest outcrops of Late Devensian raised marine deposits are found along the edges of the
distal part of the Firth of Forth between Bo’ness and just beyond the Forth Road Bridge. This area
is an approximately 15 km-long and 2-3 km wide corridor just before the mouth of the estuary.
Due to this narrowing of the Firth of the Forth the Late Devensian raised marine deposits are found
proximal to the modern river. From borehole records the deposits predominantly comprise silty
and sandy clay and gravel that are deposited directly on till.

The topographic narrowing of the Firth of the Forth at the estuary mouth has a strong control of
the extent of preserved post-glacial marine deposits. A form of the current topography is likely to
have existed during the deposition of post-glacial marine deposits, which has been subsequently
isostatically uplifted. The sediments preserved in this area appear to represent a subtidal
glaciomarine environment due to their similarity with Errol Clay Formation deposits described at
the Gallowflat Claypit (Peacock, 2003). It is interpreted that the post-glacial sea-level is
represented by the limit of the inland extent of the Devensian marine deposits around the Firth of
the Forth. Post-glacial marine deposits that infilled the main Firth of the Forth estuary area and has
partially been eroded away during later erosive and depositional estuarine phases. Small
embayments within the narrow topographic corridor coincide with lows in the topography and are
infilled with predominantly clay and probably represent semi-enclosed marine lagoons.

From Bo’ness to Stirling the extent of the Firth of the Forth post-glacial deposits widens with Late
Devensian marine deposits observed up to 10 km inland of the modern river. The raised marine
deposits are observed on a surface at 30-40 m A.O.D. The distribution of the raised marine
deposits in this area is not simply parallel to the current Firth of the Forth, but is highly variable
and comprises deposits that vary from 300 m to nearly 4 km wide. Borehole records from the
mapped raised marine surface show that deposits on the northern side of the Firth of the Forth
again comprises sandy clay with occasional gravel. However on the southern side the deposits
comprise major proportions of sand and gravel with occasional sandy clay, with a more developed
stratification and inter fingering of the various lithologies. The Plean cross section through the
raised marine deposits on the southern side of the Firth of the Forth, show a predominantly clay-
rich deposit with minor amounts of gravel that is approximately 4 m thick. This is overlain by
interbedded sand, gravel and clay of approximately 6-7 m thickness. Generally, the deposits on
the southern side of the Forth of Firth are distinctly different to the more typical Errol Clay
Formation-type deposits on the northern side of the Firth of Forth, as the southern side deposits
have more sand and gravel and represent a higher-energy depositional environments, such as local
fluvial to deltaic settings.

The topographic widening of the Firth of the Forth appears to have had a strong control of the
depositional environment in this area. The southern side of the Firth of the Forth is interpreted as
a local embayment, which was a proglacial fluvial or estuarine environment immediately after the
deposition of subtidal glaciomarine Errol Clay Formation sediments. It is likely that the estuarine
deposits were more extensive across the embayment and the current distribution of the deposits is
a consequence of Holocene fluvial erosion. This area represents a major post-glacial fluvial to
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deltaic environment that ran from Bo’ness to Kincardine. Notably, there is are post-glacial deltaic
deposits found on the northern side of the Firth of the Forth or in the Ochil Hills over-deepening
inlet. These deposit are likely equivalent to coarse-grained sand deposits overlying the Errol Clay
marine deposits that were described in the Tay-Earn Estuary and are termed the Culfargie Beds
(Paterson, Armstrong, & Browne, 1981). The Culfargie beds were interpreted as a prograding
deltaic setting that is observed locally across the estuary (Paterson, Armstrong, & Browne, 1981).

Upstream of Stirling and in the proximal part of the River Forth the Late Devensian raised marine
deposits are described as a stiff, reddish clay with rare shells that is 2 m thick. At the edges of the
River Forth catchment, at 40 m A.O.D., the mapped raised marine deposits from borehole records
comprise a dark red-brown silty sand with pebbles of fine-grained sandstone and siltstone. These
more coarser-grained sediments are likely to represent a more energetic setting such as a local
fluvial to deltaic environment.

