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“These shores, so different in their nature and in the inhabitants they support 

are made one by the unifying touch of the sea. For the differences I sense in 

this particular instant of time that  is mine are but the differences of a 

moment, determined by our place in the stream of time and in the long 

rhythms of the sea.” 

Rachel Carson, 1951  



Title of Thesis: Holocene paleoenvironmental reconstruction in Galway Bay, a 

shallow coastal embayment along Ireland’s North-East Atlantic margin 

Author: Joyce Novak 

Coastal environments are highly dynamic and complicated systems that vary spatially and 

temporally over a range of timescales. This study explores the paleoenvironmental changes 

recorded in sediment cores taken from Galway Bay, located on the coast of western Ireland. 

Galway Bay is a large shallow bay, which is protected from ocean swells of the North Atlantic by 

the Aran Islands. The inner bay receives freshwater mainly from the Corrib River Catchment. 

Four c. 6 m sediment cores were extracted along an inner bay  transect and are explored here in a 

multi proxy paleoecological study to track environmental change during the Holocene period. 

Physical proxies obtained using a Multi Sensor Core Logger (MSCL), geochemical signatures 

acquired with X-ray fluorescence (XRF) scanning and microfossils (diatom and foraminifera) 

were examined. A Holocene timeframe was established with 23 AMS 
14

C dates across the four 

cores spanning c. 10000 cal years BP. A west-east progression is noted in the sediment 

stratigraphy. The western most sediment core contained no sediment post c. 8500 cal years BP 

while the eastern most sediment core, closest to the Corrib River outflow, contained the most 

complete sediment profile with sediments from the early, mid and late Holocene.  A sedimentary 

hiatus spanning 5-7 ka is confirmed in two sediment cores. Change points in the sediment 

profiles are identified, reflecting known climatic events, including marine transgression, a 

possible 8.2 ka cooling event, freshwater phases and rising sea levels. The early Holocene 

encompassed the highest rate of sediment accumulation and marine transgression is captured in 

the proxy evidence. Coastal environmental change is postulated with water level rise and paleo 

tidal ranges varying from Highest Astronomical Tide to Mean High Water with high to middle 

marsh and mudflat development. The mid Holocene has a major break in sediment continuity 

with no complete mid Holocene sediment profile preserved.  The innermost bay core retained 

sediment until c. 6000 cal years BP. The major hiatus is associated with a visible shell layer 

possibly reflecting a possible storm event and a sediment washout. The shell layer is overlain 

with late Holocene sediments (c. 500 years) in both inner bay cores reflecting either a return of 

conditions facilitating sediment deposition, or sediments that have not yet been washed out. The 

complex chronology and sedimentary profiles display a west to east progression along the inner 

Galway Bay transect reflecting a spatial trajectory of chronological, physical, chemical and 

biological change and thus environmental change as the rising sea made its way east into the 

Galway Bay.  



Declaration  

     

I hereby declare that this thesis represents my work and has not been submitted in 

whole or in part, by me or another person, for the purpose of obtaining any other 

qualification.    

Signed: __________________________   

 Date: __________________________   



Acknowledgements 

I would like to thank Mary Immaculate College for awarding me the MIC Studentship 

which made this work possible. As well, for further research seed funding which was 

used for radiocarbon dating of material in this project. The Marine Institute, for granting 

me their Networking and Travel Award in 2012 and 2013. 

My academic supervisor at MIC, Dr Catherine Dalton, for guiding me through the PhD 

process. For her exceptional skills as an editor and imparting her knowledge of the paleo 

world and academia to me. I am eternally grateful.  

My supervisor at the Marine Institute, Dr Caroline Cusack, for sharing her enormous 

intelligence with me and opening the MI to me. Your advice regarding ocean sciences 

was invaluable and I could not have completed this without you. Your camaraderie as a 

working mother and regarding sick children made me feel human.  

To my fellow geography postgrads Margaret Browne and Darren Barry who have battled 

in the trenches with me from Ireland to Italy (via Moneygall), provided countless hours 

of informed discussion, sci-fi and superhero discussion, Japanese food, map making, 

foram processing, stats confusion and who have cheered me on from the sidelines; I am 

not quite sure I would’ve crossed the finish line without them. The Geography 

Department at Mary Immaculate College: Dr Des McCaffrety, Dr Brendan O’Keefe, Dr 

Helene Bradley-Davis, Dr Angela Cloke-Hayes, Dr Shane O’Sullivan, Grainne Dwyer 

and Niall Walsh for continual support. 

To the Marine Institute’s INFOMAR programme through which the sediment cores for 

this project were obtained. Morris Clarke, Helen McCormick and Macdarra O’Cuaig in 

the Fishery Ecosystem Advisory Service at the MI; Kieran Lyons, Trevor Alcorn and 

Deirdre O’Driscoll in Data Services and Adam Leadbetter at the MI. Dr Mike Williams 

(NUIG), Bill Wood, Dr Rosaleen Mylotte (UL), Dr. Paula Reimer (Queens), Dr Jonathan 

Turner (UCD), Dr Steve McCarron (Maynooth), Dr Gil Scott, Dr Garrett Duffy (NUI 

Galway), Cathal Clarke (NUI Galway), Dr Jonathan Lewis (Loughboro UK). 

Tobi and Otis Rapp & Séan O’Connor at the MI Fishery Science Unit in Castletownbere 

& Gavin Power, fisherman extraordinaire, for sharing your space with me for the past 

five years, for all the seafood, putting up with my messiness and especially for all the 

banter about life in this tiny little paradise at the edge of the world in West Cork.  

Gretta Purcell for always minding the boys (and me). 

The strong women on whose shoulders I stand: Catherine Martinez, Anita H. Martinez, 

Catherine Novak-Doyle, Dr. Carolyn Tricomi, Dr. Anita DeStefano, Josephine 

DeStefano – long stemmed American beauties all.  

Colleen- for loving me more than her luggage. 

Catherine Schnabel Martinez – for happily entertaining my endless stream of questions & 

nurturing my inquisitive nature – how I wish you were here to share this moment. 

And most of all, my parents (Mom & Bill, Daddy & Kathy) who are my champions, my 

biggest fans and when need be, my financial backers. Your pride overwhelms me & your 

love is boundless. Your relentless pursuit of this achievement was as great as my own. 

Go raibh maith agat. 



TABLE OF CONTENTS 

CHAPTER 1:  INTRODUCTION ....................................................................... 6 

1.1 Research rationale .................................................................................. 6 

1.2 Aims and objectives ................................................................................ 8 

1.3 Structure of thesis ................................................................................... 9 

CHAPTER 2:  COASTAL ENVIRONMENTS ................................................ 11 

2.1 Coastal processes .................................................................................. 11 

2.1.1   Oceanic processes ................................................................................ 13 

2.1.2   Coastal sedimentation......................................................................... 16 

2.1.3   Estuarine processes ............................................................................. 17 

2.1.3.1   Estuarine water circulation .................................................................. 18 

2.1.3.2   Estuarine sedimentation ....................................................................... 18 

2.1.4   Terrestrial processes in the coastal zone ........................................... 19 

2.1.4.1   Terrigenous sedimentation and its effect on the coastal zone .............. 20 

CHAPTER 3:  HOLOCENE ENVIRONMENTAL CHANGE ...................... 23 

3.1 The Holocene ......................................................................................... 23 

3.2 Glacial activity as a precursor to Holocene environmental conditions

 ................................................................................................................ 24 

3.3 Drivers of climate change in the Holocene ......................................... 27 

3.3.1   External forces .................................................................................... 28 

3.3.2   Internal modes of climate variability ................................................ 28 

3.4  Climatic conditions in the Holocene .................................................... 30 

3.4.1   Holocene climatic cyclicity ................................................................. 32 

3.5 Relative Sea Level (RSL) during the Holocene .................................. 33 

3.6 Paleoenvironmental applications ......................................................... 36 

3.6.1   Radiocarbon dating ............................................................................ 37 

3.6.2   Sediment stratigraphy ........................................................................ 38 

3.6.3   Geochemical proxy analysis ............................................................... 40 



3.6.3.1   Applications of geochemical markers in sediment cores ...................... 41 

3.6.4   Microfossil analysis in paleoecological reconstruction .................... 42 

3.6.4.1   Diatoms ................................................................................................. 43 

3.6.4.2   Foraminifera ......................................................................................... 47 

3.6.4.3   Transfer functions ................................................................................. 49 

CHAPTER 4:  METHODOLOGY .................................................................... 51 

4.1 Study Area ............................................................................................. 51 

4.1.1   Modern hydrological conditions in Galway Bay .............................. 55 

4.1.2   The Corrib catchment ........................................................................ 57 

4.2 Sediment coring .................................................................................... 57 

4.3 Laboratory analysis .............................................................................. 60 

4.4 Sedimentology ....................................................................................... 62 

4.4.1   Core logging ........................................................................................ 62 

4.5 Radiocarbon dating .............................................................................. 63 

4.5.1   Calibration ........................................................................................... 64 

4.6 Geochemistry – X-Ray Fluorescence (XRF) ....................................... 65 

4.7 Diatoms .................................................................................................. 67 

4.7.1   Diatom identification and enumeration ............................................ 68 

4.7.2   Diatom dissolution and breakage ...................................................... 72 

4.8 Foraminifera ......................................................................................... 72 

4.9 Data Analysis ......................................................................................... 73 

CHAPTER 5: RESULTS .................................................................................... 76 

5.1   Sediment core extraction .................................................................... 76 

5.2   Core Lithology .................................................................................... 78 

5.3 Chronology ............................................................................................ 83 

5.4   Sediment core VC001 ......................................................................... 88 

5.4.1   Physical properties .............................................................................. 88 

5.4.2   Geochemical properties ...................................................................... 91 



5.4.3   Diatoms ................................................................................................ 95 

5.4.4   Foraminifera ..................................................................................... 104 

5.4.5   Synthesis of data for sediment core VC001 .................................... 109 

5.5.1   Physical data ...................................................................................... 110 

5.5.2    Geochemical (XRF) analysis ............................................................ 113 

5.5.3   Diatoms VC003 and VC004 ............................................................. 116 

5.5.4   Foraminifera VC003 ......................................................................... 120 

5.5.5   Summary of results for sediment cores VC002, VC003 and VC004

 122 

CHAPTER 6:  DISCUSSION ........................................................................... 123 

6.1 Synthesis of Data ................................................................................. 123 

6.2 Sediment chronology .......................................................................... 126 

6.2.1   Hiatus ................................................................................................. 130 

6.2 The Early Holocene (10235-8200 cal years BP) ............................... 137 

6.2.1   Marine transgression ........................................................................ 137 

6.2.2   Early Holocene paleoenvironmental coastline changes ................. 143 

6.3 The Mid Holocene (8200-6063 cal years BP) .................................... 149 

6.3.1   Mid Holocene paleoenvironmental coastline changes ................... 150 

6.4 The Late Holocene (4200 to date) ...................................................... 154 

6.4.1   Modern sediment deposits ................................................................ 155 

CHAPTER 7:  CONCLUSION ......................................................................... 159 

CHAPTER 8:  REFERENCES ......................................................................... 165 

APPENDIX A: GRAIN SIZE ANALYSIS ................................................................. 211 

APPENDIX B: AGE DEPTH PROFILES VC003 AND VC004 .............................. 213 

APPENDIX C: XRF ELEMENTAL PROFILES VC001, VC002, VC003 AND 

VC004 ............................................................................................................................. 215 

APPENDIX D: DIATOMS .......................................................................................... 219 



APPENDIX E: DCA FOR DIATOMS IN VC001 ..................................................... 224 

APPENDIX F: DI SALINITY DATA ......................................................................... 225 

APPENDIX G: FORAMINIFERA ............................................................................. 227 

APPENDIX H: PCA FOR GEOCHEMICAL RATIOS ........................................... 230 

 

 



1 

 

List of Maps 

Map 4.1: Map of Galway Bay, Ireland showing water depth. The locations of the four sample 

sediment cores are noted in black and labelled (VC001, VC002, VC003 and VC004).  The small map 

of Ireland indicates the position of Galway Bay nationally.  

Map 4.2:  The delineation of the Corrib Catchment with the Transitional Waters, Inner Galway Bay 

and Outer Galway Bay marked (delineation as per EPA, 2014). The sample sediment cores are 

labelled in red (VC001 and VC002 in the transitional waters and VC003 and VC004 in Inner Galway 

Bay North).  

Map 4.3: Circulation in the north Inner Galway Bay. This map displays an average of surface and 

bottom currents at all sampling points collected by the Marine Institute in 2015 (unpublished data) in 

this area. Arrows indicate direction and shading of the arrows indicates the speed of the flow: darker 

arrows having a faster flow than lighter arrows. 

Map 4.4: North Inner Galway Bay showing Mean High Water line (blue) and Mean Low Water line 

(green) (www.marine.ie accessed 14/7/2016). 

 

  

http://www.marine.ie/


2 

 

List of Figures 

Figure 2.1: An illustration of the coastal zone based on seawater inundation as outlined by Anderson 

and Vos (1992). Included in the illustration are the markers for Highest Astronomical Tide (HAT), 

Mean High Water (MHW) and Mean Low Water (MLW); as defined by NOAA (2016) and Haslett et 

al., (2001). 

Figure 3.1: Based on Maslin et al (2001; 2005), this chart outlines major climate events of the 

Quaternary Period.  Highlighted in blue are the relevant Holocene events. 

Figure 3.2: Source (Barth et al., 2016): LGM Irish Ice Sheet reconstructions from A) Bowen et al. 

(1986), B) Ballantyne et al. (2011), C) Brooks et al. (2008) (for 21 ka), and D) Greenwood and Clark 

(2009) (for 24 ka) showing varying interpretations of the IIS extent. White shaded areas indicate ice 

cover. Thick black lines represent ice divides. Thin black lines represent ice thickness contours and 

numbers indicate topography corrected ice-sheet thickness. Gray lines represent ice flow lines.  

Figure 3.4: Relative Sea Level curves from Ireland as published in Edwards and Craven (2017). 

Included here are the SLIPs (represented by the red points) in relation to existing curves produced by 

Bradley et al., (2011) (indicated by the dark blue line) and Kuchar et al., (2012) (indicated by the 

light blue line).  

Figure 4.1: Flow diagram shows sample recovery through to laboratory analyses  where (a) Research 

vessel Celtic Explorer; (b) vibrocorer; (c -e) sediments cores; (f) multisensor core logger; (g) 

Malvern mastersizer 2000 sediment particle size analyser; (h) XRF; (i) stereoscope used to identify 

forminifera; (j) light microscope with phase contrast used to identify diatoms. 

Figure 4.2: A sample of brackish diatoms: A.Cymatosire belgica, B. Glyphodesmis distans, C. 

Petroneis marina D. Paralia sulcata, E. Rhaphoneis amphiceros, F. Opephora pacifica, G. 

Planothidium delicatulum,  H. Grammatophora oceanica (girdle view), I. Grammatophora 

serpentina, J. G. oceanica.   

Figure 4.3: A sample of marine diatoms: A. Triceratum archangelskianum, B. Hyalodiscus scotius, 

C. Actinoptychus scenarius, D. Auliscus caelatus.  

Figure 5.1: Schematic of vibrocores VC001, VC002, VC003 and VC004 and the sediment and water 

depth at which they were extracted (axis not to scale).  VC001 is the innermost core located in the 

Corrib Estuary; VC004 is the outermost core in Inner Galway Bay. 

Figure 5.2: Sedimentary logs for VC001, VC002, VC003 and VC004  

Figure 5.3: Age-depth profile of sediment core VC001. 

Figure 5.4: Sediment accumulation rates of sediment core VC001 

Figure 5.5: Schematic illustration demonstrating the estimated Galway Bay sediment core 

chronology. Sediment cores VC002, VC003 and VC004 approximate the first 1500 years of VC001. 

Dates listed are Cal Year BP (primary axis) and relevant uncalibrated radiocarbon age points 

(secondary axis). 

Figure 5.6: Results of the physical analysis carried out using the Multi Scanner Core Logger 

(MSCL) for vibrocore VC001, % Organic Carbon and mean grain size. The hiatus is highlighted in 

grey. 

Figure 5.7: Seven elemental ratios for sediment core VC001: Sr/Ca, Ca/Ti, Si/Ti, K/Ti, Zr/Ti, Br/Cl, 

Fe/Mn. MSE is the mean square error and reflects the quality of fit for the elements. 

Figure 5.8: Principle component analysis of the geochemical ratios for VC001. 

Figure 5.9:  Diatom results for VC001. Here is a representative sample of diatom taxa appearing as 

greater than 5% of the total diatoms and in more than one sample. Radiocarbon dates are presented 

along the y- axis. Constrained cluster analysis with paired-group (UPGMA) using PAST is displayed. 

Figure 5.10: The results of the diatom metrics for VC001. Shown here are diatom counts (in count 

numbers), diatom concentrations, Hill’s diversity index, F-index, breakage index, total unknown (%), 

benthic:planktonic:tychoplanktonic ratio (B:P:T), CA axis scores and Diatom inferred (DI) salinity 

(PPM). Diatom zones determined using CONISS and displayed on the right. 



3 

 

Figure 5.11: Results of the Correspondence Analysis (CA) of diatom assemblages for sediment core 

VC001.  

Figure 5.12: Diatom salinity groups in sediment core VC001. 

Figure 5.13: Foraminiferal taxa >2% occurrence in sediment core VC001. Radiocarbon dates are 

also presented along the y- axis. Constrained cluster analysis using PAST is also displayed. 

Figure 5.14: Foraminiferal metrics for sediment core VC001. Included here are the total counts, 

concentrations per sample, Hill’s N2 Diversity Index, agglutinated vs calcareous taxa ratio, CA axis 

1 sample scores.  

Figure 5.15: Graphic of the correspondence analysis (CA) of foraminifera from VC001. Zones 

previously identified from CONISS cluster analysis are circled and labelled. 

Figure 5.16: Synthesis plot for sediment core VC001. A sample of the physical, geochemical and 

microfossil results with the % organic carbon are presented.  

Figure 5.17: Results of the MSCL analysis for: (A) p-wave VC002, VC003, VC004; (B) gamma 

density VC002, VC003, VC004 and Mean grain size VC003; (C) magnetic susceptibility VC002, 

VC003 and VC004. 

Figure 5.18: Results of selected geochemical proxies for sediment cores VC002, VC003 and VC004 

based on the PCA (axis 1): A) Br/Cl (VC002 and VC003 only); B) Sr/Ca; C) Ca/Ti and D) Si/Ti.  

Figure 5.19: Results of the principle component analysis (PCA) for the geochemical elemental ratios 

on VC002, VC003 and VC004.  

Figure 5.20: Diatoms >2% occurrance from VC003. Radiocarbon dates (cal years BP) are shown on 

the vertical axis. 

Figure 5.21: Diatom metrics for sediment core VC003 including the F-index, Breakage index, % 

unknown, Hill’sN2 and benthic:planktonic ratio.  

Figure 5.22: Foraminifera present in sediment core VC003; shown here are those present in >2% of 

the individual sample. Total counts numbers are presented on the right. 

Figure 6.1: Synthesis plot for sediment core VC001. The primary y-axis gives sediment core depth 

and the secondary y-axis gives radiocarbon dates in Cal Age BP. A representative sample of the 

physical (mean grain size and magnetic susceptibility), geochemical (Ca/Ti, Br/Cl and Sr/Ca ratios), 

diatoms (frustule counts, inferred salinity and selected species) and foraminiferal (test concentrations 

and selected species) results.  In the column on the right the zones of marine transgression, 8.2K cold 

event and hiatus are indicated.  

Figure 6.2: Synthesis plot for VC003. The primary y-axis gives sediment core depth and the 

secondary y-axis gives radiocarbon dates in Cal years BP. A representative sample of the physical 

(gamma density and mean grain size), geochemical (Br/Cl, Fe/Mn, Ca/Ti and Sr/Ca ratios), diatoms 

(frustule counts, f-index, and selected species) and foraminiferal (test counts and selected species) 

results. In the column on the right marine transgression is indicated.  

Figure 6.3: High resolution photographs of the sediment cores VC001, VC002, VC003 and VC004 

from North Inner Galway Bay. Colours indicate correlating chronologies as follows: green, 10000-

9000 cal year BP; blue, 9000-8000 cal year BP; yellow, 8000-6000 cal year BP; red, hiatus; purple, 

500-0 cal year BP. Probable chronological links between VC002 and VC003 are indicated by 

question marks (?) and dashed boxes.  

Figure 6.4: Photographs of the hiatus section of sediment cores. A) VC001, hiatus 68-55 cm; B) 

VC002, hiatus 30-18 cm; C) VC003, suspected hiatus 37-27 cm. The Corrib Estuary sediment core 

(VC001) displays the most prominent disturbance layer and the disturbance becomes less prominent 

with westward progression. 

Figure 6.5: Schematic drawing of possible hypothesis which led to the sediment washout seen in 

sediment cores VC001, VC002 and VC003. Arrows indicate directional hydrological forcings and 

imply fluvial or marine influences. 

Figure 6.6: RSL curve generated based on Edwards and Craven (2017). The red line indicates the 

existing curve based on data from Galway Bay and VC001 and VC003 data is represented on the 

second curve. 



4 

 

Figure 6.7: Sediment cores VC001 and VC003 in the Glacoal Isostatic Adjustment (GIA) Model 

(Bradley et al., 2011). The green ‘x’ is the existing primary limiting point identified in Edwards and 

Craven (2017); the two red ‘x’ marks are VC001 and VC003. (a) Ireland RSL for 10, 9, 7 and 4 kyr 

BP; (b) Galway Bay RSL for 10, 9, 7 and 4 kyr BP. 

Figure 6.8: The upper 200 cm of VC001 is shown showing possible evidence of the 8.2 ka cold with 

selected physical and geochemical proxies. A) Physical evidence: p-wave velocity (m/s), gamma 

density (g/cm
3
), magnetic susceptibility (SI), organic carbon (%) and DI-salinity (PPM). B) 

Geochemical evidence: Ca/Ti, K/Ti, Si/Ti, Zr/Ti and Br/Cl. 

Figure 6.9: Marine Institute LIDAR imagery of inner Galway Bay, accessed on 12/9/2016 from the 

INFOMAR bathymetry mapping system on the Marine Institute website. Sediment cores VC001, 

VC002, VC003 and VC004 are marked accordingly. (a) Drumlins identified by McCabe and Dardis 

(1989) are outlined in red and potential, unconfirmed drumlins are outlined in purple. (b) A potential 

paleo lagoon in Inner Galway Bay during the mid-Holocene is indicated with a yellow dashed line. 

This is a theoretical delineation and postulated here as one possible paleo lagoon barrier.   

Figure 6.10: A schematic diagram of paleoenvironmental changes in Inner Galway Bay during the 

Holocene. Here, environmental changes, paleotidal changes, sea level and the 8.2K cold event 

are noted. Additionally water levels and sediment depths are indicated. 
Figure B1: Age Depth Profile VC003 

Figure B2: Age Depth Profile VC004 

Figure C1: Single Elemental Profiles XRF VC001 (a): MSE, Mo inc, Mo coh, Si, Ca, Ti, Mn, Ni; 

(b): Zn, Pb, S, Cl, Ar, K, Cr, Ga, Br; (c): Rb, Sr, Y, Zr, La, Ce, Ta, W, Bl, U. The following elements 

are excluded due to extensive nil counts: Mg, Al, Cu, Ba, As. 

Figure C2: Single Elemental Profiles XRF VC002 (a): MSE, Mo inc, Mo coh, Si, Ca, Ti, Mn, Ni; 

(b): Zn, Pb, S, Cl, Ar, K, Cr, Ga, Br; (c): Rb, Sr, Y, Zr, La, Ce, Ta, W, Bl, U. The following elements 

are excluded due to extensive nil counts: Mg, Al, Cu, Ba, As. 

Figure C3: Single Elemental Profiles XRF VC003 (a): MSE, Mo inc, Mo coh, Si, Ca, Ti, Mn, Ni; 

(b): Zn, Pb, S, Cl, Ar, K, Cr, Ga, Br; (c): Rb, Sr, Y, Zr, La, Ce, Ta, W, Bl, U. The following elements 

are excluded due to extensive nil counts: Mg, Al, Cu, Ba, As. 

Figure C4: Single Elemental Profiles XRF VC004 (a): MSE, Mo inc, Mo coh, Si, Ca, Ti, Mn, Ni; 

(b): Zn, Pb, S, Cl, Ar, K, Cr, Ga, Br; (c): Rb, Sr, Y, Zr, La, Ce, Ta, W, Bl, U. The following elements 

are excluded due to extensive nil counts: Mg, Al, Cu, Ba, As. 

Figure E: Detrended Correspondence Analysis (DCA) for diatoms in sediment core VC001 

  



5 

 

List of Tables 

Table 3.1:  Originally derived from Kolbe’s (1927) work in Germany and later modified by Hustedt 

(1953, 1957) and Simonsen in 1962. The Halobian scale divides diatom species into five categories 

of salt tolerance (Vos and de Wolf, 1993; Lowe and Walker, 1997; Berglund, 2003; Zong et al., 

2003; Roe et al., 2009). 

Table 4.1: Georeferences of the four sediment cores with their respective assigned codes, depth of 

water, core length and sediment length of each vibrocore; acquired aboard the Celtic Explorer CE09-

04 28
th
 February 2009. 

Table 4.2:Sample resolution, methods and equipment utilised, radiocarbon dates and 

sedimentological, geochemical and microfossil proxies analysed for Galway Bay sediment cores. 

Table 4.3: Summary of sediment core samples targeted for AMS 
14

C dating; VC001, VC002, VC003 

and VC004. 

Table 4.4: Summary table of elemental ratios used as proxies to reconstruct past sediment chemistry 

changes in paleoclimate and paleoceanographic studies. All elements were generated by the XRF and 

initial ratios and Log ratios were generated in Excel.   

Table 5.1: The depth of water at the time of sediment cores extraction for vibrocores VC001, 

VC002, VC003 and VC004 along with the depth of the core tube and actual sediment length. 

Table 5.2: Results of the lithological analysis of all sediment cores. 

Table 5.3: AMS 
14

C dating for vibrocores including laboratory codes, the position of the sample in 

the core by section and depth, uncalibrated ages, the marine calibration, material and AMS δ
13

C. 

Table 6.1: Summary data table. An overview of the physical, geochemical and microfossil results in 

this study. The corresponding Holocene time periods are given along with the paleoenvironmental 

conditions assessed based on proxy evidence. 

Table A: The results of Laser Diffraction Grain Size Analysis for sediment cores VC001 (left) and 

VC003 (left). This includes actual data results along with the sediment classification as per Shepard 

(1954). 

Table D: Complete list of fossil diatom species found in sediment cores VC001, VC003 and VC004 

from Inner Galway Bay; listed with taxonomic authority. Genus is included for diatoms where 

identification was limited due to dissolution and breakage and, as a result, some individuals were 

only identified to genus level. Included in this table also is the Sediment Core where species was 

identified (1: VC001; 3: VC003; 4: VC004), Frustule Group (C: centric; P: pennate), Habitat (B: 

benthic; PL: planktonic; T: tychoplanktonic), General Environment (F: freshwater; B: benthic; M: 

marine) and Life Form (PL: plankton; PR: periphyton; EL: epilithon; EPH: epiphyton; EP: epipelon; 

EPS: episammon). Ecological classification was based Hendey (1964); Krammer and Lange-Bertalot 

(1986, 1988, 1991a, 1991b); Round et al. (1990); Vos and De Wolf (1992); Witkowski (1994); Hasle 

and Syvertsen (1997); Witkowski et al. (2000); Guiry and Guiry (2016). 

Table F: MOLTON/DEFINE Diatom Inferred  (DI) salinity (Diatom taxonomy was harmonised 

with the Molten and Define project (http://craticula.ncl.ac.uk/Molten/jsp/ ; Andrén et al., 2007) 

includes the MOLTON code, the relevant species and the corresponding salinity optimum used for 

sediment core VC001. 

Table G: Complete list of fossil foraminifers found in sediment cores VC001 (1) and VC003 (3) 

from Inner Galway Bay; listed with taxonomic authority. Included in this table also is the Test 

Composition (C: calcareous; A: agglutinated; P: porcellaneous), Habitat Preference (I: infaunal; E: 

epifaunal), Growth Form and Environmental Preference.   Ecological and environmental information 

was based on: Leobich and Tappan (1987); Scott et al. (2001); Murray (2003; 2006) and Horton and 

Edwards(2006). 

Table H: PCA Loadings of all sediment cores: (a) VC001, (b) VC002, (c) VC003, (d)VC004. 

  

http://craticula.ncl.ac.uk/Molten/jsp/


6 

 

CHAPTER 1:  Introduction  

1.1 Research rationale 

Nicholls et al. (2007), estimates that over half of the world’s human population resides 

within 60 km of a coastline. This makes the need for greater knowledge of coastal 

environments over time a priority.  Understanding the natural forcings and changing climatic 

conditions which lead to regionally diverse coastal environments is imperative and one of 

the main drivers in coastal paleoenvironmental studies. In order to understand present day 

ecological processes, it is necessary to identify the base-line conditions that existed prior to 

anthropogenic influences (Delaney and Devoy, 1995). The Intergovernmental Panel on 

Climate Change (IPCC), in their inaugural report released in 1990, recognised that global 

recommendations for coastal areas, with specific reference to sea level and coastal 

conditions, should not be made. Instead the IPCC stressed the need for further study of 

individual, spatially unique coastal areas in order to make accurate regional assessments of 

climate change on coastal environments and future coastal defence planning. In their two 

most recently published assessment reports (IPCC, 2007; 2013) the IPCC looks at the 

Holocene and discusses, in part, changes in circulation, sea surface temperature, sea level 

rise and refers to various studies which utilise a multi proxy approach to determine coastal 

paleoceanographic change during the Holocene (e.g Juckes et al., 2007; Loehle and 

McCulloch, 2008; Christiansen and Ljungqvist, 2012; Shi et al., 2013).   

Understanding contemporary coastal systems requires multiple sets of spatially and 

temporally compatible data that can integrate past climate conditions, natural variability, 

reference conditions and anthropogenic disturbances (Andersen et al., 2004). The coastal 

sediment record portrays amalgamated profiles of relative sea-level and the extent of land-

based activities via sedimentation rates, time marker horizons, geochemical signatures and 

biological responses represented in fossil assemblages. The provision of information to help 

describe past climate regimes, define reference conditions, assess change of state and help 

anticipate ecosystem responses under new climate scenarios is vital. Additionally, coastal 

environments have high primary productivity; it is estimated that shelf seas house 

approximately 20% of all oceanic primary productivity (Behrenfeld et al., 2005; Jahnke, 

2010; Simpson and Sharples, 2012; Scourse, 2013) with the phytoplankton production rate 
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three to five times higher and a per unit carbon fixation rate approximately 2.5 times greater 

than in the open ocean (Simpson and Sharples, 2012). This makes these extremely important 

environments on various scales and for numerous reasons.  Coastal environments are 

sensitive to changes in freshwater inputs, sea level and nutrient supply and as such, climate 

change and eutrophication of coastal waters over the coming century are major global issues 

(EEA, 2001; Clarke et al., 2006; Borja et al., 2006; Weckström et al., 2007). Current 

European legislation (e.g.: The Water Framework Directive (WFD)) provides a framework 

for the protection of transitional waters (estuaries) and coastal waters. In Ireland, the WFD 

requires on-going data related to transitional waters and accurate baseline information is a 

necessity. 

An example of an individual, spatially unique coastal area is Galway Bay on the Irish 

Atlantic seaboard.  There has long been speculation of vastly different paleo environments in 

Galway Bay. Fahey (1900) in an article presented to the Galway Archaeological and 

Historical Society writes: 

“In our ancient annals we find the Corrib and the bay into which it flows…Lough 

Corrib is Lough Orbson and the spacious bay into which the crystal waters of the 

Corrib are borne in rushing volume, was known to the ancients as Lough Lurgan’ 

And O’Flaherty tells us in his Ogygia that ‘Lough Lurgan was one of the most 

ancient lakes in Ireland’.” 

This legacy survives today in the gaeltacht in Galway where Lough Lurgan is still the name 

used when referring to Galway Bay and has led to an idea of a mythical lake where Galway 

Bay presently lies (pers comm. Macdarra Ó’Cuaig). While this image of a lake had persisted 

culturally, there was no published scientific research to this affect. 

O’Carra et al. (2014) presents radiocarbon dates taken from a red deer (Cervus elaphus 

Linnaeus, 1758) and other animal remains found in the intertidal zone near An Spidéal and 

Williams and Doyle (2014) present radiocarbon dates taken from tree stumps in An Spidéal, 

exposed by storm surges in the intertidal zone in 2012. Brief speculation on 

paleoenvironmental conditions are suggested but no further research is published on these 

sites. Publications relating to geomorphology, specifically glacial landscapes and glacial 
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activity in Galway Bay exist (e.g.: Williams, 1980; McCabe and Dardis, 1989; Knight, 2014) 

but largely pre date the Holocene or are terrestrial-based. Paleo sediment transport and 

deposition in Galway Bay (e.g.: Hall et al., 2006; Williams, 2010; Cox et al., 2012) is also 

explored but largely discusses modes of boulder transport as a result of storm force.  

Until 2007, there had been limited work on paleoenvironmental records from Galway Bay 

when an INFOMAR funded project resulted in the use of nine sediment cores in an 

unpublished Master’s thesis (Wood, 2010). However, this work concentrated primarily on 

shallow marine sediments from the outer and southern bay regions, as well as terrestrial 

sites. The sediment sequences exhibited disturbed chronologies and interpretation was 

complicated. In 2009, the four sediment cores used in this research were extracted from a 

targeted transect including coastal water body Inner Galway Bay North (Code 

IE_WE_170_0000) and transitional waters in the Corrib Estuary (Code IE_WE_170_0700). 

Mylotte (2014) conducted doctoral studies on humic compound extraction methodologies 

using the same sediment cores. Subsurface seismic data was also collected and was included 

in an unpublished Master’s thesis (Clarke, 2014).  

1.2 Aims and objectives  

The aim of this research is to track the environmental changes in inner Galway Bay during 

the Holocene, identifying coastal changes that occurred through time.  The first objective in 

reaching this aim was to generate a chronological profile that would make this possible. 

Establishing chronologies in sediment cores can be problematic because sediment can 

become re-worked over time. Storm events, geomorphological changes and biological 

influences can all lead to the movement of sediment vertically through the profile that 

would cause recent sediment to be deposited below older sediment. This can lead to 

inconsistencies in resultant radiocarbon dates and conclusions.  

The second objective of this research was to collect data from multiple proxies and create a 

comprehensive data set. Physical, geochemical and microfossil proxies were used in this 

research leading to an enormous amount of data. Sorting through the data to extract 

information that would provide the basis for useful and relevant conclusions regarding the 

changing coastal environment in inner Galway Bay was imperative. Multi-proxy 
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paleoenvironmental studies generate greater information than a single proxy approach and 

can be used to gauge subtle environmental responses. The integration of data can be used to 

quantify various environmental changes both regionally and spatially.  

The location of the sediment cores used in this project run along an west-east transect in the 

inner Bay with the eastern-most point located close to the Corrib River outflow. The third 

objective of this project was to determine if there was a trajectory of change over a period 

of time between the transitional waters of the Corrib Estuary and the Inner, more saline 

modern bay. This would have implications for regional coastal evolution and allow for the 

identification of natural variability in these transitional and coastal water bodies. Included 

as part of this objective, was to identify any signals that may be associated with known 

climatic events. This would give even greater insight into the behaviour of regional coastal 

environmental changes during known climatic conditions.  

Lastly, this research sought to establish baseline data to underpin effective management of 

coastal systems in Ireland. This objective would lend a historical perspective and therefore 

aid implementation of current legislation for Irish coastal waters. To achieve integrated 

coastal zone management there is a clear need for a combination of monitoring, modelling 

and paleoenvironmental studies to provide accurate explanations or predictions of aquatic 

system changes (Anderson et al., 2006).  

1.3 Structure of thesis  

Numerous processes interact to control coastal environments thus making the land-sea 

interface a dynamic and challenging area to study.  Chapter 2 will discuss coastal 

environments and the oceanic, estuarine and terrestrial processes that act together to produce 

coastal zone environments and their sediment deposits. Chapter 3 will discuss environmental 

change during the Holocene, delving briefly into the Last Glacial Maximum to set the scene 

of consequent conditions during the Holocene and moving on to the drivers of climate 

change, climatic conditions and relative sea level rise. Ireland lies on the edge of the 

European continental shelf and the coastal zone here is heavily affected by storm events as it 

is exposed to the full force of energy from the North Atlantic. Chapter 4 gives an account of 

the study area in Galway Bay, located on Ireland’s Atlantic coast, and the methods employed 
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in this research. Chapter 5 details the results of this study. This includes 23 radiocarbon dates 

and data from physical, geochemical and biological proxies taken from four sediment cores 

on a west-east transect in north inner Galway Bay. Chapter 6 offers a discussion of 

confirmed paleoenvironmental conditions along this transect and postulates scenarios which 

may have led to such conditions. This includes a breakdown of changes as they occurred in 

the early, mid and late Holocene. Chapter 7 concludes this body of work giving the reader a 

concise list of research outcomes to advance the knowledge base of coastal 

paleoenvironmental science.  
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CHAPTER 2:  Coastal Environments 

 

Introduction 

Coastal ocean environments are complex systems that are connected to land, the open-ocean 

and the atmosphere. The interaction of terrestrial and marine forces in the coastal zone 

produces a dynamic environment where constant change ensues. These changes vary on a 

temporal scale; water circulation responds to changes in salt and heat content and wind 

forcing on an hourly to daily time scale compared to changes in the open ocean which have 

weekly, monthly to annual response times. Key to understanding these dynamics are 

atmospheric, oceanic, estuarine and fluvial processes which act upon the coastal zone along 

with the local conditions. Together they determine how processes play out in a particular 

coastline. Coastal waters are a vital component of oceanic primary productivity; coastal 

oceans comprise only around 7% of the total ocean area yet they support 15–20% of total 

primary productivity (Simpson and Sharples, 2012). Sediment movement within this zone 

influences bathymetric changes and determines geologic evolution of the coastline through 

erosion, transport and deposition. Rivers and streams further supply fresh water, sediment 

and nutrients; sub-aerial weathering and erosion help to shape the coast. The resulting 

ecological habitats house distinct assemblages of flora and fauna. These key components, 

processes and conditions are now reviewed in the following sections to inform 

interpretations of coastal sediment deposits. 

2.1 Coastal processes 

 

Classifications used to distinguish coastal zones are grouped based on uniform physical 

characteristics such as substrate or depth of the water column.  Anderson and Vos (1992) 

classify three coastal zones based on levels of seawater inundation: the subtidal zone, the 

intertidal zone and the supratidal zone (Figure 2.1). The subtidal zone has the highest level 

of inundation and the supratidal zone the lowest. Tidal ranges are highly variable 

geographically, both locally and globally, and are impacted by position, geomorphology, 

bathymetry and weather (Thurman, 1994). Tidal datums are used as references to measure 

local tides and outline the standard elevations defined by a certain phase of the tide (NOAA, 

2016). When defining tidal ranges in the coastal zone with respect to specific parameters 



12 

 

(e.g.: ecological ranges of organisms) authors may use a water level associated with a 

specific tidal datum.  Haslett et al., (2001) uses foraminifera as tidal indicators and relates 

the coastal zonation outlined by Anderson and Vos (1992), who discuss diatoms as coastal 

indicators, to tidal water levels on the shoreline. Hemphill-Haley (1995) also provides 

classic text on using diatoms to establish rising sea levels and outline tidal water levels. 

Tidal datums include: Highest Astronomical Tide (HAT), Mean Highest High Water 

(MHHW), Mean High Water (MHW) and Mean Low Water (MLW). The water level 

Highest High Water (HHW) (Haslett et al., 2001) is equivalent to HAT and Extreme High 

Water (EHW) (Hemphill-Haley, 1995) occurs above the extent of HAT, likely as the result 

of a storm event. The tidal datums HAT, MHW and MLW are indicated in Figure 2.1.  

 
Coastlines are continually changing due in large part to the processes of erosion, 

transportation and deposition. Major movements of sediment take place here powered by 

processes generated by the ocean and its confluence with the terrestrial environment. Murray 

(2006) suggests that the two important physical factors affecting coasts are waves and tides; 

due largely to the fact that both processes impart high energy. Wave energy can generate a 

force that causes great and vigorous erosion on the shoreline and tidal forcing plays a 

significant role in sediment and nutrient exchange (Pidwirney, 2006).  

 

Figure 2.1: An illustration of the coastal zone based on seawater inundation as outlined by 

Anderson and Vos (1992). Included in the illustration are the markers for Highest 

Astronomical Tide (HAT), Mean High Water (MHW) and Mean Low Water (MLW); as 

defined by NOAA (2016) and Haslett et al., (2001). 

 

Tidal datum
HAT

MHW

MLW
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2.1.1   Oceanic processes 
 

The North Atlantic Ocean has circulatory patterns dominated by two large gyres (subtropical 

and subpolar). The circulation of the subpolar gyre (SPG) changes on decadal time-scales 

(Curry and McCartney, 2001; Bersch, 2002; Hakkinen and Rhines, 2004), and influences 

water circulating on both sides of the North Atlantic. For example, an expansion of the SPG 

leads to cooler and fresher inputs from the west to east in the North Atlantic and a 

contraction of the SPG results in a higher transport of southern warm saline waters into the 

NE Atlantic region (Holliday, 2003; Hátún et al., 2005; Hughes et al., 2012). The Atlantic 

Meridional Overturning Circulation (AMOC) is a key component of the global climate 

system and is responsible for a large fraction of heat transport in the Atlantic basin (Johns et 

al., 2011; Boulton et al., 2014). The AMOC is characterised by northward flowing warm 

saline waters in the upper layer of the Atlantic Ocean, cooling and freshening of the waters 

in the Irminger Sea, Nordic and Labrador Seas, and a southward flow of colder waters at 

depth. This circulation transports heat from the Southern regions of the Atlantic to the polar 

North Atlantic, where heat is released to the atmosphere. This release of heat can have 

substantial impacts on climate over large regions (Bryden et al., 2005; Wunsch and 

Heimbach, 2006; Zhang, 2010). There is a relationship between the AMOC and the Atlantic 

Multidecadal Oscillation (AMO), observed as an oscillatory pattern of sea surface 

temperature (SST) in the Atlantic Ocean (Zhang and Wang, 2013). 

