The role of changing
water geochemistry
in mineral formation
and distribution in
estuaries

Thesis submitted in accordance with the requirements of the
University of Liverpool for the degree of
Doctor in Philosophy by

Gemma Mary Byrne
March 2013

Table of contents
1. INTRODUCTION……………………………………………………………...1.
1.1. Porosity preserving iron-rich chlorite…………………………………….…1.
1.1.1. Clay minerals in estuaries……………………………………………4.
1.1.1.1.
Reverse weathering and clay mineral growth………………..6.
1.1.1.2.
Commonly identified clay minerals………………………….9.
1.1.2. Other minerals found in modern estuaries…………………………13.
1.1.3. Estuarine processes and water geochemistry……………………….13.
1.1.4. Current understanding and gaps in knowledge……………………22.
1.2. Thesis layout……………………………………………………………….23.
1.2.1. Potential publications……………………………………………….25.
1.3. Key research questions…………………………………………………….27.
1.4. Author contributions and manuscript status……………………………….33.
2. SAMPLING AND ANALYTICAL METHODS…………………………….36.
2.1. Introduction………………………………………………………………...36.
2.2. Field studies………………………………………………………………..37.
2.2.1. Estuarine mapping and surface sediment sampling………………...37.
2.2.2. Water sampling……………………………………………………..38.
2.2.3. Alkalinity titrations…………………………………………………40.
2.3. Water analyses……………………………………………………………..41.
2.3.1. Ion chromatography………………………………………………...42.
2.3.1.1.
Pre-analysis sample preparation and auto-run corrections…42.
2.3.1.2.
Anion column calibration and analysis……………………..44.
2.3.1.3.
Cation column calibration and analysis…………………….47.
2.3.2. Photoelectric Flame Photometry……………………………………50.
2.3.3. Atomic Absorption Spectroscopy…………………………………..52.
2.3.4. Inductively Coupled Plasma Atomic Emission Spectrometry (ICPAES)…………………………………………………………………..54.
2.3.5. Potentiometric Chloride titrations…………………………………..58.
2.3.6. Isotope Ratio Mass Spectrometry (IRMS)………………………….59.
2.3.6.1.
Sample Setup……………………………………………….62.
2.3.6.2.
Deuterium flush and run……………………………………63.
2.3.6.3.
Oxygen flush and run……………………………………….64.
2.3.6.4.
Calibration, correction and reporting……………………….65.
2.4. Mineralogical analyses…………………………………………………….67.
2.4.1. X-Ray Diffraction…………………………………………………..67.
2.4.1.1.
Uses of XRD in clay mineralogy…………………………69.
2.4.1.2.
Sample preparation and mineral identification……………..70.
2.4.1.3.
Other relevant minerals identified………………………….71.
2.4.2. Fourier Transform Infrared Spectroscopy (FTIR)………………….73.
2.4.2.1.
Uses of FTIR in clay mineralogy…………………………...75.
2.4.2.2.
KBr pellet analysis………………………………………….75.
2.4.2.3.
Microscope spot analysis…………………………………...76.
2.4.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDX)…………………………………………………..78.
2.4.3.1.
Energy Dispersive X-Ray Spectroscopy……………………79.
2.5. Issues with analysis and progressing forward……………………………..80.
i

3. FIELD STUDY 1 – SPATIAL AND TEMPORAL VARIATIONS IN THE
GEOCHEMISTRY OF WATER IN THE ANLLÓNS ESTUARY,
NORTHERN SPAIN………………………………………………………….82.
3.1. Abstract……………………………………………………………………82.
3.2. Introduction………………………………………………………………...83.
3.2.1. The Anllóns Estuary………………………………………………..86.
3.2.1.1.
Hinterland geology………………………………………….87.
3.2.1.2.
Hydrological regime of the Anllóns River………………….89.
3.2.1.3.
Galician climate…………………………………………….89.
3.2.2. Sampling efforts…………………………………………………….90.
3.2.3. Analytical techniques……………………………………………….91.
3.2.3.1.
Water analyses……………………………………………...92.
3.2.3.2.
Quality control……………………………………………...94.
3.3. Results……………………………………………………………………...96.
3.3.1. Water composition………………………………………………….96.
3.3.1.1.
pH…………………………………………………………...96.
3.3.1.2.
Chloride……………………………………………………..98.
3.3.1.3.
Alkalinity………………………………………………….101.
3.3.1.4.
Dissolved iron……………………………………………..104.
3.3.1.5.
Total iron…………………………………………………..106.
3.3.1.6.
Sulphate……………………………………………………109.
3.3.1.7.
Sodium…………………………………………………….110.
3.3.1.8.
Magnesium………………………………………………...112.
3.3.1.9.
Calcium……………………………………………………114.
3.3.1.10. Potassium………………………………………………….116.
3.3.1.11. δD………………………………………………………….118.
3.3.1.12. δ18O………………………………………………………..119.
3.3.1.13. Water geochemistry summary…………………………….120.
3.4. Discussion………………………………………………………………...124.
3.4.1. Water composition………………………………………………...124.
3.4.2. River water geochemistry…………………………………………125.
3.4.3. Seawater geochemistry……………………………………………126.
3.4.4. Estuary water geochemistry……………………………………….129.
3.4.4.1.
Iron within the estuarine system…………………………..140.
3.4.4.2.
Influence of the estuarine turbidity maximum zone………142.
3.4.4.3.
δD and δ18O in the estuarine waters……………………….144.
3.4.4.3.1.
Evaporation within the system…………………….144.
3.4.4.3.2.
Evaporation model………………………………...147.
3.4.4.3.3.
Other fractionation processes within the estuarine
environment………………………………………………158.
3.5. Synthesis………………………………………………………………….162.
3.6. Conclusions……………………………………………………………….164.
4. FIELD STUDY 1 – VARIATIONS IN SUSPENDED PARTICULATE
MATTER AND SURFACE SEDIMENTS IN THE ANLLÓNS ESTUARY,
NORTHERN SPAIN………………………………………………………...166.
4.1. Abstract………………………………………………………………….166.
4.2. Introduction………………………………………………………………167.
4.2.1. Introduction of minerals into the system………………………….168.
4.2.2. The Anllóns system………………………………………………..171.
ii