The sediments beyond the topographic gap of the Campsie Fells and Ochil Hills and before Loch
Lomond and Trossachs national park hills represents a distinct depositional component of the Firth
of the Forth. Unlike further downstream in the Firth of the Forth, the sediments that represent the
post-glacial marine environment are preserved across the entire estuary as a relatively thin veneer
of beach deposits along the edge of mapped marine limit. The deposits in this area reflect the post-
glacial marine incursion resulting in the deposition of subtidal glaciomarine sediments that was
followed by sea-level retreat which is reflected by the beach deposits preserved along the edges of
the River Forth catchment.

45 MAIN PERTH SHORELINE

The “Main Perth Shoreline” is described in the Perth area at approximately 21 m A.O.D. (Smith,
Sissons, & Cullingford, 1969) representing a balance between the isostatic rebound and eustatic
sea-level rise that are in balance for a relatively short-lived time period after glacial retreat
(Browne, Gould, & Akhurst, 2015). A platform of the same height is not recognised in the Firth
of Forth area, however potentially there is a post-glacial shoreline that varies from 40 m A.O.D.
in the western most parts of the estuary to 30 m A.O.D. in the east. Further mapping would be
needed to define this feature.

4.6 POST GLACIAL ESTUARINE INFILL

In the immediate shallow subsurface surrounding the Firth of the Forth the mapping describes
raised tidal and intertidal flat deposits. Regional studies of the sediment in the shallow subsurface
have been few and mainly focused on the deposits around Grangemouth and Bothkennar (Barras
& Paul, 1999). The thickness and composition of these sediments is now investigated across a
wider region with the available borehole records. There is a significant variation in thickness of
the deposits from 20-100 m. The thickness of the estuarine infill appears to be dependent on the
thickness of till and existing subsurface topography that has strongly controlled accommodation
space.

In the narrow corridor from the Forth Road Bridge to Grangemouth the estuarine infill deposits
are up to nearly 60 m in thickness and predominantly comprise clay with occasional sand and
gravel channels. The narrow corridor (2-3 km wide) is infilled with post-glacial estuarine
sediments. Thin (1-2 m thick) sand and gravel channels are interpreted in the upper half of the
section. There is little variation in the composition and thickness of sediments across the Firth of
Forth channel.

In the Grangemouth to Stirling area the Firth of the Forth broadens in association with dynamic
changes in the composition and thickness of the post-glacial estuarine infill. Immediately east of
Bo’ness the Firth of the Forth broadens from 3-4 km to nearly 10 km wide, which is associated
with the thickest post-glacial estuarine deposits in the entire Firth of the Forth. The deposits
comprise predominantly clay and silt with occasional sand and gravel channels. In the deepest,
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part of the estuary around Grangemouth, the sediment infills an asymmetric valley, with deepest
part of the valley below the modern River Forth. On the southern side of the valley the infill is
predominantly clay with discontinuous inter-fingering beds of silt and occasional sand and gravel.
On the northern part of the valley the silt becomes dominant in the lower part of the section but
scarce in the upper part. In addition, large and more significantly channels of sand and gravel are
noted at the position of the modern River Forth.

The preserved till deposits in the Grangemouth area form a thin veneer on the original bedrock
topography, which is either the result of glacial depositional or post-glacial erosional processes.
There is a large amount of accommodation space above the till, which is infilled by post-glacial
estuarine sediments. In contrast, the till deposits across the Skinflats section infills the pre-existing
topography leaving a relatively planar surface for the post-glacial estuarine deposits to be
deposited on. The thickness of the estuarine sediments appears to be strongly controlled by the
pre-existing top-till palaeo-surface, which is in turn likely strongly controlled by pre-LGM and
LGM glacial processes.

In the upper part of the central section near Stirling there is significant change in the estuarine
sediment infill composition and thickness. This area is the intersection of Ochil Hills over-
deepening and the narrowing of the estuarine system at Stirling. The area can be divided into three
parts: firstly a southern part that underlies the City of Stirling; secondly a central part that underlies
the River Forth; and thirdly a northern part that is at the foot of Ochil Hills. In the most southern
part there is no till preserved, the central part comprises till deposits of approximately 16 m, while
the northern area the Ochil Hills over-deepening has till deposits of nearly 40 m thickness. The
estuarine infill in the southern area comprises a nearly 40 m-thick sequence of predominantly clay
with occasional sand and silt channels. In the central areas beneath the modern River Forth the
estuarine infill comprises 3 m-thick deposits of gravel sitting directly on till. The northern area
comprises a 50 m-thick deposit of clay with regular channels of sand and gravel. It is likely that
the variation in lithologies across the different areas can be attributed to different processes of
deposition across the estuary. Firstly, the southern and central areas can be linked with the main
Firth of the Forth estuarine sequence, with the central section correlated with the current River
Forth channels, which seems to be represented by sand and gravel channels from Stirling to the
Forth Road Bridge. The southern area comprises clay with inter-fingering silt and sand that is
similar to areas further east up to Grangemouth, which is just south of the current River Forth.
Finally, the northern area is the western most part of the Ochil Hills over-deepening feature
reflecting an overflow area of the Firth of the Forth.