 

Thermohaline circulation is a vital component of the global ocean nutrient and carbon cycles 

and is influenced by changes in temperature, salinity and freshwater influx that regulate 

water density and the continuance of the cycle (Jones, 1997). Warm surface waters are 

depleted of nutrients, but are enriched again as they mix with nutrient rich colder deep 

waters. The cause of this mixing is complicated. Recently, Lozier (2010) chronicles 

numerous studies which explore mixing in ocean currents and several methods have been 

identified including eddies in water transport and mixing (Dengler et al., 2004) and internal 

pathways (Bower et al., 2009).  
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Atlantic MOC is represented by changes in SST and parameters such as salinity (Reverdin, 

2010), sea level, and sea-ice transport (Frankcombe et al., 2010). There is evidence that the 

signal of observed multidecadal variability can also be seen in ecosystem parameters such as 

coastal phytoplankton distribution (Dixon et al., 2009), salmon recruitment (Friedland et al., 

2009) and cod populations (Drinkwater et al., 2009). Ocean circulation is also influenced by 

geophysical characteristics including sea floor bathymetry and ridges that separate deep 

waters of the ocean into distinct basins and seamounts. (Stewart, 2008). In the North East 

Atlantic, the margin of the continental shelf spans the distance from northern Norway to 

Southern Iberia and includes the open-sea shoreline to the shelf break where the inclination 

of the sea floor increases with the passage to the continental slope. The physical energy of 

the inner continental shelves comes from tides, waves and storms (Murray, 2006).  

 

The extensive processes including tidal currents, bottom friction on the water column, heat 

loss, freshwater inputs and discreet circulation patterns create different dynamics near the 

coast, from the shelf seas < 200 m to shorelines (Simpson, 2005). In particular, in the 

southern North Sea and most of the Irish Sea, tides are sufficiently strong to maintain a 

mixed water column throughout the year. Parts of the North West European Shelf have some 

of the largest tides globally: for example the Bristol Channel has a spring tidal range of over 

14 m (Pelling et al., 2013). The large tides make this one of the most energetic areas (Egbert 

and Ray, 2001), which is about 5 – 6 % of the total present-day global tidal dissipation. 

Tides across the region are dominated by the semi-diurnal constituents (Uehara et al., 2006) 

which are a response of the shelf seas to the tides generated in the Atlantic Ocean. Tides are 

a result of the position and gravitational attraction of the moon and to a lesser extent the sun, 

on the Earth causing the highest high tides (Spring tides) and the lowest high tides (Neap 

tides) at various lunar cycles. Tidal currents change in a very regular pattern making them 

predictable (Pinet, 1998).  

 

Tidal mixing fronts on the continental shelf of the Northern Atlantic separate seasonally 

stratified waters from well mixed/sporadically stratified waters in shallow regions (nearer the 

coast or on banks and shoals). Offshore tidal fronts, like the Celtic Sea Front, play a 

significant role in circulation and tend to separate nutrient-depleted water from nutrient-rich 
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water, and cross frontal exchange processes can result in enhanced biological production 

(Holt and Proctor, 2008; Coughlan and Stips, 2015).  

 

In other regions such as the shelf seas to the west of Ireland and in the Celtic Sea a well 

stratified water column develops in summer as a result of solar heating. In summer, 

circulation at depth in the shelf seas is forced by density‐driven currents. These persistent 

sub-surface baroclinic jet-like flows are generated by bottom density fronts that develop as a 

result of competition between tidal mixing and seasonal heating of the upper water column 

(Hill, 2005). There is strong evidence to suggest that the presence of these subsurface 

currents (below the thermocline) play an important role in the transport of nutrients, 

phytoplankton and contaminants in the Irish Coastal Current northwards along the west coast 

of Ireland in the summer months. Off of the west coast of Ireland, the Irish Shelf Front, a 

thermohaline front, separates coastal shelf waters and the northward directed inshore Irish 

Coastal Current from offshore saltier Atlantic waters. Examples of coastal currents include 

the Scottish Coastal and the Irish Coastal currents, which transport water around Britain and 

Ireland and towards the southern North Sea, and the outflow from the Rhine and other rivers 

along the north coast of continental Europe that combine with the outflow from the Baltic to 

form the Norwegian Coastal Current, which flows north towards the Arctic (Holliday et al., 

2011).  

 

Salinity, temperature and pressure are important oceanographic parameters in the pelagic and 

coastal zones (Tomczak and Godfrey, 2005). Salinity in Irish coastal waters ranges from 0 to 

35, with 35 representing the most saline conditions. Salinity increases water density - a 

variable also influenced by fluctuations in temperature and pressure (Dietrich et al., 1980). 

Temperature is an important parameter due, in part, to the impact it has on ecology. Distinct 

species assemblages are often associated with different water masses or niches defined by 

physical and chemical properties. Seawater density is a function of temperature, salinity and 

pressure and with these parameters measured and understood key processes can be examined 

(Millero and Poisson, 1981; UNESCO, 1981). At all trophic levels, indices derived from 

widely available datasets, such as those for sea surface temperature (SST), are frequently 

used as a measure of upper ocean conditions. As oceans cover the majority (70 %) of the 

earth’s surface, understanding the long-term variability in SST has been a key issue in recent 
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research, notably climate change research (Smith et al., 2008), and the development of 

gridded SST products has been driven in part by the need to provide data input to general 

atmospheric circulation models (Hurrell et al., 2008; Hughes et al., 2009). 

 

Coastal geomorphology is affected by wave action as energy released by waves can be more 

significant on certain parts of the shoreline than others and this is evident in coastal 

landforms. Waves are generated by aeolian processes with wave height affected by wind 

speed, wind duration and fetch (Duxbury et al., 2002). As waves approach the shoreline, the 

water depth decreases and the wave begins to touch bottom. Friction occurs resulting in a 

high energy wave of turbulent water both impacting the shoreline and the intertidal zone; 

where incoming waves meet back flowing water (Pidwirny, 2006). For example, cliffs are 

formed when wave refraction causes a higher concentration of wave energy on headlands 

and bays form when deeper waves are refracted to adjacent areas (Tomczak and Godfrey, 

2005). 

2.1.2   Coastal sedimentation  
 

Coastal sedimentary processes are complex and include erosion, transportation and 

deposition. Coastal areas are subject to the varying influences of riverine and atmospheric 

inputs, coastal and seafloor erosion, and biological activities. Grain size of sediments is one 

of the major controlling factors for sediment distribution in coastal areas (Ip et al., 2007). 

Ocean currents and waves continually exert force on landmasses and energy is constantly 

being expended along coastlines making them dynamic systems (Jones, 1997). Wave energy 

can generate a force that causes vigorous erosion as the wave connects with the shore with 

the majority of coastal erosion taking place in the surf zone (between the shoreline and 

breakers). Waves break at depths between 1.0 and 1.5 times wave height and rock particles 

are carried in suspension by the waves as they collide with each other thus causing a 

reduction in particle size. These smaller particles are carried away by the retreating surf 

causing an increase of the depth to the bottom.  On rocky coastlines, wave impact 

continually undercuts the rock resulting in a mass wasting processes where rocky material 

from above can slide and fall into the water to be carried away by further wave action 

(Pidwirny, 2006). Coastal sediment deposition occurs primarily in two ways: sediment 
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that is created by wave action and sediment that is deposited by rivers and streams and 

transported by waves and currents. Finer grained sediment is carried offshore and deposited 

on the continental shelf or in offshore sandbars. Coarser grained sediment can be transported 

by longshore currents and beach drift further along the coastline (Pugh, 1982).  If wave 

energy and sediment supply are constant, then a steady state is reached. If any one of these 

factors change, then the shoreline will adjust. Coastal erosion varies based on the level of 

resistance offered by the coastal type; hard rock coasts experience low levels of erosion 

while soft cliffs and sedimentary coast are far less resilient. Human modification also play a 

role interrupting natural forces, for example coastal defences and river damming, however, 

the impacts are often not visible for decades or centuries and can be difficult to quantify in 

the short term (European Commission, 2004).  

 

Storm events and their associated wave activity and sediment transport have a significant 

impact on coastal landscapes. Understanding the distribution and force of storm and tsunami 

wave energy on the continental shelf and associated coastlines is an important factor in 

determining sediment movement (Hall, 2011). Storm wave energy strong enough to move 

boulders > 256 mm heights up to 50 m above mean sea level are documented (Williams 

2010). These wave emplaced megaclasts can be found on cliff tops along the coasts of 

Ireland (Williams, 2010; Hall et al., 2010; Cox et al., 2012) and the Faroe Islands (Williams 

and Hall, 2004).  Relatively recent tsunami activity and paleo tsunamis have been postulated 

(Knight 2011; Williams 2011; Cox et al., 2012). Boulder displacement is a key indicator of 

paleo storms and storm forces additionally have major implications for patterns in sediment 

displacement. 

2.1.3   Estuarine processes 
 

It is difficult to define an estuary because of the variety of geomorphologies, water inputs 

and outputs and climatic conditions. A classic definition was produced by Donald Pritchard 

in 1967 who defined an estuary as “a semi-enclosed coastal body of water which has a free 

connection with the open sea and within which sea water is measurably diluted with fresh 

water derived from land drainage.” In an estuary, marine and freshwater inputs maintain an 

exchange of salts and tidal energy which influences density and water circulation patterns.  

Wind energy, tidal energy and river inflow work together to produce the motion and mixing 
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of water in the estuary (Pritchard, 1967; Palmer et al., 2011). Shallow, open systems, 

estuaries have transitional zones between the freshwater and marine and exhibit distinct 

salinity gradients and are characterised by a large variability in physical, chemical and 

biological properties (Lancelot and Muylaert, 2011). 

2.1.3.1   Estuarine water circulation 

 

Water circulation patterns in estuarine environments are identified by density induced water 

column stratification (McDowell and O’Connor, 1977; Dyer, 1986), which is controlled by 

the interaction of saline marine inputs and freshwater riverine inputs (McManus, 1998; 

2000).  At the mouth of the estuary, dense shelf water is drawn in below the outflowing 

surface layer. This exchange flow occurs in fjords, drowned river valleys, bar-built estuaries, 

and rias (Valle-Levinson, 2010; Geyer and MacCready, 2014). The resultant horizontal 

salinity gradient is the key driving force for estuarine circulation, which in turn plays a key 

role in maintaining salinity stratification in estuaries. The combined influence of the 

estuarine circulation and stratification determines the volume of estuarine water and the 

fluxes of salt and fresh water within the estuary, and their intensity varies with the strength 

of the freshwater inflow. Because of these dynamics, estuaries are often the most strongly 

stratified aquatic environments, but they also tend to have vigorous water and salt exchange, 

due to the estuarine circulation (Geyer, 2010). The inflow of river water at the head of the 

estuary maintains well developed salinity stratification and in many estuaries this produces a 

relatively fresh upper layer and a lower layer of near oceanic salinity. These variations in 

physico-chemical parameters form frontal systems where two regions of water with differing 

properties meet along a horizontal gradient (Largier, 1993; Duck and McManus, 2003). 

Coastal bathymetry and the placement and behaviour of currents, shoals and channels also 

impact water circulation and density in the estuarine environment, thus affecting frontal 

formation and behaviour (Valle-Levinson and O’Donnell, 1996).  

2.1.3.2   Estuarine sedimentation 

 

Estuary morphodynamics reflect the relative balance between competing marine and fluvial 

processes (Cooper, 2001). Sedimentation in estuarine areas is related to frontal systems; 

where the deposition of sediment is a response to frontal system processes. Driven primarily 
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by tidal and wave forces, water entering the estuary sinks along the frontal edge pulling 

sediment down onto the sea bed.  The relatively sheltered character of estuarine 

environments, in particular where tidal currents are weak, allows sediments to flocculate and 

fall out of suspension. This process has resulted in the development of mudflats and 

sandflats in European estuaries, though there is considerable variability among estuaries in 

the pattern and distribution of their sedimentary structures including bathymetry, sediment 

supply, turbidity and current flows (Healy and Hickey, 2003). The ebb and flood phases of 

the tide build up the sand in varying positions and these two are re-worked until they meet in 

a zone of accumulation i.e. longitudinal frontal systems subdivide marine and fresh water 

leading to accumulations of sediment parallel to the frontal interface thus creating sandbanks 

(McManus, 2000).  The rate at which sediment is deposited in this environment varies based 

on the type of particulate matter. Silt has a slow settling velocity and can be transported long 

distances before it settles out of the water column in places where the current is too weak to 

carry it away when the tide turns (Bartholdy, 2000). Coarse sediment has a high settling 

velocity and deposition corresponds to the direction of peak current velocities. This 

compares to fine sediment deposition, transported largely in suspension, with a lag effect 

based on the relationship of the time it takes the sediment in suspension to adjust to changes 

in the water velocity (Pritchard and Hogg, 2003). It is the circulation within the estuary that 

drives the sediment accumulation rate, effectively trapping particles that sink such as 

sediment or particulate organic matter with high sediment accumulation rates (Traykovski et 

al., 2004; Geyer and MacCready, 2014).  

2.1.4   Terrestrial processes in the coastal zone 

 

The main terrestrial processes which affect coastal zone structure and function are fluvial 

processes; rivers and streams supply fresh water with its load of sediment and nutrients into 

estuaries (Keller, 1985). A catchment is the entire area contributing to the stream-flows of a 

main river and its tributaries. Topographic characteristics influence the pathways and 

processes that occur in a given catchment area including the amount and rate of water yield 

(Gregory and Walling, 1976). Fluvial discharge in the coastal zone acts as a transport system 

for sediment and nutrients. The transport and discharge of riverine inputs in the near shore 

environment can introduce anthropogenic pollutants (e.g.: high loads of nutrients from 
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agricultural and industrial practices (Harrington and Harrington, 2014). Nutrient 

concentrations in rivers are controlled by biogeochemical reactions in the pelagic zone 

during transport and nutrient exchange events at the sediment–water interface (House, 2003). 

For example, ammonium and phosphate can attach to sediments in the water column and be 

transported and deposited down-stream in the estuary. Inorganic particulate nutrients attach 

to the surface of suspended inorganic sediment particles and the co-precipitation of 

phosphate with calcite can enhance sediment storage (Walling et al., 2003; Evans et al., 

2004; Withers and Jarvie, 2008). Conversely, sediments can also become a nutrient source 

through the release of dissolved chemical species under well-defined pH and redox 

conditions (House and Denison, 2002; Chahinian et al., 2011). 

2.1.4.1   Terrigenous sedimentation and its effect on the coastal zone 

 

Sediment flux to the coastal zone is governed largely by geomorphic and tectonic influences 

in drainage basins, by the geography and geology of the basin and by human activities. The 

interplay of these factors is complicated and our understanding of what controls sediment 

discharge into the ocean is a topic of extensive research (Hay, 1994). A recent survey 

(Syvitski et al. 2005a) found globally that soil erosion is accelerating due to factors such as 

deforestation, agriculture and mining, while at the same time, sediment flux to the coastal 

zone is decelerating due to such occurrences as channel bank hardening, water diversion and 

reservoir storage. Another factor that complicates our understanding of a river’s conveyance 

of sediment to the coast is a lack of long term data, as many parameters are measured in 

years rather than decades (Syvitski, 2003). Despite these complications, the importance of 

understanding fluvial delivery of sediment is paramount. Understanding the redistribution of 

terrigenous material in a fluvial system and the processes of water velocity and its 

relationship to climatic processes is an essential part of this type of research. The transport of 

particulate material down a river relies on the velocity of the river. In general, the faster the 

river velocity, the larger the sediment load it can transport. However, this is not always the 

case.  Sand is more easily eroded than smaller silt particles and once in motion sand can 

have lower transport velocities. The smallest particles may never be deposited on the 

riverbed and are transported into the estuary. Once a certain velocity has been achieved these 

small particles tend to move as a suspended load. The suspended sediment increases down 



21 

 

river) and is at its maximum at the outflow of an estuary (Smith and Stopp, 1978).  The 

detailed pattern of sediment production within an area is the result of many conditions, 

including meteorological, physiographic and environmental spatial controls. The sediment 

load of a river is generally reduced significantly when catchment rainfall is low; sediment 

transported in such a low energy system will consist of fine material. Conversely, high 

rainfall conditions produce a high energy sediment transport system and an increase of 

coarse material is transported and deposited in the basin.  Grain size of the deposited 

material reflects the environmental conditions during the time of deposition (Bloemsma, 

2010).  

 

Deposition of sediment from freshwater catchment systems in intertidal environments has 

varying effects on the coastal zone. Geomorphology and hydrodynamic features of the 

receiving coastline play a part in the sediment behavior. For example, low energy coastal 

environments, where waves and tides are small and currents slow, have accumulations of 

fine grained material that can redistribute across the intertidal zone.  High energy coastal 

environments are more susceptible to processes such as erosion and transport. This is most 

obvious on rocky shores where there is little or no visual build-up of fine grained sediment 

(Woodroffe, 2002; Edwards, 2013). Climate has an effect on fluvial sediment transport; with 

increased temperatures the atmosphere holds and transports more water vapour and this can 

enhance the hydrological cycle and increase precipitation. This would lead to higher river 

flows and a greater means for large sediment relocation into the coastal zone and reworking 

of sandy sediment in the estuaries. Quantifying this occurrence is difficult, and records are 

sparse and incomplete. Trends in ocean salinity data can, however, be linked to increased 

precipitation and higher fluvial discharge into nearshore environments (Durack and Wijffels, 

2010; Helm et al., 2010). Investigations of the global water cycle are likely to become an 

important focus of future coastal research as the climate changes. There is a need to increase 

the volume and quality of salinity data collected in the ocean in order to fully understand and 

measure terrestrial inputs into the coastal zone (Lagerloef et al., 2010; Hughes, 2012). 

 

In summary, the key oceanic, estuarine and terrestrial processes reviewed here all serve to 

highlight the complex sequence of interactions that produce coastal zone environments and 

their sediment deposits. Ocean circulation, in part, regulates temperature and salinity and 
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impacts sedimentation and zonation in more discreet coastal zones. Land based catchment 

formation affects fluvial behaviour and freshwater input in terms of quantity and 

biogeochemical inputs into the coastal zone. Estuaries have a variety of geomorphologies 

and are heavily influenced by salinity and the resulting water density structures produced. 

The dynamic coastal environment and the ecological communities therein are a subject of 

great interest in research.  
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CHAPTER 3:  Holocene environmental change 

 

Introduction 

Coastal systems are dynamic over a range of timescales from seasonal to annual, decadal, 

centennial and millennial scales. One of the most relevant long term periods of interest in 

terms of environmental change is the Holocene geological epoch or the last 11.7 ka calendar 

years.  This period encapsulates the era since the last glaciation up to the present day and 

resulted in the formation of our current land and seascapes.  Long term development of 

coastal environments through time can be reconstructed using paleoenvironmental study of 

aquatic sediments. Paleoenvironmental examination utilises evidence of past environmental 

change which helps with interpretation of past climatic conditions within the coastal zone.  

Sediments in coastal zones are a potential archive of past changes in salinity, sea level and 

climate variations. An overview of the significance of the Holocene period in terms of 

climate change its driving forces, important change points and key research is described in 

this chapter.  This is followed by a review of paleoenvironmental study and applications of 

different proxies in coastal environments. 

3.1 The Holocene 

The Holocene geological epoch is the current interstadial period and follows on from the 

Pleistocene or last glacial period within the overall Quaternary Period (Figure 3.1). The last 

glacial period ended with the cold Younger Dryas sub-stage European cooling event which 

is dated to c. 11-10 ka in radiocarbon years or 12.9-11.7 ka in calendar years (Rasmussen et 

al., 2006; Carlson, 2013), and thus gave rise to the onset of the Holocene. During the first 

1,000 years of the Holocene, global temperatures began to rise and the ice sheets of 

northwest Europe began to retreat.  Due to the thickness and extent of these ice sheets it took 

approximately 2500 years for them to melt away completely and they remained extensive 

until 9000-6000 years ago, varying regionally (Roberts, 1998).  The climatic shift which 

brought about the Holocene is significant because of the impact it had on most elements of 

the environment such as ecological distributions, sea level changes and sedimentation rates. 

Climate change during the Holocene is a composite of external forces plus feedbacks within 

the climate system (Bradley, 2005). In order to understand present day processes, it is 
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necessary to understand conditions in the past prior to the major landscape modifications by 

man in recent years (Delaney and Devoy, 1995). 

Figure 3.1: Based on Maslin et al (2001; 2005), this chart outlines major climate events of 

the Quaternary Period.  Highlighted in blue are the relevant Holocene events. 

 

3.2 Glacial activity as a precursor to Holocene environmental 

conditions 

 

The Quaternary period is characterised by the effects of glaciation (Woodcock, 2000).  

During the Last Glacial Maximum (LGM, 26-19 ka) (Clark et al., 2009), global ice sheets 

reached their last maximum integrated volume (Peltier and Fairbanks, 2006; Chiverrell and 

Thomas, 2010). The maximum extension of each individual ice sheet worldwide varied due 

to local factors such as variation in ice source regions, ice divides and varying degrees of 

isostatic depression (Clark et al., 2009; Barth et al., 2016).  One of the results of the 

continual expansion and retreat of the ice sheets was the addition and retraction of water 

from the hydrological cycle which caused ocean volumes to fluctuate (Tooley and Shennan, 

1987).  This resulted in a lowering of sea levels during the LGM facilitating the spread of 

flora and fauna in Northern Europe and other areas via the creation of land bridges that 

connected areas like Britain to continental Europe (Bennett et al., 1991; Roberts, 1998). 

It is important to understand the behaviour of ice sheets and patterns of retreat during 

deglaciation because as ice sheets retreated, certain geophysical characteristics remained. 

Drumlins, trim lines, glacial irratics, moraines, emergent coastal landforms and other 
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geomorphological characteristics resulting from glaciation impacted the processes and 

ecological conditions that occur in the Holocene (Clark et al., 2012). An example of this is 

the laterally extensive ice sheet which extended out onto the continental shelf that existed 

over the UK and Ireland (e.g.: Evans et al., 1980; Warren, 1992; Sejrup et al., 1994; McCabe 

and O’Cofaigh, 1995; Clark and Meehan, 2001).  Referred to collectively as the British and 

Irish Ice Sheet (BIIS), it is thought to have existed from ca. 70 ka through to deglaciation 

(Peck et al., 2007; Hibbert et al., 2010; Scourse et al., 2009, Scourse, 2013). There is some 

debate as to the extent of the ice sheet over Ireland (the Irish Ice Sheet, IIS) (See Figure 3.2), 

with all agreeing that central and northern Ireland was completely covered by the IIS but 

differing in the extent of the western and southern margins (Sejrup et al., 2005, Shennan et 

al., 2006 and Brooks et al., 2008; Greenwood and Clark, 2009 and Clark et al., 2012) and 

whether southwestern Ireland was the centre of an independent ice cap (the Kerry-Cork Ice 

Cap, or KCIC) (Bowen et al., 1986, McCabe, 1987 and Ballantyne et al., 2011) or was 

completely overridden by a contiguous IIS (Barth et al., 2016). Further evidence suggests 

that ice cover reached beyond the south of Ireland Moraine (O’Cofaigh and Evans, 2001, 

Evans and O’Cofaigh, 2003; Hegarty, 2004; Ballantyne et al., 2006) and into the Celtic Sea 

south of the Isles of Scilly (Scourse et al., 1990; Scourse, 1991; Hiemstra et al., 2006).  

Ballantyne et al. (2006) suggests that only mountain areas with peaks above 725 m remained 

ice free.  An accurate reconstruction of the LGM IIS is critical for characterizing its response 

to climate forcing, particularly the abrupt changes in the North Atlantic (Clark et al., 2012) 

and sea level rise estimates (Lambeck et al., 2014 and Peltier et al., 2015) require an 

accurate reconstruction of the extent and the height (or thickness) of the ice sheet. 
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Figure 3.2: Source (Barth et al., 2016): LGM Irish Ice Sheet reconstructions from A) Bowen 

et al. (1986), B) Ballantyne et al. (2011), C) Brooks et al. (2008) (for 21 ka), and D) 

Greenwood and Clark (2009) (for 24 ka) showing varying interpretations of the IIS extent. 

White shaded areas indicate ice cover. Thick black lines represent ice divides. Thin black 

lines represent ice thickness contours and numbers indicate topography corrected ice-sheet 

thickness. Gray lines represent proposed ice flow lines.  

 

As the ice sheets began their retreat, the geomorphology of both inland and coastal 

landforms in this region underwent changes.  This occurred, in part, due to eustatic changes; 

those resulting from increasing volume of water in the ocean.  In Ireland, isostatic crustal 

rebounding occurs in the deglacial period after 20 ka from the unloading of glacial ice and 

this process has an effect on coastlines causing relative sea levels to fall.  Five to six 

thousand years later, c. 15 ka to 14 ka, rapidly melting ice sheets in this area caused sea 

levels to remain stable as the freshwater input into coastal areas levelled out the crustal 

rebounding effects of a retreating shoreline.  This ice retreat was interrupted by a large scale 

ice re-advance which affected much of the country (McCabe et al., 1998, 2005; Brooks et 

al., 2007). This ice re-advance was most likely due to a Heinrich Event and affected areas of 
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Ireland as far south as the Shannon Estuary (Thomas et al., 2004). This was a brief event and 

ice retreat resumes leaving the region ice free by 15000 BP (McCabe et al., 2005). Edwards 

and Brooks (2008) discuss Irish landforms in relation to glacial retreat stating that between 

15000 and 14000 years ago rapid ice melts had left Ireland surrounded by water. In the first 

thousand years of the Holocene, c.10 ka, eustatic sea level rise from the retreat and melting 

of ice sheets world-wide was faster than the isostatic coastal rebounding. In the mid to late 

Holocene, sea level rise is regional; for example, areas of the Eastern coast of Ireland 

experienced static sea level rise for the past 6000 years but the southern and western 

coastlines of Ireland experienced continuous sea level rise throughout the past 6000 years 

with the highest rates occurring in the southwest (Edwards and Brooks, 2008). Some recent 

modelling indicates that a gradual end to the melting of the ice sheet in Britain and Ireland 

during the mid Holocene resulted in a general 3 m sea level rise commencing 7000 years ago 

but there is further debate as to whether the melting ended by 4000 years ago or continued 

slowly until pre-industrial times (Lambeck et al., 1998, 2002; Peltier, 1998, 2004; Shennan 

et al., 2000b, 2002; Peltier et al., 2002; Shennan et al., 2006; Bradley et al., 2011). 

Establishing the impact of an ice sheet on regional and global climate (Hostetler et al., 

2000; Braconnot et al., 2012) and sea level (Bradley et al., 2011; Lambeck et al., 

2014 and Peltier et al., 2015) requires an accurate reconstruction. As well, determining the 

resultant geomorphology accurately assists in the reconstruction of physical processes during 

the Holocene (Clark et al., 2012). 

3.3 Drivers of climate change in the Holocene 

 

The reactions of the atmosphere and the oceans to internal and external forcing vary on a 

temporal scale.  The atmosphere responds relatively quickly with a response time from days, 

months or a few years. Likewise, surface ocean waters can change over months and years, 

but deep oceans can take decades to centuries to respond to various forcings and this makes 

oceanic processes significant factors in long term climate change on centennial and 

millennial time scales (Maslin et al., 2005). Paleoclimatic variability during the Holocene 

involved the combination of specific external forcings and internal modes of climate 

variability.  
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3.3.1   External forces 

 

External forces, such as solar radiation, orbital forcing and volcanic activity all played a part 

in the unfolding of climatic conditions during the Holocene. Hayes et al. (1976) 

demonstrated that climatic oscillations during the Quaternary were driven by regular changes 

in solar insolation brought about by Milankovitch cycles and regulated by orbital forcing, the 

parameters of which have varying effects on cyclicity (Imbrie and Imbrie, 1979; Armstrong 

and Brasier, 2005).  

Orbital forcing was a primary factor in Holocene climate changes from 11000 to 6000 years 

ago and was a result of changes in the Earth’s orbit relative to the sun. This change altered 

the amount of radiation the Earth’s surface received on a seasonal basis and how such 

radiation was redistributed. This redistribution, in turn, helped to regulate the temperature 

gradient globally, therefore having an effect on atmospheric and ocean circulation (Bradley, 

2008; Yu, et. al., 2005). In the mid to late Holocene (6000 to present), as orbital forcing 

reduced its effect on earth systems, glacial retreat had levelled off and smaller more localised 

changes started occurring. Solar irradiance affects both the atmosphere and oceans; acting on 

an 11 year cyclic pattern, it varies regionally and creates climatic variation on the earth 

(Rindi, 2002; Maslin et al., 2005).  When solar irradiance is high, heating rates in the upper 

atmosphere are increased, affecting stratigraphic winds and in turn surface climates (Shindell 

et al., 1999; Dunkerton, 2001; O’Hanlon, 2002). Studies have suggested a link between solar 

variability and North Atlantic climate (Bond et al., 2001) and in Asia (e.g.: Asian monsoons, 

Neff et al., 2001; Fleitmann et al., 2003; Wang et al., 2005). Volcanic forcing has well 

known effects throughout the Holocene and single events can result in a direct radiative 

effect on overall hemispheric or global mean temperatures producing short-term cooling 

effects. Aerosols released during an eruption reduce the energy receipts on the Earth’s 

surface and can affect atmospheric wave circulation and temperatures (Bradley, 1988; 

Robock, 2000).     

3.3.2   Internal modes of climate variability 

 

The oceanic, poleward transport of heat is a fundamental driver of the climate system. In the 

Atlantic Ocean, wind-driven gyres and MOC are the dominating drivers of circulation 

(Holliday et al., 2011). Many studies have been carried out to define the size of the 
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variability in MOC in order to understand changing climate (Gherardi et al., 2005; Biastoch 

et al., 2008; Trouet et al., 2012; Pillar et al., 2016).  The North Atlantic Oscillation (NAO) is 

an atmospheric process influenced by pressure and is most pronounced in the winter months 

from February to December (Hurrell, 1995; Labudova et al., 2013). Air pressure at the 

Earth's surface varies spatially and atmospheric circulation occurs as air moves from areas of 

high pressure to areas of low pressure.  The NAO is further influenced by the deflection of 

wind caused by the Coriolis force which influences ocean water currents creating a 

directional change in surface currents and affecting upwelling and downwelling events in 

intertidal environments. This is significant for coastal ecology because cold, nutrient rich 

waters rise and alter sediment composition and food web dynamics (Ross, 1995; Stewart, 

2008). Variations in the NAO index result in climate oscillation with active and passive 

phases of decadal variation peaking every six to ten years and correlating to changes in 

climate and sea surface temperatures over time (Appenzeller et al., 1998; Jennings et al., 

2000a; Folland et al., 2009). For example, a positive NAO index is associated with an 

increase in occurrence of westerly winds and increased wind speeds, temperature and rainfall 

in northern Europe (Daultry, 1996; Butler et al., 1999). In Ireland, winter precipitation has 

been recorded as above average when the NOA index is highly positive (Jennings et al., 

2000a). In addition, NAO phases in the Atlantic have been linked to survival rates of 

Atlantic salmon smolts and marine zooplankton production (Jennings et al., 2000b).  

 

The idea that slow changes in ocean circulation influence climate variability in the North 

Atlantic region goes back half a century (Bjerknes, 1964; Knudsen et al., 2011). There are 

several lines of evidence suggesting that SST variations related to the AMO drive climate 

and precipitation patterns over North America (Endfield et al., 2001; Sutton and Hodson, 

2005; Hu and Feng, 2008), droughts in the Sahel region of Africa (Folland et al., 1986), 

variability in Northeast Brazilian rainfall (Folland et al., 2001) and tropical hurricane 

frequency and intensity (Goldenburg et al., 2001). However, because the instrumental SST 

records only span ~150 years, studies of corals (Kilbourne et al., 2008), tree rings (Gray et 

al., 2004), estuarine fossil pigments (Hubeny et al., 2006) and sea-spray in Greenland ice 

cores (Fischer and Mieding, 2005) have been carried out to fill this void and indicate that 60 

to 100 year oscillations were also present in the North Atlantic region during the latest 
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centuries preceding the instrumentally observed AMO. However, the available evidence for 

a pre-industrial AMO remains inconclusive. These oscillatory climate variations have been 

attributed to internal variability of the ocean related to changes in the Meridional overturning 

circulation (Vellinga and Wu, 2004), a notion that has been supported by numerical studies 

showing that SST is the primary carrier of the multidecadal signal (Delworth, and Mann, 

2000; Knight et al., 2005). 

3.4  Climatic conditions in the Holocene 

 

The early Holocene in Europe is marked by a warm period initiated by the pre-Boreal 

Oscillation leading to the Holocene Thermal Maximum (HTM). The pre-Boreal Oscillation 

persisted until 10750 cal years B.P. (Fisher et al., 2002) and signified the end of Late Glacial 

type environments in Ireland. The input of meltwater into the North Western Atlantic 

eventually led to changes in pack ice position on the North Atlantic and Arctic Oceans that 

likely affected ocean circulation and caused a rapid increase in atmospheric temperatures in 

North West Europe (Diefendorf, 2005); heating over the land caused low pressure increasing 

precipitation over land masses.  The HTM was not a uniform phenomenon, however, and 

seems to vary spatially in Europe (Kaufman et al., 2004) with studies from Sweden (Laroque 

and Hall, 2003), North-West Russia (Ilyashuk et al., 2005), the Austrian Alps (Ilyashuk et 

al., 2011) and Ireland (McKeown, 2013; Ghilardi and O’Connell, 2013) putting the HTM 

between 10000 and 9000 cal years BP.  One study from Ireland (Deifendorf, 2005) suggests 

a thermal maximum at 10800 cal years BP while other European studies in Norway (Velle et 

al., 2005), Fennoscandia (Seppa et al., 2002), Northern Sweden (Rosen et al., 2001), Iceland 

(Caseldine et al., 2006) and Scotland (Edwards et al., 2007) give the time frame for the 

HTM earlier between 8000-7000 cal years BP. 

The warm temperature, newly available habitat and soil formation saw the expansion of 

vegetation and forest biomes (Roberts, 1998; Woodcock, 2000).  Within this period are 

several distinct oscillations or climate cooling events, which occur c. 8.2 ka, 5.5 ka, 4.2 ka 

and between 1200 and 1650 AD (Maslin et al., 2005; deMenocal et al., 2006). The 8.2 ka 

cold event lasted approximately 200 years and created widespread cool and dry conditions 

ending with a rapid return to generally warmer and moister climates than at present.  Marine 

records indicate cold and arid conditions in parts of NW Europe during this event (Alley et 
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al., 1997). The mid-Holocene, from c. 6000 cal years BP to c. 2600 cal years BP, sees the 

climate shift into the cooler Sub-Atlantic period which experiences oscillations between 

cool-wet and warm-dry conditions taking place every 260-520 years (Barber et al., 1994). 

The 5.5 ka cooling event is marked by a sudden and widespread shift in precipitation causing 

many regions to become either drier or moister.  Changes in dust and SST records in Africa 

show a higher humidity at the onset of this event and ending with a 300 years transition to 

current arid conditions (de Menocal et al., 2000b). In Europe, a shift in vegetation, 

specifically the decline of Ulmus sp., is attributed, in part, to climate change during this 

event (Maslin and Tzedakis, 1996). The mid to late Holocene sees a period of relative sea 

level stability and coastlines begin to take the forms we see today.  Estuaries and bays 

adjacent to river catchment outflows start to experience sediment deposits as marine 

incursion reduces.  Sedimentation creates new alluvial habitat and landforms along the 

coastlines.  Human settlements begin to spread during this time as well, having implications 

for increased sedimentation and/or erosion in adjacent coastal areas (Berglund et al., 1996). 

At 4.2 ka, a strong cold and arid event occurred across the North Atlantic, northern Africa 

and southern Asia (Bradley and Jones, 1993; Bond et al., 1997; Bianchi and M
c
Cave, 1999; 

de Menocal et al., 2000a; Cullen et al., 2000; Maslin et al., 2005). This event coincides with 

major shifts in anthropogenic activity (e.g.: collapse of the Mesopotamian Empire, collapse 

of the Old Kingdom in Egypt, the rise of early Bronze Age civilizations in Greece, Israel and 

India) (Peiser, 1998; Cullen et al., 2000; de Menocal, 2001).  Marine sediment cores indicate 

a large and extreme drought took place c. 4000 years BP with a significant increase in the 

amount of dust in the ocean for the 300 years that follow (Cullen et al., 2000; de Menocal, 

2001; Maslin et al., 2005). 

The Little Ice Age, occurring from 1200 to 1650 AD, is the most recent Holocene cold event 

and is possibly the most rapid and largest change in the North Atlantic during the Holocene 

as indicated by ice cores and marine cores (Mayewski et al., 1997; de Menocal et al., 

2000b). It is characterised by a temperature decrease of 0.5-1.0 °C in Greenland, (Dahl-

Jensen et al., 1998), significant shift in  ocean currents in the North Atlantic (Jennings and 

Weiner, 1996; Andrews et al., 2001) and a SST fall of 4°C off the coast of West Africa (de 

Menocal et al., 2000b).  This period is also marked by significant anthropogenic changes 
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including the extinction of Norse colonies on Greenland and mass migrations and famine 

across Europe (Bradley and Jones, 1993; Barlow et al., 1997).   

3.4.1   Holocene climatic cyclicity 

 

Holocene climate events are considered millennial scale quasi-periodic climate changes that 

occur in c. 1500 (+/- 500) year cycles (Maslin et al., 2005).  Thought to be similar to 

Dansgaard - Oescher cycles (D-O cycles) (Bianchi and M
c 

Cave, 1999; de Menocal et al., 

2000; Maslin et al., 2005), there is uncertainty regarding the periodicity of these cycles.  D-

O cycles are high-frequency climate oscillations with 1000-, 1450- and 3000-year cyclicities 

(Dansgaard et al., 1993; Grootes, 1993; Leuschner and Sirocko, 2000). Often linked to a 

reduction in the North Atlantic Deep Water (NADW) (Bond et al., 1997; Maslin et al., 

2005), these Holocene cycles cause surface water temperatures of the North Atlantic to be c. 

2-4°C cooler than during the warmest intervals (Bond et al., 1997; de Menocal et al., 

2006b). Recent marine sediment cores have indicated that there are, indeed, millennial scale 

climate cycles throughout the Holocene but whether these are quasi-periodic or have a 

regular cyclicity is not absolute. Many theories have been postulated regarding the cause of 

these Holocene climate cycles, the majority of which include a variation in the deep water 

circulation system of the ocean.  The internal instability of Arctic Sea ice, based on the 

theories behind glacial Heinrich cold events, is one theory for these climate cycles.  This 

suggests that large areas of sea ice have their own internal waxing and waning rates 

(Jennings et al., 2002) which may cause melt water in the Nordic Seas which, in turn, 

reduces deep water formation leading to Holocene cyclic cold events (Kreveld et al., 2000; 

Jennings et al., 2002; Sarnthein et al., 2001). Surface ocean waters can change over months 

and years, but deep oceans can take decades to centuries to respond to various forcings and 

this enables it to be a significant factor in long term climate change on centennial and 

millennial time scales (Bond et al., 2001; Maslin et al., 2005). 
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3.5 Relative Sea Level (RSL) during the Holocene 

At the onset of the Holocene, as the ice sheets melted and water was returned to the ocean, 

the sea had begun to transgress across the continental shelves forming shelf seas and shallow 

marine margins (Scourse, 2013). Understanding changes in sea level over geological time 

scales is vital. These changes represent important controls in the evolution of coastal 

environments and their adjacent landforms (Mastronuzzi et al., 2005). Relative Sea Level 

(RSL) changes are reconstructed from physical features and biological organisms whose 

distributions are related to sea level in a consistent manner (Edwards, 2007b; 2013; Lambeck 

et al., 2010; Edwards and Craven, 2017). Some of the most marked Holocene 

paleogeographic effects have been shifts in coastlines (Woodcock, 2000) and the effect on 

shoreline geomorphological change has been highly variable spatially. Changes in beach 

morphology in Northern Ireland where isostatic uplift temporarily outstripped eustatic sea 

level rise resulted in emergent shorelines (Cooper et al., 2009) and isostatic adjustment led 

to uplifted shorelines that can be traced around Scotland (Smith et al., 2000; 2011). An 

occurrence on some Northern European coastlines, these stranded raised shorelines are 

remnants of late Holocene regression. By contrast, southern England is experiencing gradual 

subsidence (Woodroffe and Murray-Wallace, 2012) and the Bay of Biscay and South 

Western coastlines in Europe been affected by eustatic sea level rise creating inundation 

coastlines seen today (Leorri and Cearreta, 2004; Leorri et al., 2012).  

Several models have been generated to create a ‘curve’ which represents RSL rise over time 

(e.g.: Shennan et al., 2006; Brooks et al., 2008;Edwards and Craven, 2017). The models 

incorporate observational data based on Sea Level Index Points (SLIPs), known points of 

position and elevation that have been radiocarbon dated to provide information on paleo sea 

levels. These models are often linked to data from ice sheet retreat models (e.g.: Bradley et 

al., 2011; Kuchar et al., 2012). Edwards and Craven (2017) give additional RSL models 

using SLIPs from four sites in Ireland.  In models generated in Brooks and Edwards (2008) a 

broad scale geographical change is demonstrated in Ireland and some of the most marked 

Holocene paleogeographic effects have been shifts in coastlines (Woodcock, 2000).  Figure 

3.3 shows sea level rise along the Irish coastline (Brooks and Edwards, 2008) at various 

intervals (8000, 6000, 4000 and 1000 years before present).  These models were generated to 

demonstrate broad scale geographical changes in Ireland and not to determine detailed 
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localised events (without other correlating evidence). However, it can be assumed that in the 

Galway Bay region, a change in the hydrology has taken place; the level of inundation of salt 

water, freshwater or both has altered its state to the saline Bay we know today. In fact, 

Edwards and Brooks (2008) go on to state that c. 8000 years ago the Aran Islands, Clare 

Island, Inisturk and Inisboffin were most likely part of the mainland and the shallow 

embayment of Galway Bay and Clew Bay probably had large expanses of terrestrial or 

littoral environments. 

  

Figure 3.3: Sea level rise in Ireland in the latter part of the Holocene (Edwards and Brooks, 

2008).  

 

Glacial isostatic rebound models (e.g.: Shennan et al., 2006 and Bradley et al., 2011; Kuchar 

et al., 2012) relate to marine transgression and RSL as well. These models help to 

understand the thickness of ice sheets and the rates of ice sheet retreat and therefore the onset 

of Holocene conditions; in coastal areas inferences regarding marine transgression can be 

made from glacial isostatic rebound models. Sea level rise is, in part, a result of the mass 

redistribution of water which occurred as ice sheets melted globally. Redistribution of water 

was changeable on both spatial and temporal scales and relied, largely on the glacial isostatic 

response of the earth – or the response of the land to change in pressure as the ice sheets 

melted (Milne et al., 2014). In the UK and Ireland, several studies relating to RSL as a result 

of glacial isostatic response have been carried out (e.g.: Peltier et al., 2002; Shennan et al., 

2000, 2002, 2006; Brooks et al., 2008; Bradley et al., 2011; Kuchar et al., 2012).  
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Geomorphological studies which focus on Holocene Relative Sea Level (RSL) changes have 

helped us understand that there is considerable geographic variation in the pattern of sea 

level rise (e.g.: Lambeck et al., 2010; Woodruff and Murray, 2012; Edwards, 2013; Shennan 

et al., 2015; Edwards and Craven, 2017). Figure 3.4 displays the RSL curves produced by 

Bradley et al. (2011) and Kuchar et al.  (2012) with recent SLIPs in Ireland (as published in 

Edwards and Craven (2017).  