4.2.2.1.
Hinterland geology………………………………………...172.
4.2.2.2.
Local soils…………………………………………………173.
4.2.2.3.
Hydrological regime of the Anllóns River………………...174.
4.2.2.4.
Galician climate…………………………………………...174.
4.2.3. Sampling efforts…………………………………………………...177.
4.2.3.1.
Mineralogical analysis…………………………………….178.
4.3. Results……………………………………………………………………181.
4.3.1. Geology and soils…………………………………………………181.
4.3.2. End-member suspended sediments………………………………186.
4.3.2.1.
River water suspended sediments…………………………186.
4.3.2.2.
Seawater suspended sediments……………………………187.
4.3.3. In-estuary suspended particulate matter variations………………..188
4.3.4. Surface sediment mineralogical variations………………………..198.
4.4. Discussion………………………………………………………………...200.
4.4.1. End-member suspended particulate matter………………………..200.
4.4.2. In-estuary suspended particulate matter…………………………..203.
4.4.3. Surface sediment variations……………………………………….207.
4.5. Synthesis…………………………………………………………………213.
4.6. Conclusions………………………………………………………………218.
5. FIELD STUDY 2 – SPATIAL AND TEMPORAL VARIATIONS IN THE
WATER GEOCHEMISTRY AND SURFACE SEDIMENTS OF THE
LEIRÁRVOGUR ESTUARY, SOUTH-WEST ICELAND……………….220.
5.1. Abstract…………………………………………………………………...220.
5.2. Introduction……………………………………………………………….221.
5.2.1. The Leirárvogur Estuary…………………………………………..225.
5.2.2. Local geology…………………………………………………...…226
5.2.3. Local soils…………………………………………………………228.
5.2.4. Water sampling efforts…………………………………………….230.
5.2.5. Sediment sampling efforts……………………………………….232.
5.2.6. Analytical techniques…………………………………………….234.
5.2.6.1.
Water analyses…….………………………………………234.
5.2.6.2.
Particulate matter and surface sediment analyses…………236.
5.2.6.3.
Aqueous analyses quality control…………………………238.
5.3. Results……………………………………………………………………239.
5.3.1. Water composition………………………………………………...239.
5.3.1.1.
End-members……………………………………………..239.
5.3.1.1.1.
pH…………………………………………………240.
5.3.1.1.2.
Chloride……………………………………………241.
5.3.1.1.3.
Bicarbonate………………………………………..242.
5.3.1.1.4.
Dissolved iron……………………………………243.
5.3.1.1.5.
Total iron…………………………………………..244.
5.3.1.1.6.
Sulphate……………………………………………245.
5.3.1.1.7.
Sodium…………………………………………….246.
5.3.1.1.8.
Potassium…………………………………………247.
5.3.1.1.9.
Magnesium………………………………………...248.
5.3.1.1.10.
Calcium……………………………………………249.
5.3.1.1.11.
δD………………………………………………….250.
5.3.1.1.12.
δ18O………………………………………………..251.
5.3.1.2.
In estuary tidal cycle samples……………………………..252.
iii

5.3.1.2.1.
pH…………………………………………………252.
5.3.1.2.2.
Chloride……………………………………………255.
5.3.1.2.3.
Bicarbonate………………………………………..257.
5.3.1.2.4.
Dissolved iron……………………………………259.
5.3.1.2.5.
Total iron…………………………………………..261.
5.3.1.2.6.
Sulphate……………………………………………263.
5.3.1.2.7.
Sodium…………………………………………….265.
5.3.1.2.8.
Potassium…………………………………………267.
5.3.1.2.9.
Magnesium………………………………………...269.
5.3.1.2.10.
Calcium……………………………………………271.
5.3.1.2.11.
δD………………………………………………….273.
5.3.1.2.12.
δ18O………………………………………………..275.
5.3.1.3.
Summary of water geochemistry……………………….....277.
5.3.2. Sediment composition……………………………………………..283.
5.3.2.1.
Fine fraction surface sediments…………………………...285.
5.4. Discussion………………………………………………………………...287.
5.4.1. Water composition………………………………………………...287.
5.4.1.1.
Seawater geochemistry……………………………………287.
5.4.1.2.
River water geochemistry…………………………………290.
5.4.1.2.1.
The Leirá River……………………………………290.
5.4.1.2.2.
The Láxa River……………………………………292.
5.4.1.2.3.
The Lake stream…………………………………...293.
5.4.1.2.4.
The freshwater input………………………………294.
5.4.1.3.
Estuary water geochemistry……………………………….297.
5.4.1.3.1.
Bulk water chemistry……………………………...297.
5.4.1.3.2.
Iron in the estuarine system……………………….303.
5.4.1.3.3.
Isotope fractionation………………………………308.
5.4.2. Sediment composition……………………………………………..318.
5.5. Synthesis………………………………………………………………….324.
5.6. Conclusions……………………………………………………………….326.
6. THE ROLE OF RIVER WATER GEOCHEMICAL CHANGES ON CLAY
DISSOLVED IRONFORMATION AND DISTRIBUTION IN ESTUARIES,
EVIDENCE FROM TWO FIELD STUDIES (SYNTHESIS AND
CONCLUSIONS)…….....................................................................................328.
6.1. Introduction ………………………………………………………………328.
6.2. Where is iron lost in an estuary?.................................................................330.
6.3. What is the role of changing water geochemistry on mineral formation in
estuaries?…………………………...……………………………………..336.
6.4. What is the role of hinterland geology on clay mineral distributions in
estuaries?..………………………………………………………………341.
6.5. What are the physical characteristic of soils that are important in clay
mineral formation?......................................................................................346.
6.6. What physical processes may be responsible for clay mineral distribution in
estuaries?.....................................................................................................350.
6.7. Summary of conclusions………………………………………………….352.
6.8. Research implications and applications.....……………………………….353.
6.8.1. Considerations for upstream research and assessment……………354.
6.8.2. Understanding modern estuarine environments…..……………….356.