Finally the proximal parts of the Firth of the Forth upstream of the Stirling topographic gap
comprises an occasional peat deposit and then a 10 m-thick sequence of clay, which overlies Late
Devensian raised marine deposits. The mapped extent of the estuarine sequence in this area is up
to 3.5 km wide and extending up to the Menteith Hills, which is approximately 30 km west of
Stirling. The deposits in this area represent the most inland part of the estuary and reflect a very
different type of deposit than is observed at Stirling and further east. The preservation of peat at
the base of the estuarine sequence reflects the subaerial exposure of the marine sediments prior to
flooding and the deposition of estuarine sediments. The overlying estuarine sediments comprise
only clay with silt laminae. There is a shallow over-deepening on the southern margin that is
infilled with silt and sand. This upper part of the Firth of the Forth is interpreted as representing a
low-energy proximal part of the estuary.

4.7 BOTHKENNAR GRAVEL

The representation of the Loch Lomond glaciation in the Firth of the Forth is currently only
documented by the Bothkennar Gravel Formation. Peacock (1998) described a “buried gravel
layer” that is continuous from Grangemouth to Stirling at up to 6 m depth that has been interpreted
to be ice-rafted deposits from ice bergs in the Firth of the Forth. From boreholes Peacock (1990)
describes the gravels as containing angular to rounded clasts, of variable sorting and some
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striations, consistent with ice-rafted deposition according to Gilbert (1990). The borehole records
studied show discontinuous buried gravel deposits particularly between Grangemouth and the
Forth Road Bridge. The deposits vary from 2 to 4 m depth and are found interbedded within the
upper part of the post-glacial estuarine clay and silt sediments. From the available borehole data,
a buried gravel layer can only occasionally be seen in the narrow corridor at the mouth of the Firth
of Forth. This is interpreted as representing the accumulation of ice raft debris in the corridor where
it is trapped and results in ice-raft deposits.

4.8 HOLOCENE RAISED MARINE DEPOSITS AND BEACH DEPOSITS

Holocene-raised marine deposits are mapped in the narrow topographic corridor at the mouth of
the Firth of the Forth. Borehole records in this area describe a relatively continuous approximately
1 m-thick bed of shell-rich silt, which is continuous across the Firth of the Forth and onshore up
to 20 m A.O.D. and 500 m inland. Overlying, the Holocene-aged raised marine deposits is a
mapped Holocene-aged raised beach deposit. Borehole records from these mapped areas indicate
that the raised marine deposit predominantly comprise clay, whereas the raised beach deposit is
composed of sand. The Holocene-aged raised marine and beach deposits are not mapped west of
Bo’ness.

4.9 MAIN POST-GLACIAL SHORELINE

The “Main post-glacial shoreline” is described as being from 14.8-6.1 m A.O.D., from west to
east in the Firth of the Forth (Cullingford, 1991). The age of the shoreline has been dated as 6800
years BP using *C (Cullingford, 1991).
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5 Depositional model of the Firth of the Forth

The Late Quaternary sediments of the Forth of the Firth represent the paraglacial environment that
followed the Last Glacial Maximum (LGM). The various marine and deltaic/beach deposits are
used as marine markers to help understand relative sea level and the depositional setting of the
Firth of the Forth during this time.

The oldest post-glacial depositional setting is represented by the Late Devensian-aged marine
deposits. Figure 28 (a) shows a surface that extends across the Firth of the Forth area that is at the
maximum height of the mapped Late Devensian marine deposits. Significantly this helps illustrate
the extent of the post-LGM marine incursion event. Borehole records from the upper reaches of
the system (in land of Stirling) describe deltaic deposits along the edges of the marine limit.
Equivalent aged river or estuarine deposits are not described elsewhere in the estuary. However,
it is also possible that the estuarine deposits described in the upper parts of the Firth the Forth are
not contemporaneous with the post-glacial raised marine deposits but represents a later stage
depositional setting, i.e. were deposited during gradual sea-level retreat during the Holocene.