 

Figure 3.4: Relative Sea Level curves from Ireland as published in Edwards and Craven 

(2017). Included here are the SLIPs (represented by the red points) in relation to existing 

curves produced by Bradley et al., (2011) (indicated by the dark blue line) and Kuchar et al., 

(2012) (indicated by the light blue line).  
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Variation in the models from c. 25-15 kya is likely due to the difference in model parameters 

where Bradley et al. (2011) uses a global ice reconstruction and Kuchar et al. (2012) 

combines ice modelling techniques with glacial isostatic adjustment modelling. However, 

this figure is effective in showing that there are differences along coastlines within close 

proximity of each other and that geographic variation is an important variable when 

examining sea level rise. 

 

In the early Holocene sea level rise was a key factor in environmental changes to coastal 

areas, particularly low energy coastal environments.  RSL change during this time was 

largely the product of variations in ocean level (eustatic) and vertical land movements 

(isostatic) (Edwards, 2007a; 2013). Rising temperatures acted as a catalyst for eustatic sea 

level rise, which accounted for most shoreline changes as the coastal response was nearly 

instantaneous. During the mid-Holocene, eustatic sea level rise experienced a distinct 

decline. Previously, isostatic changes occurred in proportion to the amount of ice overburden 

that had depressed the lithosphere and the resulting effects were more localised than eustatic 

effects.  In some areas which had been compressed under ice, the land raised forming marine 

platforms that drastically altered the coastal landform and coastlines with shallow gradients 

underwent the most change as it was these areas that were most affected by inundation of the 

sea and the incoming tide (Chappell and Pollach, 1991; Roberts, 1998).  Sea level rise 

combined with several other factors, such as, coastal geography and geomorphology, 

sediment transport and sediment accretion played a prominent role in Holocene coastal 

landscape development (Anderson and Vos, 1992).  

3.6 Paleoenvironmental applications 

 

Holocene sediments deposited in estuarine and coastal environments are archives of 

paleoenvironmental information (Colman et al., 2002). Applied paleoenvironmental research 

using stratigraphical, chronological, geochemical and microfossil evidence can offer 

valuable data on past changes in salinity, sea level and climate variations. Environmental 

reconstructions supported by radiocarbon dating have helped validate the timing of events 

and rates of change in environmental proxy records since it was developed in the late 1940s 

(Libby et al., 1949; Reimer et al., 2013). Geochemical sedimentary features, both organic 
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and inorganic, are widely used in paleoenvironmental study to describe and quantify the 

source environment while key biological remains in coastal sediments include silicious 

diatom microfossils and calcareous foraminiferal tests. Diatoms have been used as salinity 

indicators and elevation markers in paleo research on coastal wetlands, tidal marshes and 

tidal flats (Patterson et al., 2000; Nelson et al., 2008; Roe et al 2009 and Smith et al., 2010). 

Foraminifera are widely used as proxies for Holocene marine transgression and sea level rise 

(Edwards and Horton, 2006; Wright et al., 2011; Edwards and Wright, 2015; Plets et al., 

2015). The key components of paleoenvironmental study in terms of chronological, 

stratigraphical, geochemical and microfossil tools and their applications in the coastal zone 

are outlined in the next sections. 

3.6.1   Radiocarbon dating 

 

Radiocarbon dating has become an essential component in the interpretation of 

paleoecological data by allowing for a better understanding of the timing of events and rates 

of change in environmental proxy records (Reimer et al., 2013). Radiocarbon dating of 

organic material is a core method of obtaining age estimates for Holocene chronologies and 

is based on measurement of the decay rate of the radioactive isotope 
14

C; a chemical element 

that is isotopically unstable and undergoes radioactive decay with time (Roberts, 1998; 

Bradley, 1999). In the 1980s the Accelerator Mass Spectrometer (AMS) methodology was 

developed and can date samples as small as 5 mg (Pilcher, 2005). Radiocarbon dating 

estimates can be obtained on wood, charcoal, marine and freshwater shells, bone and antler, 

and peat and bulk organic-bearing sediments. They can also be obtained from carbonate 

deposits such as calcite, marl, dissolved carbon dioxide, and carbonates in ocean, lake and 

groundwater sources (Bradley, 1999). Each sample type has specific issues associated with 

its use for dating purposes, including contamination and environmental effects (Jones et al., 

1989; Heier-Nielsen et al., 1995). Additionally 
14

C years do not directly equate to calendar 

years (de Vries 1958; Stuiver and Suess 1966; Reimer et al., 2009) and a calibration of 

radiocarbon dates needs to be carried out (Reimer et al., 2013). 

Dating of macrofossils is preferable to bulk sediments, as the latter may be complicated by 

the presence of old organic matter in the sediment matrix, and is subject to a variety of 

effects that can produce inaccurate radiocarbon ages (Olsson, 1979; Sutherland, 1980). This 
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dating complication can become exacerbated in northern latitudes where organic matter 

decomposes slowly and may reside in permafrost for long periods of time before being 

eroded into fluvial of coastal systems. The usage of plant macrofossils potentially avoids 

problems associated with dating mixtures of contemporaneous and older organic matter in 

bulk sediment (Oswald et al., 2005).  

Marine carbonate materials are subject to various effects that require the initial radiocarbon 

age reported by the laboratory to be corrected or calibrated. Marine shells are subject to the 

marine reservoir effect, a delay in incorporation of atmospheric radiocarbon into oceanic 

deep water. This delay, combined with the variable strength in deep water upwelling at 

coastal zones, results in spatial and temporal variation in the marine reservoir effect, where 

marine samples appear older than terrestrial samples of equivalent age (Bard, 1988). A 

second potential source of variation associated with shell ageing is the feeding strategies, 

ecology and behaviour of molluscan taxa.  For example, epifaunal species such as oysters 

may yield older ages than infaunal species such as clams at the same stratigraphic level, due 

to burrowing habits (Ingram and Southon, 1996) or the variation of feeding strategies 

between organisms where the age of the ingested carbon is reflected in the apparent age of 

the shell (Dyke et al., 2003). A further source of variation is the differential seasonal growth 

patterns displayed by different molluscan taxa. Those species growing in spring or summer, 

for example, may display older ages than those whose growth is limited to winter, because of 

variations in the strength and position of upwelling water masses through the year 

(Hutchinson et al., 2004). However, radiocarbon ages on marine shells have provided 

important information on glacial and sea level history and have become an essential tool in 

paleoecological studies.  

3.6.2   Sediment stratigraphy 

 

Syvitski and Milliman (2007) describe sediment flux to the coastal zone as being conditioned 

by geomorphic and tectonic influences (basin area and relief), geography (temperature, 

runoff), geology (lithology, ice cover), and human activities (reservoir trapping, soil 

erosion). Paleoenvironmental reconstructions attempt to track these occurrences, forces and 

changes over time through analysis of the sediment record.  Geographical position in the 

coastal zone (e.g.: estuaries, lagoons, tidal marsh) provide a variety of conditions for organic 
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and inorganic deposits suitable for stratigraphic reconstructions.  Stratigraphic tools include 

particle size analysis, x-ray imaging and visual observations. 

 

In the coastal zone, low energy environments such as estuaries act as sediment traps for both 

fluvial and marine sediments and tend to accumulate sediment rapidly. A high sedimentation 

rate has great potential for high temporal resolution in proxy reconstructions (Coleman, 

2002). Paleoenvironmental evidence from estuaries and coastal low lands can provide 

important information for RSL studies and coastal evolution (Innes and Frank, 1988; 

Shennan, 1992, Shennan et al., 2000a). Coastal lagoons provide a suitable sedimentary 

environment for paleoecological studies because they are relatively sheltered from wave and 

tidal forcings (Bennion and Battarbee, 2007) and provide information of atmospheric and 

terrestrial changes over time (Cassina et al., 2013). Studies of sediment sequences from tidal 

marshes provide quantitative reconstructions of late Holocene relative sea level and land 

level movements worldwide (Watchman et al., 2013). In North Western Europe, sea level 

rise is one of the most significant factors affecting coastal development (Kennett, 1982; Vos 

and de Wolf, 1988) and therefore plays an important role in paleoecological reconstructions 

of tidal areas.   Salt marsh sediment has been used widely as a proxy for RSL studies 

(Gehrels et al., 2005 (Western Atlantic); Kemp et al., 2011 (South Eastern United States); 

Kemp et al., 2014 (Eastern Atlantic)). Patterns of sediment transport and deposition on a 

temporal scale can reveal paleo landscapes and shed light on storm activity regionally 

(Cooper and Jackson, 2003). Stratigraphical examinations can reveal coastal 

geomorphological changes and explain the interplay between marine incursion and excursion 

in the coastal zone as seen in the sediment record (Cooper et al., 2009). Sedimentary coasts 

and associated lithostratigraphies reveal regional tidal frames. The use of radiocarbon dating 

in conjunction with established sediment sequences allows for a collection of ‘sea-level 

index points’ which enable the development of records of relative sea-level change from 

sedimentary coasts (Edwards, 2006; Horton and Edwards, 2006). This sedimentary 

information can be used collectively to make important inferences about ecological changes 

in spatially expansive coastal areas during the Holocene.    
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3.6.3   Geochemical proxy analysis 

 

Traditional methods of acquiring geochemical data from sediment cores involves 

incremental sampling to obtain gram quantities of material and further processing it for 

elemental composition as needed. This process is time consuming and results in the 

destruction of the samples (Kido et al., 2006; Croudace et al., 2015). During the last fifteen 

years, X-ray fluorescence (XRF) core scanning technologies have been developed and have 

made possible high resolution, non-destructive measurements of elemental composition in 

sediment cores (Croudace et al., 2006; Francus et al., 2009). A major advantage of XRF core 

scanning over conventional geochemical analysis is that element intensities are obtained 

directly at the surface of a split sediment core. In addition, the spatial resolution of XRF 

core-scanning devices is much higher than that of conventional destructive methods, and 

allows the extraction of near-continuous records of element intensities from sediment cores 

(Richter et al., 2006; Rothwell et al., 2006; Thomson et al., 2006; Weltje et al., 2008). 

Modern XRF methods provide useful, high resolution geochemical records from terrestrial 

and marine sources (e.g.: Jansen et al., 1998; Rothwell et al., 2006; Thomson et al., 2006). 

The advantages of XRF core scanning over conventional destructive techniques indicate that 

this tool has great potential for paleo-environmental research (Calvert and Pedersen, 2007; 

Weltje et al., 2008). 

It is common for element ratios, as opposed to single, downcore element composition, to be 

used in cross core comparisons and for higher accuracy in statistical analysis of geochemical 

data (Croudace et al., 2006; Richter et al., 2006; Weltje and Tjallingii, 2008; Goudeau, et al., 

2014). Numerous elemental ratios are used in paleoecological studies and a number of 

elemental ratios salient to coastal and marine paleo studies are discussed here. An indicator 

of marine biogenic carbonate versus terrestrial input is Ca/Ti (Richter et al., 2006; Rothwell 

and Rack, 2006; Goudeau et al., 2014). This ratio can also be used as a preliminary overview 

of downcore sedimentary variability and for stratigraphic correlation in marine cores 

(Hennekam and deLange, 2012; Lacka et al., 2015). K/Ti can indicate terrigenous input into 

a system and reflects temporal changes in sediment sources from acidic (more K) and 

basaltic (more Ti) source rocks. Increased K/Ti ratios are observed at times of enhanced 

terrigenous matter supply (Richter et al., 2006; Riethdorf, et al., 2016). Elevated K/Ti have 
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also been associated with coarser grain size, as well as, with changes in provenance 

(Rothwell and Rack, 2006; Goudeau et al., 2013). Goudeau et al. (2014) suggests climate 

may be reflected in the K/Ti ratio due to the presence of illite (a mica-like clay mineral) 

because more illite is eroded in cold environments (Yarincik et al., 2000). K/Ti values are 

usually high in sediments that have a relatively high illite (Goundeau et al., 2014). The ratio 

of Si/Ti can indicate the deposition of biogenic silica (BSi) in diatom rich sediments. 

Diatoms extract dissolved silica from the surrounding waters in which they live (Hendey 

1964) indicating that a higher Si/Ti relates to increased diatom productivity; possibly due to 

the availability of essential nutrients in the water column (Cantarero, 2013; Goundeau et al,. 

2014).  

High Zr/Ti ratios can represent coarse-grained sedimentation and strong physical 

degradation possibly resulting in the breakage of diatom valves in the sedimentation process. 

Fe/Mn has been used as a proxy for several things including: source heterogeneities in 

oceanic basalt content (Qin and Humayun, 2008; LeRoux et al., 2010) and oxic conditions at 

the sediment/water interface or in the sediment (Kastner et al., 2010). This is because as 

water depth increases, Fe/Mn ratios decrease as more oxidized MnO2 is fixed to the sediment 

surface. Some studies show that when sediment re-distribution takes place, there is an 

increase in the Fe/Mn ratio (Haberzettl et al., 2006; 2007; Kastner et al., 2010) and another 

shows a high Fe/Mn ratio generally indicates a stable catchment with low perturbation by 

erosional fluxes (Terasmaa et al., 2013). The Br/Cl ratio is used as an indicator of saline 

water when marine sediments display a constant Br/Cl ratio therefore implying sea-water 

presence. High Br/Cl ratios may also indicate organic-rich layers as Br and S are high in 

organic-rich sediments (Croudace et al., 2006; Rothwell et al., 2006; Thomson et al., 2006). 

A high Sr/Ca ratio may indicate the presence of high-Sr aragonite which requires a shallow-

water source (Croudace et al., 2006). 

3.6.3.1   Applications of geochemical markers in sediment cores 

 

XRF core scanning has successfully been applied to sediment sequences to reconstruct 

paleo-environmental changes. For example, environmental forcings and changes occurring 

in a 14 ka long sequence from Chile (Moreno et al., 2007; Giralt et al., 2008); variations in 

aeolian inputs linked to the East Asian monsoon over the last 16 ka (Yancheva et al., 2007); 
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paleo-flood events over the last 2 ka in Spain (Moreno et al., 2008); and changes in sediment 

input linked to movement of the Intertropical Convergence Zone over the last 55 ka in 

tropical Africa (Brown et al., 2007; Kylander et al., 2011). X-Ray Fluorescence core 

scanning is commonly used to reconstruct paleoenvironments in both marine and lacustrine 

sediments and identify diagenetic processes. The reconstruction of paleo sedimentary 

sequences, specifically paleo vertisols (Ashley and Driese, 2000); shifts in the hydrological 

cycle over the past 90,000 years (Peterson et al., 2000); paleoclimatology in Cariaco Basin 

(Haug et al., 2001); paleo climate and sedimentary histories (Bahr et al., 2005); 

paleoclimatology in sub-tropical ocean basins (Peterson and Haug, 2006); and 

paleolimnological studies in Mexico (Cantarero, 2013) and elsewhere (Löwemark et al., 

2011). The contents of biogenic silica, biogenic carbonate, and terrigenous material can be 

estimated from major element composition, and examination of temporal or spatial 

variations in the contents of these components is useful for reconstructing paleoclimatic and 

paleoceanographic changes (e.g.: Sirocko et al., 1991 (circulation and upwelling in the 

Arabin Sea); Tada, 1991 (paleoceanographic change in the Sea of Japan); Irino and Tada, 

2000 (paleoceanographic change in the Sea of Japan). The variation in concentrations of 

certain metal species such as iron, manganese and calcium are a result of changes in 

hydrological processes, climate, and ecology (Boyle, 2001).  

3.6.4   Microfossil analysis in paleoecological reconstruction 

 

Rashid et al., (2013) describes microfossils, including diatoms and foraminifera, as the most 

useful paleoenvironmental indicators for coastal change because they occur in large numbers 

in small diameter in Holocene submerged coastlines. Diatoms are used as proxies for a 

variety of research themes including: climate change; sea level rise; long term environmental 

change; paleo-oceanic, estuarine and coastal reconstructions. Planktonic foraminifera are 

indicative of open ocean environments and benthic foraminifera, while found in near shore 

and deep sea environments, characterise coastal and intertidal environments; living at the 

sediment to water interface.  
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3.6.4.1   Diatoms 

 

Diatoms are algae; microscopic unicellular eukaryotic organisms in the Kingdom Protista 

(Round et al., 1990; Hoek et al., 1995), which range in size from approximately 5 µm to 500 

µm and live wherever there is moisture and adequate light for photosynthesis to occur 

(Barber and Haworth, 1981). There are over 250 genera and 10,000 taxa, globally 

distributed, dating back to the early Cretaceous period.  Occupying both marine and 

freshwater systems, diatoms are used as environmental indicators with applications including 

reconstruction of past climate changes and modern anthropogenic impacts (Battarbee et al., 

2001).  Planktonic species, those living freely or as colonial chains in the water column are 

largely controlled by nutrient concentration in marine environments. Benthic diatoms are 

those associated with a substrate and live mostly in littoral zones (Hendey, 1964; Battarbee 

et al., 2001).  In an estuary, freshwater diatoms may be transported in by river systems and 

marine diatoms may arrive via tidal action while true estuarine species occur in the mixing 

zones (Cooper, 1999). Each specific diatom habitat can be defined by physical and chemical 

conditions that support varying diatom assemblages. In the littoral zone, habitats are more 

accurately defined as a series of microhabitats that interact due to the strong forcing of tides 

and weather and the competition for appropriate substrate to allow for photosynthesis.  

Predation, temperature, bacterial epidemics and anthropogenic influences are all stressors on 

these diatom populations and can affect their appearance in the fossil record (Hendey, 1964).  

The earliest use of diatoms as salinity indicators in paleoecological studies was in 

Scandinavia (Cleve-Euler, 1923; 1943; Lundqvist and Thomasson, 1923; Halden, 1935).  

Stemming from a debate on land uplift and resulting lake isolation, a progression from 

marine to brackish to freshwater diatoms emerged as evidence of the changing landforms in 

the Baltic region (Berglund, 2003).  Diatom species were found to have an individual 

affinity for specific levels of saline water and were classed ecologically using the Halobian 

system (Table 3.1).  Diatom assemblages are also sensitive to changes in pH and trophic 

conditions (Smol, 1990; Lowe and Walker, 1997).   
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Table 3.1:  Originally derived from Kolbe’s (1927) work in Germany and later modified by 

Hustedt (1953, 1957) and Simonsen in 1962. The Halobian scale divides diatom species into 

five categories of salt tolerance (Vos and de Wolf, 1993; Lowe and Walker, 1997; Berglund, 

2003; Zong et al., 2003; Roe et al., 2009). 

Category Ecological group Salt concentrations 

Polyhalobous Marine >30 

Mesohalobous Brackish 0.2 - 30 

Oligohalobous (halophilous) Salt tolerant freshwater  

Oligohalobous (indifferent) Slightly to salt tolerant  
freshwater 

<0.2 

Halophobous Freshwater 0 (salt intolerant) 

 

3.6.4.1.1  Diatom paleoecological applications 

 

Interpreting diatom assemblage data for paleoecological reconstruction can be complex.  

While the siliceous form of diatoms preserve well under a range of sedimentary 

environments (Anderson and Vos, 1992) issues of breakage and dissolution of the silicia 

frustules can cause differential preservation and misleading results (Lowe and Walker, 1997; 

Ryves et al., 2001; Ryves et al., 2006; Ryves et al., 2009).  Fossil diatoms undergo various 

processes during their transformation from living organisms to fossils; these processes are 

termed taphonomy (Flower and Ryves, 2009). In the coastal zone, taphonomic limitations 

are often enhanced by exposure to semi-terrestrial conditions; for example, in salt marshes, 

often only a small portion of species which actually lived in this environment remain 

(Sherrod et al., 1989; Denys and de Wolf, 1999).  Determining the origin of the taxa and 

whether it is indicative of the area from which it was found or has been transported is core to 

any investigation.  Diatoms that have lived at the place of deposition (autochthonous) and 

those that were transported by wind or water (allochthonous) provide different information 

about the local environment or the input waters into the system (Vos and de Wolf, 1988; 

Anderson and Vos, 1992; Lowe and Walker, 1997). Excessive valve breakage due to the 

high energy nature of coastal zones is typical as well (Beyens and Denys, 1982) but also 

results from grazing effects (Turner, 1991) and, after deposition, by compaction and drying 

of sediments (Flower, 1993).  This combined with individual taxa morphology and response 

to tidal flushing can make it difficult to accurately recreate paleoenvironmental conditions in 

the coastal zone.  In salt marsh and marginal peat areas, paleo environments that were well 



45 

 

drained through time, a resulting fossil record predominated by Paralia and Pseudopodosira 

have little to do with the actual paleoenvironment and more to do with individual species 

robustness (Denys, 1989; 1994; Hemphill-Haley, 1995; Denys and de Wolf, 1999). 

In coastal environments, specifically the littoral zone, diatoms appear throughout the year (as 

opposed to seasonal fluxes which occur in the open ocean).  While individual species 

experience seasonal periodicity, a disappearance of one species is quickly replaced with the 

appearance of another.  That is not to say that population densities have no variation; while 

small numbers are present on most shores at all times of the year, seasonal density 

distribution varies from place to place and from year to year.  Some species have a precise 

vegetative period and others can be found at varying quantities throughout the year.  This 

leaves open, the possibility of false interpretations of population densities for some species 

in the littoral zone and as such, careful attention needs to be paid to sampling protocols for 

benthic diatoms (Hendey, 1964; Denys, 1985; Weckstrom and Juggins, 2005).  Vos and de 

Wolf (1988) recognise that in coastal areas, the tide is the most important factor for the 

classification of varying sedimentary environments and that an indirect relationship exists 

between sedimentary environments: sub-, inter-, and supra-tidal environments in macro-, 

meso-, and microtidal systems and tidal lagoons in microtidal and non-tidal systems; and 

ecological groups: planktonic and benthic (and their sub-divisions).  

3.6.4.1.2  Diatom applications in the coastal zone 

 

Tidal Zones 

 

Diatoms are recognised as a valuable tool in paleoecological reconstruction (Hustedt 1957; 

Juggins, 1992; Vos and de Wolf, 1993). As diatoms are often the dominant microphyte in 

estuaries and marine littoral areas (Palmer and Abbott, 1986; Cooper et al., 2010) their 

presence in the sediment record over time create an environmental history of coastal zones as 

indicator species that respond to environmental variation in the tidal zone (Pilarczyk et al., 

2014). Certain diatom taxa predominantly inhabit particular inter-tidal zones and can 

therefore be employed to identify small-scale sea level changes by quantifying the vertical 

range of the assemblages associated with each zone (Vos and de Wolf 1988; Nelson and 

Kashima, 1993; Hemphill-Haley, 1995; Anderson and Vos 1997; Roe et al 2009). This 
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relationship between diatoms and the environmental gradients that control their distribution 

can reflect the highest point of marine influence and therefore provide stratigraphic markers 

used for shoreline displacement and the determination of the sea level history of coastal 

areas (Palmer and Abbott, 1986; Anderson and Vos, 1992; Lowe and Walker, 1997; 

Berglund, 2003; Roe et al., 2009). Quantifying the magnitude and frequency of transgressive 

and regressive events and thus localized sea level changes, can be carried out by looking at 

changes in fossil diatoms assemblages in combination with alterations in sediment and 

landform (Denys and de Wolf, 1999).  In paleotidal reconstructions, the same idea applies, 

using general assemblage composition to allow for gross distinction of subtidal, lower and 

higher intertidal and supratidal conditions. Here, however, problems arise with a direct 

association between vertical diatom zonation and tidal reconstructions because of the 

numerous environmental characteristics involved including light, salinity, stability of 

substrate, type of substrate, water movement, degree and duration of substrate desiccation, 

plant cover and nutrient supply (Denys and de Wolf, 1999).  

Storms 

 

High energy storm events can also be read in the diatom record. For example, diatoms found 

in sandy deposits occurring between fine grained estuarine sediments can be storm 

indicators. Paralia sulcata, a robust tychoplanktonic diatom, is abundant in the water 

column in stormy weather. The presence of P. sulcata together with sessile species from the 

sublittoral zone can be an indicator of stormy conditions or events (Haggart, 1988; Smith et 

al., 1992; Hemphill-Haley, 1996; Denys and de Wolf, 1999).  De Wolf et al (1993) discuss 

how storm activity can be tracked from wave disturbance of off -shore tidal laminations 

consisting of sand with Delphineis minutissima and clay with Cymatosira belgica. Diatoms 

have been widely used as indicators of storm events in the Gulf of Mexico (Horton et al., 

2009; Lane et al., 2011 and Hawkes and Horton, 2012; Pilarczyk et al., 2014), earthquakes 

in Alaska (Shennan et al., 2009, 2014) and Japan (Sawai et al, 2012) and tsunamis in Alaska 

(Briggs et al., 2014) and Chile (Horton et al., 2011). 

Ecological conditions 

 

Diatoms recovered from sediment cores reflecting upwelling events can be used to track sea 

surface temperature changes and periods of high and low bio-productivity through varying 
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time periods.  As well, evidence of sediment bioturbation and varying degrees of diatom 

preservation for specific species (e.g.: Delphines karstenii; Fragilariopsis doliolus) can be 

used as indicators of upwelling events and periods of high and low paleoproductivity 

(Schrader and Sorkness, 1991; Schrader et al., 1993; Kennington et al., 1999).  Nutrient 

concentration in coastal waters is reflected in fossil diatom assemblages and used as a paleo 

indicator (Weckstrom and Juggins, 2006; Clarke et al., 2006; Liu et al., 2008). The use of 

diatoms to track changes in pH has also been widely used (Battarbee et al., 1999; Tiffs et al., 

2008; Cassina, 2012).  

Glacial activity 

 

The reconstruction of glaciostatic recovery following the last ice age and resulting glacier 

rebound and coastline formation can be extrapolated using diatom based reconstructions 

(Battarbee, 1986; Long and Shennan, 1994). Diatom calibration sets from high latitude 

sediments in the Arctic and Antarctic oceans have enabled paleoceanographers to interpret 

the limits of glacial coverage and timing of ice ages and warming periods throughout the 

Quaternary (Kennington, 2002). Tracking Antarctic diatom assemblages and their 

association with open-ocean or sea-ice conditions and specific climatic conditions has 

allowed the reconstruction of varying glacial periods and the extent of sea ice in the 

Quaternary (Fryxell, 1991; Kaczmarska et al., 1993; Cunningham et al., 1999). As well, 

diatoms have been used in North America to track ice sheet regression and meltwater 

patterns (Gil et al., 2015). 

3.6.4.2   Foraminifera 

 

Foraminifera are unicellular protists (Protozoa) existing primarily in the marine environment 

as either benthic or bottom dwelling and planktonic or free floating in the water column 

(Murray, 1991). There are an estimated 6800 species of foraminifera (Hayward et al., 2014).  

The external skeleton of the foraminifera, referred to as the test, is comprised of either 

calcareous material, where the organism secretes a calcium carbonate (CaCO3) test or 

agglutinated material, where the organism forms their tests by adhering detrital material to 

their body. The test type is dependent on whether or not the organism’s environment is 

conducive to carbonate preservation (Scott et al., 2001).  Foraminifers can be epifaunal 
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(attached to a surface) and or infaunal (burrowers); and their feeding patterns are 

fundamental limiting factors which control distribution patterns. In marginal marine settings 

most primary production is from benthic algae; in intertidal zones microphytobenthos 

(including diatoms and flagellates) produce a film that moves through the sediment; in 

shallow lagoons and tidal marshes higher plants form essential parts of the food source of 

foraminifera (Murray, 2001; 2006).  

When observed in the fossil record, foraminifera and other rhizopod remains are often the 

only proxy information regarding the spatio-temporal nature of transitional environments 

(Scott et al., 2001). The accumulation rate of inorganic sediments in coastal environments 

has a bearing on the concentration of fossil foraminiferal tests.  For example, in areas of high 

fluvial sediment input taxa count numbers may be very low due to the type of sediment and 

some deep-sea sediments may be almost pure concentrations of foraminiferal tests. In 

general, tests are scarce in coarse sands but are often abundant in silts and fine sands 

(Haynes, 1981).  Boomer and Horton (2006) comment that brackish water conditions can 

pose certain problems in paleoenvironmental reconstructions. The shells of some 

agglutinated species are susceptible to disaggregation causing them to break up and therefore 

not appear in the fossil record. In addition, some calcareous species can become dissolved 

under acidic conditions and this too can alter faunal composition. 

3.6.4.2.1  Foraminiferal applications 

 

Foraminifera are important in paleoclimatic, paleo-sea-level, paleo-depth and 

paleoceanographic studies.  They are also used in age determinations using oxygen isotopes 

and in petroleum assessment (Albani et al., 2001). The use of foraminifera to determine 

paleo tidal ranges is based, in part, on Scott and Medioli (1980) who carried out the first 

detailed study to accurately reflect vertical tidal zonation in coastal habitats.  Hass (1997) 

used foraminifera to carry out paleoclimatology reconstructions and Nees (1997) used 

foraminifera to look at paleoceanographic and paleo- climatology research; Cearreta et al. 

(2003) studied foraminifers in lagoons in Portugal to assess modern assemblages and 

establish a dataset for transfer functions. Ruiz et al. (2005) looked at foraminifera in 

estuaries and their relationship to sediments as paleo-geographies changed over time; 

Edwards and Horton (2006) carried out paleotidal and paleo-sea level studies based on 



49 

 

foraminiferal assemblages in Norfolk, UK. Cronin et al. (2010) looked at paleo-climate 

reconstructions in Chesapeake Bay, USA.  In the coastal zone, sea level rise studies using 

foraminifera as a proxy are widely accepted and paleoceanographic studies in the tidal zone 

have resulted in a large body of work dedicated to sea level changes during the Holocene. 

Scott and Medioli (1980) use foraminifera to infer sea level rise in Nova Scotia, Canada and 

Thomas and Varekamp (1991) looked at coastal marsh sequences in Connecticut, USA to 

establish paleo tidal ranges. In Australia, Cann et al. (2002) discusses changes in biofacies, 

including changes in foraminiferal assemblages to infer Holocene sea level change and in 

New Zealand, Hayward et al. (2002; 2004) uses foraminifera to infer paleo tides and salinity 

in coastal areas.   Gehrels et al. (2006) establishes Holocene sea level changes in Iceland. 

Edwards and Horton (2000) researched salt mash foraminiferal assemblages in the UK to 

establish sea level rise. Also in the UK, Gehrels et al. (2002); Horton and Edwards (2006); 

Shennan et al. (2006) and Edwards (2007a)  all used foraminifera to establish Holocene sea 

level changes and climate change. Scourse (2013) gives a comprehensive review of 

Holocene paleoenvironmental change and sea level rise globally.  

Additionally, foraminifera have been widely used in glacial and interglacial studies. For 

example, Fretwell et al., (2010) looked at isostatic uplift in Shetland islands and Southern 

Antarctic peninsula; Edwards and Brooks (2008) researched glacial formation in Ireland; 

Chiverrell and Thomas, (2010) looked at the extent of the BIIS over the UK and Ireland and 

Scourse (2013) investigated glacial activity and sea level rise in the UK during the 

Quaternary).  Multi-proxy studies, which include foraminiferal data, can also result in 

paleotidal information and sea level rise models. 

3.6.4.3   Transfer functions 

 

Transfer or calibration functions are mathematical functions where a biological response acts 

as proxy data for reconstructing past environmental variables. Imbrie and Kipp (1971) 

devised the first procedure involving a transfer function for quantitative reconstruction of 

past environmental variables from fossil species assemblages and use marine foraminifera as 

a proxy for ocean surface temperatures and salinity. Since then different regression and 

calibration techniques have been developed for different types of proxy data including 

diatoms. Transfer functions are now routinely used in paleoecological studies (e.g.: Horton 
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et al., 1999; 2000 (UK transfer function data base); Gehrels et al., 2001; 2002 (UK salinity); 

Horton and Edwards, 2005 (UK sea level rise with foraminifera as proxy); Edwards, 2007a 

(UK sea level rise using sedimentary proxy data); Patterson et al., 2004; Scourse, 2013 

(glacial extent and change)). Understanding and quantifying modern distributions of 

microfossil indicators relative to target variables can enable use of microfossils as proxies 

for former tide and sea levels (Gehrels et al., 2001; Patterson et al., 2005, Roe et al., 2009). 

These relationships can also then be used to establish quantitative predictions of future tide 

and sea level change. 

Increasing interest in freshwater acidification was the driving influence in the development 

of diatom transfer function models for pH, however differences in affinities for salinity, 

substrate and inter-tidal exposure make diatoms particularly suitable for reconstructing paleo 

sea level changes (Palmer and Abbott, 1986; Vos and de Wolf, 1988; Shennan et al., 1994; 

Roe et al., 2009).   Analysis of the diatom composition in sediment cores extracted from the 

coastal zone can be undertaken using qualitative (presence/absence), semi-quantitative 

(estimated abundance class) and quantitative (relative abundance or concentration by 

counting) methods. Here, abundances of individual taxa can be extremely high and the 

preservation state of the diatoms can vary greatly and decisions regarding methodological 

approaches to taxa determinations should be considered on a case by case basis.  However, 

when applying these methods to paleoecological reconstructions a statistically reliable and 

reproducible approach is most suited (Denys and de Wolf, 1999). Cassina (2012) uses 

diatoms to infer pH in coastal lagoons in Ireland during the Holocene and Lewis (2011) uses 

a diatom based salinity transfer function in the Baltic Sea to recreate environmental 

conditions in the Holocene in Northern Europe. McKeown (2013) uses fossil chironomids 

from sediment cores in lakes in Ireland to document climatic change in Western Europe over 

the last 10,000 years.  

In summary, our understanding of Holocene coastal environmental change has largely been 

derived from paleoenvironmental studies of key physical, chemical and biological 

components of aquatic sediments. Each proxy record provides important contribution to 

environmental inferences; however, knowledge of their limitations is vital.  
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CHAPTER 4:  Methodology 

 

Introduction 

 

A paleoenvironmental, multi proxy approach was undertaken to assess environmental 

change in Inner Galway Bay North. This chapter describes the Galway Bay study area, field 

methods employed for the extraction of sediment cores and laboratory methods utilised in 

the project. Radiocarbon dating was carried out and sedimentological, geochemical and 

biological materials were extracted and analysed.  

4.1 Study Area 

 

Galway Bay is an indentation on the west coast of Ireland facing out into the North Atlantic 

Ocean with a surface area of c. 800 km
2
. Map 4.1 shows the study area in relation to Ireland 

with water depth in the Bay represented and the lower Corrib catchment delineated.  The 

sediment core sampling points are labelled. The Bay lies along the 53
°
 11′ north latitude and 

is bounded by the 8° 55′ and 9° 55′ west longitudes. Geologically the entire northern 

shoreline of the Bay is within the Galway granite batholith and to the east of Galway City 

the granite is overlain by Carboniferous limestone, which also forms the bedrock of the 

southern shores (Lei, 1995). Galway Bay is a drowned glacial landscape exhibiting drumlins, 

meltwater channels and other glacial formations (NPWS, 2013). INFOMAR (Integrated 

Mapping for the Sustainable Development of Ireland’s Marine Resource) surveys of Galway 

Bay began in 2006 as a joint venture of the Marine Institute and the Geological Survey of 

Ireland and have mapped the bathymetry of the Bay (Marine Institute, 2016). Galway Bay is 

partially sheltered from the prevailing south-westerly winds by the Aran Islands and can be 

divided into the Inner and Outer Bay. Map 4.2 shows the divisions of Galway Bay: Outer 

Galway Bay, Inner Galway Bay North and Inner Galway Bay South. The Corrib Catchment 

is defined and the EPA (2014) delineation of transitional waters is shown with the sampling 

points in red.  The Inner Bay is shallow with water depths <30 m and the outer Bay 

considerably deeper with depths up to 70 m (O’Donncha et al., 2015). Surface sediments 

consist of layers of Holocene silty-clay material to varying depths and coarser material 

deposited by storm surges in the Bay (Erdmann et al., 2015).  The largely glacial derived 

substrate of inner Galway Bay from Oranmore Bay to Kinavarra Bay results in a wide range 
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of sediments (NPWS, 2013). Intertidally this ranges from cobbles and pebbles with fucoids, 

to mixed sediment, sand and sandy mud and a very heterogeneous substrate within the 

depositional environment of east Galway Bay. The northern shoreline of Galway Bay is 

highly indented and characterised by an irregular series of rocky bays with small sandy 

beaches with the Northern Sound having a maximum depth of 69 m and width of 13 km 

(O’Donncha et al., 2015).  
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Map 4.1: Map of Galway Bay, Ireland showing water depth. The locations of the four sample sediment cores are noted in black and 

labelled (VC001, VC002, VC003 and VC004).  The small map of Ireland indicates the position of Galway Bay nationally.  
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Map 4.2:  The delineation of the Corrib Catchment with the Transitional Waters, Inner 

Galway Bay and Outer Galway Bay marked (delineation as per EPA, 2014). The sample 

sediment cores are labelled in red (VC001 and VC002 in the transitional waters and VC003 

and VC004 in Inner Galway Bay North).  



55 

 

4.1.1   Modern hydrological conditions in Galway Bay 

 

Hydrodynamics in Galway Bay are influenced by several factors including oceanic flows 

from the North Atlantic as they enter the Bay from the continental shelf; freshwater inflow, 

mainly from the Corrib River and the wind driven processes affecting the water. General 

circulation is governed by a strong north-easterly inflow through the South Sound, both at 

the surface and at the bottom and there is outflow through the North Sound (Booth, 1975; 

Fernandes, 1988). Donncha et al. (2015) notes a possible gyre in the outer Bay (as postulated 

by Booth, 1975 and Fernandes, 1988) with varying reports of the direction of circulation. 

Recent Marine Institute (MI) data (Map 4.3) of the north Inner Bay shows various discreet 

circulatory patterns, most notably two small gyres west and east of Mutton Island and likely 

driven by the Corrib River outflow where density driven currents are tied to the freshwater 

inflow and the waters of Salthill, west of Mutton Island. The Corrib, which enters the Bay at 

the north-eastern corner, is the primary driver of reduced salinity here and as a result reduced 

density of water in the Inner Bay and along the north shore (Anninou and Cave, 2009). A 

major influence in the north Inner Bay, the Corrib River drains approximately 70% of the 

catchment area around Galway Bay with an average flow of 99 m
3
 s

−1
 (BIM, 2012). The 

direction of the winds and to a lesser extent the tide, are the main driving forces for mixing 

in Galway Bay (Anninou and Cave, 2009). Atlantic tidal waves begin as generally small 

waves and increase in size as they move eastward across the continental shelf and are further 

enhanced as they enter bays and estuaries in western Europe. The west coast of Ireland 

experiences and average tidal range of 4.5 m and Galway Bay is highly variable. Map 4.4 

shows the Mean High Water and Mean Low Water delineation in the north Inner Bay. A low 

energy coast comprising small waves, tides and slow currents, Galway Bay is dominated by 

silty sand to clayey sediment, with accumulations of fine grained sediment that may gather 

forming intertidal flats. The lowest-energy coastal areas are typically found in sheltered 

embayments, lagoons and estuaries with low fetch (Woodroffe, 2002). The general physical 

characteristics of the sediment in low energy intertidal areas combined with the biological 

components are indicative of environmental conditions in intertidal zones (Edwards, 2007b).   
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Map 4.3: Circulation in the north Inner Galway Bay. This map displays an average of 

surface and bottom currents at all sampling points collected by the Marine Institute in 2015 

(unpublished data) in this area. Arrows indicate direction and shading of the arrows indicates 

the speed of the flow: darker arrows having a faster flow than lighter arrows. 

 

 

 

Map 4.4: North Inner Galway Bay showing Mean High Water line (blue) and Mean Low 

Water line (green) (www.marine.ie accessed 14/7/2016). 
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4.1.2   The Corrib catchment 

 

The Corrib Catchment (hydrometric area no. 30, OS catchment no. 143) is located in 

Counties Galway, Mayo and Roscommon in the Western River Basin District (Map 4.2). It 

has a total catchment area of 3,101 km
2
 (McGinnity et al., 2003). Loughs Corrib (17,000 ha), 

Mask (8,000 ha), Carra (1,500 ha) and numerous tributaries, are included in this catchment 

with the total lake and river area in the catchment estimated at 277.67 km
2
 and 6.87 km

2
 

respectively (McGinnity et al., 2003). The River Corrib drains Lough Corrib and runs for 7.7 

km before entering the sea in Galway City. To the east of Loughs Corrib and Mask, the land 

is low-lying with moderate rainfall and karst limestone geology where underground karst 

conduits contribute to the freshwater system. The smaller tributaries flowing into the Loughs 

from the west are much steeper, draining impermeable mountainous catchments with high 

rainfall. The management of Lough Corrib has changed over the years. For example, in the 

12th century, the Friars Cut was built to provide another outlet from the Lough into the River 

Corrib in an attempt to allow boats to access the Lough from the sea. Between 1846 and 

1850 the lake was lowered to reduce flooding of surrounding farm land (Freeman, 1957).  

4.2 Sediment coring 

On February 27
th

 2009, as part of the Marine Institute Research Vessel (RV) Celtic Explorer 

Cruise No. CE09-04 and funded by INFOMAR (Project # INF-09-19DAL), four sediment 

cores were obtained across a transect in inner Galway Bay North. Figure 4.1 summarises the 

journey of the sediment cores from extraction to analysis at the laboratories of project 

partners. Sediment core extraction was carried out using the vibrocore technique; developed 

in the 1960’s for use in marine, coastal and shelf oceanographic investigations (Sanders and 

Imbrie, 1963; Bouma 1969; Glew et al., 2001). Widely used and cost effective, this method 

allows for the acquisition of cores over 1 m in length where at least a portion of the sediment 

is unconsolidated (Lansky et al., 1979) and as a continuous sediment sequence, 

uninterrupted by over overlapping or missing sections at core tube breaks (Glew et al., 

2001).  The Geological Survey of Ireland’s Geo-Core 6000 was utilised for all core 

extraction. A four kilometre  NE-SW transect between transitional water body Corrib 

Estuary (IE_WE_170_0700) and coastal waterbody Inner Galway Bay North 
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(IE_WE_170_0000) consisting of the inner bay silt/clay depositional areas and less than 1.8 

km from the coast was targeted for core extraction.  Careful attention was paid to ensuring 

cores were extracted outside known navigation channels which would have experienced 

dredging in the past. As per standard methodology laid out in Benetti (2007), six metre core 

liners were inserted into the core barrel and the vibrocorer rig was lowered by winch from 

the ship to the sea-bed and electrically driven hammer drills enabled the core barrel to 

penetrate the sediment. Coring duration was between 10 and 30 minutes for each core. Core 

liner tubes were sub-sectioned into 1 m lengths and sealed using caps. Caps were sealed 

using hot wax and tubes were clearly labelled. Each core section was marked with an arrow 

towards the top, the cruise number (CE09-04), corer label (VC), core site (e.g.: 001) and core 

section number (e.g.: 1 of 6, with progressive numbers for each core section).  