iv

7. SUGGESTED FUTURE RESEARCH PROGRAMMES TO FURTHER
UNDERSTAND EARLY DIAGNESIS IN MODERN ESTAURINE
ENVORNMENTS …………………………………………………………...360.
7.1. Introduction……………………………………………………………….360.
7.2. Documenting the change in water chemistry composition in an
experimentally simulated estuarine environment and the effect this has on
clay mineral formation …………………………………………………...361.
7.2.1. Potential experimental setup………………………………………362.
7.2.1.1.
Work to be carried out in the field………………………...363.
7.2.1.2.
Laboratory analysis………………………………………..364.
7.3. Core description and interstitial pore water analysis……………………..365.
7.4. Worm tank experiments and changes in water geochemistry……………366.
8. REFERENCES……………………………………………………………….368.
9. APPENDICES……………...………………………………………………...388.
9.1. Appendix I…………………………………………………………………….
9.1.1. Ion Chromatography…………………………………………………...
9.1.1.1.
IC Calibration…………………………………………………..
9.1.1.2.
Anion Drift Calculations……………………………………….
9.1.1.3.
Cation Drift Calculations………………………………………
9.1.2. Titrations……………………………………………………………….
9.1.2.1.
Alkalinity Manual Titrations 2009……………………………..
9.1.2.2.
Chloride Titrations 2012……………………………………….
9.2. Appendix II……………………………………………………………………
9.2.1. Water Sample Locations……………………………………………….
9.2.2. Bulk Water Compositions……………………………………………...
9.3. Appendix III…………………………………………………………………...
9.3.1. Anllóns XRD…………………………………………………………..
9.3.2. Leirárvogur XRD………………………………………………………
9.4. Appendix IV…………………………………………………………………..
9.4.1. SEM Anllóns Worm Casts……………………………………………
9.4.2. SEM Leirárvogur Filter Papers………………………………………...
9.4.3. SEM Leirárvogur Worm Casts………………………………………...
9.5. Appendix V……………………………………………………………………
9.5.1. Anllóns Evaporation Model……………………………………………
9.5.2. Evaporation Model Notes……………………………………………
9.6. Appendix VI…………………………………………………………………..
9.6.1. Leirárvogur Evaporation Model………………………………………
9.6.2. Evaporation Model Notes……………………………………………...
9.7. Appendix VII………………………………………………………………….
9.7.1. Byrne et al. (2011)……………………………………………………..
9.7.2. Extended Pilot Studies I………..………………………………………
9.7.3. Extended Pilot Studies II………………………………………………

v

List of figures
Chapter 1.
Figure 1. Schematic representative images of features seen in petroleum
reservoirs……………………………………………………………………………..2.
Figure 2. A schematic of the clay cycle, adapted from Merriman (2005)…………..5.
Figure 3. The structure of common clay minerals…………………………………12.
Figure 4. A schematic of conservative versus non-conservative mixing in
waters.........................................................................................................................15.
Figure 5. The relationship between filterable iron and the size ranges of particles,
colloids, nanoparticles and aqueous species of iron in solution……………………17.
Figure 6. A schematic of an estuary at high and low tide………………………….19.
Figure 7. A schematic of electrostatic repulsion and attraction……………………21.

Chapter 2.
Figure 1. Graph of the manual calibration for Sodium…………………………….51.
Figure 2. Graph of the manual calibration for Potassium………………………….52.
Figure 3. Diagrammatic representation of the excitation processes (adapted from
Boss & Fredeen, 1997)……………………………………………………………..53.
Figure 4. Schematic of a basic Atomic Emission Spectrometer…………………..54.
Figure 5. Diagrammatic representation of the excitation, ionization and emission
processes (adapted from Boss & Fredeen, 1997)…………………………………...55.
Figure 6. Graph plotting Drift Corrected δ18O values against known δ18O values
(DSW2,
DW2/2
and
EKS2)
for
a
single
analytical
run…………………………………………………..................................................66.
Figure 7. Graph plotting Raw δ18 O values against run number position (DW2/2) for
a single analytical run………………………………………………........................66.
Figure 8. Representative XRD diffractograms of estuary fine fraction sub-sample
from the Anllóns estuary……………………………………………………………73.