The majority of the raised marine deposits are similar to the Errol Clay Formation sediments
described near Perth that are interpreted as a shallow sub-tidal marine environment (Peacock,
2003). Hence, the marine limit that is interpreted from these deposits is @ minimum limit, as sea-
level represented by these sediments is likely to have been slightly higher.

Significantly, the raised marine deposits in all cases sit directly on till suggesting no intermediate
depositional environment prior to the marine incursion. Hence, suggesting a rapid sea-level
incursion after the LGM deglaciation resulting in the deposition of sub-tidal marine deposits prior
to the deposition of any glacial outwash deposits in the area. In essence it appears that ice was
replaced by sea, so that as such the deposition of the Devensian raised marine deposit did not
require a sea-level rise as such.
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Figure 28. A model for relative sea-level in the Firth of the Forth shown as surfaces in
GeoVisionary including, (a) a surface at the top of the mapped Devensian-aged raised marine
deposits; (b) a surface at the base of the Devensian-aged deltaic deposits mapped between
Grangemouth and Stirling; (c) a surface at the top of the mapped Holocene marine deposits
(Smith, et al., 2010); and (d) the current Firth of the Forth sea level.

Overlying, the raised marine deposits in the central part of the Firth of the Forth is a proglacial
deltaic deposits, the base of which can be used as a second sea-level marker (Figure 28 (b)). A sea-
level surface based on these deposits illustrates sea-level during the ongoing falling relative sea-
level in the Firth of the Forth. Unlike the older raised marine deposits the mapped post-glacial
beach sediments represent a relative sea-level minimum. A major embayment developed along the
southern margin of the central part of the Firth of the Forth, where underlying top till and rock
head topography is not as steep as in other areas in the system.

After the post-LGM sea-level high stand there was a gradual fall in relative sea-level, as isostatic
rebound outpaced eustatic sea-level rise (Shennan, et al., 2006). The rate of relative sea-level fall
was initially relatively fast after the LGM deglaciation but slowed after the Loch Lomond
glaciation (Boulton, Peacock, & Sutherland, 1991; Shennan, et al., 2006; Smith, et al., 2010).

The relatively high post-glacial sea-level resulted in predominantly thick clay and silt deposited in
the Firth of the Forth. The thick fine-grained sediment sequence suggests a relatively low energy
environment, such a distal offshore estuarine setting or a subtidal marine environment. This
relatively high sea-level in the central and outer parts of the Firth of the Forth resulted in the
infilling of the available remaining accommodation space. Around the Grangemouth and Ochil
Hills areas there are thick deposits of silt and clay overlying till. The clay and silt deposits are also
still moderately thick near the mouth of the estuary. The thinnest clay and silt infill is observed
inland of the Stirling where the sea-level incursion was short lived.
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Previous work looked in detail at borehole records from upper 15 m of intertidal sediment near
Grangemouth, which is described as the Holocene Claret Formation (Barras & Paul, 1999). The
work interprets the sediment as representing a sub-tidal to inter-tidal environment and representing
a gradual fall in relative sea-level during this time. The sediment underlying the silts and clays of
the Claret Formation have been described as equivalent of the Linwood Clay Member of the Clyde
Clay Formation representing the Windermere Interstadial. The full thickness of each formation
and therefore the boundary of the two formations in the borehole records is currently unknown.
The borehole records studied as part of this work show little change in the type of sediment across
the Windermere interstadial and Holocene suggesting a similar sub-tidal environment also during
the Windermere Interstadial. Studied borehole records from the Western Forth Valley of
Windermere Interstadial sediments also describes a shallow fjord-style margin environment
(Holloway, L, Peacock, & Wood, 2002).

The Younger Dryas (Loch Lomond Stadial) is likely to have resulted in a short-lived fall in sea-
level followed by a relatively quick recovery (Shennan, et al., 2006). It is unclear if this is
represented in the sedimentary record as this may have locally changed the nature of the infill of
the main estuary for short time period. There is no evidence for a major change in sedimentation
across the estuary on larger scale in the borehole records. Ice raft deposits are interpreted locally
around the Grangemouth area from borehole records (Peacock, 1998), however such deposits
cannot be seen on the larger scale.