Geo-references of the cores were originally recorded in decimal degrees and later adjusted to 

degrees, minutes, seconds. Table 4.1 shows the original recordings and subsequent 

adjustment along with water (m) and field core section (cm) depths and actual sediment 

lengths (cm).  

Table 4.1: Georeferences of the four sediment cores with their respective assigned codes, 

depth of water, core length and sediment length of each vibrocore; acquired aboard the 

Celtic Explorer CE09-04 28
th

 February 2009. 

Code 
(Core) 

Degrees & Decimal Minutes Degrees, Minutes, Seconds Water 
Depth 

(m) 

Core 
Depth 
(cm) 

Actual 
Sediment 

Length 
(cm) 

Latitude  (N) Longitude 

(W) 

Latitude   (N) Longitude 

(W) 

VC001  53°15.373’ 09°02.234’ 53o15’22.21”  09o02’14.40” 11.2 550 535 

VC002  53°14.951’ 09°02.562’ 53o14’57.20” 09o02’33.41” 12.4 580 554 

VC003  53°14.793’ 09°03.801’ 53o14’47.30” 09o03’48.30” 13.4 600 542 

VC004  53°14.262’ 09°05.365’ 53o14’15.44” 09o05’21.54” 13.5 500 478 
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Figure 4.1: Flow diagram shows sample recovery through to laboratory analyses  where (a) 

Research Vessel Celtic Explorer; (b) vibrocorer; (c -e) sediments cores; (f) multisensor core 

logger; (g) Malvern mastersizer 2000 sediment particle size analyser; (h) ) XRF; (i) 

stereoscope used to identify foraminifera; (j) light microscope with phase contrast used to 

identify diatoms. 
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4.3 Laboratory analysis 

 

A range of physical, chemical and biological analysis was conducted on the sediment 

samples.  Table 4.2 shows the sediment parameters analysed, sample resolution and methods 

and equipment utilised. The receipt of four Mary Immaculate College Research Directorate 

awards made the procurement of 23 radiocarbon dates possible. These dates were acquired 

on all four sediment cores. The Multi Sensor Core Logger at NUI Maynooth allowed for 

whole core sedimentological analysis at a one centimetre sample resolution.  The Malvern 

Mastersizer at Trinity College allowed for particle size analysis at a 20 cm resolution to be 

carried out on two of the vibrocores (VC001 and VC003). The use of the X-ray fluorescence 

scanner at University College Dublin yielded 2 mm sample resolution obtaining 32 

elemental profiles on all four cores. Microfossil analysis (diatoms and foraminifera) was 

carried out at Mary Immaculate College with a diatom sample resolution of 2-20 cm on 

sediment cores VC001, VC003 and VC004 while foraminifera were sampled at 20 cm 

intervals on sediment cores VC001 and VC003.  A PhD project at the University of 

Limerick used these vibrocores, in part, to calculate the percent organic carbon in all four 

sediment cores on cumulative 25 cm sections (Mylotte, 2014).  Additionally a seismic 

profile of the study area was generated in a MSc project at NUI Galway using the seismic 

data obtained during this research cruise (Clarke, 2014).  
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Table 4.2: Sample resolution, methods and equipment utilised, radiocarbon dates and sedimentological, geochemical and microfossil 

proxies analysed for Galway Bay sediment cores. 

Proxy  Resolution Method Details Equipment used and location 
of analysis 

State of 
Core 

Cores Targeted Analysis 

Radiocarbon Dates As needed 
at change 
points 

Shell, Wood and bulk sediment 
targeted, cleaned, sent to 
ChronoLab to process. 

Accelerator Mass 
Spectrometer at Queens 
University Belfast  

Split core VC001,VC002 

VC003,VC004 

14
C dates run with a 

Marine Calibration 

Sedimentological 1 cm (ten 
sec count 
rates) 

One meter core sections for 30 
minutes – whole core (prior to 
splitting). 

Geo-tek Multi Sensor Core 
Logger (MSCL) at  NUI 
Maynooth 

Whole 
core  

VC001,VC002 

VC003,VC004 

Gamma density, 
Magnetic Susceptibility,             
P-wave velocity 

 20 cm A laser-target obscuration of 
15–20% was selected. Two 
gram sub-samples of wet 
sediment achieved required 
obscuration 

Malvern Mastersizer with a 
Hydro G accessory unit and 36-
pot Malvern auto-sampler in 
Trinity College  

Split core VC001, VC003 Particle size analysis 

Geochemical 2 mm Molybdenum tube operated at 
60 kV and 50 mA with a 
sampling resolution of 2 mm 
and a 4 sec exposure time 
produced count rate of  20K 

Itrax X-ray fluorescence (XRF) 
scanner  at University College 
Dublin 

Split core VC001, VC003 32 element profiles 

Salient elemental ratios 
used for analysis 

Microfossils       

Diatoms Ranges 
from 2 to 
20 cm  

Samples prepared as per 
Battarbee et al., (2001) 

MEIJI Techno ML2000 phase 
contrast light microscope with 
camera at Mary Immaculate 
College 

Split core VC001, VC003 
VC004  

PCA, DCA, CA, Cluster 
Analysis,      DI-Salinity 

 

Foraminifera 20 cm Samples prepared as per 
Armstrong and Brasier (2005) 

A MEIJI-EMZ-TR stereoscopic 
microscope at Mary 
Immaculate College 

Split core VC001, VC003 PCA, Cluster Analysis,  

Other data       

% Organic Carbon 25 cm Data generated by R Mylotte Various techniques at UL Split core VC001,VC002, 
VC003, VC004 

Data produced by R. 
Mylotte 

Seismic profile n/a Data generated by Cathal 
Clarke 

High-freq single channel 
seismic reflection from ship 

n/a VC001, VC002 
VC003, VC004 

Data produced by C. 
Clarke 
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4.4 Sedimentology 

4.4.1   Core logging  

Sediment cores were transported to the Department of Geography at NUI Maynooth to 

undergo analysis using a Geotek multi-sensor core logger (MSCL). The MSCL enables non-

destructive high resolution measurement of physical parameters on the each core.  

Measurements of core thickness (cm), p-wave velocity (m/s), gamma density (g/cm
3
) and 

magnetic susceptibility (SI) were conducted on intact whole core sections. One metre core 

sections were scanned for c. 30 minutes at 1 cm spatial resolution and count rates of 10 

seconds (n = 2230 records).The length of each core was calculated as they were run through 

the Geotek MSCL conveyor; the ends of core sections were covered in caps and no 

measurements were recorded in capped ends of the cores. Subsequent to the MSCL 

investigation, all four cores were split in half and digital images were recorded using a 

conventional tri-pod mounted camera.  

Stratigraphical observations and physical core descriptions were completed through visual 

inspection of the digital imagery obtained from NUI Maynooth (high resolution TIFF 

images) as required. Physical descriptions and recording of core sediment followed Benetti 

(2007) and Last (2001). Lithology of bedding structures (e.g.: thickness of beds and 

lamination form) and sediment fabric features (e.g.: texture and grain size of material) were 

determined throughout the four cores following Benetti (2007) and Kemp et al. (2001). 

Disturbances in the sediment structure, mottling (iron deposits) and inclusions (e.g.: pebbles, 

shells, wood) were noted, measured and described before inclusion in the final sediment log. 

Sediment colours were described using Munsell colour charts. Other materials or changes in 

the stratigraphy of the core, as well as, areas of possible previous deposition and/or turbidity 

were noted and transcribed for visual presentation in the same manner.  

A sediment log was generated using a combination of the above visual descriptions of the 

physical sediment cores and textural classification. The textural classification of sediments 

was determined using the particle size analysis results (VC001 and VC003 only; Table 4.1) 

and following the Shepard (1954) classification system. This system is based on the 

Wentworth (1922) particle size scale and was chosen due to the low level of sediment larger 
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than 2 mm. The Shepard system is designed for fine sediment grains containing less than 2% 

gravel (sediment >2 mm). Shepard classification was obtained using the SedClass program 

available via the United States Geological Survey website (www.usgs.gov).  Classification 

for sediment cores VC002 and VC004 was performed visually and manually using the 

Troels-Smith scheme (1955) and VC001 and VC003 as a reference. Adobe Illustrator 10 was 

used to create sediment log images. 

Laser Diffraction Grain Size Analysis (LDGSA) was performed on VC001 and VC003 at 

systematic 20 cm intervals (VC001, n=27; VC003, n=27) following methodologies outlined 

in Eschel et al. (2004) and Sperezza et al. (2004).   The grain-size analysis, which was 

undertaken at Trinity College Dublin, used a Malvern Mastersizer 2000 in combination with 

a Malvern Hydro G accessory unit and a 36-pot Malvern auto-sampler. This instrument is 

capable of analysing a size range from 0.02 to 2000 μm. Test samples indicated that 2 g 

subsamples of wet sediment achieved the required obscuration (time required for the laser to 

pass over the sediment particle to achieve the particle diameter).  Results are displayed as 

mean grain size (µm) per 20 cm section of sediment core and percent of total core. 

4.5 Radiocarbon dating 

Radiocarbon dating took place at the Chrono laboratory at Queens University, Belfast using 

Accelerator Mass Spectrometry (AMS). Table 4.3 presents a summary of the 23 samples 

targeted for radiocarbon dating. Preliminary dates suggested that sediment core VC001 

contained a relatively complete Holocene sequence and thus was the focus of ten 

radiocarbon dates. Macrofossil shells were targeted as they generally yield the true age of 

sediment in coastal and shallow marine sediment cores (Heier-Nielsen et al., 1995). Nine 

intact macrofossil shells were sampled throughout the core and in the lower 35 cm where no 

shell was available, woody material was used (taken at 525 cm). In sediment core VC002, 

three shells were used for radiocarbon dating and in sediment core VC003, four visible 

woody samples were sub-sampled for dating along with two bulk samples for comparative 

test purposes; one in the lower core at 458 cm and one in the middle core at 354 cm. Bulk 

sediment samples can pose dating accuracy issues due to the broad provenance of materials, 

bioturbation and microfossil accumulation (Jones et al., 1989). Sediment core VC004 was 

http://www.usgs.gov/
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targeted to see if zones of major change were concurrent across the coastal transect. As such, 

four samples were taken from areas of the core which displayed a visual change in sediment. 

All four samples taken from VC004 were shell. As per the guidelines issued by Queens 

University laboratory, small shell and wood samples were sent to the laboratory in glass 

vials. Shells were cleaned and dried. Larger fossil samples were wrapped in foil and 

packaged in a padded envelope for shipping. No species data was attainable for the wood 

samples and only limited shell samples could be identified. Bulk sediment samples were 

kept cool in the dark and submitted in sealed plastic bags.  

Table 4.3: Summary of sediment core samples targeted for AMS 
14

C dating; VC001, 

VC002, VC003 and VC004. 

Core Number of Samples Sample Location (cm) Sample material 

VC001 10 

5, 37, 66, 111, 115, 

197, 322,342, 464, 

525 

Shell 

525 Wood 

VC002 3 9, 56, 361 Shell 

VC003 6 
89, 252, 373, 507 Wood 

353-354, 457-458 Bulk 

VC004 4 16, 55, 192, 450 Shell 

 

4.5.1   Calibration 

Marine samples have radiocarbon dates older than terrestrial samples with an accepted 

variance or ‘offset’ of typically 400 years (Pilcher, 2005). The marine offset can vary in 

different places depending on ocean mixing, upwelling and perturbations occurring from 

melting glacial ice and in the North Atlantic the offset can be as high as 700-800 years in 

Late Glacial times (Lowe and Walker, 2000). Marine calibration was undertaken using the 

Marine13 programme, part of the Calib (Rev. 7.1.0) suite of software (Reimer and Reimer, 

1986-2014; Reimer et al., 2013).  To ensure higher accuracy, a marine radiocarbon reservoir 

correction (ΔR) was taken from the weighted mean of twenty of the closest sites published in 
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Harkness (1983); Blake (2005) and Butler (2009) available via Calib.  The ΔR value is 

defined as the offset of a local marine reservoir from the global ocean age, R (Stuiver et al., 

1986; Rick et al., 2012) and the value of -24 was used in this calibration. As part of the 

weighted average of ΔR, Calib provides the weighted uncertainty or the standard deviation 

as the weighted average error; the larger of the two was used in the current marine 

calibration (Stuiver et al., 1986; Stuiver and Reimer, 1993; Culleton, 2006; Jones et al., 

2007; Petchy et al., 2008; Rick et al., 2012) with a value of 64.  

4.6 Geochemistry – X-Ray Fluorescence (XRF) 

Geochemical data from XRF core scanning has been used successfully to reconstruct 

environmental variability (e.g.: Haug et al., 2001; Richter et al., 2006; Hennekam and De 

Lange, 2012; Goudeau et al., 2014). The XRF scanning system allows for a qualitative 

determination of the bulk geochemical composition (Jansen et al., 1998). XRF determination 

was conducted at The Earth Institute at University College Dublin on all four sediment 

cores.  Operational procedures of the Itrax XRF are outlined in Croudace et al. (2006). 

Measurements were conducted on the split cores as they provide higher resolution readings 

and a better control of the scanning process (e.g.: sediment disturbances like slumps, gaps or 

coring artefacts are recognisable) (Zolitschka et al., 2001). Split core surfaces were gently 

smoothed and covered with a thin (4 µm) Ultralene film to avoid contamination of the 

measurement prism of the core scanner (Richter et al., 2006). The Ultralene film can 

partially absorb the XRF intensities for lower fluorescence energies (Kido et al., 2006; 

Tjallingii et al., 2007). However, because the film is thought to have a constant thickness, 

the limited absorption by the film will cause a constant intensity decrease of the influenced 

elements (Al, Si, Cl) over the whole depth domain. Therefore, no correction for this foil 

absorption is required (Hennekam and De Lange, 2012). Figure 5.1 illustrates the various 

instruments used during the course of analysis of these sediment cores. 

The Itrax XRF provided results for 32 elements as follows:  Mg, Al, Si, P,  S, Cl, Ar, K, Ca, 

Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Br, Rb, Sr, Y, Zr, Ba, La, Ce, Ta, W, Pb, Bi and U. 

Measurement of 1 m core sections with a 2 mm resolution and count rates of approximately 

20,000 took between 7-8 hours producing approximately 12,000 data points. The element 
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profiles were examined in conjunction with the mean square error (MSE), a parameter of 

data quality. All counts per second (kcps) were greater than 100 and can be treated with 

certainty; all validity scores of 0 were stripped from the final data set.     

The data generated by the XRF scan is the result of high resolution measurements over a 

short period of time (Jansen et al., 1998) and in its original form is presented as unprocessed 

intensities (count per unit time per unit area). Several studies, however, have shown XRF 

count data to be semi-quantitative (Croudace et al., 2006; Richter et al., 2006; Weltje and 

Tjallingii, 2008; Goudeau, et al., 2014), therefore elemental ratios have been used rather than 

direct counts. The elemental ratios relevant to this research were chosen and are displayed in 

table 4.4.  
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Table 4.4: Summary table of elemental ratios used as proxies to reconstruct past sediment 

chemistry changes in paleoclimate and paleoceanographic studies. All elements were 

generated by the XRF and initial ratios and Log ratios were generated in Excel.   

Elemental Ratio Indicators References 

Ca/Ti  marine biogenic carbonate versus terrestrial 
input 

 downcore overview of sedimentary variability 
and stratigraphic correlation in marine cores  

 detrital input 

Richter et al., 2006; Rothwell and 

Rack, 2006; Hennekam and deLange, 

2012; Goudeau et al., 2014; Lacka et 

al., 2015  

K/Ti  coarser grain size  

 changes in provenance  

 climate variation (cold, arid environments) 

 terrigenous input  

Bonatti and Gartner, 1973; Yarincik 

et al., 2000; Richter et al., 2006; 

Rothwell and Rack, 2006; Goudeau et 

al., 2013; Riethdorf, et al., 2016  

Si/Ti   presence of quartz,  

 deposition of biogenic silica 

Kemp et al., 1999; Johnson et al., 

2002; Cantarero, 2013;Goudeau et 

al., 2014 

Zr/Ti  provenance (marine (decrease)/terrestrial 
sources) 

 grain size 

Rothwell and Rack, 2006; Goundeau 

et al., 2014; 

Fe/Mn  source heterogeneities in oceanic basalt 
content  

 conditions at the sediment / water interface 

 sediment redistribution 

 deposition of iron-sulphides which are typically 
formed under limited water circulation and 
possible anoxia  

 stable catchment with low perturbation by 
erosional fluxes (high ratio) 

Engstrom and Wright 1984; Schaller 

and Wehrli 1996; Cohen , 2003; 

Humayun et al., 2004;  Haberzettl et 

al. 2007, 2006; Sobolev et al.,2007;  

Qin and Humayun,  2008;  Enters et 

al. 2010; LeRoux et al 2010; Kastner 

et al., 2010; Terasmaa et al., 2013 

Br/Cl  constant ratio implies sea-water ratios. 

 high ratios may indicate organic-rich layers  

Croudace et al ., 2006; Rothwell et 

al., 2006; Thomson et al., 2006  

Sr/Ca  presence of high-Sr aragonite which requires a 
shallow-water source 

Croudace et al ., 2006; Ziegler et al., 

2008 

 

 

4.7 Diatoms 

Diatom investigations were carried out on VC001, VC003 and VC004.  Diatoms from the 

sediment cores were prepared using the hydrogen-peroxide method as per Battarbee et al. 

(2001).  Initial diatom investigations were carried out at 20 cm intervals on all three cores 

and additional areas were targeted based on changes in resulting assemblages coupled with 

sedimentary variations.  Quantities of sediment were placed in either 100 ml or 250 ml 

beakers and weighed (g). Samples were then digested using 30% hydrogen peroxide (H2O2) 

on a hot plate, in a fume cupboard, until organic material was oxidised.  Beakers were 
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monitored to ensure desiccation did not take place. Beakers were removed from the heat and 

2-3 drops of HCl 10% were added to remove any remaining H2O2 and the sides of the beaker 

were washed down with distilled water.  After cooling, the liquid was transferred to 12 ml 

centrifuge tubes and centrifuged at 1200 rpm for four minutes.  The supernatant was 

decanted off and the tubes were refilled with distilled water. This washing process was 

repeated four times. 

4.7.1   Diatom identification and enumeration 

Microscopic markers or microspheres were added to the final mixture prior to making slides.  

Divinylbenzene spheres (DVB) with a mean diameter of 8.1 µm were added to a known 

amount of sediment using a micropipette at a concentration of 100 μl of a 6.23 x 10
6
 

microspheres / ml suspension.  A small amount of the sample mixture was diluted with 

deionised water and transferred onto microscope slide cover slips to prepare the diatom 

slides. The cover slips were dried over-night and then placed on the microscope slide with 

mounting medium Naphrax and heated. Completed slides were left to cool fully before 

enumeration was carried out.  Diatom identification and enumeration was carried out using a 

MEIJI Techno ML2000 phase contrast light microscope with oil immersion objective at 

1000x magnification. A Nikon Coolpix 4500 digital camera attached to the microscope was 

used to verify taxonomic features digitally and to record specimen samples.  Where possible 

a minimum of 300 diatom frustules was counted per slide. Some core sections had a high 

level of diatom dissolution and breakage that prevented a target count of 300 frustules. 

Microspheres were also counted in the samples. Species counts were transformed into 

percentage abundances and taxa with relative abundance >1% in at least two samples 

through the core formed the working dataset. Species counts of individual diatom taxa were 

converted to percentage abundances of total sample. Working datasets with a relative 

abundance of greater than 1% of each sample were generated in all four sediment cores. 

Diatom frustule concentration was calculated using the method in Battarbee et al. (2001) as 

follows:  
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Identification of diatoms was based on cell shape and detailed structure of the frustule 

(Figures 4.2 and 4.3).  Taxonomic identification was conducted using Hendey, 1964; Hartley 

et al., 1986; Krammer and Lange-Bertalot, 1986-1991; Vos and de Wolf, 1992; Snoeijs et 

al., 1993-1998; Witkowski, 1994; Hasle et al., 1996; Hasle and Syvertsen, 1997; Pyle et al., 

1998; Witkowski et al., 2000; Cremer et al., 2007; Al-Yamani and Saburona, 2011 and 

following workshops with Dr Catherine Dalton and Dr. Jonathan Lewis held at Mary 

Immaculate College. 
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Figure 4.2: A sample of brackish diatoms: A.Cymatosire belgica, B. Glyphodesmis distans, 

C. Petroneis marina D. Paralia sulcata, E. Rhaphoneis amphiceros, F. Opephora pacifica, 

G. Planothidium delicatulum, H. Grammatophora oceanica (girdle view), I. 

Grammatophora serpentine and J. G. oceanica.   
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Figure 4.3: A sample of marine diatoms: A. Triceratum archangelskianum, B. Hyalodiscus 

scotius, C. Actinoptychus scenarius, and D. Auliscus caelatus.  
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4.7.2   Diatom dissolution and breakage 

A diatom morphological dissolution index, the fractional index (F index) (Flower & 

Lokhoshway, 1993; Ryves et al., 2001; Ryves et al., 2006) was calculated. The F index 

estimates the proportion of pristine valves to all valves that can be classed and ranges from 0 

to 1 where F=1 implies perfectly preserved valves and F=0 implies all valves are appreciably 

dissolved (Ryves et al., 2001; Ryves et al., 2006). The F index is calculated as follows: 

       

 

 

    

 

 

  

Where nij is the number of pristine valves of species j (of m) counted in sample i, compared 

to Nij, the total number of classifiable valves of species j. 

Diatom valve breakage is linked to dissolution, as dissolved valves tend to break more easily 

(Ryves et al., 2001). Coastal diatoms experience a higher degree of breakage than those from 

planktonic marine or freshwater environments due to exposure to higher energy systems. 

Therefore a breakage index was developed, by applying the F index to broken and intact 

valves (breakage degree in pristine or broken valves). Identification of valves was sometimes 

limited due to high breakage and the index was used here, in part, to quantify this 

occurrence.  Where high breakage occurred, entire slides were counted to ensure counts 

accurately reflected the diatom assemblages. 

4.8 Foraminifera 

Sediment cores VC001 and VC003 were targeted for foraminiferal fossil investigation and 

methodology follows Armstrong and Brasier (2005).  Due to the extremely low or complete 

lack of diatom microfossils in VC004, no foraminiferal samples were processed in this 

sediment core. As previously discussed, no microfossils were targeted in VC002. In both 

VC001 and VC003, samples were extracted at 20 cm intervals and 1 cm
3
 were cut from the 

core and placed in a labelled plastic bag and sealed until processing occurred.  Samples were 

placed on a weighted petri dish and dried at a low drying temperature (<40° C) in an oven 

overnight. Low drying temperatures decrease the chance of damage to the foraminiferal 
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tests.  After drying, samples were weighed to obtain a dry sample weight.  Samples were 

then washed in deionised water and wet sieved through a 63 μm sieve, placed in a petri dish 

and then dried again in a low temperature oven (<40° C). The dried sample was sieved 

through 150 µm sieve and stored in labelled glass vials; foraminiferal analysis was carried 

out using the >150 μm size fraction of sediment (Scott and Medioli, 1980; Kucera et al., 

2005).  

Individual samples were poured into a random micro-splitter and divided into aliquots of 

~300 foraminiferal specimens per sample. Statistically this ensured a 95% probability of not 

encountering an additional species comprising at least 1% of the faunal. Each sample was 

emptied onto a sorting tray and using a fine tipped paint brush (000) and a Leica Zoom 2000 

stereo microscope (20 X objective lens) with a Volpi Intralux 5000-1 cold fiber optic light 

source equipped with dual moveable light guides, individual foraminifera were “picked” and 

placed onto a Cushman slide.  

Taxonomic identification was accomplished primarily using; Murray (1991; 2006); Jones 

and Brady (1994); Scott et al. (2001); Sen Gupta (2003) and Brooks and Edwards (2006). In 

addition, localised knowledge (Barrett, 1998 unpublished; Wood, 2010 unpublished) of 

foraminifera and personal knowledge of foraminifera gained while attending the 

International School of Foraminifera at Collegio Internazionale at the University of Urbino, 

Italy were used to assist in species identification. Qualitative ecological analysis was also 

carried out based on Scott et al (2001), Murray (2006) and Horton and Edwards (2006). 

Ecological evidence was collected and put in a table and placed in Appendix G. 

4.9 Data Analysis 

In radiocarbon dating, an age depth model produces estimates of accumulation rates over 

time (Blaauw, 2010). The age depth models were run using the R console version 3.0.1 with 

the Bacon software (Blaauw and Christen, 2011); an age-depth model that uses Bayesian 

statistics to reconstruct sediment accumulation histories for deposits using known 

radiocarbon dates. This model incorporates a student-t distribution with wide tails so as to 

minimise the effect of outlying dates.    
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The geochemical data was transformed using log-ratios in order to avoid undesirable 

asymmetrical properties and because log-ratios of count data tends to correlate in a 

straightforward linear function. In addition, log-ratios allow the application of multivariate 

statistics with higher accuracy when correlating multiple sediment cores (Aitchison and 

Egozcue, 2005; Weltje and Tjallingii, 2008; Bloemsma, 2010; McKillup and Dyar, 2010; 

Hennekam and De Lange, 2012).  Log ratio transformation was carried out using Microsoft 

Excel and analysed graphically using C2. Seven elemental log ratios which are known to be 

indicators of relevant parameters were chosen for proxy use. These are outlined in Table 5.4 

and are as follows: Ca/Ti, K/Ti, Si/Ti, Zr/Ti, Fe/Mn, Br/Cl and Sr/Ca. A principle 

component analysis (PCA) was employed to determine if there were patterns in the data and 

the relevance of the individual geochemical ratios. PCA transforms the original variables 

into a smaller set of linear combinations that account for most of the variance in the original 

data (Dillon and Goldstein, 1984) in order to explain as much of the total variation in the 

data as possible with as few components as possible. The total sum of squares of regressions 

is the eigenvalue and is expressed as percentage of total variance in species data. The 

eigenvalue is equal to the maximized dispersion of the species scores on the ordination axis 

and is a measure of importance of the ordination axis (ter Braak, 1987). The first PCA axis 

has the highest eigenvalue and the second axis has the second highest eigenvalue and so on. 

The PCA was run using C2 software version 1.5 (Juggins, 1991-2007). 

The parametric method, linear correlation, was used to statistically analyse the relationship 

of physical and geochemical proxies between sediment cores for the purpose of core 

comparison. Correlation is an exploratory technique used to examine whether the values of 

two variables are significantly related or change together in a consistent way and expressed 

as the Pearson correlation coefficient (r) (McKillup and Dyar, 2010). All correlations were 

carried out in Excel. 

Microfossil data analysis involving stratigraphic plots, Hill’s N2 diversity index, mean and 

median numbers, pennate:centric ratios (diatom), Benthic:Pelagic:Tychoplanktonic ratios 

(B:P:T, diatoms) and agglutinated:calcareous ratios (foraminifera) were generated using C2 

software version 1.5. The diatom and foraminiferal species dataset was explored using 

cluster and ordination techniques. Zonation sequences were generated with constrained 
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cluster analysis on the working datasets using PAST 3.06 (Hammer et al., 2001). Detrended 

Correspondence Analysis (DCA) is employed to ascertain if species data is suited to a linear 

or unimodal model and provides an estimate of the gradient length in relation to the 

underlying environmental gradients. The DCA is reported in standard deviation units (SD) 

for each axis model (ter Braak and Prentice, 1988) and if the gradient length is short (<2 SD 

units) taxa are generally behaving monotonically along the environmental gradient and 

therefore linear methods are appropriate (Birks, 1995), if the gradient is longer (>2 SD units) 

unimodal based methods are appropriate. DCA yielded a unimodal response for both 

diatoms and foraminifera. This gave cause for using Correspondence Analysis (CA), a 

technique that constructs the theoretical variable that best explains the species data using 

weighted averaging (ter Braak, 1987). Both ordination techniques were run through PAST 

3.06.  

 

Because diatoms are reliable indicators of salinity conditions (Balascio and Bradley, 2012), 

the diatom ratios (pennate:centric and B:P:T) were first examined to qualitatively assess the 

change in marine influence throughout the core. As well, ecological data was compiled for 

all species, including habitat preference, general environmental preference and life form and 

these full records are in Appendix D. Salinity reconstruction was carried out quantitatively 

using a diatom-based transfer function based on the Molton/Define training set from the 

Molten and Define Project (http://craticula.ncl.ac.uk/Molten/jsp/; Andrén et al., 2007; Lewis 

et al., 2013). The reconstruction was carried out by Dr Jonathan Lewis (Loughborough 

University) for sediment cores VC001 and VC003.  Fossil diatom taxa representation in the 

modern training set for VC001 was >50% and was used with confidence, however, 

representation was poor for the taxa found in VC003 and results are unreliable and not 

presented. Prior to application of the transfer function (for salinity reconstruction) to the 

fossil diatom datasets, weighted average-partial least squares (WA-PLS) were tested. This 

model was evaluated using r2boot and RMSEP scores, following internal validation (via 

bootstrapping x1000 cycles) using the modern training set. Final diatom inferred (DI) 

salinity reconstructions are based on a component-2 model as it performed best under 

internal validation and exhibited a similarly high predictive power to other published 

salinity-based transfer functions (Lewis et al., 2013).  
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CHAPTER 5: Results 

Introduction 

In this chapter, results from the sediment core analysis are presented. Originally it was 

anticipated that the results would be ordered based on physical, chemical and biological 

measurements with horizontal comparisons across the four cores. When the results for the 

radiocarbon dating were finalised, however, it was apparent that cross-core comparison was 

complex. As a result, the chapter first outlines sediment core stratigraphies and chronologies 

for all four vibrocores. Subsequent to this, the multiple proxy results are presented for 

sediment core VC001.  This is followed by the results for sediment cores VC002, VC003 

and VC004, which are presented in tandem.  

5.1   Sediment core extraction  

The water depths’ of the vibrocore extraction points ranges from 11.2 m for VC001 in the 

inner transitional waters to 13.5 m for VC004 in Inner Galway Bay. Table 5.1 gives water, 

core tube length and actual sediment depths of the vibrocores and Figure 5.1 shows a 

schematic of the water and sediment depths for each vibrocore extracted. The sediment 

shelves by 1.2 m between estuary cores VC001 (11.2 m) and VC002 (12.4 m) while water 

depths are similar at c. 13 m for the two inner bay cores (VC003, 13.4 m; VC004, 13.5 m).  

Core sediment depths ranged from 478 cm (VC004) to 556 cm (VC003).  

Table 5.1: The depth of water at the time of sediment cores extraction for vibrocores 

VC001, VC002, VC003 and VC004 along with the depth of the core tube and actual 

sediment length. 

 

 

Sediment Core Water Depth (m) Core Tube length  (cm) Sediment Length (cm)  

VC001 11.2 550 535 

VC002 12.4 580 554 

VC003 13.4 600 556 

VC004 13.5 500 478 
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The sediment core tube length varied from the actual amount of sediment acquired in each 

vibrocore. Tube lengths ranged from 500 cm (VC004) to 600 cm (VC003) with actual 

sediment lengths varying from 478 cm to 554 cm. The sediment found in the four vibrocores 

ranges from gravel to silty clay with areas of fine shell hash, dense shell hash and shell 

material.  

 

Figure 5.1: Schematic of vibrocores VC001, VC002, VC003 and VC004 and the sediment 

and water depth at which they were extracted (axis not to scale).  VC001 is the innermost 

core located in the Corrib Estuary and VC004 is the outermost, located in Inner Galway Bay. 
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5.2   Core Lithology 

 

The colour, texture and composition of all four sediment cores were recorded to gain a full 

lithological profile.  A summary description of physical characteristics is presented in Table 

5.2.  Additionally, Laser Diffraction Grain Size Analysis (LDGSA) was conducted on cores 

VC001 and VC003. The full results of the LDGSA for cores VC001 and VC003 with their 

corresponding textural classification can be found in Appendix A. All sedimentological 

results (lithology and grain size analysis) were combined to produce a complete sediment log 

for inner Galway Bay. Figure 5.2 displays the sedimentary logs for VC001, VC002, VC003 

and VC004.  
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Variation between cores is evident with vibrocore VC001 having a generally sandier profile 

and cores VC002, VC003 and VC004 having a higher silt content with more clay present. 

Variability in sediment consistency is evident at the bottom of the cores while at the top of 

the sediment cores, a clear change can be seen in both in cores VC001, VC002 and VC003.  

In sediment core VC001, the lower core from the base (535 cm) to 493 cm is classed as a 

silty-sand with heavy laminations and has a Munsell colour class of 5/2 Gray. The grain size 

analysis  carried out on sediment core VC001 confirms that the lowest 45 cm is a silty sand 

material that changes to sandy silt at 490 cm (see Appendix A). The elevated levels of sandy 

material in this section and lower percentages of clayey material marks a difference in this 

section of the sediment core from material deposited above this area. LGDSA suggests the 

core continues to exhibit sandy silt material up-core to 50 cm with intermittent points of 

clayey silt at 374 cm, 210 cm and 58 cm. The uppermost 50 cm of VC001 is silty sand and 

sandy silt with the largest grain size occurring here at 32 cm.  A distinct disturbance layer is 

prominent in VC001, located in the upper sediment core from 70 to 55 cm, comprised of 

intact and broken marine Spisula cf subtruncata shells. This layer is overlain by markedly 

different sediment made up of dense shell hash in sandy substrate with a Munsell colour 

class of 3/1 Gray.   

Sediment core VC002 displays a disturbance layer (30-18 cm) overlain with a sandier 

sediment (18-0 cm) in the upper core similar to that found in VC001 but less pronounced; in 

sediment core VC002 this presents itself as several whole shells mixed with dense shell hash 

and sediment. Shell condition was too poor for identification. This disturbance layer over 

lays a relatively uniform sediment profile in the lower core with the exception of the base of 

the core (554-450 cm) where a band of sandy-silt material, with shell hash and fine white 

laminations, is present.  
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Table 5.2: Results of the lithological analysis of all sediment cores. 
Depth(cm) Lithology 

VC001  

0-45 Dense shell hash in sandy substrate with a Munsell colour class of 3/1 Gray.   

45-55 Clayey silt layer with no shell hash; a Munsell colour class 4/1 Gray; sediment compaction appears high 

55-68 Disturbance layer comprised predominately of Spisula cf subtruncata. 

68-116 Silty material with fine sand.  Munsell colour class is 4/1 Gray; sediment compaction appears high, no shell  
or deposits appear. 

116-128 Sandy silt sediment appears disturbed with white, broken laminations 

128-210 Uniform silty material with fine laminations and fine shell hash; Munsell colour class is 4/1 Gray. 

210-225 Clay band/heavy clay lamination 

225-370 Uniform silty material with fine to medium sand. There are fine laminations throughout with brown organic 
mottling from 295-305 cm. Fine shell hash is observed from 225 to 240 cm; Munsell colour class is 4/1 Gray. 

370-387 Clay band/heavy lamination 

387-454 Sandy silt with fine sand throughout and fine laminations. Brown organic material 295-305 cm Munsell 
colour class 4/1 Gray. 

454-500 Sandy-silt, no laminationst.  Brown mottling throughout 497-500 cm. Munsell colour class is 5/2 Gray. 

500-535 Sandy material with some silt content; Munsell colour class of 5/2 Gray. Heavy laminations are visible. 

VC002  

0-18 Silty-sand with dense shell hash and a Munsell colour classification 7.5YR 3/3.  

18-30 Disturbance layer comprised of several whole shells mixed with dense shell hash 

30-132 From 30-34 cm is a small layer of course dark laminations and a Munsell colour classification 7.5Y/2. From 
34 – 132 cm fine white laminations are present and the sediment is silty- clay. Scattered shell hash is 
observed from 58 to 105 cm. The Munsell colour class is 4/5GY from 55 to 132 and changes slightly to 
4/7.5Y from 34 to 55 cm.  

132-452 A silty sediment with some clay content and heavy dark laminations is visible from 320 to 452 cm and again 
from 132 to 268 cm.  Between 268 to 320 cm the laminations become fine and light in colour.  The Munsell 
colour classification for this section is 5/5Y from 352 to 452 cm and 4/5GY from 132 to 352 cm.  Dark, 
organic deposits are present at 432 cm and shell fragments are found at 363 cm, 349 cm, 337 cm, 324 cm, 
293 cm, 279 cm, 271 cm, 221 cm and 209 cm.  

453-554 This section is comprised of silt with fine white laminations throughout the section.  Munsell colour class is 
5/5Y.  Dark, black organic deposits are present at 498 cm and shell material is found at 481 and 520 cm.   

VC003  

0-20 Sandy-Gravel material with 5/2 Gray Munsell colour class; brown mottling appears from 25 to 35 cm. 

30-40 Possible disturbance layer; broken shells and shell hash present and pronounced laminations. 

40-80 Silty material with small shells and shell hash; Munsell colour class is 5/2 Gray. Organic deposit at 59 cm. 

80-130 Silty-sand material with a Munsell colour class 5/2 Gray and laminations are visible throughout. Organic 
deposits visible from 120-180 and woody deposit recorded at 90 cm.   

130-150 Clayey silt band with pronounced, wavy laminations; Munsell colour class 5/2 Gray. 

150-220 Silt material with little  to no sand present; laminations pronounced with darker colour than surrounding 
sediment; Munsell colour class 5/2 Gray 

220-270 Sandy silt –re-appearance of sand with a woody deposit at 253 cm and the laminations disappear; Munsell 
colour class 5/2 Gray 

270-520 Silt material with little or no sand; laminations through most of this section and from 385-444 cm they 
become curved; organic deposits visible at 365 cm and 490 cm and woody material present at 374 cm and 
508 cm. Munsell colour class 5/2 Gray. 

520-542 Sandy silt section with organic deposits throughout and Munsell colour class 5/2 gray. 

VC004  

0-53 Sandy Gravel with shell hash and broken shell material present throughout. 

53-181 Sandy silt with a Munsell colour classification 4/7.5 Y.  Coarse laminations appear from 128 to 181 cm and 
from 53 to 128 cm fine shell hash is present with mottling of organic material at 57 and 98 cm. 

181-193 A band of silty-clay  

193-478 Sandy-silt material throughout. From 449 to 478 coarse dark laminations are present and from 416 to 449 
cm is fine shell hash. The Munsell colour class is 4/7.5 Y from 478 to 429 cm and becomes slightly lighter for 
45 cm changing to 4/10 Gray from 429 to 384 cm. From 379 to 317 cm there are coarse laminations 
composed of a clayey material and the Munsell colour class returns to 4/7.5 Y. Shell fragments found at 373 
and 287 cm.   
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Similarly, sediment core VC003 exhibits a sandier sediment core base (510-490 cm) layer 

and has a shell laden section in the upper core (50-30 cm) but in VC003 there is less 

distinction in the disturbance layer and higher levels of shell hash than those found in 

corresponding areas of  VC001 and VC002. LDGSA confirms that sediment core VC003 has 

a silty profile with three bands of sandy silt; at the base of the core in the lower 25 cm of 

sediment, 265-205 cm and 120-90 cm. One band of clayey silt exists at 170-140 cm. The 

upper sediment core displays a different profile with gravel sediment occurring 40-0 cm.  

 

Sediment core VC004, the westerly-most core, is largely uniform and lacks the base layer 

and disturbance layer seen in sediment cores VC001, VC002 and VC003. As well, VC004 is 

sandier through most of the core (478-55 cm) with a clayey band (195-180 cm) and shell 

hash intermittently throughout the sediment core. 
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5.3 Chronology 

The sediment chronology established is based on the results of AMS 
14

Carbon results of a 

range of sample materials (Table 5.3). In total, 23 
14

C AMS radiocarbon dates were 

obtained: ten from VC001, three from VC002, six from VC003 and four from VC004. 

Radiocarbon dating from the Corrib Estuary (sediment core VC001) revealed a relatively 

complete Holocene profile with a clear sediment change point evident in the lowest section 

of the core (525 cm) and a hiatus in the upper core (68-50 cm). In VC002 the sediment 

represents early Holocene material throughout most of the core with the exception of the 

upper core where recent material has been deposited. Sediment core VC003 and VC004 are 

comprised of early Holocene sediment.  

Ten samples from core VC001 ranged in date from 8662±34 BP (9494-9154 cal BP) to 

535±22 BP (305-0 cal BP).  The shell dates obtained are in chronological order with the 

exception of an overlap between 344 cm and 322 cm with dates of 9240-8778 cal BP and 

9330-8889 cal BP respectively. The fibrous wood sample from the bottom of the core at 525 

cm gives a date of 9040-8597 cal BP. The shell date above this at 464 cm is 9494-9154 cal 

BP.  A major change in sediment accumulation is evident within the top 2 m of the sediment 

core.  Shell samples from 117 cm (8140-7825 cal BP), 111 cm (7440-7176 cal BP) and 66 

cm (6409-6063 cal BP) appear to represent c. 1,000 years of material between samples.  A 

date of 492-259 cal BP was obtained for a shell fossil at 37 cm suggesting a hiatus in 

sediment deposition. The most recent date of 305-0 cal BP was obtained at 5 cm sediment 

depth. Three dates were obtained from sediment core VC002 ranging from 8670±52 (9139-

9511 cal BP) at 361 cm to 8425±48 (8798-9294 cal BP) at 56 cm and 692±27 (244-493 cal 

BP) in the top 9 cm of the core. All dates obtained were from shell material and occur in 

chronological order. Sediment core VC002 points to a hiatus of a larger time expanse of c. 

8500 years.  
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Table 5.3: AMS 
14

C dating for vibrocores including laboratory codes, the position of the 

sample in the core by section and depth, uncalibrated ages, the marine calibration, material 

and AMS δ
13

C. 