Chapter 3.
Figure 1. Map of the drainage basin hinterland geology, from Devesa-Rey et al.
(2011).………............................................................................................................87.

vi

Figure 2. Anllóns Estuary map and sample locations……………………………...90.
Figure 3. The measured pH values for a range of waters within the Anllóns
system………………………………………………………………………………98.
Figure 4. Chloride concentrations for all of the collected Anllóns water
samples…………………………………………………………………………….101.
Figure 5. Alkalinity in the Anllóns system……………………………………….102.
Figure 6. Dissolved iron in the Anllóns system…………………………………..105.
Figure 7. Total iron in the Anllóns system………………………………………..107.
Figure 8. Sulphate concentrations in the Anllóns system………………………...109.
Figure 9. Sodium concentrations over the tidal cycle…………………………….111.
Figure 10. Magnesium concentrations over the tidal cycle………………………113.
Figure 11. Calcium concentrations over the tidal cycle…………………………..115.
Figure 12. Potassium concentrations over the tidal cycle………………………117.
Figure 13. δD compositions over the tidal cycle…….............................................118.
Figure 14. δ18O variations over the tidal cycle…………………………………...120.
Figure 15. A schematic of the average ionic compositions of the Anllóns waters in
the 2009 spot samples and 2010 L1……………………………………………….122.
Figure 16. A schematic of the average ionic compositions of the Anllóns waters in
the 2010 L2 and L3 waters………………………………………………………...123.
Figure 17. A schematic of the salt wedge effect (McLusky & Elliott, 2004)…….130.
Figure 18. A comparison of the major cations versus chloride from the water
samples…………………………………………………………………………….134.
Figure 19. Cross plots of magnesium and calcium versus pH and bicarbonate…..135.
Figure 20. Calcite saturation states of the Anllóns waters through time…………138.
Figure 21. Dolomite saturation states of the Anllóns waters through time……….139.
Figure 22. Iron concentrations versus chloride in the Anllóns system…………...141.
Figure 23. A summary of iron in the Anllóns system…………………………….144.
Figure 24. Isotopic composition of the Anllóns waters…………………………..145.
Figure 25. Cross plot of chloride versus δ2H and δ18O from the Anllóns
waters……………………………………………………………………………...146.
vii

Figure 26. Simple mixing line shown representing physical mixing of river water
and seawater in the estuary………………………………………………………..154.
Figure 27. Isotopic-Fractionation evaporation line of the modelled data………...155.
Figure 28. Iso-Frac evaporation line of the modelled Chloride = 100 mg/L
series………………………………………………………………………………157.
Figure 29. Aqueous sulphate concentrations cross plotted against both chloride
concentrations and 18O…………………………………………………………….160.

Chapter 4.
Figure 1. Map of the drainage basin hinterland geology, from Devesa-Rey et al.
(2011)……………………………………………………………………………172.
Figure 2. The Anllóns Estuary map and sample locations…..……………………178.
Figure 3. XRD identification of carbonate minerals in the surface sediments within
the Anllóns Estuary.……………………………………………………………….180.
Figure 4. Thin section images a selection of the local geology……..……………183.
Figure 5. Thin section images a selection of the local geology……..……………184.
Figure 6. Average suspended load of the Anllóns River…..…………………….187.
Figure 7. Average suspended load of the seawater from the Ría de Corme e
Laxe………………………………………………………………………………..188.
Figure 8. Suspended load of the waters at low tide……………………………190.
Figure 9. Geographical variations in water composition at low tide……………..191.
Figure 10. Suspended load of the waters at mid tide……………………………192.
Figure 11. Geographical variations in water composition at mid tide……………193.
Figure 12. Suspended load of the waters at high tide…………………………….194.
Figure 13. Geographical variations in water composition at high tide…………195.
Figure 14. Suspended particulate matter variations within the Anllóns Estuary over
time………………………………………………………………………………197.
Figure 15. Surface sediment sample locations within the Anllóns estuary………198.
Figure 16. Surface sediment mineralogical trends..................................................199.
Figure 17. The fine fraction mineralogy of the Anllóns drainage local soils.........208.
Figure 18. Calcite and dolomite saturation states of the waters from the Anllóns
Estuary…………………………………………………………………………….210.
viii

Figure 19. Three transects across the Anllóns Estuary and through a range of
depositional environments………………………………………………………...211.
Figure 20. An image of the worm cast populations in the muddy sands of the
Anllóns Estuary (Figure 20a)……………………………………………………213.
Figure 21. Summary of both the suspended particulate matter distributions and the
surface sediment mineralogy throughout the Anllóns estuary…………………….215.