A sea-level transgression has seen described by numerous workers for the early Holocene in this
area, dated at c. 7800 BP in the inner Forth area (Sissons & Smith, 1965; Cullingford, 1991; Smith,
et al., 2010). The deposits associated with this sea-level transgression are also observed elsewhere
along the southern Scottish coastlines, such as near Girvan (Jardine, 1975). The early Holocene
sea-level transgression resulted in the flooding of the entire Firth of the Forth, with marine deposits
(Smith, et al., 2010) including in the uppermost parts of the Firth of the Forth.
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6 Further work and applications

The new data from borehole records provides a constraint on the nature of the superficial sediment
infilling the Firth of the Forth. Previous work in the area focused on scattered outcrop and
boreholes across the Firth of the Forth. In contrast, this new work provides the first overview of
the entire system, particularly the deepest superficial sediments. However, the geotechnical dataset
used for this work is relatively low resolution and provides little detail on the sedimentology and
thus hampers interpretations as to depositional environments. To develop the interpretations of the
post-glacial marine and intertidal infill depositional environments further, more detailed core
descriptions in terms of sedimentary structures would be needed, particularly from the deepest
sediments, such as at Grangemouth.

A major aspect of this work is the understanding of wider controls such as eustatic sea-level
change, isostatic rebound and climate variability of the post-glacial sediments. More detailed
dating work would be needed to understand the allocyclic controls of the post-glacial environment
of the Firth of the Forth. Dating of the various depositional environments, such as the Late
Devensian raised marine deposits and the first sub-tidal estuarine infilling would provide dates for
key markers in the sedimentary record of major environmental change. This information can be
used to compare and contrast to other systems across Scotland to understand how they are
responding to LGM deglaciation and associated sea level changes, such the Tay and Clyde
estuaries. This could contribute to understanding regional variations in deglaciation.

The complex nature of the sediments across the Firth of the Forth and other glaciated estuarine
systems in both Scotland and globally needs to be distinguished from non-glaciated estuaries. For
example, the Quaternary provinces and domains model, which qualifies and quantifies the UK
landscape into domains based on surface processes and geology defines 10 distinct domains
(Booth, Merritt, & Rose, 2015). This work is aimed at being used for academic and applied
sciences, including hydrology, mineral resources, industry risk assessment and water resources.
However, the study groups all the estuarine systems in the UK as part of the ‘coastal, estuarine
and fluvial domain’ and does not distinguish between glaciated and non-glaciated estuaries. This
work shows that there is a significant difference between a glaciated and non-glaciated estuarine
systems, in terms of sediment type and thickness. This is a significant distinction when using the
Quaternary domains to understand glaciated estuarine system for hydrology or water resources.
We suggest that glaciated estuaries should represent its own domain in this scheme.
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7 Conclusions

This report aims to provide an overview of the post-glacial evolution of the Firth of the Forth since
the Last Glacial Maximum to Recent, and assess this understanding using geotechnical borehole
records. The borehole records enable a new insight into the composition and thickness of the
superficial sediments associated infilling the Firth of the Forth.

The post-LGM sediments of the Firth of the Forth reflect a deglaciated estuarine environment that
was strongly influenced by allocyclic controls, such as isostatic rebound and eustatic sea-level
change. The impact of these larger scale controls is reflected in the superficial sedimentary infill
of the estuary. The post-LGM deglaciation resulted in a prolonged marine incursion, represented
by relatively thin marine deposits preserved on an uplifted shoreline uplifted to 30-40 m A.O.D.
The falling sea-level resulted in the partial infilling of the Forth Fjord region, with sub-tidal
sediments. These sediments were sub-aerially exposed, represented by discontinuous peat deposit
in the upper parts of the estuary. Following this was the Holocene marine transgression, which
resulted in marine sediments deposited on the flanks of the estuary and further sub-tidal to
intertidal sediments being deposited across the Firth of the Forth.

This work presents the first overview of the post-LGM depositional history of the Firth of the
Forth, which is combined with new interpretations from geotechnical borehole records. The data
provided in geotechnical borehole records provides is an important stepping stones toward further
work, such more detailed sedimentary interpretations from field work and geotechnical
classifications of the various superficial sediments observed in the Firth of the Forth.
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