Laboratory 
Code 

Core 
Placement 
by section 

Core 
Depth  
(cm) 

14C Age 
BP 

Calibrated 
Age             
(cal BP) 

Sampling 
Material 

AMS 
δ13C 

VC001       

UBA15741 1/6 5-7 5 535±22 0-305 Shell -0.4 

UBA18091 1/6 37-38 37 706±25 259-492 Shell -0.9 

UBA18096 2/6 26-27 68 5808±37 6063-6409 Shell 0.3 

UBA18093 2/6 71-72 111 6775±29 7176-7440 Shell -3.8 

UBA15742 2/6 75-77 118 7485±32 7825-8140 Shell 2.3 

UBA15743 3/6 58-59 197 8083±33 8393-8801 Shell 0.5 

UBA15744 4/6 83-85 322 8452±44 8889-9330 Shell 2.8 

UBA15745 5/6 3-5 344 8392±33 8778-9240 Shell -2.9 

UBA15746 6/6 26-28 464 8662±34 9154-9494 Shell -6.0 

UBA18094 6/6 93 525 8279±42 8597-9040 Wood * 

VC002       

UBA31051 1/6 9 9 692±27 244-493 Shell * 

UBA31052 1/6 56 56 8425±48 8798-9294 Shell * 

UBA31053 5/6 62 361 8670±52 9139-9511 Shell * 

VC003       

UBA15622 2/6 40-41 89 8630±34 9116-9470 Wood -29.3 

UBA15623 3/6 92-93 252 8761±35 9273-9584 Wood -30.5 

UBA15624 5/6 12-13 373 8966±36 9493-9898 Wood -25.6 

UBA15625 6/6 46-47 507 9236±38 9824-10235 Wood -26.4 

UBA15747 4 /6 353 11699±41 13032-13372 Bulk -26.5 

UBA15748 5 /6 457 11607±49 12899-13295 Bulk -24.7 

VC004       

UBA18088 1/5 16-17 16 8218±34 8572-8978 Shell -1.1 

UBA18089 1/5 55-57 55 8377±42 8742-9237 Shell -2.7 

UBA18090 3/5 11-12 192 8547±41 9014-9401 Shell -3.0 

UBA18092 5/5 60-61 450 8783±45 9287-9642 Shell 1.4 

*CHRONO stopped reporting δ
13

C in 2013 
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A relatively short chronological period is suggested for cores VC003 and VC004. In core 

VC003 dates range from 9236±38 BP (10235-9824 cal BP) to 8630±34 BP (9470-9116 cal 

BP) based on four samples of woody material extracted across the 6 m core.  Two additional 

dates obtained from bulk sediment samples suggest dates in the region of c. 11600 BP 

(113295-12899 cal BP).  The dating results from four samples of shell material from VC004 

reveal a short chronological timeframe with dates ranging from 8783±45 BP (9642-9287 cal 

BP) to 8218±34 BP (8978-8572 cal BP) for core sample depths between 451 cm and 16 cm.  

The dates are in chronological order.  

As VC001 was the only sediment core to encompass a comparatively more complete 

Holocene profile, age depth models were run using R and the Bacon package provided by 

Blaauw and Christen (2011) and are presented in Figure 5.3. The calibrated ages generated 

from radiocarbon dating were used to establish a time frame to help interpret change through 

time (Lowe and Walker, 1997; Blaauw and Christen, 2011). Modelling sediment 

accumulation rates (Figure 5.4) creates a coherent evolution of deposition for the total core 

depth and can help identify areas of discontinuous deposition. For VC001, the model clearly 

displays the hiatus between 68-50 cm in the upper core, giving a frame of reference for 

changes in sediment constituents.  

 

Figure 5.3: Age-depth profile of sediment core VC001 
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The age depth profile of sediment core VC001 shows a slow sediment deposition rate below 

68 cm where approximately 457 cm of sediment was deposited over 3000 years.  The hiatus 

occurs at c. 6000 cal years BP and is clearly marked in the core lithology (Table 5.2) with a 

disturbance layer consisting mostly of Spisula cf subtruncata. The recent material at the top 

of the core encompasses c. 1,000 years in 50 cm. The sedimentation rates varied 

considerably in core VC001 with the highest rates representing c. 30 yrs/cm and the lowest 

c. 4 yrs/cm.  Before the hiatus, sediment accumulation rates are slow and steady while after 

the hiatus greatly accelerated accumulation rate occurs undoubtedly signalling a major 

change in the environment. 

 

 

Figure 5.4: Sediment accumulation rates of sediment core VC001 

 

Sediment core VC002, VC003 and VC004 had largely linear age depth profile with VC002 

exhibiting a c. 8000 year hiatus at the top of the core. The age depth profiles and sediment 

accumulation rate graphs for these sediment cores can be found in Appendix B. As expected 

the truncated age profiles generated for sediment cores did not reveal extensive information. 

Sediment cores VC002, VC003 and VC004 have similar sediment accumulation rates with 

the highest accumulation rate of 6 yr/cm and the lowest less than 1 yr/cm. The VC004 results 

reveal a slower accumulation rate with the highest level of sediment accumulation at 3 yr/cm 

and the lowest falling below 0.5 yr/cm.  
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Figure 5.5 shows a schematic representation of the approximate chronological relationship 

between the four sediment cores. Core VC001 spans the Holocene and ranges from 9000 to 

200 years cal BP while cores VC002, VC003 and VC004 appear to encompass just 1,500 

years from 10000 to 8500 years cal BP.  While VC002 has a recent sediment deposit (244-

493 cal BP at 9 cm) overlaying early Holocene sediment, this core has a less complete 

Holocene profile relative to VC001 and only the upper 30 cm is comparable. The 

chronologies established therefore suggest that direct cross core stratigraphic comparisons 

are redundant as the age ranges of VC002, VC003 and VC004 coincide with only the lower 

200 cm of sediment core VC001. The upper 20 cm of VC001, 18 cm of VC002 and 40 cm of 

VC003 have a composition of less cohesive gravelly material. Dates for these sediments 

from VC001 and VC002 confirm relatively recently deposited material.  The top section of 

VC003 was targeted for radiocarbon dating but no suitable material was found to analyze. 

As well, radiocarbon dating suggest that both sediment cores VC002 and VC003 exhibit a c. 

8500 year hiatus. As a result, physico-chemical and biological proxies will be described in 

full first for the VC001 Holocene record in the next section followed by a cross core 

comparison of the contemporaneous early Holocene sediments.  

 

Figure 5.5: Schematic illustration demonstrating the estimated Galway Bay sediment core 

chronology. Sediment cores VC002, VC003 and VC004 approximate the first 1500 years of 

VC001. Dates listed are Cal Year BP (primary axis) and relevant uncalibrated radiocarbon 

age points (secondary axis).  
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5.4   Sediment core VC001  

 

Physical, chemical and biological proxies were investigated for sediment core VC001. The 

core was divided into six sections with a total length of 535 cm. The use of a Multi Scanner 

Core Logger (MSCL), X-Ray Fluorescence scanner and standard laboratory processing 

techniques for diatoms and foraminiferal fossils were employed to obtain a range of data for 

paleoenvironmental reconstruction.  

5.4.1   Physical properties 

The MSCL produced data on physical components of sediment core VC001 including, p-

wave velocity, gamma density and magnetic susceptibility (Figure 5.6). Measurements of % 

Organic Carbon (OC) content are also presented here with the mean grain size. The shell 

layer between 68-50 cm (comprised predominately of Spisula cf subtruncata) confounds 

measurements of magnetic susceptibility, gamma density, p-wave velocity and is clearly 

evident in the sediment profile.  

The p-wave velocity is an acoustic property used to estimate grain size as it parallels changes 

in coarse fraction and is proportional to grain size and inversely proportional to porosity. The 

p-wave velocity ranges for VC001 are from 1030.67 m/s to 1828.06 m/s with the areas of 

highest fluctuation in the lower 10 cm and the upper 150 cm of the core.  The bottom of the 

core sees a drop in the p-wave velocity, reaching its lowest reading in the oldest sediment at 

9000 cal years BP (528 cm) but remains static upcore with a mean value of 1549.3 m/s until 

c. 8200 cal year BP (120 cm) when there is a sharp increase to 1721.88 m/s for a brief 25 cm 

interlude. The shell disturbance layer sees extreme fluctuation in the p-wave reading and this 

is determined to mean these readings are unreliable as porous gaps in shell layers can affect 

p-wave readings. The recent sediment at the top of VC001 is relatively stable with two areas 

of fluctuation which may be the result of gravel in the sediment in this area (Figure 5.2).   

Gamma density indicates pore water content, areas of saturation and sediment compaction. 

The gamma density ranges from 1.46 g/cm
3
 to 2.09 g/cm

3
 with areas of fluctuation in similar 

core positions as the p-wave velocity; in the lower 10 cm and upper 150 cm of the core.  

There is a general decreasing trend upcore in density indicating that sediment compaction is 
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generally higher in the lower core with definite changes occurring from c. 8500 to 6500 cal 

years BP (150-70 cm). Gamma density sees a peak at 124 cm (c. 8500-8000 cal years BP).  

Magnetic susceptibility can lead to inferences regarding sediment provenance, marine 

transgression and global sediment correlations. Sediment core VC001 has magnetic 

susceptibility levels ranging from 1.01 to 5.48 SI with a decreasing trend up core from 535 

cm to 25 cm where there is an abrupt increase measured in recent sediment (400 cal years 

BP), possibly reflecting the significant amounts of sand in the sediment profile. Organic 

carbon levels affect biogeochemical processes, nutrient cycling, biological availability, 

chemical transport and interactions. The % Organic Carbon content ranges from 0.54 to 3.79 

with the highest levels occurring in the recent sediment at the top of VC001.  There is a 

general increasing organic carbon trend up the sediment core with areas of low 

measurements occurring in the oldest sediment c. 9000 cal years BP and again c. 8500-8000 

cal years BP. 
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Figure 5.6: Results of the physical analysis carried out using the Multi Scanner Core Logger 

(MSCL) for vibrocore VC001, % Organic Carbon and mean grain size. The hiatus is 

highlighted in grey. 
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5.4.2   Geochemical properties 

 

Geochemical analysis was carried out using XRF and produced a profile of 32 elements for 

sediment core VC001. Single elemental profiles are included in Appendix C while log-ratios 

for Sr/Ca, Ca/Ti, Si/Ti, K/Ti, Zr/Ti, Br/Cl, Fe/Mn are illustrated in Figure 5.7. Here four of 

the elemental ratios use Ti for the normalisation and other known ratios, which are indicative 

of biogenic and/or minerogenic inputs outlined in the methodology (see Table 5.4). The 

mean square error (MSE) is higher in the upper sediments reflecting poorer detection quality 

for the elements in this part of the core.   

The Sr/Ca ratio, indicative of calcium carbonate mineralogy, is highest in the lower core 

from the base of the core c. 9000 cal years BP (508 cm), reaching its highest level with a 

ratio of 0.97.  Ratios stabilise upcore with smaller peaks at 483, 374, 264, 159, 106 and 25 

cm. The lowest points are experienced c. 6000 cal years BP (0.04) with an additional dip c. 

8000 cal years BP (0.07). Conversely, the Ca/Ti ratio, which is indicative of detrital input, is 

lowest from the base of the core c. 9000 cal years BP (508 cm) and stabilises up core 

displaying peaks from 146-116 cm and highest values c. 6000 cal years BP (70-60 cm).  The 

Si/Ti ratio often inferred as a proxy for biogenic silica, reveals five points with low values at 

484, 369, 354, 264 and 107 cm and a peak in levels occurring c. 8000 cal years BP. The K/Ti 

ratio, utilised sometimes as a proxy for sediment provenance and climate variation, remains 

relatively stable upcore ranging from 0.63 to 1.1 until it reaches a peak area c. 8500-8000 cal 

years BP (from 135 to 120 cm) where the highest level of 2.07 occurs. The upper 120 cm 

ranges from 0.6 to 1.6, fluctuating throughout. The Zr/Ti indicative of changes in grain size 

fraction and sediment provenance, exhibits a slight decreasing trend in the lower core c. 

9000 cal years BP and ranging from 3.7 to 0.7. From 483 cm upcore to 160 cm Zr/Ti does 

not exhibit much change with the exception of low points at 374, 349, 264 and 212 cm. 

From 8500 to 7000 cal years BP ratios are low and from 120-0 cm (mid-Holocene to recent 

sediment deposit) there is a distinct further downward trend with one high value spike at 65 

cm where the highest ratio occurs (5.37). The Br/Cl ratio, often representative of sea water 

ratios, shows a similar pattern to Zr/Ti with a decrease in values in the lowest part of the 

core. However from 480 to 140 cm there is a steady increase in the Br/Cl ratio and a sudden 

dip from c. 8500 to 8000 cal years BP and again a steady increase up the top of the core into 
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the recent sediment. The Fe/Mn ratio can suggest variation in the sediment-water interface, 

remains relatively stable throughout the core. There is little change in Fe/Mn levels 

throughout the core. Measurements range from 51.63 to 270.04 and a mean of 103.23. 
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Figure 5.7: Seven elemental ratios for sediment core VC001: Sr/Ca, Ca/Ti, Si/Ti, K/Ti, Zr/Ti, Br/Cl, Fe/Mn. MSE is the mean square 

error and reflects the quality of fit for the elements. 
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A principle component analysis (PCA) was employed to determine if there were patterns in 

the data and the relevance of the individual geochemical ratios (Figure 5.8). The PCA 

loading was highest for Ca/Ti on axis 1, with an axis 1 eigenvalue of 0.4698, which gives an 

indication of terrigenous sediment deposition. Sr/Cl had the second highest PCA loading in 

axis 1 and can indicate shallow water. The axis 2 eigenvalue is 0.2743 and Br/Cl had the 

highest PCA loading here. Br/Cl is a proxy for marine organic sediments. Axis 1 represents 

the proxies with the highest influence on the sample and as such, these results indicate Ca/Ti 

and Sr/Ca is the driving geochemical parameters in VC001. 

 

 

 

Figure 5.8: Principle component analysis of the geochemical ratios for VC001. 
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5.4.3   Diatoms 

 

A total of 108 samples were counted for VC001 with 135 species identified. Diatom counts 

were transformed to percentages of total counts per sample. A summary diatom profile is 

presented in Figure 5.9 for 20 taxa which represent the most abundant species (>5% 

abundance in more than one sample). A full list of diatom species identified and their 

taxonomic authority is provided in Appendix D.  

No diatoms were found in the bottom 5 cm (9040-8597 cal years BP) where the sampling 

frequency was 2 cm (535 to 530 cm) and low count numbers (<300) occurred from 529-497 

cm; <50 individuals were counted at 529 and 527 cm (9595-9154 cal years BP). Upcore, 

from 496-74 cm (c. 9000-6500 cal years BP) all diatoms counts are greater than 300 with the 

exception of samples at 254 and 245 cm which had counts <100. No samples were taken 

from the disturbance layer (68-55 cm) as this area was considered to be the result of 

reworking of material and no accurate dates or conditions could be assessed from this 

section. Above the disturbance layer, from 55 to 40 cm (c. 400 cal years BP) where the 

sampling frequency was between 2-8 cm, there were very low frustule counts (<25) and no 

diatoms were present from 40 to 14 cm (c. 200 cal years BP). In the uppermost sample at 6-5 

cm a low count of 161 individuals was tallied.  

CONISS onstrained cluster analysis (Grimm, 1987) was used to determine diatom biological 

zones based on taxa occurrances >1% . The results of the cluster analysis are presented in 

Figure 5.9.   Five major zones were identified and are used here to describe the floristic 

diatom changes throughout the sediment core. No zone is identified for the hiatus between 

68-50 cm. 

Zone 1 (c. 9000 cal years BP) (535 to 499 cm) 

Diatom fossil assemblage in Zone 1 encompasses 36 cm of sediment and clear differences 

are evident in the diatom assemblages compared to the rest of the sediment core. All 

individual diatom counts in Zone 1 were less than 300 valves and poor frustule preservation 

was evident. Zone 1 is dominated by Paralia sulcata (35%) and Podosira corolla (21%). P. 

sulcata is heavily silicified, preserves well and is associated with a wide range of 

environmental conditions; thus it can be complicated to use for paleoenvironmental 
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reconstruction as it can be abundant in the fossil record because of its resilient structure, not 

as a result of an ecological parameter.  Other taxa present here are Tryblionella navicularis, 

an epipelic, mesohalobian species; Tryblionella compressa, a polyhalobian, benthic species, 

Grammatophora serpentina, a pelagic, marine species that can also live attached to marine 

life  and Rhaphoneis amphiceros, a mesohalobian, tychoplanktonic species. 
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Figure 5.9:  Diatom results for VC001. Here is a representative sample of diatom taxa appearing as greater than 5% of the total 

diatoms and in more than one sample. Radiocarbon dates are presented along the y- axis. Constrained cluster analysis with paired-

group (UPGMA) using PAST is displayed. 
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Zone 2 (c. 9000-8800 cal years BP) (499-254 cm)  

Diatom preservation was good in Zone 2 with valve counts >300 per sample for all but three 

samples which had counts between 250-300 frustules. Dimeregramma minor (12%) is a 

marine, episammic species the most dominant species and is an intertidal species. The 

cosmopolitan species P. sulcata (8%) is present here as well, but as a much lower proportion 

of the assemblage. Rhaphoneis amphiceros, Tryblionella compressa  Cymatosira belgica, 

Planothidium delacatulum and Grammatophora oceanica are all intertidal, episammic or 

epipelic species and are represented as 3-7% of the assemblage. Ellerbeckia arenaria (4%) is 

a freshwater Oligohalobian indifferent species present here. Particularly, E. arenaria occurs 

from 400-350 cm consistently and in other samples intermittently in Zone 2 indicating times 

of increased freshwater into the environment.  This zone is a departure from Zone 1 which 

had low individual frustule counts and was dominated primarily by two species; an 

assemblage most likely occurring due to occasional inundation as denoted by the presence of 

pelagic and tychoplanktonic species and those which entered the region attached to marine 

life.       

Zone 3 (c. 8800-8200 cal years BP) (254-130 cm) 

Diatoms in this zone between 254 and 130 cm were dominated by Cocconeis scutellum (9%) 

and Tabularia fasciulata (7%) both mesohalobian, epiphytic species associated with 

brackish lagoonal and muddy environments; P. sulcata (7%) has a strong showing in this 

zone as well. Diatom preservation was good. Cocconeis placentula var euglypta (epihytic, 

oligohalobian indifferent) , Cyclotella choctawateeana (mesohalobian, planktonic) and T. 

compressa have 4-5% of the assemblage while G. oceanica, Grammatophora marina 

(polyhalobian), Eunotogramma leave (mesohalobian, episammic) and Delphines karstenii 

(marine, polyhalobian) have c. 3% of the assemblage. Zone 3 is dominated by epiphytic, 

mesohalobian species indicating a higher level of macrophytes and seawater inundation.    

Zone 4 (c. 8200-6000 cal years BP) (130-68 cm) 

P. sulcata (11%) and G. oceanica (10%) have the highest occurrence in Zone 4. E. arenaria 

represents 7% of the assemblage and D. karstenii, G. serpentina and E. leavis constitute 3-

4% of the diatoms represented in this zone. Zone 4 is comprised of diatoms similar to those 

found in Zone 2 and, therefore, a possible return to previous environmental conditions. 
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Zone 5 (c. 400-200 cal years BP) (50-top)  

Zone 5 represents the sediment directly above the hiatus in VC001. The zone has low diatom 

concentrations (50-44 cm; <50 diatoms enumerated) and no diatoms encountered in several 

samples.  Diatoms enumerated in the top 6 cm resulted in <200 individuals. G. oceanica, P. 

sulcata, Cocconeis peltoydes, C. scutellum and Plagiogramma rhombicum comprised the 

majority of this assemblage. 

Diatom metrics including concentrations, total counts, Hills N2, F-index, breakage index, 

B:P:T ratio, organic carbon, CA results and DI salinity are presented in Figure 5.10. 

Additionally a table of diatom morphology (frustule group), habitat, general environment 

and life form were compiled for each species recorded in this research to get initial 

qualitative assessments of diatom assemblages; this can be found in Appendix D.  

Diatom concentrations are represented as frustules x 10
5 

g
-1 

WW. Diatom concentrations are 

variable throughout VC001 and range from 5.9 x 10
3
 g-1 WW (44 cm) to 1.4 x 10

6
 g-1 WW 

(370 cm). The lowest concentrations occur at the top and bottom of the sediment core and 

the highest concentrations of frustules are between 400 and 200 cm (c. 9000-8000 cal years 

BP). Hill’s N2 diversity rating is presented along-side diatom concentrations to assess the 

relationship between these factors. A similar pattern emerges here with low species diversity 

found at the top and bottom of VC001 but increased fluctuation of diversity exists 

throughout the core from 450-80 cm (9000-7000 cal years BP) and a high level of broken 

diatoms found in samples. Breakage is found not only in the expected larger pennate diatoms 

(Navicula digitoriata and Bacillaria paxillifera) but also in smaller, more strongly silicified 

species (Rhaphoneis amphiceros and Dimeregramma minor) and centric diatoms not usually 

associated with broken frustules (Paralia sulcata and Cyclotella distinguenda).  
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Figure 5.10: The results of the diatom metrics for VC001. Shown here are diatom counts (in count numbers), diatom concentrations, 

Hill’s diversity index, F-index, breakage index, total unknown (%), benthic:planktonic:tychoplanktonic ratio (B:P:T), CA axis scores 

and Diatom inferred (DI) salinity (PPM). Diatom zones determined using CONISS and displayed on the right. 
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The morphological dissolution F-index was used to quantify the effect of silica dissolution in 

the samples and the breakage index is presented to assess if there is relationship between 

dissolution and breakage in this sediment core. The mean morphological dissolution F-index 

for VC001 is 0.49 and is lowest at the bottom of the core from 535 cm to 500 cm with a 

value of 0.07 indicating poor preservation (Figure 5.10). The F-index increases up the core 

where it reaches its highest level of 0.80 at 100 cm (c. 7000 cal years BP) indicating very 

good preservation during this time.  Dissolution and breakage events therefore are clearly 

evident at the bottom of the sediment core c. 9000 cal years BP and between 400-350 cm 

and 275-225 cm; while no samples were analysed from the shell hash between 70-50 cm. 

The uppermost samples (<25 cm; c. 400 cal years BP) have a high F index averaging 0.79. 

The breakage index displays a contrary pattern to the dissolution index in the bottom of core 

VC001 with high breakage 525 to 500 (breakage index 0.94 at 507 cm) and a drop to the 

lowest breakage point at 497 cm (0.14). Upcore from 495 cm, however, it has a similar 

pattern as the F-index with the same areas of variation.   

The division of diatom taxa into their habitat preferences 

(benthic:planktonic:tychoplanktonic) revealed a system dominated by benthic taxa for most 

of its history. The benthic:planktonic:tychoplanktonic ratio (B:P:T) sheds light on ecological 

parameters which might influence the results of the other indices and also indicate a shift in 

salinity levels. The ratios show higher percentages of planktonic diatoms in the bottom of the 

core (Zone 1) while above 500 cm (Zones 2-5) is dominated by benthic diatoms (Figure 

5.10). Tychoplanktonic diatoms only appear substantially in Zone 1 as well. Dating is not 

straightforward in this area as the calibrated radiocarbon age in Zone 1 is 9040-8597 cal 

years BP and the date above this, at the base of Zone 2, is 9494-9154 cal years BP. This is 

likely due to a variation in dating material as discussed previously.  

The ordination technique detrended correspondence analysis (DCA) revealed unimodality in 

the dataset with an axis 1 length greater than 2. All DCA results are in Appendix E. This axis 

length suggests that the diatoms have a unimodal species-environment relationship so 

correspondence analysis (CA) was applied (Figures 5.10 and 5.11).  CA was used to 

determine the major patterns of variation in species composition data. The two outlier points, 

68 cm and 44 cm represent the sampling points immediately prior to and after the hiatus. 
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Diatom clusters are grouped with a circle and Zones 1-4 are clearly indicated. Zone 5 is not 

clearly indicated here, most likely due to the low diatom concentrations and samples with no 

diatoms present. CA axis 1 sample scores were plotted stratigraphically (Figure 5.10). Basal 

sediments in Zone 1 contain low numbers of broken and highly dissolved diatoms indicative 

of occasional marine influence such as P. sulcata and P. corolla. The floristic composition 

of Zone 2 changes to species that prefer intertidal, muddy conditions such as D. minor and T. 

compressa with period of freshwater influence denoted with the presence of E. arenaria. 

Zone 3 shows diatoms with an affinity for increased inundation and lagoonal conditions, 

such as C. scutellum and T. fasciulata. Diatoms in Zone 4 exhibit a return to intertidal 

conditions with more marine species like G. oceanica and P. sulcata and with a freshwater 

pulse seen in the upper zone with the appearance of E. arenaria. Diatom assemblages in 

Zone 5 are dominated by G. oceanica, P. sulcata, C. peltoydes, C. scutellum and P. 

rhombicum. 

 

Figure 5.11: Results of the Correspondence Analysis (CA) of diatom assemblages for 

sediment core VC001.  
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Diatom salinity tolerances were classified into five groups based on the halobian scale 

(Figure 5.12). Paralia sulcata has been omitted from classification due to its variable salinity 

tolerance. Marine and brackish diatom taxa dominated sediment core VC001 with freshwater 

species making two significant appearances c. 9000 cal years BP and c. 8000 cal years BP. 

Freshwater/brackish species had the highest percentages 8801-8393 cal years BP.  

 

Figure 5.12: Diatom salinity groups in sediment core VC001 shown with radiocarbon dates 

on the left and diatom zones in th right column, The sediment hiatus is indicated in grey. 

 

Quantitative analysis of diatom salinity was carried out using a transfer function. Diatom 
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) for 51 species from the MOLTEN training set was used 

(average % coverage is >50% of the dataset >1% of the total diatoms). A table of these 
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dissolve as easily as other species. WA-PLS DI salinity produces very high estimates (over 

35, often around 40 g L
-1 

or PPM), which can happen due to a mathematical artefact 

incorporated into the deshrinking tool of the transfer function.  DI salinity decreases up the 

core with the highest levels 9494-9154 cal years BP and the lowest at 120 cm (between 

8140-7825 and 8801-8393 cal years BP) and freshwater influences evident from 400 to 100 

cm with two large freshwater pulses apparent c. 9100 cal years BP and 8200 cal years BP, 

reflecting the dynamic and changing nature of this environment.  

5.4.4   Foraminifera 

In total, thirty samples were processed in sediment core VC001 at systematic 20 cm intervals 

throughout the core. All samples produced foraminiferal counts greater than 300 tests with 

the exception of samples from below 491 cm (c. 9000 cal years BP) where there were no 

foraminifera present and at 94 cm (c. 7000 cal years BP) where the count was < 200 tests. 57 

species were encountered in VC001 samples. Figure 5.13 shows 33 taxa present in 

abundances of >2% and occurring in more than one sample. A full list of species and their 

taxonomic authority is provided in Appendix G. Biological zones were established based on 

percent foraminiferal individuals of all taxa >1% using CONISS contrained cluster analysis 

(Figure 5.13). Four zones were identified. 

 

Zone 1 (535 – 491 cm) (c. 9000 cal years BP) 

No foraminifers were observed in three samples taken from this zone.  This coincides with 

woody material which was extracted from this area (525 cm) and low (<50 individuals) 

diatom presence. 

Zone 2 (491-256 cm) (c. 9000-8500 cal years BP) 

This zone is dominated by Haynesinia germanica (37%), Ammonia aberdovenysis (11%), 

calcareous species representative of tidal/mudflats with A. aberdovenysis in particular 

indicating estuarine, low salinity conditions.  Elphidium spp. (10%) includes E. excavatum, 

an extremely versatile species and E. williamsonii, a species associated with mid to low 

marsh and tidal flats. E. williamsonii appears at 328 cm (9330-8778 cal years BP) along with 

Bulimina elongata (1%). Other calcareous species including infaunal species Bolivina 

spathulata (6%) and Stainsforthia fusiformis (5%) are associated with mid to low marsh 

conditions. Calcareous foraminifera are dominant here but agglutinated species, such as 
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Textularia sagittula (5%), Haplophragmoides bradyii and Siphotextularia flintii (2%) are 

present representing 10% of the total zone. 

Zone 3 (256 – 32 cm) (c. 8500-6000 cal years BP) 

H. germanica (30%) and Ammonia beccarii (26%) comprise >50% of Zone 3. A. 

aberdovenysis disappears from the sediment record at 175 cm (between 8393-8801 and 

8140-7825 cal years BP). Agglutinated species Haplophragomoides bradyii disappears from 

the record after the first sample at 256 cm.  Aubigyna hamblensis appears in the sediment 

record and Bulimina spatulata, S. fusiformis and Fissurina spp. all disappear from the 

sediment record at 130 cm (c. 8200 cal years BP). Additionally, from 130-68 cm Elphidium 

spp have a low percentage (3%) representation and Haynesina depressula has its only 

showing in the sediment core, although at low percentages. Fissurina subformosa has its 

strongest presence in this zone and calcareous species Stainforthia fusiformis and 

agglutinated species T. sagittula are also present. The upper part of this zone from 68-55 cm 

includes the disturbance layer and this area was not sampled for microfossils. One sample 

directly above the hiatus (32 cm; 492-259 cal years BP) is included in this zone and sees the 

only occurrence of Bolivina spatulata, Bulimina elongata and Bolivinellina pseudopunctata 

at <2% in this zone.  This sampling point is viewed with caution due to the proximity to the 

disturbance layer as this may mean sediment has experienced reworking. 

Zone 4 (27-0 cm) (c. 400-0 cal years BP) 

The upper core zone consists of recent material, from 492-259 to 305-0 cal years BP. Three 

samples (27, 19 and 5 cm) are included in this zone. H. germanica (25%), Lobatula lobatula 

(19%), Cibidies reflugens (20%) and A. beccarri (14%) dominate this zone. Species 

diversity is lower in this zone with only 14 taxa recorded. The presence of the epifaunal 

species L. lobatula is a marked difference as it can indicate the presence of coarse grained 

sediments and high energy environments; similarly, C. reflugens (epifaunal) is found in 

deeper water, ranging from the intertidal zone to shelf seas. Epistominella exigua (8%), an 

epifaunal species, has its most prominent presence in Zone 4 and can reflect deeper, more 

oxygenated waters.  Also noted in this zone are Rosalina anomala (3%), Textularia tenusa 

(2%) and Quinquelocina seminulum (2%).   
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Figure 5.13: Foraminiferal taxa >2% occurrence in sediment core VC001. Radiocarbon dates are also presented along the y- axis. 

Constrained cluster analysis using PAST is also displayed. 
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Relevant foraminiferal metrics, including test counts, concentrations, diversity and 

agglutinated/ calcareous ratios, were explored to help interpret the data and results are 

presented in Figure 5.14. Foraminiferal concentration reflects the total number of tests in the 

individual sample and is variable throughout the core but sees the highest concentration 

levels of 4,707 per g
-1

 WW at 473 cm (c. 9000 cal years BP) and the lowest concentration of 

727 per g
-1 

WW occurring at 94 cm (c. 6500 cal years BP).  Hill’ N2 diversity index was 

explored to assess stratigraphical species diversity and sees the lowest diversity occurring 

from 328 to 229 cm (c. 8500 cal years BP), 94 cm (c. 6500 cal years BP) and to 32 cm (c. 

400 cal years BP). The highest diversity occurs in the lower core at 410 cm (c. 9000 cal 

years BP). Agglutinated species such as Textularia saggitula and Haplophragmoides 

bradyii, represent less than 10% of the total species in all samples except in the lower core 

where they are 13% (491 and 410 cm, c. 9000 cal years BP) and 11% (428 cm, c. 9000 cal 

years BP). Calcareous species, such as Ammonia beccarii, Haynesina germanica, Elphidium 

spp. and Lobatula lobatula, dominate the assemblages in this sediment core and in some 

samples in the upper core (76-58 cm, c. 6000 cal years BP), the assemblage is dominated by 

Ammonia spp. where this species represents >50% of the taxa. This area corresponds to the 

lowest levels of Hill’s diversity index. 

CA indicates patterns of variation in species composition data most notably within Zone 3 

where samples from 112 and 94 cm (from 7440-7176 to 6409-6063 cal years BP) are distinct 

from others in the same zone (Figures 5.14 and 5.15). This variation is most likely driven by 

the presence of Aubigyna hamblensis and Haynesina depressula exclusively in this zone (4% 

of assemblage).  
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Figure 5.14: Foraminiferal metrics for sediment core VC001. Included here are the total 

counts, concentrations per sample, Hill’s N2 Diversity Index, agglutinated vs calcareous taxa 

ratio, CA axis 1 sample scores.  

 

Figure 5.15: Graphic of the correspondence analysis (CA) of foraminifera from VC001. 

Zones previously identified from CONISS cluster analysis are circled and labelled. 
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5.4.5   Synthesis of data for sediment core VC001 

 

Sediment core VC001 was extracted from the eastern-most location in this study, located in 

the Transitional Waters (Map 4.1) of the Corrib Estuary. Radiocarbon dating revealed a 

Holocene profile that records the early and mid-Holocene and a depositional hiatus overlain 

with recent sediment (Table 5.3). Results of multiple proxies reveal a major environmental 

change at the base of the core in (c. 9000 cal years BP) as recorded in grain size, magnetic 

susceptibility (Figure 5.6), selected geochemical ratios (Figure 5.7) and microfossils (Figures 

5.9 and 5.13). Between c. 9000-8000 cal years BP little variation is evident in most proxies 

with the notable exception of the DI-salinity, which is highly variable throughout but with an 

overall decreasing trend.  From c. 8800 to c. 8200 cal years BP little change is apparent in 

physical and geochemical proxies but the microfossils indicate an ecological response, seen 

most prominently in the diatom assemblages. Between c. 8200 and c. 6000 cal years BP 

notable pulses in magnetic susceptibility, geochemical proxies and the lowest levels of % 

OC are apparent, possibly reflecting the 8200 cold event (Figures 5.6 and 5.7) and a major 

freshwater pulse (Figure 5.9). A change in microfossil assemblages is observed here as well 

(Figures 5.9 and 5.13). Sediment deposition rates accelerate with just c. 60 cm of sediment 

representing c. 3000 years (Figure 5.4). The depositional hiatus is clearly defined by a thick 

shell layer composed largely of Spisula cf subtruncata from 68-50 cm and with dates of 

6409-6063 cal years BP below and 492-259 cal years BP above the hiatus (Figure 5.2). The 

top of the core is comprised of modern material and notable differences are apparent in the 

high mean grain size (Figure 5.6) and % OC levels (Figure 5.10), increased Br/Cl and Ca/Ti 

and decreased Zr/Ti levels (Figure 5.7). Microfossil assemblages here, as well, change to 

more modern marine environmental conditions as evinced by the foraminiferal dominance of 

L. lobatulus, E. exigua and H. germanica and diatom floristic profile including G. oceanica, 

P. sulcata and C. peltoydes (Figures 5.9 and 5.13). 
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5.5   Sediment cores VC002, VC003 and VC004 

 

The results of the radiocarbon dating revealed that sediment cores VC002, VC003 and 

VC004 largely have an early Holocene chronology with a dating range of c. 2,000 years (c. 

10000 cal years BP to c. 8000 cal years BP).  While VC002 has a recent date of c. 350 cal 

years BP at 9 cm, overlaying a hiatus, the majority of this sediment core (56-554 cm) has a 

dating range of c. 2000 years in the early Holocene; comparable to the chronology of VC003 

and VC004. Physical, geochemical and microfossil results are presented here for these three 

sediment cores.  Depth intervals are used in describing the results. 

5.5.1   Physical data 

Parameters obtained from the MSCL include p-wave velocity, gamma density and magnetic 

susceptibility. MSCL results for VC002, VC003 and VC004 are represented in Figure 5.17 

a-c. Laser diffraction grain size analysis (LDGSA) was only performed on sediment core 

VC003.  

The p-wave velocity in sediment core VC002 ranges from 849 m/s to 1900 m/s and there is a 

decreasing trend upcore. This is a marked difference from the p-wave parameter in VC003, 

where it remains stable throughout the core with a mean of 1542 m/s and a peak of 1577 m/s. 

The p-wave data for this core had gaps occurring in the data at the following intervals: 0-48 

cm; 130-170 cm; 180-190 cm and 230-260 cm.  It is most likely that gaps in sediment core 

VC003 occur where sections had either distorted liners or where significant air gaps occur 

inside the liner and the sediment. In VC004, p-wave velocity ranges from 831 m/s to 1921 

m/s and has the largest range of all four cores.  While there is no distinct trend; there are 

sections of the core where high variability and great peaks and depressions are visible. This 

may be due to insufficient coupling between the core sediment and the core liner as a result 

of voids and micro-cracks in these areas (exhibited from 430 cm to 390 cm; 230 cm to 190 

cm; 90 cm to 70 cm and 40-0 cm). Gamma densities in cores VC002 and VC003 have 

similar patterns and reflect the consolidated homogenous sediments found in these cores. 

Gamma density levels in VC002 range from 1.29 g/cm
3
 to 1.94 g/cm

3
 and fluctuate from 

5.5-3.8 m with lowest levels occurring as extreme points at 4.9 m (1.29 g/cm
3
) and 3.8 m 

(1.41 g/cm
3
).  Levels remain steady, maintaining an approximate range between 1.70 g/cm

3
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to 1.90 g/cm
3 

until a decrease in the upper core from 40 cm-0. VC003 shows a similar 

pattern to VC002 with a gamma density range of 1.41 g/cm
3
 to 2.07 g/cm

3
. The lowest levels 

occurring in the lower half of the core and the highest levels are in the upper 0.50 m of the 

core. In VC004, gamma density ranges from 1.29 g/cm
3
 to 2.02 g/cm

3 
and exhibits no real 

trend throughout the core. The troughs at 3.9 m and 0.88 m are most likely the result of 

sediment shifting adjacent to section joints.  

Magnetic susceptibility in sediment core VC002 displays a decreasing trend ranging from 

4.9 SI to 0.921 SI and reaches the lowest levels at 26 cm at the top of the core.  From 29-18 

cm, a layer consisting of several whole shells mixed with dense shell hash is a disturbance 

layer as indicated by the chronology (Table 5.2) and may be a contributing factor to the low 

magnetic susceptibility here.   Changes in magnetic susceptibility, a measure of the 

concentration of magnetic minerals, indicates environmental changes associated with this 

type of sediment and can signpost varying transport and deposition conditions. A similar 

upcore trend is exhibited in VC003 and the magnetic susceptibility here ranges from 0.24 SI 

to 7.16 SI. There are three distinct peaks which occur at 490 cm, 350 cm and 230 cm and 

these correlate to smaller peaks seen in VC002 at 490 cm, 380 cm and 210 cm. Sediment 

core VC004 has a similarly low magnetic susceptibility range to VC002, ranging from 0.99 

SI to 6.14 SI with a significant peak at the bottom of the core where the highest level of 6.14 

SI is recorded. Lower SI is evident in most of VC004 when compared to VC002 with the 

exception of the lower 25 cm.  The peak at the bottom of VC004 (460 cm) is close in core 

depth to downcore peaks of both VC002 and VC003, but where VC002 and VC003 have 

variation upcore, VC004 exhibits little change. 

The mean grain size in sediment core VC003 is additionally presented in Figure 5.17 (b). 

Similarities exist between the mean grain size and the gamma density most notably at the top 

of the core around 50 cm.  
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Figure 5.17: Results of the MSCL analysis for: (A) p-wave VC002, VC003, VC004; (B) gamma density VC002, VC003, VC004 and 

Mean grain size VC003; (C) magnetic susceptibility VC002, VC003 and VC004. 
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5.5.2    Geochemical (XRF) analysis 

 

Seven elemental ratios used for proxy investigation (Ca/Ti, K/Ti, Si/Ti, Zr/Ti, Fe/Mn, Br/Cl 

and Sr/Ca) and for VC002, VC003 and VC004 are presented in Figure 5.19 and Appendix C. 

Br/Cl reflects changes in marine organic matter in a sediment core. In VC002 and VC003, 

there is a similar Br/Cl profile with a decrease in the lower core until 500 cm and highly 

fluctuating levels upcore, exhibiting no particular pattern, until recent sediment from 50-0 

cm (c. 400-0 cal years BP) where the measurements increase. The Br/CL measurements for 

VC004 had extensive areas of the core where no reading was taken (zero values) and data 

are not presented here. The Sr/Ca measurements are related to sediment provenance and 

biogenic markers. Sr/Ca is high at the base of VC003 c. 10000-9000 cal years BP and for 

three samples at the base of VC002 (c. 9000 cal years BP). These are likely turbidite 

sediments. VC002 sees relatively steady Sr/Ca upcore until a prominent increase at the 

sediment hiatus layer (68-50 cm). VC003 has notable change in the basal sediments and 

exhibits greater fluctuation than Sr/Ca in VC002 with several increases from 150-0 cm, most 

notable c. 130 cm. In the upper core, VC004 exhibits limited change in the Sr/Ca 

measurements. Ca/Ti is a good proxy for measuring changes in terrigenous sediment 

contribution to a sample and gauging the calcium carbonate content. Ca/Ti has little change 

in VC002 with the exception of the recent sediment in the upper core (above 40 cm); the 

hiatus layer is clearly visible with this proxy. In VC003, the Ca/Ti has notable change in the 

basal sediments of the core and the recent sediment deposition on top. Ca/Ti in VC004 also 

has lower values in the bottom of the core and little change upcore. A slight increase at 175 

cm and in the upper 50 cm is seen. Si/Ti, which is an indicator of biogenic silica, has little 

change in VC002 and VC003 with the exception of the upper sediments (above 70 cm) 

where there are higher fluctuations in VC002 and an increasing trend in VC003. Si/Ti is low 

at the base of the core for 25 cm then increases. There is a general decreasing trend upcore 

thereafter with very low measurements again, particularly in the upper 150 cm. 

 

 

 



114 

 

 

 

Figure 5.18: Results of selected geochemical proxies for sediment cores VC002, VC003 and 

VC004 based on the PCA (axis 1): A) Br/Cl (VC002 and VC003 only); B) Sr/Ca; C) Ca/Ti 

and D) Si/Ti.  
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In order to determine which of the ratios are the most relevant in each sediment core, a 

principle component analysis (PCA) was carried out (Figure 5.19). The axis 1 eigenvalue of 

VC002 is 0.5198 and indicates the most influential geochemical driver is Br/Cl. The axis 1 

eigenvalue of VC003 is 0.6093 and indicates Ca/Ti is the most influential geochemical 

driver. In VC004, axis 1 has an eigenvalue of 0.7743 and the Br/Cl is the driving 

geochemical factor here.  Appendix G has the relevant tables with all PCA loadings for 

sediment cores VC002, VC003 and VC004. 