Chapter 5.
Figure 1. Map of the drainage basin hinterland geology…………………………227.
Figure 2. Leirárvogur Estuary map and sample locations………………………..231.
Figure 3. Surface sediment sample locations within the (a) Leirárvogur Estuary and
(b) drainage basin………………………………………………………………….233.
Figure 4. End-member pH data for the Leirárvogur estuary samples.……………241.
Figure 5. Chloride concentrations of the seawater and river waters in the Leirárvogur
Estuary…………………………………………………………………………….242.
Figure 6. Bicarbonate concentrations of the seawater and river waters in the
Leirárvogur Estuary.………………………………………………………………243.
Figure 7. Dissolved iron concentrations of the seawater and river waters in the
Leirárvogur Estuary…………………………….…………………………………244.
Figure 8. Total Iron concentrations of the seawater and river waters in the
Leirárvogur Estuary.………………………………………………………………245.
Figure 9. Sulphate concentrations of the seawater and river waters in the Leirárvogur
Estuary…………………………………………….………………………………246.
Figure 10. Sodium concentrations of the seawater and river waters in the
Leirárvogur Estuary…………………………………….…………………………247.
Figure 11. Potassium concentrations of the seawater and river waters in the
Leirárvogur Estuary………………………………………………………...……..248.
Figure 12. Magnesium concentrations of the seawater and river waters in the
Leirárvogur Estuary……………………………………………………………….249.
Figure 13. Calcium concentrations of the seawater and river waters in the
Leirárvogur Estuary……………………………………………….………………250.
Figure 14. Figure 14. δD values of the seawater and river waters in the Leirárvogur
Estuary…………………………………………………………………………….251.
Figure 15. δ18O values of the seawater and river waters in the Leirárvogur
Estuary……………………………………………………………….……………252.
ix

Figure 16. pH variations throughout tidal cycle sampling efforts in 2009 and
2010………………………………………………………………………………..254.
Figure 17. Chloride variations throughout tidal cycle sampling efforts in 2009 and
2010……………………..…………………………………………………………256.
Figure 18. Bicarbonate variations throughout tidal cycle sampling efforts in 2009
and 2010…………...………………………………………………………………258.
Figure 19. Dissolved iron variations throughout tidal cycle sampling efforts in 2009
and 2010.………………………………………………………………………...260.
Figure 20. Total iron variations throughout tidal cycle sampling efforts in 2009 and
2010...……………………………………………………………………………..262.
Figure 21. Sulphate variations throughout tidal cycle sampling efforts in 2009 and
2010.………………………………………………………………………………264.
Figure 22. Sodium variations throughout tidal cycle sampling efforts in 2009 and
2010.………………………………………………………………………………266.
Figure 23. Potassium variations throughout tidal cycle sampling efforts in 2009 and
2010………………………………………………………………………………268.
Figure 24. Magnesium variations throughout tidal cycle sampling efforts in 2009
and 2010…………………………………………………………………………...270.
Figure 25. Calcium variations throughout tidal cycle sampling efforts in 2009 and
2010..………………………………………………………………………………272.
Figure 26. δD variations throughout tidal cycle sampling efforts in 2009 and
2010………………………………………………………………………………..274.
Figure 27. δ18O variations throughout tidal cycle sampling efforts in 2009 and
2010………………………………………………………………………………..276.
Figure 28. The average ionic compositions of some of the waters collected within
the Leirárvogur Estuary………………………..….………………………………278.
Figure 29. The average ionic compositions of some of the waters collected within
the Leirárvogur Estuary………………………..….………………………………280.
Figure 30. The average ionic compositions of some of the waters collected within
the Leirárvogur Estuary………………………..….………………………………282.
Figure 31. XRD diffractogram of a lake-fed mixed water filter paper from the
Leirárvogur Estuary.………………………………………………………………283.
Figure 32. Fine fraction XRD diffractogram of surface sediments from the
Leirárvogur Estuary.……………………...……………………………………….284.
Figure 33. Surface sediments and soil sine fraction mineralogy…………………286.
x

Figure 34. End-member isotopic compositions…………………………………..295.
Figure 35. Iron (oxyhydr)oxide mineral precipitation on the surface of soils within
close proximity to the lake water sample location………………………………...297.
Figure 36. Major cation compositions of the water versus chloride……………...299.
Figure 37. The chemical saturation state for each sample was assessed using the
extended Debye-Huckle rule…………………………………………...………….302.
Figure 38. The behaviour of dissolved and total iron in the Leirárvogur
Estuary.....................................................................................................................304.
Figure 39. A schematic of the fate of iron in the Leirárvogur Estuary……….…..307.
Figure 40. The isotopic compositions of the mixed waters of the Leirárvogur
Estuary…………………………………………………………………………….309.
Figure 41. δD and δ18O versus chloride…………………………………………..311.
Figure 42. A model of δD and δ18O versus chloride to estimate evaporation……312.
Figure 43. Sulphate versus δ18O and chloride…………………………………….316.
Figure 44. SEM images of particulate matter on the filter papers of the Leirárvogur
Estuary………….…………………………………………………………………323.

Chapter 6.
Figure 1. A schematic showing the fate of iron within the estuarine
environment……………………………………………………………………….331.
Figure 2. A summary of the fate of iron in the Anllóns Estuary……………….…332.
Figure 3. A summary of the fate of iron in the Leirárvogur Estuary……………..333.
Figure 4. Fine fraction surface sediment mineralogy…………………………….337.
Figure 5. Relative mineral percentages in the Anllóns suspended load…………..338.
Figure 6. Schematic identifying locations of evaporation at low tide……………340.
Figure 7. Percentage of each clay mineral (and gibbsite) present in the transects of
the surface sediments of the Anllóns estuary……………………………………...343.
Figure 8. Percentage of each clay mineral present in the transect of the surface
sediments of the Leirárvogur Estuary……………………………………………..344.
Figure 9. Summary diagram of the dominant controls on clay mineral formation and
distribution in modern estuaries.…………………………………………………..349.

xi

Figure 10. A cartoon demonstrating the role of mixing freshwater and seawater in
the flocculation and resuspension of previously deposited material……………351.

xii

List of tables
Chapter 1.
Table 1. Common iron bearing minerals present at, or near, the Earth’s surface…...8.