 

Figure 5.19: Results of the principle component analysis (PCA) for the geochemical 

elemental ratios on VC002, VC003 and VC004.  
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5.5.3   Diatoms VC003 and VC004 

Diatoms were sampled initially in sediment core VC001 to examine estuary conditions and 

in VC003 to examine inner bay conditions. When the individual frustule counts for VC003 

resulted in low valve numbers (<300), VC004 was also sampled. Full diatom results for 

sediment cores VC003 and VC004 are presented here. In sediment core VC003 a total of 56 

samples were examined resulting in 116 genus varieties and 96 taxa identified to species 

level. Subsamples were originally taken at 20 cm intervals. After lithological analysis, 

sampling intensity was increased at sediment change points.  A summary diatom profile of 

species with >2% occurrence is presented in Figure 5.20 with the radiocarbon dates for 

VC003; full diatom results are included in Appendix D. CONISS constrained cluster 

analysis was carried out on square root transformed data and revealed nine clusters. Samples 

with <50 frustules were excluded from the analysis. Of those included, nine samples had 

<100 frustules and 23 had <200 frustules. This resulted in the exclusion of all samples 

between 104 and 19 cm. Due to this, cluster analysis results are not an accurate reflection of 

change in the sediment core and are not presented.  

 

Diatom concentration in VC003 ranges from 1.2 x 10
4
 (486 cm) to 3.9 x 10

5
 (378 cm) 

frustules with 92 taxa identifiable to species level. This is lower relative to VC001.  In total 

56 sediment samples were processed for diatom enumeration and sampling frequency ranges 

from 20 cm to 2 cm in areas of higher diatom concentrations.  Generally, concentrations are 

more variable in the lower core from 532 cm to 331 cm and then there is little change up-

core with a slight dip in concentration seen at 223 cm and 81 cm and a steep rise in 

concentration from 3-0 cm where concentrations are 2.2 x 10
5
 in the upper 2 cm of VC003. 

The number of valves enumerated was low throughout VC003 and only eight sediment 

samples had counts of over 300 diatoms (532, 498, 496, 436, 382, 380, 378 and 376 cm).  

Due to this factor, observations of diatom variability will be presented semi-quantitatively 

and further analysis was limited to semi quantitative analysis. The low numbers of fossil 

diatoms and poor representation in the modern training set precluded application of the DI 

salinity model.  
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Figure 5.20: Diatoms >2% occurrance from VC003. Radiocarbon dates (cal years BP) are shown on the vertical axis. 
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Diatom metrics can be found in Figure 5.21. The morphological dissolution F index for 

VC003 shows a medium level of dissolution (F index 0.588) in the lower core and remaining 

steady for approximately 100 cm where it drops to 0.367  indicating high levels of 

dissolution from 400 to 325 cm. Upcore to 13 cm dissolution levels are low indicated by a 

high F index ranging from 0.696 to 0.788. At 13 cm there is one data point where the lowest 

F index (0.323) occurs. Breakage follows a similar pattern to dissolution in this core with 

slightly elevated levels averaging 0.733 from 542 cm to 300 cm. From 300 to 69 cm there is 

a slight upward trend with the highest breakage index at 69 cm with an index level of 

0.8841. This reflects a high level of frustule preservation observed. In the upper core where 

diatoms counts were very low, the breakage index is low, and in the upper four centimeters 

where count numbers are over 150 individuals, the breakage index returns to a mid level of 

0.569. Total percent of unknown diatoms parallels the morphological dissolution index, and 

where dissolution is higher, there is a higher percentage of unknown diatoms. The diversity 

index, Hill’s N2, has an increasing trend upcore through VC003 indicating very low 

diversity in the lower and middle core and in the top of the core a significantly higher 

diversity index. Planktonic diatoms dominate sediment core VC003; from 514-488 cm and 

205-86 cm planktonic diatoms represent more than 90% of the total frustules with the 

exception of 532 and 498 cm samples which have benthic diatoms in the majority.  From 69-

19 cm benthic diatoms represent more than 50% of the total samples and the top of the core 

planktonic diatoms have higher percentage (c. 72%).  
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Figure 5.21: Diatom metrics for sediment core VC003 including the F-index, Breakage index, % unknown, Hill’sN2 and 

benthic:planktonic ratio.  
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Sediment core VC004 had a very limited number of diatoms fossils observed. From 478 cm 

to 449 cm diatom frustule concentration ranged from 2.4 x 10
4
 (449 cm) to 5.8 x 10

5 
at the 

bottom of the core (478 cm) but all counts were below 300 individuals.  From 449 cm to the 

top of the core (0 cm) no diatoms were found with the exception of a few (<20 individual 

frustules) scattered valves observed at 181 cm, 141 cm and 1 cm. Sampling frequency 

throughout the core was 20 cm from 449 to 0 cm and was increased to 2 cm intervals where 

diatoms were observed (478-449); in areas where no diatoms were found, samples were 

processed twice (at 20 cm intervals) to ensure this was not a laboratory error. A total of 59 

taxa were identified to species level and are included in Appendix D. Each sediment sample 

in VC004 was processed twice in order to eliminate sampling error as cause for the lack of 

diatom presence. Results from VC004 will be used in a limited fashion as they only 

correspond to a limited sampling area of VC001 and VC003.  

 

5.5.4   Foraminifera VC003 

There were 27 samples examined for foraminifera in sediment core VC003 and this yielded 

33 individual taxa. Figure 5.22 shows foraminifera (>2% occurrence) in the sediment core 

samples. From 532-460 cm no foraminifera were found and from 460 to 360 cm only one 

species, Jadammina macrescens, was present in low numbers (11 and 18 individuals at 

sampling points 460 and 432 cm, 287 and 250 individuals at 414 and 396 cm and 89 and 72 

at 378 and 360 cm). Species assemblages become more diverse from 332-232 cm with an 

average of 21 species per sample in this section but with count numbers remaining below 

300 individual tests (45-227 tests counted in this area). In this area, Haynesina germanica, 

Elphidium spp., Trochammina inflata, Haplophragmoides bradyii, Textularia sagittula, 

Stainsforthia fusiformis and Nonionella labrador are present in the samples from 332-232 

cm. From 214-60 cm foraminifera again disappear from the fossil record until the top of the 

sediment core where samples at 46 and 28 cm have high test counts (370 and 369 individuals 

respectively). Here, the species assemblage is more diverse with 28 species represented 

including H. bradyii (15%), Lobatula lobatulus (11%), Elphidium williamsonii (8%), 

Bulimina gibba (8%) and H. germanica (6%). Quantitative analysis was not carried out due 

to low count numbers and an inconsistency in samples with foraminifera present. 
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Figure 5.22: Foraminifera present in sediment core VC003; shown here are those present in >2% of the individual sample. Total 

counts numbers are presented on the right. 
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5.5.5   Summary of results for sediment cores VC002, VC003 and VC004 

 

Sediment cores VC002, VC003 and VC004 were extracted in water depths ranging from 

12.4 to 13.5 m and have similar chronologies encompassing 10000-8000 cal years BP. 

VC002 has one date of c. 350 cal years BP in the upper core confirming a sediment hiatus of 

c. 7500 years. This contrasts with the c. 5000 year hiatus identified in VC001.  Physical 

proxies in these sediment cores reveal little change throughout the cores with the exception 

of the uppermost sediment (c. 60-0 cm) of VC002 and VC003; most obvious in the gamma 

density (VC002 and VC003) and mean grain size (VC003) data results. A PCA was carried 

out on the geochemical elemental ratios indicating the most influential driver for sediment 

cores VC002 and VC004 is Br/Cl and the most influential driver for VC003 is Ca/Ti. 

Microfossil evidence was poor in sediment core VC003 (diatom and foraminifera) and 

VC004 (diatom) but foraminifera results for VC003 revealed assemblages associated with 

distinct habitat changes from 556 to 150 cm. The upper sediment of VC002 and VC003 have 

similar lithology, gamma density and selected geochemical profiles indicating the upper 

sediment of VC003 is likely also recent material, however, this could not be confirmed with 

radiocarbon dating.  
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CHAPTER 6:  Discussion 

 

Introduction 

Coastal environments are complex systems which are connected to open-ocean, terrestrial 

and atmospheric forces. Aeolian and meteorological conditions affect tides, currents, 

geomorphology, freshwater inputs, water level and temperature. On the western coast of 

Ireland, in Galway Bay, the modern behaviour of currents is well understood and recent 

depositional patterns can be predicted from this information. However, historical dynamics 

(e.g.: sea levels, geomorphology and ecological conditions) can only be inferred with the use 

of proxy evidence. The primary aim of the current research is to reconstruct 

paleoenvironmental conditions in Galway Bay. This chapter discusses the sediment 

chronology and lithology, diatom and foraminiferal stratigraphy and evaluates the potential 

lines of evidence for Holocene environmental change in Galway Bay.   

6.1 Synthesis of Data 

 

Sediment cores VC001 and VC003 yielded a higher amount of proxy evidence and as such 

are used as the primary representative cores of Holocene changes along the east to west 

transect in the Inner Bay and the Corrib Estuary. Synthesis tables are offered of VC001 

(Figure 6.1) and VC003 (Figure 6.2) to summarise salient evidence acquired from each 

sediment core. Marine transgression is captured in the basal sediment of both cores and 

while the Corrib estuary core (VC001) experiences high sedimentation rates from 9000 to 

8000 cal years BP, sediment accumulation rates slow considerably from 8000 to 6000 cal 

years BP before a sediment hiatus occurs. In the Inner Bay core (VC003), sedimentation 

rates continue at rapid rates throughout resulting in c. 1,000 years of early Holocene 

sediment. Radiocarbon dating indicates the three western cores (VC002, VC003 and VC004) 

experience a similar sedimentation rate and captures the early Holocene and as such VC003 

offers a good representation of Inner Bay conditions while VC001 reflects the changes 

which occurred in the Corrib Estuary. 
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Figure 6.1: Synthesis plot for sediment core VC001. The primary y-axis gives sediment core depth and the secondary y-axis gives 

radiocarbon dates in Cal Age BP. A representative sample of the physical (mean grain size and magnetic susceptibility), geochemical (Ca/Ti, 

Br/Cl and Sr/Ca ratios), diatoms (frustule counts, inferred salinity and selected species) and foraminiferal (test concentrations and selected 

species) results.  In the column on the right the zones of marine transgression, 8.2K cold event and hiatus are indicated.  
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Figure 6.2: Synthesis plot for VC003. The primary y-axis gives sediment core depth and the secondary y-axis gives radiocarbon dates in Cal 

years BP. A representative sample of the physical (gamma density and mean grain size), geochemical (Br/Cl, Fe/Mn, Ca/Ti and Sr/Ca ratios), 

diatoms (frustule counts, f-index, and selected species) and foraminiferal (test counts and selected species) results. In the column on the right 

marine transgression is indicated.  
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6.2 Sediment chronology 

 

The chronological record for the four sediment cores extracted from Galway Bay reveals a 

complex stratigraphy with incomplete Holocene profiles.  The four six meter cores include 

mainly sandy-silt profiles, with sporadic layers of shell hash and laminations, organic wood 

fragments, and interruptions and truncations in the sediment sequence continuity.  Despite 

the chronological complexity, many of the changes evident can potentially be linked to a 

changing coastal geomorphology and bathymetry, with altering marine and freshwater 

inputs, possible lagoon formation, and marine transgression associated with sea level rise 

across a tidal flat and low marsh system during the Holocene period.  

The Quaternary literature uses a wide variety of Holocene sub-divisions but the most 

common usage is early, middle and late Holocene periods. Walker et al. (2012; 2014) 

provides a guideline for Holocene subdivisions; an early Holocene timeframe of 11700 to 

8200 cal BP, a middle Holocene boundary from 8200 to 4200 a BP and a late Holocene 

division from 4200 cal  BP to present. These boundaries are used here in the discussion of 

the Galway Bay results which span 10235 cal years BP to present. Table 6.1 provides a 

summary of data generated in this research and groups the data according to the appropriate 

Holocene subdivision.  
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Table 6.1: Summary data table. An overview of the physical, geochemical and microfossil 

results in this study. The corresponding Holocene time periods are given along with the 

paleoenvironmental conditions assessed based on proxy evidence. 

 

Time Period Western Inner Bay                                                                                 Eastern Transitional Waters 

 VC004 VC003 VC002 VC001 

Early Holocene Physical  

10.2 k-8.2 k  
cal years BP 

Extremely high sedimentation rate                                                                               High sedimentation rate 
Basal sediments sandy silt                                                                                                   Basal sediment sandy 
Large increase p-wave and magnetic susceptibility (mag sus) in basal sediments in all sediment cores. 
P-wave, gamma density and mag sus -little change above c. 9.8 

                                                                                                                            Gamma density increase c. 8.2k 

 Geochemical  

  c. 10.2-9.8k prominent changes in Sr/Ca, Ca/Ti & Br/Cl in base of all cores 
Above c. 9.8k elemental ratios display little change until 8.2k 

 Ca/Ti, Si/Ti & Br/Cl increase 
c. 8.2ka (VC001) 

 Microfossil  

 Diatoms present in a 
small limited section, 
abundances low 
(marine/brackish). 

Foraminifera appear  
c. 9.8k – largely 
agglutinated 
(abundance  <300) 
Diatom abundances 
low (M/B)  

 Foraminifera appear  c. 9k - 
largely calcareous  
(abundance >300). 
Diatom abundances low in 
basal sediments; high after c. 
9k. (M/B/F) 

 Paleoenvironmental change  

 Marine intrusion  
 c. 10.2 k cal yrs BP                                                                                                                           c. 9 k cal yrs BP     
Tidal Ranges 

EHW to MHHW to MHW 
Environments 
Terrestrial to High marsh to Low marsh                                                  Terrestrial to Low marsh to Mudflat 

Mid Holocene Physical  

8.2 k-6 k 
cal years BP 

No sediment No sediment No sediment p-wave, mag sus 
no change; gamma density 
decrease 

 Geochemical  

 No sediment No sediment No sediment No change all elements  

 Microfossil  

 No sediment No sediment No sediment Foraminifera largely 
calcareous;  
Diatom counts high (M/B)  

 Paleoenvironmental change   

 n/a n/a n/a Lagoon to open intertidal 

Sediment Hiatus n/a Suspected Hiatus 
(8K-500 yr BP) 

Hiatus  
(8K-500 yr BP) 

Hiatus 
(6K-500 yr BP) 

Late Holocene Physical   

500-0 cal years BP No sediment Gravelly sediment                                                                        Sandy sediment 
Low sedimentation rate - sediment starved 

 Geochemical  

 No sediment Prominent changes in Br/Cl & Ca/Ti                                           change in Br/Cl 

 Microfossil  

 No sediment Foram. shelf spp  
Low diatom counts  

No data Foram.  intertidal & shelf spp 
Low diatom counts 

 Paleoenvironmental change   

 No data Possible shelf seas Shelf seas Shelf seas 
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Figure 6.3 uses the photographic images to summarise the estimated Galway Bay sediment 

core chronology. Due to the complex nature of the stratigraphical chronology, a colour 

scheme has been employed in this figure to give clarity to the corresponding sections of the 

sediment cores which will be considered in the discussion. The colour coding is as follows: 

green lines link the oldest sediment (10000-9000 cal years BP), blue lines link sediment 

ranging from 9000 to 8000 cal years BP, yellow lines indicate sediment 8000-6000 cal years 

BP, red areas indicate a sediment hiatus and purple lines link recent sediment (500-0 cal 

years BP). The dashed box outlines on VC003 indicate a probable sediment hiatus overlain 

with probable recent sediment and the possible correlation to sediment core VC002 is 

denoted with a question mark (?). This probable hiatus and recent sediment in VC003 is not 

confirmed by the chronology but correlations can be made from proxy evidence. All other 

links are confirmed. Sediment cores VC002, VC003 and VC004 span c. 1500 years in the 

early Holocene and exhibit rapid sediment deposition. This same period is incorporated in 

the bottom 2 m of VC001. Sediment core VC004 spans 9642-8572 cal years BP in its 

entirety. The mid Holocene is only reflected in sediment core VC001. A sediment hiatus is 

confirmed in sediment cores VC001 and VC002. Sediment deposition above the hiatus in the 

upper cores, radiocarbon dated to less than c. 500 cal years BP, is referred to as recent 

material and is confirmed in VC001 and VC002. 
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Figure 6.3: High resolution photographs of the sediment cores VC001, VC002, VC003 and 

VC004 from North Inner Galway Bay. Colours indicate correlating chronologies as follows: 

green, 10000-9000 cal year BP; blue, 9000-8000 cal year BP; yellow, 8000-6000 cal year 

BP; red, hiatus; purple, 500-0 cal year BP. Probable chronological links between VC002 and 

VC003 are indicated by question marks (?) and dashed boxes. 

HIATUS

500-0 
Cal Yr

BP

8000-
6000 
Cal Yr

BP

9000-
8000 
Cal Yr

BP

?

10000-
9000 
Cal Yr

BP

?



 

130 

 

 The lack of post-8500 cal years BP sediments in two of the four Galway bay cores is 

indicative of a major environmental change. A wash out of sediment c. 6000 cal years BP 

(VC001), c. 8500 cal years BP (VC002 and VC004) and c. 9000 cal years BP (VC003) is 

postulated in this research. A washout is defined as the removal of sediment from 

hydrological forces (Neuendorf, 2005). Sediment cores VC001 and VC002 have recent 

sediment deposited above the sediment washout. This indicates that the washout caused a 

major hiatus in the chronology of approximately 5000 to 7000 years. Sediment core VC004 

has no recent deposition of material and the chronology here shows a complete washout of 

material deposited after 8978-8572 cal years BP. A review of the available seismic data 

looked at by Clarke (unpublished MSc, 2014) identifies a paleo deltaic system (identified as 

‘proto Corrib delta’) in the modern estuary and inner bay and includes a paleo-estuarine 

channel.  Sediment cores VC001, VC002 and VC003 fall outside of this paleo-estuarine 

channel and VC004 is within; this may explain the lack of recent sediments in VC004. If this 

was the main channel for both the Corrib River outflow and the route of initial marine 

intrusion, a continual movement of water would have acted as a control on sediment 

deposition here.  Nearly all sediments from the mid and late Holocene have been washed out 

of VC002 and VC003 and all have been washed out from VC004. The inner-most core 

(VC001) has a continuous record until c. 6000 cal years BP before the hiatus presents itself.  

6.2.1   Hiatus 

Radiocarbon dating confirms the existence of a hiatus in sediment cores VC001 and VC002. 

Dates obtained from VC001 suggest the hiatus occurred between c. 6200 and c. 375 cal 

years BP (6409-6063 cal years BP and 492-259 cal years BP).  This layer is identified by a 

13 cm shell layer, many largely intact and some broken.  Dates obtained from VC002 

suggest the hiatus occurred between c. 9000 and c 350 cal years BP (9294-8798 cal years BP 

and 493-244 cal years BP).  The layer is 12 cm in depth, consisting of largely broken shell 

material with few intact shells.  A less pronounced shell layer is present from c. 40-20 cm in 

sediment core VC003 but no radiocarbon dates were obtained here. Figure 6.4 shows the 

photographs taken of sediment cores VC001, VC002 and VC003 of the hiatus and postulated 

hiatus (VC003) sections. Physical and geochemical evidence confirm similarities in the 
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surface sediments of VC002 and VC003 suggesting that the disturbance becomes less 

prominent with westward progression.  

 

Figure 6.4: Photographs of the hiatus section of sediment cores. A) VC001, hiatus 68-55 

cm; B) VC002, hiatus 30-18 cm; C) VC003, suspected hiatus 37-27 cm. The Corrib Estuary 

sediment  core (VC001) displays the most prominent disturbance layer and the disturbance 

becomes less prominent with westward progression. 
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The correlation coefficient (r) was determined using select physical and geochemical proxies 

illustrating common trends in the upper (50 cm) cores of VC002 and VC003. In reviewing 

observable trends (Figures 5.17 and 5.18) in gamma density and Ca/Ti, K/Ti and Br/Cl for 

these two sediment cores, commonality was observed in the upper cores. As a result, a 

stratigraphic correlation (correlation coefficient (r)) was established to determine the strength 

of these similarities. The physical proxy, gamma density, has a moderate correlation between 

the two sediment cores (r=0.58) and likely reflects grain size similarities. Ca/Ti is commonly 

used as a stratigraphic correlation parameter in marine cores (Goudeau et al., 2014) and in 

VC002 and VC003 there is a strong correlation (r=0.70). The proxies K/Ti and Br/Cl have 

moderately strong correlations (r=0.62 and r=0.57 respectively) and reflect the similarities in 

these sections of VC002 and VC003 and are associated with sediment provenance and 

marine influence in these sections (Rothwell and Rack, 2006; Croudace et al., 2006). The 

coefficient of correlation is used to give an indication of the strength of a relationship 

between two parameters. Here it allows for a strong to moderate positive relationship 

between the sediment in the upper 50-10 cm of VC002 and VC003. This, in turn, gives 

relevance to the existence of a sediment hiatus in VC003. 

The time scale represented by the hiatus in all three sediment cores is expansive and spans c. 

5000 to 7000 years, until modern sediment deposits are seen in the top of the cores (VC001 

and VC002) dating from c. 400 cal years BP.  The shell species found in VC001 are 

identified as Spisula cf subtruncata, a low intertidal and near shore shelf species living in 

depths up to 200 m along the coasts of the UK and Ireland (Cardoso et al., 2007). Shell and 

shell hash deposits identified in VC002 and VC003 could not be identified due to poor 

preservation.  

Four possible hypotheses are offered to explain the hiatus and deposition of shells and shell 

hash evident in the top 1 m (Figure 6.4). Figure 6.5 is a schematic diagram of the varying 

hypotheses discussed. The first possibility (hypothesis 1; H1) is that the shell laden deposit 

indicates a sudden and turbulent impact just prior to the modern deposit. This could reflect 

the onset of the cold period (the Little Ice Age (LIA)). The 15
th

 to 19
th

 centuries were the 

coldest of the millennium over the Northern Hemisphere (Mann et al., 1998; Jones et al., 

1998) with increased precipitation and cold conditions varying in different regions 
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(D’Andrea et al., 2012). Lund et al. (2006) identifies diminished oceanic heat transport as a 

main contributor to LIA cooling in the North Atlantic and high Gulf Stream surface salinity, 

suggesting a tight linkage between the Atlantic Ocean circulation and hydrologic cycle 

during the past millennium. Rodrigo et al. (1998) analysed climatic information in private 

correspondence of the Jesuit order in Spain from 1634 to 1648. They showed a prevalence of 

intense rainfall and cold waves in Spain during that time. Araújo (2007) links the LIA with 

increased storms and a greater influence of flooding and discusses strong winds and great 

sand storms which acted upon coastal land regions in Portugal, resulting in increased 

sedimentation by rivers into littoral zones. She goes on to say that downstream and inside the 

estuaries, a sea level drop allowed sediments to migrate towards the sea and allowed rivers 

to make deposits close to river mouth forming river terraces. 
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Figure 6.5: Schematic drawing of possible hypothesis which led to the sediment washout 

seen in sediment cores VC001, VC002 and VC003. Arrows indicate directional hydrological 

forcings and imply fluvial or marine influences. 

Overwhelming evidence of the LIA and increased storminess points to the possibility of a 

storm event c. 1600 which created the prominent shell deposit in the estuary and the 

combination of fluvial and marine forces resulted in the deposit being so pronounced in the 

H1

Hypothesis (H1-4) for Wash-Out
H1: Storm associated with LIA
H2: Continual tidal flushing
H3: Increased river inflows due to 
western karst boundary in the catchment
H4: Freshwater flood event causing 
sediment re-distribution



 

135 

 

estuary and less so in inner bay sediment cores VC002 and VC003. During this time period, 

one severe storm is on record in 1588 which reportedly wrecked 24 ships of the Spanish 

Armada off of the Western coast of Ireland (Lamb, 1991; 1995; Douglas, 2009).  A 

definitive link between the deposit in the Corrib Estuary and this storm cannot be made as 

the severity of the storm has not been quantified and much of the evidence available is 

anecdotal. Additional coring of Lough Corrib and Inner Galway Bay could shed light on 

major storm events during the LIA and their implications for the Bay.  

In an unpublished thesis, Wood (2011) examined nine sediment cores from Galway Bay. 

Largely outer Bay deposits, with three of the cores located in Southern Inner Galway Bay. 

The Southern Bay cores exhibited similar dating profiles with a large sediment deposit in the 

early-mid Holocene, a hiatus layer over lain by recent material. A further two sediment cores 

sampled by Woods in the outer bay along the northern coastline, as well, had recent 

materials in the top 200 cm and a large section of mid – early Holocene in the lower core. 

Radiocarbon dating was not straightforward, however, and anomalies exist in several of 

these sediment cores and it is suggested that re-working is the reason for the dating 

anomalies.  The second hypothesis (H2) explored is that tidal forcing, a known culprit of 

reworking in many coastal environments (Edwards, 2013; Devoy, 1990; 2008) results in 

extensive reworking causing the hiatus seen in the sediment cores in this study. As sea level 

rose in the Corrib Estuary and Inner Galway Bay and low energy marsh systems slowly 

became intertidal areas, a continual tidal energy would have been exerted on this area. This 

would explain the lack of sediment deposition (hiatus) and the deposition of shells and shell 

hash.  It is the opinion of this author, however, that the condition, arrangement and quantity 

of the shells found in the deposition in the Corrib Estuary, indicate a single depositional 

event, possibly at the end of a period of extensive re-working.  

A third hypothesis (H3) explored to explain the hiatus relates to the karstic geology 

underlying the western side of the Corrib catchment which offers another possibility for 

freshwater intrusion into this system. Cave and Henry (2011) discuss subaqueous discharge 

into Southern Galway Bay via the highly karstified geology underlying surrounding 

catchments and the elevated levels of freshwater they expel into Kinvarra Bay. This could 

offer additional insight into the freshwater system of the Corrib Catchment and the opening 
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of a karstic channel during the Holocene. A freshwater signal noted in the DI salinity just 

prior to the hiatus could be a remnant of such a Corrib River deposit. It is however doubtful 

that this occurrence on its own would lead to enough hydrological forcing to break a large 

sediment barrier in the Estuary but it could contribute to the fluvial deposition.  Conditions 

in the Corrib River and Lough Corrib should be investigated further for evidence of flooding 

and barrier breakage that would cause such a large freshwater influx. As well, paleo channels 

may reveal additional fluvial inputs to the estuary.  

The wash out of these cores may have greatly affected paleo currents, tidal ranges and the 

paleoecology of the inner bay. Still other evidence of storm deposition in Galway bay during 

the Holocene shows that paleo storms, and possibly tsunamis, exerted great enough force in 

this area to transform bathymetry; thus changing the geomorphology of this section of 

Galway Bay frequently (Cox et al., 2013). We know that coastlines are dynamic and change 

often due to several different forcings, the heightened climatological conditions during the 

early Holocene would have exacerbated this occurrence. Holmes et al., (2016) who looks at 

pollen and isotope proxies on western lakes, including Lough Corrib makes no note of an 

event in the sediment record c. 7,800-7,300. However, the focus of this study was the 8,200 

event and data from earlier than 8,000 cal years BP is not included in the publication for 

Lough Corrib. A fourth hypothesis (H4) is that the changing hydrological conditions in the 

bay were heavily influenced by the changing bathymetry during this time and resulted in the 

wash out. Inundation by seawater coupled with greater mixing with freshwater from the 

Corrib estuary which surely would have taken place during this time, led to rapid changes in 

spatial sediment deposition. This altering of the Galway Bay floor could have caused the 

creation and dismantling of several sediment barriers over time. This would have opened up 

the estuary to greater tidal forcings and indeed left it vulnerable to storm events which are 

known to have a great affect on sediment distribution in Galway Bay (Cox et al., 2012; Hall 

et al., 2006; Williams et al., 2004). As sea levels rose and water levels increased, re-

deposition took place and modern sediments began to re-accumulate.  
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6.2 The Early Holocene (10235-8200 cal years BP) 

 

Coastlines are dynamic and change often due to several different forcings, and the 

heightened climatological conditions during the early Holocene would have exacerbated 

change. The early Holocene is defined as 11700-8200 (Walker, 2012; 2014) and sediment 

recovered in this study has a chronology encompassing 10235-8200 of early Holocene 

sediment.  

The early Holocene in Europe is marked by a warm period initiated by the pre-Boreal 

Oscillation leading to the Holocene Thermal Maximum (HTM). The pre-Boreal Oscillation 

persisted until 10750 cal years BP (Fisher et al., 2002) and signified the end of Late Glacial 

type environments in Ireland. The input of meltwater into the North Western Atlantic 

eventually led to changes in pack ice position on the North Atlantic and Arctic Oceans that 

likely affected ocean circulation and caused a rapid increase in atmospheric temperatures in 

Ireland and North West Europe (Diefendorf, 2005). The HTM was not a uniform 

phenomenon, however, and seems to vary spatially in Europe (Kaufman et al., 2004) with 

studies from Sweden (Laroque and Hall, 2003), North-West Russia (Ilyashuk et al. 2005) 

and the Austrian Alps (Ilyashuk et al. 2011) putting the HTM between 10000 and 9000 cal 

years BP and other European studies in Norway (Velle et al. 2005), Fennoscandia (Seppa et 

al. 2002),  Northern Sweden (Rosen et al. 2001), Iceland (Caseldine et al. 2006) and 

Scotland (Edwards et al. 2007) giving the time frame for the HTM later, between 8000-7000 

cal years BP. Studies from Ireland indicate a HTM ranging from 10800 cal years BP 

(Deifendorf, 2005) to 10000-9000 cal years BP (McKeown, 2013; Ghilardi and O’Connell, 

2013).  

6.2.1   Marine transgression 

 

Marine transgression is inferred from sedimentological evidence in the bottom of cores 

VC001, VC002 and VC003 as the sea encroached on the inner area of Galway Bay. Basal 

sandy silts and sands with deposits of shell hash are evident at the base of sediment cores 

VC001, VC002 and VC003 (c. 10235-9040 cal years BP) and are evidence of either a fluvial 

deposit or deposition of sandy silt material as a result of tidal incursion into the inner bay. 

Sediment cores obtained using cable percussion borehole drilling, as part of the Galway 
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Harbour Extension project, were taken in the Corrib estuary in 2014 (Dunlop, 2014). While 

no dates were recorded, stratigraphical evidence obtained from these records have similar 

profiles to VC001 and VC002 with largely silty material, sandy silts and sands with areas of 

shell hash.  One core in particular is in close proximity to VC001 in the Corrib Estuary and 

has terrestrial deposits (peat) less than one metre below the base of VC001. This peat layer is 

overlain with sandy silt material as seen in the basal layer of VC001, VC002 and VC003. In 

sediment core VC001, Mylotte et al. (2014) describe a lignin presence in the basal sediment 

which would indicate a terrestrial input between c. 10000-9000 cal years BP. Lignin is a 

chemical compound found in plants and indicates contributions from terrestrial organic 

matter (plant material). Initial interpretations were of a deltaic environment with a possible 

fluvial deposit but other proxy evidence does not fully support this hypothesis. An argument 

can be made that this is potentially marine deposited sediment during the early phase of 

marine transgression as sand was beginning to enter the terrestrial environment by 

occasional tidal forcing. Microfossil evidence from the basal sediments of VC001 and 

VC003 supports the theory that this was a largely terrestrial environment with low level 

marine influence. Diatom abundances here were low, ranging from 14-164 individuals with 

only one sample recording 276 taxa. Marine and brackish diatoms dominate the assemblage 

and breakage is high; foraminifera are not present, suggesting a semi-terrestrial environment 

with early stage marine transgression occurring c. 10000 cal years BP in the Inner Bay and c. 

9000 cal years BP in the Corrib Estuary.  

 

Poor diatom preservation and high breakage are also a potential indication of depositional 

conditions and offer another piece of evidence that a changing environment existed 

(Hemphill-Haley, 1995). In addition to the hypothesis that continual low level tidal forcing 

caused these conditions, this could mean that these diatoms are the result of storm deposition 

due to an increase in storm frequency associated with the increased temperatures of the HTM 

(McKeown, 2013). Occasional deposition from increased storm wave activity would 

potentially deposit a higher proportion of broken valves (Pilarczyk et al., 2014).  Semi-

quantitative diatom evidence tells us that diatom taxa recorded are marine, brackish diatoms 

and are tychoplanktonic and/or episammic. Diatom assemblages at 10000 cal years BP are 

dominated by P. sulcata, Delphineis minutissima, Tryblionella compressa and Cocconeis 
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scutellum which are all marine species with a tolerance for brackish waters. Their deposition 

is most likely the result of their attachment to sediment that had been transported during this 

time and deposited by wind and during storm surges and this facies likely represents extreme 

high water (EHW), above the extent of the Highest Astronomical Tide (HAT) (Hemphill-

Haley, 1995). Generally, DI-salinity is highest in the basal sediment of VC001 and very low 

levels of freshwater diatoms suggest that the estuary environment was not heavily influenced 

by the Corrib as it is in modern times and the diatoms are the result of marine deposition.  

However, one sample in the inner bay (at the base of VC003) revealed the presence of 

Ellerbeckia arenaria, Encyonema minutium and Fallacia pygmaea, freshwater diatom 

species that would indicate a fluvial deposit. As this facies of the core is c. 1000 cal years BP 

older than the estuary core, this could be a reflection of earlier conditions where the fluvial 

channels of a paleo deltaic environment extended to this area. Another alternative is that the 

inner bay was separated from the modern estuary during this time and had differing 

environments as a result. Williams and Doyle (2014) discuss the existence of an Oak-pine 

forest on the central western seaboard of Ireland with two relevant radiocarbon dates from 

storm exposed Pinus (7466-7414 cal years BP) and Quercus (6281-6183 cal years BP) tree 

stumps from Spiddeal to Blackrock on the northern shore of Galway Bay. It is possible that 

this forest extended out towards one or more of the sediment core sampling positions used in 

this research. Initial marine transgression was probably slow and highly variable along the 

coastline, exhibiting itself in the fossil record with varying periods of fluvial and marine 

dominance as the coastline becomes more inundated. The geochemical signals in the basal 

sediments indicate changes associated with the onset of a marine environment as well. The 

rise in the Ca/Ti ratio c. 10000 cal years BP to 9000 cal years BP, indicates an increase of 

marine biogenic material (Goudeau et al., 2014) and the fall in the Sr/Ca levels during the 

same interval is interpreted as a severe change in water depth associated with the sudden 

influence of deeper marine waters (Croudace et al., 2006). Sr/Ca gives an indication of 

CaCO3 mineralogy – high values when aragonite predominates, low values when calcite 

predominates (Bischoff et al., 2005). The high Sr/Ca ratio in this area is reflected in the lack 

of calcareous foraminifera (calcite) and possibly indicates changes in hydrological 

conditions. The paleoenvironmental change here is likely repeated high tides, which 

increased the shear stress on the bed, enough to erode the cohesive (silt, clay) sediments 
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despite being armoured with small amounts of sand (Cooper et al., 2009). This is seen in the 

sediment profile of VC001 as the sandy basal sediment deposit is overlain with silty material 

c. 9000 cal years BP (500 cm) (Appendix A). The base fluvial diatom deposit recorded in 

VC003 can be seen as the last evidence of the pre-existing conditions prior to the marine 

transgression in the inner bay. This could possibly have a link to the Galway Bay EIS 

sediment cores (Dunlop, 2014) which were 8 m cores and exhibited peat deposits c. 7 m in 

an adjacent area. 

Existing sea level models published in Edwards and Craven (2017) discuss the use of 

Primary/Secondary Limiting Dates and Primary/Secondary SLIPs (Sea Level Index Points). 

Galway Bay has limited data available for the Irish RSL model discussed here with only one 

radiocarbon date in Galway Bay listed as a ‘Primary Limiting Date.’ This date is likely the 

tree stump discussed in Williams and Doyle (2014). The basal dates taken from sediment 

cores VC001 and VC003 can contribute to the existing RSL models as SLIPs. In Figure 6.6 

a sea level curve has been generated using the data from V001 and VC003 and presented 

with the RSL curve available for Galway Bay. 

 

Figure 6.6: RSL curve generated based on Edwards and Craven (2017). The red line 

indicates the existing curve based on data from Galway Bay and VC001 and VC003 data is 

represented on the second curve. 
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There is a slight offset between RSL indicated by the cores used in this research and the 

existing information for Galway Bay indicating that there is a 1 to 2 m difference in RSL c. 

9000 ka BP. This difference becomes smaller by c. 6000 ka BP where there is <1m of a 

difference between the two data sets and a nil difference inferred c. 4000 ka BP. 

Contributing this new data to existing models can only serve to strengthen the accuracy of 

such models. Additionally, The Glacial Isostatic Adjustment (GIA) model presented in 

Bradley et al. (2011) can also infer RSL and cores VC001 and VC003 have been input into 

this model to hypothesise sea level rise in Galway Bay. Figure 6.7 shows GIA in Ireland at 

10kyr, 9kyr, 7kyr BP and 4 kyr BP. Again here, we see an offset between RSL generated by 

the model and actual marine transgression indicated by the data used here. Data acquired 

from sediment cores VC001 and VC003 indicate a sea level of -20 to -18 m c. 10000 cal 

years BP where the GIA gives a level of -22 m. The contribution of this data to these models 

can assist in generating data with higher spatial accuracy along the western coast of Ireland; 

specifically Galway Bay where data is lacking. This can only serve to improve models 

relating to GIA and RSL in Western Ireland where existing data for this purpose is scarce. 

As well, it helps to understand the spatial and temporal variation in marine transgression on 

the west coast of Ireland.  
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Figure 6.7: Sediment cores VC001 and VC003 in the Glacoal Isostatic Adjustment (GIA) 

Model (Bradley et al., 2011). The green ‘x’ is the existing primary limiting point identified 

in Edwards and Craven (2017); the two red ‘x’ marks are VC001 and VC003. (a) Ireland 

RSL for 10, 9, 7 and 4 kyr BP; (b) Galway Bay RSL for 10, 9, 7 and 4 kyr BP. 

a

b
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6.2.2   Early Holocene paleoenvironmental coastline changes 

 

The sediment cores demonstrate that a large amount of sediment (5-6 meters) was deposited 

during the early Holocene from c. 10000-8000 cal years BP in northern inner Galway bay 

after marine transgression. This is common in coastal zones during Early Holocene sea level 

rise (Edwards, 2013) and can potentially be attributed to marine incursions, storm deposits 

and/or fluvial deposition on a paleo-coastline. For example, Wood (2011) attributed 

observed inversions of sediment dating to re-working associated with tidal forcing. 

Sediments deposited in coastal environments are influenced by several mechanisms 

including aeolian processes, speed and directionality of tidal forcing and intertidal wave 

action. Tibert et al. (2007) examined ostracod oxygen isotope and carbon isotope values 

from a sediment core in Lough Corrib and determine early Holocene conditionswere 

dominated by cold lake water heavily influenced by carboniferous limerstone in the 

watershed. The high levels of sediment deposition displayed in VC002, VC003 and VC004 

from c. 10235 cal years BP to c. 8572 cal years BP, are possibly indicative of a low energy 

tidal/mud flat environment or a high marsh environment as it transforms into a low marsh or 

tidal flat environment with limited freshwater influnce. Lake studies indicate that the climate 

during this time in Western Ireland is cool and arid (Diefendorf et al., 2006; Tibert et al., 

2007).  Sediment core VC001 experienced a lower sedimentation rate during this period and 

becomes intermittently less saline and more heavily influenced by the freshwater outflow of 

the Corrib River; a deduction based on microfossil evidence. This could be attributed to the 

influence of discreet coastal geomorphology and bathymetry changes, which caused varying 

freshwater inputs. The discreet ecological changes in habitat and geomorphology are driven 

not only by climate changes but also by the resulting changes to bathymetry in the inner Bay. 

Some studies have pointed to the possible existence of a paleo-drowned drumlin field in 

inner Galway Bay (McCabe and Dardis, 1989; Williams and Doyle, 2014). This offers one 

possibility of a varying bathymetry in the inner bay, which would have greatly affected paleo 

currents, tidal ranges and the overall paleoecology. Other evidence of storm deposition in 

Galway Bay during the Holocene shows that paleo storms, and possibly tsunamis, exerted 

enough force in this area to transform bathymetry thus changing the geomorphology 

frequently (Cox et al., 2013). The rapidly increasing temperatures culminating with the 
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HTM in Ireland (c. 10800-9000 cal years BP) (Deifendorf, 2005; McKeown, 2013; Ghilardi 

and O’Connell, 2013), would have meant greater variation in precipitation and climatic 

changes. This area of the inner bay would have experienced changing patterns of sediment 

transport and deposition as a result. 

The appearance of foraminifera in the sediment record can help determine the tidal zone; the 

distribution of foraminifera in the intertidal zone is usually a direct function of elevation 

relative to the tidal frame, with the duration and frequency of intertidal exposure as the most 

important controlling factors (Horton and Edwards, 2006). The early Holocene is generally 

regarded as a period of marine low stand conditions in Ireland (McCabe et al., 2007; 

Williams, 2012). Foraminifera first appear in the sediment record c. 9800 cal years BP in 

VC003 (Figure 5.22) and c. 9000 cal years BP in VC001 (Figure 5.13).  In VC003, these 

foraminifera are representative of high marsh environments.  The silty substrate, with a 9-

15% clay fraction, supports a monospecific population of the agglutinated foraminifera 

Jadammina macrescens. Haake (1982) gives account of marsh foraminifera living in areas 

not connected to the sea in inland marshes with salt rich waters in northern Germany, and 

Patterson et al. (1990) in salt springs in Canada (Patterson et al., 1990) where J. macrescens 

appears as a single taxon in the fossil record. As well, Haslett et al. (2007) discuss a 

monospecific J. macrescens assemblage present immediately after an interval devoid of 

foraminifera as indicative of the HHW extending to the MHHW. The distinctive assemblage 

could therefore potentially represent the uppermost paleotide level in the early Holocene in 

the inner Bay. It is here also that diatoms see their highest concentration in the VC003 

sediment core with polyhalobian, epiphytic species dominating the assemblage.  Species 

indicative of mud/tidal flats and marsh environments are found here (i.e.: C. scutellum, G. 

oceanica and T. compressa). As the foraminifera Trochammina inflata begins to appear as a 

significant part of the assemblage along with H. germanica c. 9500 cal years BP, the ecology 

changes to typical Mean High Water (MHW) conditions suggesting tidal/mud flats (Murray, 

2006). Diatom profiles change here as well with a strong freshwater signal as evinced by the 

appearance of Hyalodiscus radiata, Aulacosira granulata and Melosira varians, all 

freshwater planktonic species indicating a fluvial deposit at this point. 
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By c. 9400 cal years BP, diatom microfossil evidence is present in VC001, VC003 and 

VC004 . The most western sediment core (VC004) only has diatoms in a limited number of 

samples at the base of the core (9642-9287 cal years BP). These diatoms, however, were 

largely tychoplanktonic with 64% comprised of Campylosira cymbelliformis, Cymatosira 

belgica and, Raphoneis amphiceros and benthic cosmopolitan species Delphineas 

minutissima and Dimeregramma minor (Hasle and Syvertsen, 1996; Witkowski et al. 2000). 

According to Hasle & Syvertsen (1996), D. minutissima and R. amphiceros are often stirred 

up in turbulent waters and become part of the benthic plant communities. Denys (1989) 

relates these diatom assemblages to intertidal and subtidal sand and mud flats. Intertidal 

environments are characterized by extensive tidal flats intermixed with a series of 

interconnected channels (Mariotti and Fagherazzi, 2012). The sedimentary dynamics in this 

type of environment are changeable on a temporal and spatial scale (de Swart and 

Zimmerman, 2009) and may be why diatoms are seen only in one section of VC004; gentle 

wave action and tidal currents resulted in the redistribution and remobilization of sediment in 

intertidal environments (Edwards, 2013) and could have altered the placement of the channel 

or resulted in increased sediment raising the area above sea level leaving it no longer 

affected by direct hydrological influences. The diatom assemblages in samples from VC001 

c. 9400 cal years BP have a similar profile but the DI-salinity shows a freshwater pulse here. 

While a low percentage of freshwater species occur at this interval (e.g.: E. arenara and 

Encyonema silesiacum; <10%), it is possible that low sampling frequency and diminished 

count numbers (250-290 individuals) have exaggerated the drop in salinity (from 40 PPM to 

19 PPM). It is more likely the environments surrounding VC001 and VC004 had comparable 

intertidal environments during this time. The majority of diatom assemblages found in 

VC001 offer potential evidence of the paleotidal regime in the North Inner Bay as 

inundation increases in the early Holocene. Individual diatom frustule counts in VC003 are 

very low (39-137) and foraminifera disappear from the fossil record. The environment 

around VC003 was experiencing lower marine influence, possibly a regression in sea level 

likely due to geomorphological conditions; or a raised area due to sediment deposition, and 

thus the creation of a barrier adjacent to this core. This also may be attributed to the intertidal 

environment and a change in channel placement.  
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Diatom taxa increase c. 8800 cal years BP (VC001), with all counts exceeding 300 frustules, 

with the exception of three samples. This section of  diatom Zone 2 (Figure 5.9) has a varied 

assemblage with D. minor and P. sulcata representing the highest percentage of diatoms; 

found as part of this assemblage also is Tryblionella compressa, R. amphiceros, Cymatosira 

belgica, Planothidium delicatulum, Ellerbeckia arenaria, Cocconeis peltoides and 

Grammatophora oceanica. E. arenaria was abundant in a limited area here in a clayey silt 

band. The deposit of clayey material coupled with the appearance of E. arenaria, a 

ubiquitous, planktonic, freshwater species most likely indicates a fluvial deposit (Berglund et 

al., 2005). This evidence corresponds with a freshwater spike at the same interval in the DI-

salinity. One possible scenario is that the lower temperatures in the North Atlantic region 

that contributes to increased rain in lakes preceeding the 8.2 kyr cold event (Tibert et al., 

2007) are seen in the sediment record here. This may have caused flooding of the Corrib 

River and may have resulted in this deposit. Head et al., (2006) investigated a coastal 

sediment core on Achill Island in County Mayo, Ireland and discuss a sustained disruption to 

vegetation over hundreds of years before and after the 8.2 kyr cold event. They determined 

that the landscape was impacted by a long-term cooling event in the early Holocene, and not 

the single century length 8200-year meltwater event proposed in many other records in the 

North Atlantic region. This offers another possibility to cold, freshwater pulses toward the 

end of the early Holocene.  

Thalassionema nitzschioides, a species indicating relatively warmer waters (Jiang et al., 

2001; Ren et al., 2009), appears c. 8500 cal years BP (229 cm) as 13% of the assemblage. A 

possible warm water pulse and a period of DI-salinity fluctuation could indicate greater 

storm frequency and therefore higher precipitation.  This is further reinforced with the 

presence of Tabularia fasciculata (229 cm) as 20% of the assemblage. T. fasciculata is a 

river diatom with a tolerance for brackish waters (Mills et al., 2009) and higher nutrient 

levels (Fluin et al., 2009) and thus potential evidence of Corrib River input. It is apparent 

that c. 8500 cal years BP was highly variable climatically and mixed levels of tidal and wave 

energy were acting upon the inner Bay at this time. During this time, Europe experienced 

widespread cooling, culminating with the well documented 8200 abrupt cooling event (Alley 

et al., 1997; McDermott et al., 2001; Magny and Bégeot, 2004; Veski et al., 2004; 

Diefendorf, 2005; Diefendorf et al., 2006). The pattern of cooling implies that heat transfer 
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from the ocean to the atmosphere was reduced in the North Atlantic, possibly altering 

atmospheric circulation and intensifying westerly winds. This caused highly localised 

responses in Europe with Scandinavia and along the North Atlantic seaboard, experiencing 

an increase in precipitation (Barber et al., 1999; Hammarlund et al., 2005; Hede et al., 2010) 

and other areas, for example Ireland (e.g.: McDermott et al., 1999; Baldini et al., 2002, 

2007; Molloy and O’Connell, 2004; Ghilardi and O'Connell, 2013; O'Connell et al., 2014; 

Holmes et al., 2016) and southern England (e.g.: Rousseau et al., 1998; Garnett et al., 2004), 

experiencing a reduction in precipitation.   

The sediment from cores VC002, VC003 and VC004 pre-date the 8.2 ka cooling event, 

however, a possible signature of this event can be seen in the estuary core (VC001). The 

sediment profile exhibits a sandy deposit with disturbed white laminations in the sediment 

dated between 8801-8393 cal years BP and 8140-7825 cal years BP. Supporting physical 

and geochemical proxy evidence is presented in Figure 6.8, which shows the upper 200 cm 

of sediment core VC001 and selected proxies. The event is not captured in the foraminiferal 

record; possibly due to the sampling resolution. A change in p-wave velocity, gamma 

density and magnetic susceptibility coupled with the decrease in organic carbon and a 

freshwater pulse seen in the DI-salinity could be a signal from this event. Lough Corrib was 

experiencing cool and humic conditions with relatively high precipitation rates during the 

8.2 kyr cold event which contributed to hydrological open conditions (Tibert et al., 2007). 

This is likely the cause of the strong freshwater signal seen here in the DI salinity.  As well, 

the Ca/Ti increase and K/Ti decrease indicates a change in sediment provenance with Ca/Ti 

reflecting detrital input (Lacka et al., 2015). The rise in Si/Ti could mean an increase in 

biogenic silicia, which can be linked to higher productivity associated with colder waters 

(Cantarero, 2013). The lowering of Br/Cl at this interval possibly reflects a freshwater pulse 

and is supported by a decrease in DI-salinity. The evidence is not conclusive but it is likely 

these signals could relate to the known 8.2 kyr cold event which signals the end of the Early 

Holocene (Walker, 2012; 2014). 
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Figure 6.8: The upper 200 cm of VC001 is displayed showing possible evidence of the 8.2 

ka cold with selected physical and geochemical proxies. A) Physical evidence: p-wave 

velocity (m/s), gamma density (g/cm
3
), magnetic susceptibility (SI), organic carbon (%) and 

DI-salinity (PPM). B) Geochemical evidence: Ca/Ti, K/Ti, Si/Ti, Zr/Ti and Br/Cl. 
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In summary, the diatom and foraminiferal results can be interpreted as a paleo-tidal regime 

that changes from EHW to HHW and then as water levels rise, from MHHW to MHW with 

high to middle marsh and mudflat environments existing during the early Holocene in the 

inner bay. 

6.3 The Mid Holocene (8200-6063 cal years BP) 

The mid Holocene ranges from the end of the 8200 cold event to the 4200 event (Walker 

2012; 2014) but the chronology in this study only encompasses sediment from 8200 cal 

years BP to 6063 cal years BP. The 8200 cold event is discussed as the close of the early 

Holocene. This section will discuss sediment that has an age range from 8140-6063 cal years 

BP as the mid Holocene sediment.  

The changing climatic conditions during the mid Holocene are not straightforward (Steig, 

1999). While major trends are widely accepted across Europe (HTM, mid Holocene cooling 

and mid - late Holocene warming trends) studies carried out in Ireland have shown a number 

of climate events, including at 5200–5100 cal. years BP, believed to be linked to increased 

storm activity (Caseldine et al., 2005) and the 4200 cal. years BP event, which has been 

linked to wetter conditions (Swindles et al., 2012). As well, Ireland based studies have also 

revealed discreet changes over varying spatial and temporal scales. This can often be due to 

varying paleoecological proxies used in the studies (e.g.: pollen, Ghilardi and O’Connell 

(2012); oxygen isotope, Deifendorf (2007) and chironomids, McKeown (2013)). In other 

instances, variations in local hydrology and geomorphology create an environment where 

certain events are not recorded in the sediment and fossil record. Hede (2010) found 

evidence of high accumulation of minerogenic sediment during high precipitation conditions 

with an inferred shift to more humid conditions, which would lead to water level rise.  

Mid-Holocene temperature decreases have been documented at a range of sites in Ireland.  

McKeown (2013) records a temperature decrease during the mid-Holocene at Lough 

Nakeeroge, Ireland and reaching the lowest values between 7800 cal. years BP and 7500 cal 

years BP. Head et al. (2007) and Edwards et al. (2007) also identify a temperature decrease 

with a 320 year prolonged cool period in western Ireland and Scotland from 7790 cal. years 

BP to 7470 cal. years BP. Atmospheric warming in Europe begins to take place c. 8000-
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7000 cal years BP (Bassetti et al., 2016) and increased winter precipitation between 7550 to 

7250 cal years BP is noted by Magny and Bégeot (2004) and Diefendorf et al. (2006). 

6.3.1   Mid Holocene paleoenvironmental coastline changes 

 

Sediment core VC001 is the only core with sedimentary evidence from the mid Holocene 

(Figure 6.1). Diatom and foraminiferal abundances are high at the onset of the mid Holocene 

c. 8100-7500 cal years BP. Microfossil evidence during this time reflects a change in 

environment, with agglutinated foraminifera nearly disappearing from the fossil record. H. 

germanica dominates the foraminiferal assemblage while Ammonia beccarii appears in the 

fossil record at 229 cm.  A. beccarii prefers a muddy, silt lagoon and has been used as an 

indicator of cooler sea surface temperatures and higher salinity (Hodell et al., 2005). An 

assemblage including A. beccarii, Textularia sagittula and Stainforthia fusiformis (also 

indicators of higher salinity) suggest the environment is moving away from a low marsh 

system in the supratidal zone to a more inundated, intertidal environment (Murray, 2006). 

Diatom abundances remain high with counts of over 300 individual frustules during this 

mid-Holocene period and assemblages see a shift to more species sharing dominance with 

lower percentages. Cocconeis scutellum, Tabularia fasciulata, P. sulcata, Cocconeis 

placentula var euglypta, Cyclotella choctawateeana and Tryblionella compressa appear as 

the drivers of this assemblage shift accompanied by Grammatophora oceanica, G. marina, 

Eunotogramma leave and Delphines karstenii. C. scutellum, T. fasciculata and C. placentula 

var euglypta and are all common brackish lagoon species (Vos and de Wolf, 1993; De 

Stefano et al., 2000; Fluin et al., 2009). At c. 7500 cal years BP the inner estuary was likely 

a lagoon environment with increasing water depth, as demonstrated also by the presence of 

Cyclotella choctowaneeana (Witkowski, 1994; Weckstrom and Juggins, 2005). C. scutellum 

can also be an indicator of rising sea levels. Burić et al. (2004) found that higher abundance 

of this species was an indicator of decreased vegetation available for attachment as water 

levels rose. C. scutellum is an epiphytic species and as the plant material disappeared, they 

fell to the seabed.  

The microfossil evidence combined with the presence of dark silty sediment with a clayey 

band here could be evidence of a paleo brackish lagoon.  In coastal areas, lagoons are created 

by a barrier or partial barrier that separates a small area of water from the ocean. They are 
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generally short lived features formed during the Holocene (Kjerfve, 1986) and represent 

unique habitats vulnerable to climate change (Cassina et al., 2013). Various possibilities 

exist as to what may have caused a potential barrier and formed a lagoon in the inner bay. 

Two possibilities are presented in Figure 6.4. One possibility which could have created the 

physical barriers necessary for the presence of a lagoon environment in the possible drumlin 

field discussed in O’Carra et al. (2014). McCabe and Dardis (1989) first describe the 

stratigraphy of an intertidal exposed drumlin in Inner Galway Bay, located in Rusheen Bay 

roughly 3 km west of the study cores. O’Carra et al. (2014) goes on to postulate that eroded 

rocky barriers which can be identified on recent LIDAR imaging of Galway Bay formed part 

of a field of drowned drumlins. As well, Driscoll (2013) discusses the possibility of the 

Rusheen drumlins, identified by McCabe and Dardis (1989) and discussed in O’Carra et al. 

(2014), as being part of an originally more extensive drumlin field in Galway Bay. It is 

possible that the drumlins acted as sediment traps, building up sediment to create a lagoon. If 

extensive drumlinoid landforms dominated the coastline of the inner bay they would have 

provided protection for low energy environments; salt marshes and embayments (Curtis and 

Skeffington, 1998). When these barriers are washed away the lagoon environment changes. 

The drumlins are not identified specifically but are speculated by O’Carra et al. (2014) and 

there is no corroborating radiocarbon dates to confirm this theory or offer a time frame for 

their presence. However, Marine Institute LIDAR imagery is presented here and some 

possible drumlin remains are indicated in Figure 6.9 (a). Possible drumlins are demarcated in 

purple along with the three drumlins identified by McCabe and Dardis (1989) outlined in 

red. Sediment cores VC001, VC002, VC003 and VC004 are labelled accordingly. It is not 

the aim of this research to identify drumlins or other glacial landforms. However, the 

possibility of a paleo drumlin field is put forward here as one paleo landscape that could 

have created the hydrological conditions necessary for the lagoon environment suggested by 

the microfossil assemblages at this location during the mid Holocene. Further sediment 

coring is necessary to confirm the existence of drumlins in inner Galway Bay.   

A second possibility is that the changing hydrological conditions in the inner bay were 

heavily influenced by the changing bathymetry during this time, and this was the driving 

factor in lagoon formation and disappearance. Figure 6.9 (b) delineates a theoretical paleo-

barrier which would have created lagoonal conditions.  This delineation is based on current 



 

152 

 

bathymetry and one possible way in which paleo barriers would have been connected. 

Inundation by seawater coupled with greater precipitation and mixing with freshwater from 

the Corrib River, which potentially took place during the mid Holocene, would have led to 

rapid changes in spatial sediment deposition. This could have caused the creation of a barrier 

able to facilitate the formation of a brackish lagoon and also the subsequent destruction of 

the barrier several hundred years later. Studies from Lough Inchiquin (Diefendorf et al., 

2006) and Lough Corrib (Tibert et al., 2007) indicate a cool episode from c. 7.3-6.7 specific 

to Western Ireland which could have resulted in a change in hydrological conditions in this 

region as well. A bathymetric alteration causing the removal of a barrier could have opened 

up the inner bay to greater tidal forcings and indeed leave it vulnerable to storm events 

which are known to have a great effect on sediment distribution in Galway Bay (Cox et al., 

2012; Hall et al., 2006; Williams and Hall, 2004). Alternatively, continual tidal flushing or a 

single storm event could have resulted in a paleo tidal channel which would have opened the 

lagoon. In either scenario, an increased force (whether from storm events, subsequent 

freshwater inundation or frequency from tidal flushing) could have also played a role in the 

occurrence of the hiatus layer confirmed in VC001 and VC002 in the mid-Holocene.  

Figure 6.9: Marine Institute LIDAR imagery of inner Galway Bay, accessed on 12/9/2016 

from the INFOMAR bathymetry mapping system on the Marine Institute website. Sediment 

cores VC001, VC002, VC003 and VC004 are marked accordingly. (a) Drumlins identified 

by McCabe and Dardis (1989) are outlined in red and potential, unconfirmed drumlins are 

outlined in purple. (b) A potential paleo lagoon in Inner Galway Bay during the mid-

Holocene is indicated with a yellow dashed line. This is a theoretical delineation and 

postulated here as one possible paleo lagoon barrier.   

 

The atmospheric warming in Europe c. 8000-7000 potentially changes hydrological 

conditions in the inner bay. There is clear physical change in VC001 sediment core (in the 

(a) (b)

VC004

VC003

VC002

VC001

VC004

VC003
VC002

VC001



 

153 

 

sediment log) and in the microfossil evidence at this time from 7500 to 6000 cal years BP 

(from 100 to 68 cm). Diatom assemblages in Galway Bay change to a potentially more open, 

intertidal environment from 6409-6063 cal years BP with the disappearance of T. fasciculata 

and Thallasionema nitzioides from the diatom profile and the dominance of pelagic species 

P. sulcata, Grammataphora serpentina and G. oceanica indicating deeper intertidal 

conditions (Fluin et al., 2009). The departure of T. fasciculata from the diatom profile occurs 

during increased salinity suggesting that conditions were moving toward more marine, open 

intertidal conditions (Mills et al., 2009). An initial rise in salinity from c. 7000 cal years BP 

(94 to 80 cm) is punctuated by a strong freshwater pulse at c. 6500 cal years BP (70 cm). A. 

beccarii reaches maximum abundance and Elphidium spp. disappear during this time 

reflecting a change from a marsh/lagoonal environment to a more open, intertidal 

environment from c. 7000 to 6000 cal years BP. H. germanica is present in lower numbers 

and T. sagittula and S. fusiformis disappear from the profile c. 6800 cal years BP (76 cm). 

The departure of these two species is an indicator of decreased salinity (Murray, 2006) that 

corresponds with the freshwater signal seen in the DI-salinity during this same interval just 

prior to the hiatus at c. 6000 BP. Climatic conditions inferred during this time see rising 

temperatures in Western Europe. Davis et al. (2003) suggest the temperatures in northwest 

Europe were highest c. 6000 cal. years BP. The warm mid Holocene (between 8.2 and 4.2 ka 

cal BP; Walker et al., 2012) is punctuated by several cold phases, including events at 6.4, 5.3 

and 4.2 ka cal BP which are the most significant in terms of temperature change (Wanner et 

al., 2011). Stolze et al. (2012) associated the elevated summer temperatures and low rainfall 

from 5800 to 5500 cal years BP with an increase in human settlement.  Palynological records 

from western Ireland broadly suggest a warmer, more hospitable climate between 6000 cal. 

years BP and 5600 cal. years BP in line with an increase in human activities (Verrill and 

Tipping, 2010; Stolze, 2013). 

An additional consideration is that the freshwater input into the Corrib estuary is a catalyst 

for change in the inner bay during the mid Holocene. Dynamics in fluvial systems since the 

last interglacial have strong implications for freshwater input and associated transgressive 

and regressive preservation potential of coastal sedimentology (Harris et al., 2013).  The 

karstic geology underlying the western side of the Corrib catchment is a possible contributor 

to freshwater input into this system. Cave and Henry (2011) discuss subaqueous discharge 
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into Southern Galway Bay via the highly karstified geology underlying surrounding 

catchments and the elevated levels of freshwater they expel into Kinvarra Bay. The same 

karstic geology exists in the western Corrib catchment and the opening of a karstic channel 

could have seen additional freshwater input from the Corrib catchment during the Holocene, 

possibly even flooding events. Gaining a quantitative understanding of how the groundwater 

hydrology of the catchment affects the bay over time is key to understanding localised 

environmental change, specifically how the underlying karstic hydrogeology changed during 

the Holocene.  

The upper sediment facies of VC003, where it has been discussed as a possible modern 

sediment deposit, sees individual foraminiferal counts >350 and diatom counts ranging from 

180 to 250 frustules and is discussed further with modern sediments from VC001 and 

VC002. 

6.4 The Late Holocene (4200 to date) 

 

Late Holocene sediments (4200 a BP to present; Walker 2012; 2014) are largely missing 

from the Galway Bay sediment cores. Only recent sediment post c. 500 cal years BP was 

identified in VC001 and VC002 and potentially in VC003.  This precludes detailed 

inferences for this time period.  The hypothetical scenarios for lagoon formation and 

subsequent breach outlined included a possible paleo drumlin field and paleo sediment 

barrier which were possibly removed with increased tidal forcing, storm events or 

heightened fluvial inputs. These scenarios were offered as possible events to account for mid 

Holocene paleoenvironmental changes (c. 8000-6000 cal years BP). However, these 

scenarios would also have created an environment where the coastline here was susceptible 

to increased climatic and oceanic forcings that could have caused the washing out of 

sediment which resulted in the hiatus in the sediment profiles of VC001, VC002 and 

possibly VC003 (Figures 6.1 and 6.2). The mid to late Holocene sees gradual climatic 

cyclicity in 1500 year periods after c. 6000 BP (Sorrell et al., 2012). This is attributed to 

changing ocean dynamics associated with the slowing of sea-level rise and cessation of 

meltwater fluxes. (Debret et al., 2009). Coastal sediment sequences from two sites in France 

on the North Atlantic reveal late Holocene storm deposits at 4500-3950, 3300-2700, 1600-

1250 and 600-300 cal BP (Billeaud et al., 2009; Sorrell et al., 2009). Sorrell et al. (2012) 
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identifies five mid to late Holocene storm periods based on these and coastal sediment cores 

from six other northern European locations. It is possible that conditions in the inner Bay 

after this last storm period allowed for the re-deposition of sediment in the intertidal zone. da 

Assunção Araújo (2007) also links the time period (600-300 cal years BP) with increased 

storms and flooding which resulted in increased sedimentation by rivers into littoral zones. 

The combination of fluvial and marine forces during this time may have resulted in the shell 

deposits in VC001, VC002 and VC003. The deposit in VC001 is more pronounced and less 

so in inner bay sediment cores (VC002 and VC003) and this could be due to increased 

storms and river flooding and could also possibly indicate that the washout of sediment is 

generated by terrestrial and fluvial drivers more so than marine influences. Sediment begins 

to be re-deposited as sea levels rise in inner Galway Bay and the impacts of storm periods 

and tidal forcing is lowered.  

6.4.1   Modern sediment deposits 

 

Modern North Inner Galway Bay is a marine transgressed continental margin and, as is 

typical of this type of environment, is sediment starved (Riggs et al., 1998, Harris et al., 

2013).  Clarke (2014) reports that the Corrib outflow currently acts as a confined channel 

that flows in a wide arc around Mutton Island and opens out to a less confined plain. Fine 

grained sediments are found in the modern post c. 500 cal years BP deposits of sediment 

cores VC001, VC002 and VC003 suggesting fluvial deposits.  Sediment cores from the 

Galway Harbour Expansion EIS (Dunlop, 2014) are composed of similar thick sequences of 

fine to medium sandy silt. Organic carbon levels are at their highest (3.72% OC) in the 

modern deposit in VC001. Microfossil assemblages are distinctly varied in these sediments 

(VC001 diatom Zone 4, Figure 5.9; foraminifera Zone 5, Figure 5.13) and in the upper 

sediments of VC002 and VC003, reflecting the deeper ocean intertidal and shelf 

assemblages indicative of modern conditions in inner Galway Bay. The foraminiferal record 

here is overwhelmingly dominated by A. beccarii with H. germanica, Lobatula lobatula, 

Bulimina gibba and E. excavatum comprising the rest of the assemblage.  This is a typical 

brackish estuarine assemblage (Murray, 2006) with the dominant A. beccarii indicating 

warmer waters (Scott et al., 2001). Notably, Stainsforthia fusiformis disappeared from the 

assemblage, possibly representing an increased water depth (Murray, 2006). S. fusiformis is 
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an opportunistic species that often represents frontal systems; the departure of this species 

from the assemblage indicates a change from typical shallow estuarine stratification to more 

open water conditions (Murray, 2006). However, the diatom record here is poor; only two of 

the ten samples examined in the modern sediments have diatom occurrences and a maximum 

of just 11 frustules. The surface sediment sample has a count of 161 individual diatom taxa 

and an assemblage composed primarily of C. scutellum, C. peltoides, P. sulcata and G. 

serpentina; indicative of brackish marine conditions. C. peltoides is a common coastal 

diatom in marine brackish water, with an affinity for marine conditions (Mills et al., 2009). 

P. sulcata is common in coastal environments with high salinity variation (Zong, 1997). A 

major component of benthic communities in coastal, estuarine and lagoon environments, it is 

susceptible to tidal or wind disturbance and thus may be prone to re-distribution to shallower 

waters (Fluin et al., 2009).  

Modern water currents were examined using unpublished 2015 data from the Marine 

Institute to gauge the pattern of modern sediment deposition (Map 4.3). Previously, Ren et 

al. (2015) and O’Donncha et al. (2015) have investigated surface currents in Galway Bay 

with a focus on aeolian driven processes. The Marine Institute data is the mean of surface 

and bottom water currents and therefore gives a more accurate description of water 

movement in the inner bay (pers comm. K. Lyons, MI).  It is clear from the map that two 

small gyres dominate the north inner bay current and this would likely have an influence on 

sediment distribution. Clarke (2014) discusses Mutton Island as a possible sediment trap for 

estuarine and fluvial sediment and Dunlop (2014) indicates inner Bay sediment could also be 

deposited near Rusheen Bay or washed into the tidal channel. The sediment cores used in 

this research are all influenced by this circulatory pattern and this likely has a great effect on 

the modern sediment seen in the upper deposits of VC001, VC002 and possibly VC003. The 

lack of modern sediment in VC004 may be attributed to its location closer to the main tidal 

channel (as defined in Dunlop, 2014). All four sediment cores used in this project were 

extracted along a transect that was designed to avoid known dredging channels and so this is 

eliminated as a reason for the absence of recent sediment deposition. Whether continual tidal 

flushing is the reason for restricted sediment deposition in VC004 throughout the mid and 

late Holocene cannot be determined with certainty. The variable nature of modern sediment 

deposition seems to act in a directional manner with higher, more pronounced deposition in 
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the eastern-most core (VC001), closer to the Corrib River outflow and no deposition in the 

western-most core (VC004). This could indicate that in the modern environment, cores 

VC001 and VC002 are more influenced by freshwater sediments and cores VC003 and 

VC004 are more affected by marine forces.   

Summary 

The Holocene time period in coastal environments is characterized, in part, by highly 

variable climatic change that varies temporally and spatially, sea level rise and changing 

geomorphology. Figure 6.10 offers a schematic representation of the paleoenvironmental 

changes discussed in this study.  

 

Figure 6.10: A schematic diagram of paleoenvironmental changes in Inner Galway Bay 

during the Holocene. Here, environmental changes, paleotidal changes, sea level and the 

8.2K  cold event are noted. Additionally water levels and sediment depths are indicated.  
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In Inner Galway Bay during the early Holocene sediment deposition is high and paleo-tidal 

regimes are distinct, ranging from terrestrial environments which experience EHW during 

storm events to MHW in high/mid marsh and mudflat environments. The mid Holocene is 

only observable in sediment core VC001, located in the modern Corrib estuary; sediment is 

missing from VC002, VC003 and VC004 for this time period. VC001 sees increasing seas 

and a move from mud and tidal flats to a more intertidal environment influenced by 

freshwater phases as a result of Corrib River outflows. A hiatus is confirmed in sediment 

cores VC001 and VC002 and suspected in VC003 where whole and broken shell material is 

deposited. Modern sediment deposition occurs and is indicative of more open intertidal 

conditions. Sediment core VC004 has no sediment deposition after the early Holocene. 

While a complex sediment stratigraphy with incomplete Holocene profiles was identified, a 

spatial trajectory of chronological, physical, chemical and biological change is confirmed 

from outer to inner bay in the Galway deposits.   
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CHAPTER 7:  Conclusion  

 

This research provides novel and valuable paleoenvironmental data from the transitional 

waters adjacent to the Corrib River outflow and the more saline coastal waters of inner 

Galway Bay. The overall aim of this research was to track sediment responses to 

environmental changes during the Holocene period with the use of physical, chemical and 

biological proxies. Four objectives were outlined at the beginning of this project: to produce 

a chronological profile, the creation of a significant data set, to examine the trajectory of 

change between the transitional waters of the Corrib Estuary and the Inner, more saline 

modern bay and to establish baseline data in Inner Galway Bay North in the form of 

identifying paleoenvironmental changes.  

The west-east transect of Inner Galway Bay North was targeted to investigate natural 

variation in coastal evolution as the sediment cores decreased in proximity to the freshwater 

outflow of the Corrib River. This has implications for regional coastal zone management. 

The first objective of this research, to establish a chronological profile that was temporally 

accurate, was achieved. The radiocarbon dates in this study range from 10235 to 0 cal years 

BP over the four sediment cores. Extensive sediment deposition occurs during the early 

Holocene in all cores from c. 10235 to 8000 cal years BP with c. 300-500 m of sediment 

deposited during this time in all cores. Mid Holocene sediment is only present in the Corrib 

Estuary core (VC001). A temporally extensive sediment hiatus was identified which was 

confirmed in the two eastern sediment cores (VC001 and VC002) and suspected in the 

inner bay core VC003. No hiatus is present in the western most core, VC004, and this core 

contains only early Holocene sediment. This chronology limited detailed analysis to the 

early Holocene in sediment cores VC002, VC003 and VC004 with late Holocene 

observations (c. 500-0 cal years BP) possible in VC002 and VC003 (suspected).  

Various proxies were targeted in this research to create a valuable and informative data set. 

Extracting information that was both useful and beneficial to the project and generating a 

dataset that could prove useful to others was a key component of this work. Physical, 

geochemical and microfossil proxies were targeted as follows: 
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 Physical proxies were generated on all four sediment cores using the Multi Scanner Core 

Logger (MSCL) and included p-wave velocity, gamma density and magnetic 

susceptibility. Grain size analysis was carried out on VC001 and VC003 as a 

representation of estuarine (VC001) and more saline inner bay (VC003) conditions. 

Basal sediments in VC001 are sandy and more pronounced than those found at the base 

of VC003. Both sediment cores are silty but VC001 is comprised of sandy silts with 

clayey silt deposits and VC003 is predominantly silt material. A confirmed shell layer 

overlain with modern sediment is clear in the stratigraphic record of VC001 and VC003 

displays a shell hash layer with several whole shells, and a possible modern deposit at 

the top of the core which was not confirmed with radiocarbon dating.  

 Geochemical proxies were generated using X-Ray Fluorescence (XRF) scanning. Of the 

32 individual elemental profiles generated seven elemental ratios were used for analysis. 

In VC001 changes in Ca/Ti and Sr/Ca in the basal sediments indicates a change in 

marine versus terrestrial input and a shallow water source. A slight decrease in Br/Cl 

here has implications for salinity variation during this time. A notable decrease in Br/Cl 

and K/Ti and an increase in Si/Ti c. 8200 cal years BP may be a record of the 8200 

climate event. A PCA was used to determine the significance of elemental ratios in 

VC002, VC003 and VC004. The PCA indicates Br/Cl is the most influential driver in all 

three sediment cores possibly indicating marine influence as the driver of change in these 

cores.  

 Diatoms were analysed for environmental conditions. In the inner transitional waters 

(VC001), diatoms were present throughout the sediment core. The basal, sandy sediment 

contained very low numbers of marine diatoms such as Paralia sulcata and Podosira 

corolla and these experienced high breakage and dissolution. The diatom assemblage 

changes c. 9300 cal years BP as individual counts and floristic diversity increase. The 

core consists of benthic, brackish diatoms such as Delphineis minutissima, 

Dimmeregramma minor, Cymatosira belgica, Tryblionella compressa and Cocconeis 

peltoides and is punctuated by freshwater pulses characterised by the presence of 

Ellerbeckia areanaria.  The diatom assemblage alters c. 8500 cal years BP where 

Cyclotella choctawateeana, Delphineis karstenii and Cocconeis scutellum are dominant 

in the assemblage and a departure of D. minutissima, D. minor and C. belgica is 
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witnessed. From c. 8000 to 6000 cal years BP the floristic profile changes again and the 

assemblage is dominated by Grammatophora serpentina and G. oceanica. Modern 

sediment overlaying the shell disturbance layer has low diatom counts and encompasses 

brackish diatoms such as C. peltoides and G serpentina. The diatom data from VC001 

allowed for successful quantitative analysis resulting in DI-salinity which showed 

salinity as one of the driving forces through time.  In the inner Bay (VC003) this was not 

the case as diatoms were impoverished, the number of valves enumerated was low 

throughout and only eight sediment samples had counts of over 300 diatoms. No diatoms 

are present in the basal sediment and appear c. 9800 cal years BP with P. sulcata and P. 

corolla dominant throughout the core. The lower core c. 9500 is characterized by 

Hyalodiscus radiatus, C. scutellum and Planothidium delicatulum and contains some 

samples with freshwater influence represented by Melosira variens and Aulacosira 

granulata. The upper core c. 9000 cal years BP is characterized by Rhaphoneis 

amphiceros, G. serpentina and D. minor. Sediment at the top of the core, where it is 

suspected there is a modern sediment deposit is dominated by P. sulcata, G. serpentina, 

G. marina, D. karstenii and Melosira granulata.  

 Foraminifera were analysed for environmental conditions. In the transitional waters of 

sediment core VC001, there are no foraminifers in the basal sediments indicating limited 

or no marine influence in this sediment. They appear c. 9300 cal years BP and the 

assemblage is dominated by Haynesinia germanica, Ammonia aberdovenysis with 

Elphidium spp., Bolivina spathulata, Stainsforthia fusiformis, Textularia sagittula and 

Haplophragmoides bradyii. This changes c. 8500 cal years BP when the assemblage 

alters with H. germanica and Ammonia beccarii dominating and Aubigyna hamblensis, 

Fissurina subformosa Stainforthia fusiformis and T. sagittula comprising the main 

assemblage. The modern sediment deposit represents deeper, more open water 

conditions with H. germanica, Lobatula lobatula, Cibidies reflugens, A. beccarri, 

Epistominella exigua, Rosalina anomala, Textularia tenusa and Quinquelocina 

seminulum represented. In the Inner Bay (VC003), individual counts of foraminifers 

were low throughout the core. Foraminifera does not appear in the stratigraphy until c. 

9800 cal years BP and then there is a single species, Jadammina macrescens, until c. 

9500 cal years BP. This likely indicates the period of marine intrusion followed by a 
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high marsh environment. From c. 9500 to 9300 cal years BP, the assemblage is 

comprised predominately of J. macrescens, Trochammina inflata, H. germanica, 

Nonionella labrador, S. fusiformis and Haplophragmoides bradyii. No foraminifers 

appear in the sediment profile from c. 9300 to 9000 cal years BP. This could be the result 

of changing coastal geomorphology during this time. The suspected modern sediment 

deposit over laying this material has individual counts > 300 and is dominated by H. 

germanica, L. lobatula, H. bradyii, Bulimina gibba and Elphidium spp. possibly 

indicative of deeper, more saline waters. 

Parameters for early, mid and late Holocene are provided and results are discussed in this 

context. A summary of these results is as follows: 

 

 Sediment from the early Holocene encompasses a record of marine intrusion into inner 

Galway Bay. Marine intrusion occurred c. 9800 cal years BP in the inner bay and c. 9000 

cal years BP in the inner transitional waters near the Corrib river outflow. The c. 800 

year time lag is likely due to the c. 2.5 km difference between sediment cores VC004 

(inner bay) and VC001 (transitional estuarine waters) and marine transgression in 

response to sea level rise. The sediment cores demonstrate that a large amount of 

sediment (5-6 meters) was deposited c. 10000-8000 cal years BP after marine 

transgression. Salinity levels are highly variable throughout the early Holocene in inner 

Galway Bay North. This is evident in the microfossil record from VC001 where the DI 

salinity infers freshwater pulses at several intervals including c. 9300, 9100, 8900 and 

8200 cal years BP.  A record of paleoenvironmental change during the early Holocene 

shows that after marine intrusion, inner Galway Bay North (represented by sediment 

cores VC002, VC003 and VC004) was likely a high marsh environment with a tidal 

range of EHW to MHHW progressing over time to a tidal/mudflat environment with 

typical tidal condition associated with MHW conditions. The eastern transitional waters 

of inner Galway Bay North (represented by sediment core VC001) was likely an 

intertidal environment (mud/sand flats intermixed with a series of tidal channels) after 

marine intrusion and the progression from high marsh to tidal flat environment is not 

likely to have occurred here. A possible record of the 8200 cold event occurs at the end 

of the early Holocene as seen in selected proxies in the Corrib Estuary sediment core 
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(VC001).  An examination of the upper 200 cm of sediment in this core revealed a short 

pulse of increased p-wave velocity, gamma density, Ca/Ti and Si/Ti and decreased 

magnetic susceptibility, % OC, DI salinity, K/Ti, Zr/Ti and Br/Cl during this time. 

 Mid Holocene sediments are only represented in VC001. As water levels continue to rise 

in the inner transitional waters, deeper intertidal conditions occur and a paleo lagoon is 

postulated as a possible paleo environment at this sampling point. Several possibilities 

are offered for the theorised creation and subsequent destruction of this lagoon including 

a paleo drumlin field, a deeper and more powerful tidal channel and geomorphological 

change as a result of sediment redistribution. DI salinity infers a freshwater pulse at c. 

6000 cal years BP. A depositional hiatus is confirmed in the two innermost sediment 

cores VC001 and VC002 and a suspected hiatus is discussed in VC003. In VC001, the 

hiatus is c. 5500 years long and is characterised by a shell layer comprised largely of 

intact shells and broken shell material. In sediment core VC002 the hiatus is c. 8000 

years. As sea levels rose, continual tidal energy would have been exerted and reworked 

sediments in this area. This could potentially explain the lack of sediment deposition 

(hiatus) and the deposition of shells and shell hash.  It is postulated, however, that the 

condition, arrangement and quantity of the shells found in the deposition in the eastern-

most core (VC001), indicate a single depositional event, likely at the end of a period of 

extensive re-working.  

 Late Holocene sediments are largely missing from the Galway Bay sediment cores. Only 

recent sediment post c. 500 cal years BP was identified in VC001 and VC002 and 

potentially in VC003. This precludes detailed inferences for this time period. Modern 

currents are discussed as modes of sediment transport and the resultant discreet 

environmental changes. The more open coastline which resulted after events in the mid 

Holocene was susceptible to increased climatic and oceanic forcings that could have 

caused the continual washing out of sediment which resulted in the lack of early 

Holocene sediment. Microfossil evidence from the modern sediment deposit is indicative 

of a brackish marine environment and changes in foraminiferal assemblages indicate a 

departure from shallow water marine to a warmer, more open marine environment.  

This research successfully gauged sediment responses to environmental changes during the 

Holocene period using a multi proxy approach. It should be noted that the recent availability 
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of equipment such as MSCL and XRF scanners for paleoenvironmental research in Ireland 

was highly beneficial to the current research.  These non-invasive techniques allowed the 

sediment cores to remain intact for additional measurement and usage (e.g.: microfossil 

extraction) throughout the duration of the project. It is hoped that this research will be used 

in future coastal planning and as a base for paleoenvironmental research in the wider Galway 

Bay area. To this end, the following further recommendations are offered: 

 Conditions in the Corrib River, Lough Corrib and the upper catchment could be 

investigated further for evidence of flooding and paleoenvironmental change that would 

cause such a large freshwater influx – especially as major points of freshwater pulses 

were identified in this study. The eastern border of the Corrib catchment is geologically 

defined by a limestone base and the frequency and volumes of freshwater entering Lough 

Corrib and the Corrib River via subaqueous methods in this area are unknown. 

Quantifying the amount and paleo-flow patterns of freshwater into the catchment will 

assist in current and future water quality and quantity planning as well as creating flood 

defence plans. 

 On-going research in Galway Bay will likely yield more sediment cores and resultant 

data regarding paleoenvironmental conditions in the Bay. In an effort to make future 

research cost effective and maximise the research potential of future endeavours the 

creation of a sediment core database in the Marine Institute is recommended. This 

metadatabase could parallel the EPA SAFER-Data archive. This would allow for 

researchers to learn from each other and facilitate partnerships based on what data is 

produced and what data is still needed to construct beneficial future projects in the field 

of coastal paleoenvironmental research. 
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Appendix A: Grain Size Analysis 

 

Table A: The results of Laser Diffraction Grain Size Analysis for sediment cores VC001 

(left) and VC003 (right). This includes actual data results along with the sediment 

classification as per Shepard (1954). 