Chapter 2.
Table 1. Calculations used to make up stock standard solutions for anion
analysis.………………..............................................................................................44.
Table 2. Standards were made up to the following concentrations using the stock
solutions previously made…………………………………………………………..45.
Table 3. The relative standard deviations and correlation coefficients for the six
anions when a solution of Sodium Carbonate and Sodium Bicarbonate mobile phase
is used……………………………………………………………………………….46.
Table 4: Calculations used to make up stock standard solutions for cation
analysis……………………………………………………………………………...47.
Table 5. Standards were made up to the following concentrations using the stock
solutions discussed above. As with anion standard preparation, where higher
concentrations of stock solutions were required to make standards, the amount of salt
used was increased accordingly…………………………………………………….48.
Table 6. The relative standard deviations and correlation coefficients for the six
cations when an Oxalic Acid mobile phase is used……………...............................49.
Table 7. δD and δ18O values of international and in-house standards as measured on
the DeltaV Plus and Gas Bench II system………………………………………….61.
Table 8: Band width and associated bond types and mineral identifications, table
derived from Farmer, 1974, Hornibrook & Longstaffe (1996), Herron et al. (1997)
and Yang et al. (2012)………………………………………………………….......78.

Chapter 3.
Table 1. Minerals present in the geology of Northern Spain, as discussed by
Dallmeyer et al. (1997).……………………………………………….....................88.
Table 2. Using known reported values of open ocean water ionic composition, the
percentage mixing of the local seawater was estimated……………......................129.
Table 3. An excerpt from the evaporation model detailing the use of both the
Dansgaard and Cappa et al. data to derive an estimated δ18O remaining for a given
chloride concentration.……………………………….............................................152.

xiii

Chapter 4.
Table 1. XRD mineralogy of the eight local geology specimens from the Anllóns
drainage basin.……………………….....................................................................182.
Table 2. Soil mineralogy of the samples collected within the Anllóns River drainage
basin………………………………………………….……………………............185.
Table 3. The XRD concentrations of the fine fraction material from the suspended
particulate load of the river water and seawater end-members.............................202.

Chapter 5.
Table 1. Comparison of river water and seawater compositions…………………289.
Table 2. Summary of iron loss in the Leirárvogur Estuary………………………308.

Chapter 6.
Table 1. Summary of iron loss in the Anllóns Estuary…………………………334.
Table 2. Drainage basin estimations……………………………………………...335.

Chapter 7.
Table 1. Suggested mixing ratios for the water geochemistry mixing
experiment…………………………………………………………………………364.

Chapter 9.
Table 1. Supplementary data described below will shortly be provided in journal
publications..………………………………………………………………………388.

xiv

Acknowledgements
There are a lot of people who have supported and encouraged me throughout my
academic career and now is the time for me to thank them. Firstly, I would like to
thank my immediate family; mam, dad, Michelle, Gillian, Robert and Chris. You
have put up with my stubborn ways and wayward travelling without ever really
understanding what I do! Thank you all for the emotional support.
I would also like to say a massive thank you to my future husband, Craig. We met at
the beginning of this PhD and you have helped see me through it. Thank you for
taking time to listen to me when panicked/frustrated/hysterical throughout this
degree. Thanks for all of the advice on stable isotopes and the heated discussions on
iron minerals and which is more important (e.g. silicates vs. sulphides). You have
supported me through the roller-coaster that has been my PhD and I hope that the rest
of our lives together will not be as sinusoidal.
I would also like to thank my two supervisors, Richard and Dave. Thanks for all of
the advice received, the frank edits to everything that I have ever written and the
tangents that you have sent me on which have resulted in me having a more rounded
thesis. It was your vision and enthusiasm that resulted in me taking up this research
project and I thank you for having the faith in me to do it. I would also like to thank
the consortia who have sponsored this research (BP, Chevron, ConocoPhillips, ENI,
ExxonMobil, Petrobras, Shell and Statoil) as without industry funding I would not
have been able to partake in such an exciting project in a UK university. Thank you
to all of the company representatives for their insight and encouragement throughout.
I would specifically like to thank Rosario Scheerhorn, Andy Thomas and Simon
Clinch from Chevron (my future colleagues) and Joann Welton, Marsha French, Bob
Klimentidis and Lee Esch from ExxonMobil. My two PhD ‘stress breaks’ in
Houston with you all have given me the opportunity to see the potential significance
of this research and to learn new ways to interpret and understand my dataset.
I would like to thank Dave Polya and Paul Lythgoe at the University of Manchester
for help in obtaining the iron data. I would also like to thank Adrian Boyce, Craig
and Alison MacDonald at SUERC for their help and advice with the stable isotopes
in this research. I will forever be indebted to Mark Andrew, technical manager at
Expro ADS in Southampton for all of your advice regarding the pitfalls in Ion
Chromatography and for allowing me to run my samples in your lab. You were the
knight in shining armour that I really needed in April 2012. Thank you. I would like
to thank some of the academics at the University of Liverpool who have been
interested in my work and encouraged me, as well as providing advice when
struggling with calibration issues; Jim Marshall, Stan van den Berg, Richard
Chiverrell, Pete Kokelaar and George Wolff. I would also like to thank Steve
Crowley, Carmel Pinnington, Anu Thompson and Alan Henderson for all of their
technical support. Without the last five people in particular, my research may have
been a lot more difficult to carry out. I would also like to thank my examiners,
Simon Poulton and Pascal Salaün, for their time and insight.
Special thanks to my two house-mates in Liverpool, Johnald and Tasha. John thanks
for the random food combinations, hung over house cleaning and inability to see
xv