VC001 VC003 

Core 
Position 

(m) 

Gravel 
% 

Sand      
% 

Silt       
% 

Clay     
% 

Sediment 
Class 

Core 
Position 

(m) 

Gravel 
% 

Sand     
% 

Silt         
% 

Clay        
% 

Sediment 
Class 

0.04   25.97 65.61 8.43 SANDY SILT 0.19 23.96 23.40 43.07 9.57 
GRAVELLY 
SEDIMENT 

0.22 8.36 51.30 36.59 3.75 SILTY SAND 0.37 21.20 29.25 41.09 8.46 
GRAVELLY 
SEDIMENT 

0.58   14.46 67.23 18.31 CLAYEY SILT 0.69   12.77 76.12 11.12 SILT 

0.76   24.93 65.78 9.29 SANDY SILT 0.86   17.57 72.08 10.35 SANDY SILT 

0.94   21.26 68.68 10.07 SANDY SILT 1.04   16.05 74.40 9.55 SANDY SILT 

1.12   16.91 73.99 9.10 SANDY SILT 1.22   13.75 74.82 11.43 SANDY SILT 

1.30   17.79 72.61 9.60 SANDY SILT 1.40   12.25 74.29 13.46 CLAYEY SILT 

1.58   23.68 64.69 11.63 SANDY SILT 1.69   12.63 75.06 12.31 SILT 

1.77   20.50 67.50 12.01 SANDY SILT 1.87   14.40 75.31 10.29 SILT 

1.95   22.61 65.01 12.37 SANDY SILT 2.05   15.03 75.29 9.68 SILT 

2.13   14.47 70.27 15.26 CLAYEY SILT 2.23   16.54 72.04 11.42 SANDY SILT 

2.31 0.95 17.32 64.97 16.76 SANDY SILT 2.41   17.46 73.32 9.22 SANDY SILT 

2.58 0.17 20.14 63.98 15.71 SANDY SILT 2.67   17.48 72.34 10.18 SANDY SILT 

2.76   19.88 63.76 16.37 SANDY SILT 2.85   10.65 78.19 11.15 SILT 

2.94   18.47 64.40 17.14 SANDY SILT 3.03   13.45 77.52 9.03 SILT 

3.10   29.61 57.36 13.03 SANDY SILT 3.21   14.26 75.89 9.86 SILT 

3.28   21.82 65.56 12.63 SANDY SILT 3.39   12.92 77.16 9.92 SILT 

3.56   19.06 66.88 14.06 SANDY SILT 3.64   9.58 78.92 11.51 SILT 

3.76 0.35 12.35 68.40 18.90 CLAYEY SILT 3.82   8.35 78.85 12.80 SILT 

3.92 9.86 19.51 58.26 12.37 SANDY SILT 4.00   11.06 77.61 11.33 SILT 

4.10   17.48 66.86 15.67 SANDY SILT 4.18   9.67 78.64 11.68 SILT 

4.28 0.68 23.56 66.93 8.83 SANDY SILT 4.36   6.49 80.77 12.74 SILT 

4.55   16.98 72.75 10.27 SANDY SILT 4.61   11.32 77.65 11.04 SILT 

4.73 0.22 35.82 51.16 12.80 SANDY SILT 4.79   6.64 79.36 14.00 SILT 

4.92   17.12 69.19 13.69 SANDY SILT 4.96   8.24 77.95 13.81 SILT 

5.10 0.40 54.64 42.24 2.72 SILTY SAND 5.18   10.48 75.31 14.22 SILT 

5.28   59.56 37.93 2.50 SILTY SAND 5.32   16.15 68.61 15.24 SANDY SILT 
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Appendix B: Age Depth Profiles VC003 and VC004 

Age depth models run in R(ver. 3.0.1) with Bacon software (Blaauw and Christen, 2011) 

 

 Figure B1: Age Depth Profile VC003  
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Figure B2: Age Depth Profile VC004 
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Appendix C: XRF Elemental Profiles VC001, VC002, VC003 and VC004 

 

 

Figure C1: Single Elemental Profiles XRF VC001 (a): MSE, Mo inc, Mo coh, Si, Ca, Ti, 

Mn, Ni; (b): Zn, Pb, S, Cl, Ar, K, Cr, Ga, Br; (c): Rb, Sr, Y, Zr, La, Ce, Ta, W, Bl, U. The 

following elements are excluded due to extensive nil counts: Mg, Al, Cu, Ba, As. 
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Figure C2: Single Elemental Profiles XRF VC002 (a): MSE, Mo inc, Mo coh, Si, Ca, Ti, 

Mn, Ni; (b): Zn, Pb, S, Cl, Ar, K, Cr, Ga, Br; (c): Rb, Sr, Y, Zr, La, Ce, Ta, W, Bl, U. The 

following elements are excluded due to extensive nil counts: Mg, Al, Cu, Ba, As. 
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Figure C3: Single Elemental Profiles XRF VC003 (a): MSE, Mo inc, Mo coh, Si, Ca, Ti, 

Mn, Ni; (b): Zn, Pb, S, Cl, Ar, K, Cr, Ga, Br; (c): Rb, Sr, Y, Zr, La, Ce, Ta, W, Bl, U. The 

following elements are excluded due to extensive nil counts: Mg, Al, Cu, Ba, As. 
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Figure C4: Single Elemental Profiles XRF VC004 (a): MSE, Mo inc, Mo coh, Si, Ca, Ti, 

Mn, Ni; (b): Zn, Pb, S, Cl, Ar, K, Cr, Ga, Br; (c): Rb, Sr, Y, Zr, La, Ce, Ta, W, Bl, U. The 

following elements are excluded due to extensive nil counts: Mg, Al, Cu, Ba, As. 
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Appendix D: Diatoms 

Table D: Complete list of fossil diatom species found in sediment cores VC001, VC003 and VC004 

from Inner Galway Bay; listed with taxonomic authority. Genus is included for diatoms where 

identification was limited due to dissolution and breakage and, as a result, some individuals were 

only identified to genus level. Included in this table also is the Sediment Core where species was 

identified (1: VC001; 3: VC003; 4: VC004), Frustule Group (C: centric; P: pennate), Habitat (B: 

benthic; PL: planktonic; T: tychoplanktonic), General Environment (F: freshwater; B: benthic; M: 

marine) and Life Form (PL: plankton; PR: periphyton; EL: epilithon; EPH: epiphyton; EP: epipelon; 

EPS: episammon). Ecological classification was based Hendey (1964); Krammer and Lange-Bertalot 

(1986, 1988, 1991a, 1991b); Round et al. (1990); Vos and De Wolf (1992); Witkowski (1994); Hasle 

and Syvertsen (1997); Witkowski et al. (2000); Guiry and Guiry (2016). 

Taxon Name and Authority 
Sediment 

Core 
Frustule 
Group 

Habitat 
General 
Environ-

ment 

Life 
Form 

Achnanthidium coarctatum Brébisson ex W.Smith 
1855 

1,3,4 
 

P B 
  

F EP 

Achnanthidium deflexum (C.W.Reimer) J.C.Kingston 
2000 

1,3,4 
 

P B 
  

F EP 

Actinocyclus Ehrenberg, 1837 1 C 
  

Pl 
 

M PL 

Actinoptychus Ehrenberg, 1843 1,3,4 C 
  

Pl 
 

M PL 

Actinoptychus senarius (Ehrenberg) Ehrenberg 1843 1,3,4 C 
   

T M PL 

Actinoptychus splendens (Shadbolt) Ralfs in Pritchard 
1861 

3 C 
  

Pl 
 

M PL 

Amphora Ehrenberg ex Kützing 1,3 
 

P B 
  

M, F 
EPH, 

EL, EP 

Amphora costata W.Smith 1853 1,3 
 

P B 
  

M, F 
EPH, 

EL, EP 

Amphora cymbaphora Cholnoky 1 
 

P B 
  

M 
EPH, 

EL, EP 

Amphora exigua W.Gregory 1857 3 
 

P B 
  

M 
EPH, 

EL, EP 

Amphora ovalis (Kützing) Kützing 1844 1 
 

P B 
  

F 
EPH, 

EL, EP 

Amphora spectabilis Gregory 1857 1,4 
 

P B 
  

M 
EPH, 

EL, EP 

Amphora subangularis Hustedt 1955 1 
 

P B 
  

M 
EPH, 

EL, EP 

Aneumastus D.G.Mann & A.J.Stickle, 1990 1,3,4 
 

P B 
  

F EP 

Aneumastus tuscula (Ehrenberg) D.G.Mann & 
A.J.Stickle 

1,3,4 
 

P B 
  

F EP 

Aulacoseira granulata (Ehrenberg) Simonsen 3 C 
  

Pl 
 

F PL 

Auliscus caelatus Bailey 1854 1,3,4 C 
  

Pl 
 

M PL 

Auliscus sculptus (W.Smith) Brightwell 1 C 
  

Pl 
 

M PL 

Bacillaria paxillifer (O.F.Müller) T.Marsson 1901 1,3,4 
 

P B 
  

M, B EP, EL 

Caloneis Cleve, 1894 1 
 

P B 
  

F, B EP 

Caloneis bacillum (Grunow) Cleve 1894 1 
 

P B 
  

F, B EP 

Caloneis clevei (N.Lagerstedt) Cleve 1 
 

P B 
  

F, B EP 

Campylodiscus Ehrenberg ex Kützing, 1844 1,3 
 

P B 
  

F, B, M EP 

Campylodiscus clypeus (Ehrenberg) Ehrenberg ex 
Kützing 

1 
 

P B 
  

F, B, M EP 

Campylosira cymbelliformis (A.Schmidt) Grunow ex 1,3,4 
 

P 
  

T M PL, EPS 
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Taxon Name and Authority 
Sediment 

Core 
Frustule 
Group 

Habitat 
General 
Environ-

ment 

Life 
Form 

Van Heurck, 1885 

Capartogramma crucicula (Grunow ex Cleve) Ross 
1963 

1 
 

P B 
  

F, B EP 

Catacombas gaillonii (Bory) D.M.Williams & Round 1,3 
 

P B 
  

F, B EPH 

Cocconeis Ehrenberg 1837 1,3,4 
 

P B 
  

M, B, F 
EPH, 
EPS 

Cocconeis guttata Hustedt & Aleem 1951 1,3 
 

P B 
  

M EPS 

Cocconeis peltoides Hustedt 1939 1,3,4 
 

P B 
  

M, B EPS 

Cocconeis placentula Ehrenberg 1838 1,3 
 

P B 
  

M, B, F 
EPH, 
EPS 

Cocconeis placentula var euglypta (Ehrenberg) 
Grunow 1884 

1,3,4 
 

P B 
  

B 
EPH, 
EPS 

Cocconeis scutellum Cocconeis scutellum 1,3,4 
 

P B 
  

M, B EPH 

Coscinodiscus  Ehrenberg, 1839 1,4 C 
  

Pl 
 

M PL 

Cosinodiscus radiatus Ehrenberg 1840 4 C 
  

Pl 
 

M PL 

Coscinodiscus robustus Greville 1866 1 C 
  

Pl 
 

M PL 

Coscinodiscus symbolophorus Grunow 1 C 
  

Pl 
 

M PL 

Craticula halophila (Grunow) D.G.Mann 1,3 
 

P B 
  

B EP 

Cyclostephanos damasii (Hustedt) Stoermer & 
Håkansson 

1,3 C 
  

Pl 
 

F PL 

Cyclotella (Kützing) Brébisson, 1838 1,3,4 
 

P B 
  

M, F, B PL 

Cyclotella antigua W.Smith, 1853 1,3 C 
  

Pl 
 

B PL 

Cyclotella bodanica Eulenstein ex Grunow 1878 1 C 
    

F PL 

Cyclotella bodanica var affinis Grunow 1,3 C 
    

F PL 

Cyclotella choctawhatcheeana Prasad, 1990 1,3,4 C 
  

Pl 
 

B PL 

Cyclotella comta Kützing 1849 1 C 
    

F PL 

Cyclotella distinguenda Hustedt 1,3,4 C 
    

M, F PL 

Cyclotella krammeri Håkansson 1990 1,3 C 
    

B PL 

Cyclotella meneghiniana Kützing 1844 1 C 
  

Pl 
 

B PL 

Cyclotella ocellata Pantocsek 1901 1 C 
  

Pl 
 

F PL 

Cymatosira belgica Grunow 1,3,4 
 

P B 
  

M PL, EPS 

Cymbella C. Agardh, 1830 1,3,4 
 

P B 
  

F, B 
EPH, 

EP, EL 

Cymbella affinis Kützing 1844 1,3,4 
 

P B 
  

F, B 
EPH, 

EP, EL 

Cymbella helvetica Kützing 1844 1,3 
 

P B 
  

F, B 
EPH, 

EP, EL 

Cymbella pseudoaffinis Tynni 1,3,4 
 

P B 
  

F 
EPH, 

EP, EL 

Cymbella turgidula Grunow 1,3,4 
 

P B 
  

F 
EPH, 

EP, EL 

Delphineis G.W.Andrews 1,3,4 
 

P B Pl 
 

M EPS, PL 

Delphineis karstenii (Boden) G.Fryxell 1978 1,3,4 
 

P 
 

Pl 
 

M EPS 

Delphineis minutissima (Hustedt) Simonsen 1987 1,3,4 
 

P B 
  

M, F EPS 

Delphineis surirella (Ehrenberg) G.W.Andrews 1981 3 
 

P 
  

T M PL, EPS 

Denticula distans Gregory 1857 4 
 

P B 
  

M, F EPS 

Diatoma moniliformis (Kützing) D.M.Williams 1,3 
 

P 
 

Pl 
 

F, B PL 

Dimeregramma Ralfs, 1861 1,3,4 
 

P B 
  

M 
EPS, 
EPH, 
EP 

Dimeregramma dubium Grunow 1 
 

P B 
  

M EPS 

Dimeregramma fulvum (Gregory) Ralfs 1861 1,3,4 
 

P B 
  

M EP 

Dimeregramma minus (W.Gregory) Ralfs 1861 1,3,4 
 

P B 
  

M 
EPS, 
EPH 
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Taxon Name and Authority 
Sediment 

Core 
Frustule 
Group 

Habitat 
General 
Environ-

ment 

Life 
Form 

Diploneis Ehrenberg ex Cleve, 1894 1,3,4 
 

P B 
  

M, B, F EP 

Diploneis aestuarii Hustedt 1939 1,4 
 

P B 
  

M, B EP 

Diploneis decipiens var parallela A. Cleve 1915 3 
 

P B 
  

M EP 

Diploneis didyma (Ehrenberg) Ehrenberg 1839 1,3 
 

P B 
  

B EP 

Diploneis domblittensis (Grunow) Cleve 1894 1,3 
 

P B 
  

M, F EP 

Diploneis gruendleri (A.Schmidt) Cleve 1,3 
 

P B 
  

M EP 

Diploneis smithii var. rhombica A.Cleve 3 
 

P B 
  

M EP 

Ellerbeckia arenaria (G.Moore ex Ralfs) R.M.Crawford 
1988 

1,3,4 C 
   

T F EPS 

Encyonema mesianum (Cholnoky) D.G.Mann 1,3,4 
 

P B 
  

F EP 

Encyonema minutum (Hilse) D.G.Mann 1,3,4 
 

P B 
  

F EP, PR 

Encyonema silesiacum (Bleisch) D.G.Mann 1,3 
 

P B 
  

F EP 

Epithemia Kützing, 1844 1 
 

P B 
  

F, B EPH 

Epithemia argus (Ehrenberg) Kützing 1844 1,3 
 

P B 
  

F EPH 

Epithemia goeppertiana Hilse 1860 1,3 
 

P B 
  

F, B EPH 

Epithemia sorex Kützing 1844 1,4 
 

P B 
  

F, B EPH 

Eunotia Ehrenberg, 1837 1,3 
 

P B 
  

F EPH 

Eunotia arcubus Nörpel & Lange-Bertalot 1,3 
 

P B 
  

F EPH 

Eunotia pectinalis var undulata (Ralfs) Rabenhorst 
1864 

1,3 
 

P B 
  

F EPH 

Eunotia tenella (Grunow) Hustedt 1 
 

P B 
  

F EPH 

Eunotogramma laeve Grunow in Cleve & Möller 1879 1,3,4 
 

P B 
  

M, B EPS 

Eunotogramma marinum (W.Smith) H.Peragallo & 
M.Peragallo 1908 

1,3 
 

P B 
  

M, B EPS 

Fallacia Stickle & D.G.Mann, 1990 1,3 
 

P B 
  

B EP 

Fallacia litoricola (Hustedt) D.G.Mann 1 
 

P B 
  

B EP 

Fallacia pygmaea (Kützing) Stickle & D.G.Mann 1,3,4 
 

P B 
  

B EP 

Fragilaria Lyngbye, 1819 1,3 
 

P B Pl 
 

F, B PL, EP 

Fragilaria capucina var. vaucheriae (Kützing) Lange-
Bertalot 1980 

3 
 

P 
  

T F EP 

Fragilaria construens (Ehrenberg) Grunow 1862 1 
 

P 
  

T F, B PL, EP 

Glyphodesmis distans (Gregory) Grunow ex Van 
Heurck, 1881 

1 
 

P B 
  

M, B EP, EPS 

Gomphoneis clevei (Fricke) Gil 1989 1,3 
 

P B 
  

F EPH 

Gomphonema Ehrenberg, 1832 1,3,4 
 

P B 
  

FF EPH 

Gomphonema angustum C. Agardh 1831 1 
 

P B 
  

F EPH 

Gomphonema angustatum var. sarcophagus 
(W.Gregory) Grunow 

1 
 

P B 
  

F EPH 

Gomphonema intricatum var vibrio (Ehrenberg) Cleve 
1894 

1 
 

P B 
  

F EPH 

Gomphonema occultum E.Reichardt & Lange-Bertalot 
1991 

1 
 

P B 
  

F EPH 

Gomphonemopsis exigua (Kützing) Medlin 1,3 
 

P B 
  

M, B EPH 

Grammatophora marina (Lyngbye) Kützing 1844 1,3,4 
 

P B 
  

M EP 

Grammatophora oceanica Ehrenberg 1840 1,3,4 
 

P B 
  

M 
EPH, 
EP 

Grammatophora serpentina Ehrenberg, 1844 1,3,4 
 

P 
  

T M 
PL, 
EPH 

Gyrosigma Hassall, 1845 1,3 
 

P B 
  

M, B EP 

Gyrosigma balticum (Ehrenberg) Rabenhorst 1853 1 
 

P B 
  

B EP 

Hantzschia marina (Donkin) Grunow 1,4 
 

P B 
  

M, B, F EP 

Hantzschia Grunow, 1877 1,4 
 

P B 
  

M, B, F EP 

Hyalodiscus Ehrenberg, 1845 1,3 C 
   

T M EPH, 
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Taxon Name and Authority 
Sediment 

Core 
Frustule 
Group 

Habitat 
General 
Environ-

ment 

Life 
Form 

PL 

Hyalodiscus radiatus (O'Meara) Grunow 1879 3 C 
   

T M 
EPH, 

PL 

Hyalodiscus scoticus (Kützing) Grunow 1879 1 C 
   

T M 
EPH, 

PL 

Karayevia clevei (Grunow) Round & Bukhtiyarova, 
1999 

1 
 

P B 
  

F EL, EP 

Lyrella Karajeva, 1978 1,3 
 

P B 
  

M EP 

Lyrella abrupta (Gregory) D.G.Mann 1 
 

P B 
  

M EP 

Lyrella spectabilis (Gregory) D.G.Mann 3 
 

P B 
  

M EP 

Mastagloia Thwaites ex W.Smith, 1856 1,4 
 

P B 
  

M, B, F 
EP, 
EPH 

Mastogloia smithii var. lacustris Grunow 1878 1,4 
 

P B 
  

M, B, F 
EP, 
EPH 

Melosira granulata (Ehrenberg) Ralfs 3 C 
  

Pl 
 

M EP 

Melosira varians C. Agardh 1827 3 C 
  

Pl 
 

F EP 

Navicula Bory, 1822 1,3,4 
 

P B 
  

M, B, F EP 

Navicula cryptocephala Kützing 1844 1 
 

P B 
  

M, B, F EP 

Navicula digitoradiata (W.Gregory) Ralfs 1,3,4 
 

P B 
  

M, B EP 

Navicula directa (W.Smith) Ralfs 1,3,4 
 

P B 
  

M EP 

Navicula halophia (Grunow) Cleve 4 
 

P B 
  

B, F EP 

Navicula lanceolata (C.Agardh) Kützing 1 
 

P B 
  

B EP 

Navicula oppugnata Hustedt 1 
 

P B 
  

F EP 

Navicula tripuncta  (O.F.Müller) Bory 1,4 
 

P B 
  

B EP 

Navicula vulpina Kützing 1 
 

P B 
  

B EP 

Navicula zosteretii Grunow 1 
 

P B 
  

B EP 

Nitzschia Hassall, 1845 1,3,4 
 

P B Pl 
 

M, B, F 
EP or 

PL 

Nitzschia amphibioides Hustedt 1942 1,4 
 

P B 
  

B EP 

Nitzschia ovalis H.J.Arnott in Cleve & Grunow 1880 1,3,4 
 

P B 
  

U EP 

Nitzschia recta Hantzsch ex Rabenhorst 1862 1,3,4 
 

P B 
  

B EP 

Nitzschia sigma (Kützing) W.Smith 1853 1,3 
 

P B 
  

B EP 

Nitzschia wuellerstorffii Lange-Bertalot 1 
 

P B 
  

B EP 

Opephora marina (W.Gregory) Petit 1888 4 
 

P B 
  

M EPS 

Opephora mutabilis (Grunow) Sabbe & Wyverman 
1995 

1 
 

P B 
  

M EPS 

Opephora pacifica (Grunow) Petit 1888 1,3,4 
 

P B 
  

B EPS 

Paralia Heiberg, 1863 1,3 C 
  

Pl 
 

M 
PL, 

EPH, 
EP, EPS 

Paralia sulcata (Ehrenberg) Cleve 1873 1,3,4 C 
  

Pl 
 

M PL 

Peronia  fibula (Brébisson ex Kützing) R.Ross 1956 1 
 

P B 
  

F EPH 

Petroneis humerosa (Brébisson ex W.Smith) Stickle & 
D.G.Mann 

1,3 
 

P B 
  

M EP 

Petroneis marina (Ralfs) D.G.Mann 1,3 
 

P B 
  

M EP 

Plagiogramma Greville, 1859 1 
 

P B 
  

M EPS 

Plagiogramma pulchellum var pygmaeum (Greville) 
H.Peragallo & M.Peragallo 1901 

1 
 

P B 
  

B, M EPS 

Plagiogramma rhombicum Hustedt 1,3,4 
 

P B 
  

B, M EPS 

Planktoniella blanda (A.Schmidt) Syvertsen & Hasle 1 C 
  

Pl 
 

M PL 

Planothidium Round & L.Bukhtiyarova, 1996 1,3,4 
 

P B 
  

B, F EPS 

Planothidium conspicuum (Ant.Mayer) Aboal 1,3,4 
 

P B 
  

F EPS 

Planothidium delicatulum (Kützing) Round & 1,3,4 
 

P B 
  

B EPS 
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Taxon Name and Authority 
Sediment 

Core 
Frustule 
Group 

Habitat 
General 
Environ-

ment 

Life 
Form 

Bukhtiyarova 

Podosira Ehrenberg, 1840 1,3,4 C 
  

Pl 
 

M PL 

Podosira corolla A.W.F.Schmidt 1889 1,3 C 
 

B 
  

M EPH 

Podosira glacialis (Grunow) Cleve 1896 1,3 C 
  

Pl 
 

M PL 

Podosira stelliger (J.W.Bailey) A.Mann 1907 1 C 
  

Pl 
 

M PL 

Pseudopodosira westii (W.Smith) Sheshukova-
Poretzskaya 

1 C 
  

Pl 
 

M PL 

Pseudostaurosira parasitica (W.Smith) Morales 1,3 
 

P B 
  

F EPH 

Rhabdonema arcuatum (Lyngbye) Kützing 1844 1,3,4 
 

P B 
  

B EPH 

Rhabdonema minutum Kützing 1844 1 
 

P B 
  

B EPH 

Rhaphoneis amphiceros (Ehrenberg) Ehrenberg 1844 1,3,4 
 

P 
  

T M 
PL, 

EPH,  
EPS 

Rhopalodia musculus (Kützing) Otto Müller 1900 1 
 

P B 
  

B 
EPH, 
EP 

Rossithidium lineare (W.Smith) Round & Bukhtiyarova 1 
 

P B 
  

F, B EPS, EL 

Sellaphora pupula (Kützing) Mereschkovsky 1902 3,4 
 

P B 
  

F EP 

Stauroneis  finmarchica Cleve & Grunow 1880 4 
 

P B 
  

F EP 

Stauroneis glacialis H.Heiden 1 
 

P B 
  

F EP 

Stauroneis phoenicenteron (Nitzsch) Ehrenberg 3 
 

P B 
  

M EP 

Stephanodiscus alpinus Hustedt 3 C 
  

Pl 
 

F PL 

Surirella Turpin, 1828 1,3,4 
 

P B 
  

F, M EP 

Surirella fastuosa (Ehrenberg) Ehrenberg 1843 1 
 

P B 
  

B EP 

Synedra Ehrenberg, 1830 4 
 

P B 
  

F, B 
PL, 
EPH 

Synedra ulna (Nitzsch) Ehrenberg 1832 1 
 

P B 
  

B EPH 

Tabularia (Kützing) D.M.Williams & Round, 1986 1,3 
 

P B 
  

M, B 
EPH, 

EL 

Tabularia fasciulata (C.Agardh) D.M.Williams & Round 
1986 

1,3,4 
 

P B 
  

M, B 
EPH, 

EL 

Thalassionema Grunow ex Mereschkowsky, 1902 4 
 

P 
 

Pl 
 

M PL 

Thalassionema nitzschioides (Grunow) Merchkowsky 
1902 

1 
 

P 
 

Pl 
 

M PL 

Thalassiosira hyperborea var pelagica (A.Cleve) 
G.R.Hasle 

3 C 
  

Pl 
 

M PL 

Thalassiosira decipiens (Grunow ex Van Heurck) 
E.G.Jørgensen 1905 

1,3,4 C 
  

Pl 
 

M PL 

Trachyneis aspera var. robusta (Petit) Cleve 1 
 

P B 
  

B 
EP, 
EPH 

Triceratium Ehrenberg, 1839 1,3 C 
  

Pl 
 

M PL 

Triceratium archangelskianum O.N.Witt 1 C 
  

Pl 
 

M PL 

Triceratium antediluvianum (Ehrenberg) Grunow, 
1868 

1 C 
  

Pl 
 

M PL 

Triceratium pentacrinus (Ehrenberg) Wallich 1 C 
  

Pl 
 

M PL 

Triceratium perplexum J.A.Long, D.P.Fuge & J.Smith 1 C 
  

Pl 
 

M PL 

Triceratium reticulum Ehrenberg 1 C 
  

Pl 
 

M PL 

Triceratium favus Ehrenberg 1,3 C 
  

Pl 
 

M PL 

Triceratium nitescens Greville 1 C 
  

Pl 
 

M PL 

Tryblionella W.Smith, 1853 1,3,4 
 

P B 
  

M, B EP, EPS 

Tryblionella acuminata W.Smith 1853 1,4 
 

P B 
  

M, B EP 

Tryblionella apiculata W.Gregory 1857 1,3,4 
 

P B 
  

B EP 

Tryblionella coarctata (Grunow) D.G.Mann 1,3,4 
 

P B 
  

M EP, EPS 

Tryblionella compressa (J.W.Bailey) Poulin 1,3 
 

P B 
  

M EP 
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Taxon Name and Authority 
Sediment 

Core 
Frustule 
Group 

Habitat 
General 
Environ-

ment 

Life 
Form 

Tryblionella granulata (Grunow) D.G.Mann 1,3,4 
 

P B 
  

B EP 

Tryblionella navicularis (Brébisson) Ralfs 1,3,4 
 

P B 
  

B EP 

 

 

 

Appendix E: DCA for diatoms in VC001 

 

Figure E: Detrended Correspondence Analysis (DCA) for diatoms in sediment core VC001 
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Appendix F: DI Salinity Data 

Table F: MOLTON/DEFINE Diatom Inferred  (DI) salinity (Diatom taxonomy was harmonised 

with the Molten and Define project (http://craticula.ncl.ac.uk/Molten/jsp/ ; Andrén et al., 2007) 

includes the MOLTON code, the relevant species and the corresponding salinity optimum used for 

sediment core VC001. 

MOLTEN code Species Salinity Optimum g L
-1

 

ActpSen Actinoptychus senarius 22.16545232 

AmpCym Amphora cymbaphora 20.01336538 

AmpOva Amphora ovalis 11.75063553 

BacPax Bacillaria paxillifer 11.55816407 

CalBac Caloneis bacillum 5.141284154 

CocPel Cocconeis peltoides 17.58342943 

CocPla Cocconeis placentula 9.265022823 

CocPla Cocconeis placentula 
var euglypta 

9.265022823 

CocScu Cocconeis scutellum 14.86218152 

CycBod1 Cyclotella bodanica 6.743785734 

CycCho Cyclotella 
choctawateeana 

7.177201741 

CycComt Cyclotella comta 17.6026398 

CycMen Cyclotella 
meneghiniana 

3.511463732 

CycOce Cyclotella ocellata 5.4235889 

CymAff Cymbella affinis 2.839764226 

CymHel Cymbella helvetica 3.334495124 

CymtBel Cymatosira belgica 23.88912252 

DelMin Delphineis minutissima 25.03441183 

DiaMon Diatoma moniliformis 3.001764154 

DimMin Dimeregramma minor 19.56098293 

DipDid Diploneis didyma 14.23039818 

EllAre Ellerbeckia arenaria 4.155849188 

EpiSor Epithemia sorex 4.800656282 

FraPar Pseudostaurosira 
parasitica 

5.914624 

GlyDis Glyphodesmis distans 13.2507648256 

GomAngu Gomphonema 
angustum 

2.1488041744 

GompExi Gomphynopsis exiguum 
var minutissima 

7.6295831089 

GraOce Grammatophora 
oceanica 

16.6597034569 

GyrBal Gyrosigma balticum 17.92963524 

HyaSco Hyalodiscus scoticus 13.5050370064 

KarCle Planothidium clevi 3.42213001 

MasSmi Mastagloia smithii var 
lacustrus 

4.2586925956 

NavCryc Navicula cryptocephala 4.436162688 

NavDig Navicula digitoriata 13.35061982 

NavDir Navicula directa 18.61413365 

NavHal Craticula halophila 15.60092004 

NavLan Navicula lanceolata 4.63334235 

NavTrip Navicula tripuncta 14.18102369 

OpeMut Opephora mutabilis 12.67303041 

ParaSul Paralia sulcata 19.56558289 

http://craticula.ncl.ac.uk/Molten/jsp/
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MOLTEN code Species Salinity Optimum g L
-1

 

PlanDelG Planothidium 
delicatulum 

7.123080588 

PlaSta Plagiogramma 
pulchellum var 
pygmaeum 

22.23282813 

RhabMin Rhabdonema minutum 18.79803435 

SynUln Synedra ulna 2.674271502 

TabFasAG Tabularia fasciulata 9.212742563 

ThanNit Thalassionema 
nitzschoides 

20.23443299 

TraAsp Trachaneas espera 15.35605294 

TryAcu Tryblionella acuminata 20.03224855 

TryApi Tryblionella apiculata 12.47523592 

TryCoa Tryblionella coarctata 21.14031658 

TryGra Tryblionella granulata 4.905959204 
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Appendix G: Foraminifera 

Table G: Complete list of fossil foraminifers found in sediment cores VC001 (1) and VC003 (3) 

from Inner Galway Bay; listed with taxonomic authority. Included in this table also is the Test 

Composition (C: calcareous; A: agglutinated; P: porcellaneous), Habitat Preference (I: infaunal; E: 

epifaunal), Growth Form and Environmental Preference.   Ecological and environmental information 

was based on: Leobich and Tappan (1987); Scott et al. (2001); Murray (2003; 2006) and Horton and 

Edwards (2006). 

Taxon Name and Authority  Core 
Test 
Compo-
sition 

Habitat 
Preference 

Growth 
Form 

Environmental Preference 

Ammonia aberdovenysis Haynes, 
1973 

1 C I Trochospiral Marine Inner shelf, muddy 
sand, brackish, warm 
temperate 

Ammonia beccarii Linnaeus, 
1758 

1,3 C I Trochospiral Marine Inner shelf, muddy 
sand, brackish, warm 
temperate 

Ammonia Brünnich, 1772 1 C I Trochospiral Marine Inner shelf, muddy 
sand, brackish, warm 
temperate 

Aubigyna hamblensis Murray, 
Whittaker & Alve, 2000 

1 C I Trochospiral Marine Inner shelf, sediment 
(lagoon),  brackish, warm 
temperate 

Bolivina pseudoplicata Heron-
Allen & Earland, 1930 

1 C I-E Biserial Marine Inner shelf-bathyal, 
cold-warm 

Bolivina spathulata Williamson, 
1858 

1,3 C I-E Biserial Marine Inner shelf-bathyal, 
cold-warm 

Bolivinellina pseudopunctata 
Höglund, 1947 

1,3 C I Biserial Marine Inner shelf 

Brizalina variabilis Williamson, 
1858 

1,3 C I Biserial Marine Inner shelf, 
intertidal, muddy, cold-
temperate 

Buccella Andersen, 1952 1 C I Trochospiral Marine Inner shelf, 
estuaries, lagoons,  cold-
temperate 

Bulimina elongata d'Orbigny, 
1826 

1 C I Triserial Marine Inner shelf 

Bulimina gibba d'Orbigny, 1826  
1,3 

C I Triserial Marine Inner shelf 

Bulimina inflata Seguenza, 1862 1 C I Triserial Marine Inner shelf-deep sea 

Bulimina marginata d'Orbigny, 
1826 

1 C I Triserial Marine Inner shelf 

Cassidulina carinata Silvestri, 
1896 

1,3 C I Biserial-
planispiral 

Marine Inner shelf 

Cibicides de Montfort, 1808  
1,3 

C E Trochospiral Marine Inner shelf 

Cibicides refulgens de Montfort, 
1808 

1 C E Trochospiral Marine Inner shelf, high 
energy 

Elphidium de Montfort, 1808 1,3 C E Planispiral Marine, wide ranging 

Elphidium aculeatum d'Orbigny, 1,3 C E Planispiral Marine Inner shelf 
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Taxon Name and Authority  Core 
Test 
Compo-
sition 

Habitat 
Preference 

Growth 
Form 

Environmental Preference 

1846 

Elphibium bartletti Cushman, 
1933 

1 C E Planispiral Marine Inner shelf, estuarine 
outer 

Elphidium crispum Linnaeus, 
1758 

1,3 C E Planispiral Marine Inner shelf 

Elphidium earlandi Cushman, 
1936 

1 C E Planispiral Marine intertidal, low 
marsh, tidal flat 

Elphidium excavatum formae 
Terquem, 1875 

1,3 C E Planispiral Marine intertidal, warm 
temperate 

Elphidium poeyamn d'Orbigny, 
1839 

3 C E Planispiral Marine Inner shelf 

Elphidium williamsoni Haynes, 
1973 

1,3 C E Planispiral Marine intertidal  

Epistominella exigua Brady, 1884 1,3 C I Trochospiral Marine shelf seas-bathyal, 
temperate-cold 

Epistominella vitrea, Parker, 
1953 

1 C I Trochospiral Marine shelf seas-bathyal, 
opportunistic 

Favulina squamosa Montagu, 
1803 

1 C I Spherical, 
ovoid 

Marine Inner shelf, 
preference for muddy 
substrates 

Fissurina marginata Montagu, 
1803 

1,3 C I Rounded, 
ovoid 

Marine Inner shelf - 
ectoparasitic 

Fissurina orbignyana Seguenza, 
1862 

1,3 C I Rounded, 
ovoid 

Marine Inner shelf - 
ectoparasitic 

Fissurina subformosa Parr, 1950  1,3 C I Rounded, 
ovoid 

Marine Inner shelf - 
ectoparasitic 

Gavelinopsis praegeri Heron-
Allen & Earland, 1913 

1,3 C E Trochospiral Marine Inner shelf,  clings to 
firm substrates 

Hansenisca soldanii d'Orbigny, 
1826 

1 C E Trochospiral Marine Inner shelf-bathyal, 
cold 

Haplophragmoides bradyi 
Robertson, 1891 

1,3 A I Planispiral Marine Inner shelf, intertidal 
marsh 

Haynesina depressula Walker & 
Jacob, 1798 

1 C I Planispiral Marine Inner shelf, brackish, 
marsh, lagoon, cold-warm 

Haynesina germanica Ehrenberg, 
1840 

1,3 C I Planispiral Marine Inner shelf, brackish, 
marsh, lagoon, cold-warm 

Haynesina obiculare Brady, 1881 1 C I Planispiral Marine Inner shelf, brackish, 
marsh, lagoon, cold-warm 

Homalohedra williamsoni Alcock, 
1865 

1 C I Spherical, 
ovoid 

Marine Inner shelf species, 
preference for muddy 
substrates 

Hyalinea balthica Schröter, 1783 3 C E Trochospiral Marine Inner shelf, upper 

Jadammina macrescens Brady, 
1870 

3 A E-I Trochospiral Marine marginal, high 
intertidal marsh 

Lagena doveyensis Haynes, 1973  1 C I Uniserial Marine Inner shelf species, 
preference for muddy 
substrates 

Lagena substriata Willianson, 
1848 

1,3 C I Uniserial Marine Inner shelf species, 
preference for muddy 
substrates 

Lagena sulcata Walker & Jacob, 
1798 

1,3 C I Uniserial Marine Inner shelf species, 
preference for muddy 
substrates 

Laryngosigma lactea Walker & 1 C E Biserial Marine Inner shelf 
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Taxon Name and Authority  Core 
Test 
Compo-
sition 

Habitat 
Preference 

Growth 
Form 

Environmental Preference 

Jacob, 1798 

Lobatula lobatulus Walker & 
Jacob, 1798 

1,3 C E Trochospiral Marine Inner shelf species, 
high energy environments.  

Nonionella labradorica Dawson, 
1860 

3 C I Trochospiral Marine Inner shelf, intertidal 
estuarine-cold temperate 

Patellina corrugata Williamson, 
1858 

1 C E Conical Marine Inner shelf, cold-
warm 

Procerolagena clavata d'Orbigny, 
1846 

1 C I Unilocular Marine Inner shelf, bathyal 

Pyrgo williamsoni Silvestri, 1923 1 P E Planispiral Marine Inner shelf species, 
preference for muddy 
substrates 

Quinqueloculina lata Terquem, 
1876 

1 P E Quinquelocu
line  

Marine Inner shelf, marsh, 
hypersaline lagoon, cold-
warm 

Quinqueloculina seminulum 
Linnaeus, 1758 

1,3 P E Quinquelocu
line  

Marine Inner shelf, marsh, 
hypersaline lagoon, cold-
warm 

Reophax scorpiurus de Montfort, 
1808 

3 A E Uniserial Marine Inner shelf, tidal flat, 
low marsh 

Rosalina anomala Terquem, 
1875  

1 C E Trochospiral Marine Inner shelf,  clings to 
seaweed & other firm 
substrates 

Siphotextularia flintii Cushman, 
1911 

1,3 A E Biserial Marine Inner shelf, bathyal 

Siphotrochammina lobata 
Saunders, 1957  

3 A E Trochospiral Marine Inner shelf, marginal 
marine, marsh 

Spirillina vivipari Ehrenberg, 
1843 

1 C E Discoidal Marine Inner shelf, 
opportunistic 

Spiroloculina d'Orbigny, 1826 1 P E Spiroloculine Marine Inner shelf, attaches 
to substrate 

Stainforthia fusiformis 
Williamson, 1848 

1,3 C I Triserial, 
biserial 

Marine Inner shelf, 
opportunistic 

Textularia calva Lalicker, 1940  3 A E Biserial Marine Inner shelf, lagoon-
bathyal, cold-warm 

Textularia saggittula Defrance, 
1824 

1,3 A E Biserial Marine Inner shelf, bathyal - 
open marine  

Textularia earlandi Parker, 1952   A E Biserial Marine Inner shelf, marginal 
marine., estuaries, lagoons 

Trochimmina inflata Montagu, 
1808 

1,3 A I Trochospiral Marine Inner shelf, marginal 
marine., high to mid marsh 

Vasiglobulina myristiformis 
Williamson, 1858 

1 C E Ovoid Marine Inner shelf, bathyal - 
open marine 
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APPENDIX H: PCA for Geochemical ratios 

Table H: PCA Loadings of all sediment cores: (a) VC001, (b) VC002, (c) VC003, (d) 

VC004 

a) VC001                 

 
Axis Eigenvalue 

 

FullName Score01 Score02 Score03 Score04 Score05 

 
Axis 1 0.46980805 

 

Log Ca/Ti -2.36274 -0.06722 -0.22334 -0.27278 -0.12743 

 
Axis 2 0.27339987 

 

Log K/Ti 0.314796 -0.36239 -1.77224 0.851264 0.402713 

 
Axis 3 0.13872999 

 

Log Si/Ti -0.00398 0.497384 -0.62455 0.516522 -2.45099 

 
Axis 4 0.05274829 

 

Log Zr/Ti 0.598558 0.232077 -1.0685 0.318065 0.385991 

 
Axis 5 0.03219521 

 

Log Fe/Mn -0.4537 -0.07616 0.8746 2.414508 0.305262 

 
  

  

Log Br/Cl 0.041835 -2.55759 -0.04798 -0.05586 -0.47547 

 

      Log Sr/Ca 0.867472 -0.12592 1.228948 -0.00345 -0.58821 

 
  

  

            

b) VC002                 

 
Axis Eigenvalue 

 

FullName Score01 Score02 Score03 Score04 Score05 

 
Axis 1 0.51982386 

 

LOG Ca/Ti 0.447766 -0.8276 -2.12639 0.217827 0.320203 

 
Axis 2 0.21095412 

 

LOG K/Ti 0.132121 -0.11868 -0.62327 -0.24959 1.341591 

 
Axis 3 0.16172147 

 

LOG Si/Ti 0.120818 0.265301 -0.31386 -2.57043 -0.03209 

 
Axis 4 0.07220564 

 

LOG Zr/Ti 0.759905 1.328272 -1.17011 0.415232 -1.10335 

 
Axis 5 0.01729983 

 

LOG Fe/Mn -0.00952 -0.07596 0.023234 0.299893 1.68641 

 
  

  

LOG Br/Cl 2.436005 -0.68409 0.770755 -0.05503 0.009518 

 
      LOG Sr/Ca 0.505756 1.998135 0.166528 0.133215 1.017412 

 
  

  

            

c)  VC003                 

 

Axis Eigenvalue 

 

FullName Score01 Score02 Score03 Score04 Score05 

 
Axis 1 0.60932355 

 

LOG Ca/Ti -2.19827 -0.40215 0.493748 -0.18878 0.917933 

 
Axis 2 0.26392919 

 

LOG K/Ti -0.12516 -0.149 0.33173 -0.00879 0.572114 

 
Axis 3 0.06601107 

 

LOG Si/Ti -0.38868 -0.37947 1.678709 0.305985 -1.93785 

 
Axis 4 0.03348652 

 

LOG Zr/Ti -0.27363 -0.3358 0.869535 -0.11304 0.727198 

 
Axis 5 0.01948983 

 

LOG Fe/Mn 0.306306 -0.28378 0.241289 -2.589 -0.19854 

 
  

  

LOG Br/Cl 0.207761 -2.51398 -0.74397 0.242778 -0.15589 

 
      LOG Sr/Ca 1.337542 -0.39836 1.568537 0.309889 1.217492 

 
  

  

            

d)  VC004                 

 
Axis Eigenvalue 

 

FullName Score01 Score02 Score03 Score04 Score05 

 
Axis 1 0.77435786 

 

LOG Fe/Mn 0.084528 0.267504 -0.1759 0.032967 0.09546 

 
Axis 2 0.14143103 

 

LOG K/Ti -0.16694 -0.60687 0.465775 -0.32996 0.209185 

 

Axis 3 0.04486702 

 

LOG Sr/Ca 0.06195 0.179327 0.044229 -0.79286 1.422332 

 
Axis 4 0.01653727 

 

LOG Br/Cl -2.6736 0.908138 0.16276 0.00956 -0.01544 

 
Axis 5 0.01310722 

 

LOG Ca/Ti -0.11773 -0.7683 2.199096 0.057332 -1.27684 

 
  

  

LOG Si/Ti -0.87279 -2.36201 -1.14573 -0.2605 -0.16051 

 
      LOG Zr/Ti -0.12932 -0.52418 1.172109 -1.12825 1.635443 