coffee tables, instead just walking straight into them. Tasha, thank you for the need
to distress by watching girly films, eating loads of cheese and baking cakes! It is
fantastic that neither of us ended up putting on a tonne of weight while living
together for two years! I would also like to acknowledge my two office (a.k.a. the
Casa pub) mates, Paddy and Jummings. Paddy thank you for all of your emotional
support throughout this research project. You have been there through every step, in
the frustrating times and the good. I am very grateful that we were given this
opportunity to work together. As for Jummings, well, what can I say? Thanks for the
milky tea, rants on society and the exploding lunches, though not the ones that
exploded on me. I would also like to thank James Utley for all of his advice
regarding XRD, wine and beer, among many other things. Thanks for the coffee
breaks and chocolate biscuits. And thank you to my kitty babies, Freyja and Lisbeth,
for keeping me company while I write, even though I may now be a crazy cat lady!
I would like to take this opportunity to thank my field assistants; James, Paddy, Kate,
Ehsan and Gemma. Without your help in the field, collecting, filtering and titrating,
I may not have survived fieldwork alone! Cheers guys. I would also like to thank
my gym buddies for keeping the stress levels down and endorphin levels up, Kirstie
(my partner in crime most days), Lis, Laura R-A, Megan, Emma, Leanne and my
running ‘partner’ Lola. Another thank you to my beer buddies; Nichola, Victoria,
Taylor, Rob Rich, Ed, Lini, Eddie, Rhodri, Amandine, Katrien, James H, Erik, Nino,
Tom, Christina, Ludo, Virginie, Claire M, George, Emma M, Kelly, Laura F, Holly,
Nicola E, Vijay, Kris and Clare D. I would also like to say a massive thank you to
my male ‘bridesmaid’ Pete for all of his advice and help throughout this project.
Even when you left Liverpool, I still badgered you about the project! Thanks for
being there through PhD related and personal ups and downs. I will miss Liverpool Eureka, the Casa, the Ship & Mitre and the Krazyhouse - mainly because I will miss
all of the friends I have made there who shared nights out in these places with me.
I would also like to thank Jorge Cham (cartoonist, Piled Higher and Deeper) for the
many realistic PhD scenarios that made me realise that I’m not alone in PhD hell.
Thanks to Victor Hugo/Claude-Michel Schonberg and Gregory Maguire/Stephen
Schwartz for the inspiration and music of Les Misérables and Wicked (I like
musicals) as these got me through the write up stage. I would also like to
acknowledge the world of Marvel for my frequent escapes from reality!
Finally, I would like to dedicate this thesis to my mam, Mary. You always believed
in me and encouraged me in everything that I have ever done. It was you who
showed me that with a little determination and a lot of work, I could achieve
anything.
“Listen, being a PhD student and working with a Professor is a lot like a marriage.
Well, the thing typically lasts five to seven years, fifty per cent of them end in a
bitter divorce and it all culminates in a big ceremony where you walk down the
aisle in a fancy gown.” – Jorge Cham
“The fact that we live at the bottom of a deep gravity well, on the surface of a gas
covered planet going around a nuclear fireball 90 million miles away and think
this to be normal is obviously some indication of how skewed our perspective tends
to be.” – Douglas Adams
xvi

Abstract
In deeply buried petroleum reservoirs, authigenic iron-rich chlorite coats on sand
grains act as barriers between silica-rich waters and the host grain and inhibit the
generation of authigenic quartz cements leading to anomalously high porosity and
permeability in sandstones. The origin and distribution of iron-rich chlorite grain
coats in the deep subsurface is poorly constrained. To address this, the formation
processes and geographic distribution of potential precursor minerals to authigenic
iron-rich chlorite grain coats, such as berthierine, have been investigated in two
modern estuarine analogues. Estuarine environments are important locations of
soluble iron-loss and mineral flocculation, and links between water geochemistry
variation, climate, local geology and clay mineral distributions are here addressed.
The two estuaries investigated, in NW Spain and SW Iceland, have contrasting
climates and hinterland geology, which are major controls in clay mineral types
present in the local soils and within the estuary. The formation and distribution of all
minerals present in the estuarine environment have been considered. In NW Spain,
kaolinite, illite-muscovite and chlorite are the dominant clay minerals in the fine
fraction of both the soils and estuary sediments and are present in the estuary surface
sediments in similar bulk ratios to the local soils. In SW Iceland, smectite,
vermiculite and chlorite are the dominant clay minerals in the fine fraction of the
local soils and estuary sediments. They are also present in similar bulk ratios in both
the soils and in-estuary sediments. Precipitation of neoformed carbonate mineral
occurs in the lower estuary reaches of the Spanish estuary but is not evident in the
Icelandic estuary. Evaporation and the corresponding supersaturation of mixed
waters are responsible for carbonate mineral formation, highlighting the significance
of climate on mineral type within estuarine systems.
Dissolved iron is lost within the estuarine turbidity maximum zone, in the presence
of relatively small proportions of seawater in the upper reaches of the two estuaries.
In NW Spain, 37% is removed from the water by the upper reaches and 98% is
removed by the middle reaches. In SW Iceland, 91% is removed from the water in
the upper reaches while all is removed by the middle reaches. The estuarine turbidity
maximum zone is responsible for the re-suspension of solid iron phases, resulting in
elevated particulate iron in the upper estuary reaches. In NW Spain, particulate iron
increases from the riverine input by 54% in the upper reaches while in SW Iceland,
particulate iron increases from the river and stream inputs by 242% in the upper
reaches of the estuary. Within the surface sediments of both estuaries, there is minor
variation in clay mineral distribution of the fine fraction of the surface sediments
from the upper reaches to the lower estuary.
Provenance is a dominant control on the clay mineral type present in modern
environments. Climatic regime and estuarine circulation processes are also factors
with regards to clay distribution within the estuarine environment. This study has led
to an enhanced understanding of early diagenesis, such as the location of iron loss
and deposition in estuaries, the role of provenance, climate and freshwater input in
clay mineral type formation and how evaporation may introduce early diagenetic
cements into modern estuaries and will lead to future research development and
predictive models relative to iron-rich chlorite grain coat distribution.
xvii

Chapter 1. Introduction
1.1. Porosity-preserving iron-rich chlorite

Finding petroleum reservoirs with enhanced porosity at greater exploration depths is
increasingly important as the demand for energy rises. In sandstone reservoirs, the
main cause for porosity- and permeability-loss in the subsurface is the growth of
authigenic quartz cements at depths of >2.5km (>80ºC) in the subsurface (McBride,
1989; Worden & Morad, 2000; Paxton et al., 2002). Quartz cementation is currently
regarded as being limited by quartz precipitation rate with the source of the silica and
the transport rate being subordinate controls (Worden and Morad, 2000). However,
not all sandstones at depths of >2.5km (and >80ºC) are quartz cemented. Due to the
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early emplacement of oil, porosity may be preserved in petroleum reservoirs
(Worden et al., 1998; Sathar et al., 2012) as transport rate through the aqueous
medium is inhibited by the presence of oil and the silica saturated pore waters are not
in contact with the host grains thus preventing nucleation of authigenic quartz
crystals (Bloch et al., 2002). Porosity may also be enhanced due to the growth of
microscrystalline quartz crystals (Bloch et al., 2002; French et al., 2012; French &
Worden, 2013). Although clays are commonly pore throat clogging, i.e. illite and
smectite as seen in Figure 1 (Morris & Shepperd, 1982; Salem et al., 2005), there are
some clay minerals that will preserve porosity in the deep subsurface, i.e. iron-rich
chlorite (Ehrenberg, 1993; Hillier, 1994; Bloch et al., 2002).

Figure 1. Schematic representative images of features seen in petroleum reservoirs.
1a) presents an example of clean sandstone that has good porosity, i.e. the blue
intergranular space (Schlumberger Oilfield Glossary); 1b) exhibits a sandstone with
authigenic quartz cementation, clogging the pore space (Al-Ramadan et al., 2004);
1c) presents a clay coated sandstone where porosity is again reduced due to the
clogging of pore space with illite (Salem et al., 2005); and 1d) presents another type
of clay coating, where porosity is persevered due to this fine coating (Bloch et al.,
2002).
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Iron-rich chlorite [a representative formula being (Fe2+8Mg2Al2)(Si6Al2O20)(OH)16] is
a grain-coating mineral commonly found in ancient estuarine settings (Dowey et al.,
2012) however, it does not directly form in surface environments. Fe-rich chlorite is
considered to form authigenically in the subsurface, due to the presence of precursor
clays (Aagaard et al., 2000).

Berthierine, [(Fe,Fe,Mg)2-3(Si,Al)2O5(OH)4], is an

aluminous Fe2+ and Fe3+, 7Å clay of the green clay facies, which can form at or
below the sediment-water interface in marginal marine environments (Worden &
Morad, 2003). This mineral has been identified as a precursor mineral to Fe-rich
chlorite (Aagaard et al., 2000). It is likely that any iron bearing clay mineral and iron
oxide present in modern environments have the potential to be precursors to Fechlorite.

Fe-rich chlorite is predominantly identified in ancient marginal marine successions in
the subsurface (e.g. Dowey et al. 2012); the focus of this research has therefore been
on the formation of clay minerals in such environments.

Understanding the

formation and distribution of iron-bearing clay minerals in modern environments will
help lead to more accurate predictive models for Fe-rich chlorite distribution in
ancient, deeply buried sandstones in the subsurface that can be integrated into
regional exploration, reservoir appraisal and field development programmes by oil
companies to help improve reservoir quality prediction.
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1.1.1. Clay minerals in estuaries

Clay minerals are phyllosilicate minerals, i.e. layered silicate minerals that
commonly form due to the chemical weathering of existing silicate minerals
(typically in igneous or metamorphic rocks but also pre-existing sedimentary rocks)
at the surface of the Earth (Berner & Berner, 2012). Commonly, they are referred to
as secondary minerals due to their formation as a weathering product. Clay minerals
are found in soils (Berner & Berner, 2012) and can form due to the breakdown of
many minerals, with important exceptions being carbonate minerals and quartz
(Merriman, 2005). Weathering of newly exposed minerals is the first stage in the
clay cycle. Minerals that formed at high temperatures, such as those in basalt, are the
least stable minerals at Earth surface conditions (Merriman, 2005). The weathering
of clay minerals results in the formation of soils in a complex collection of processes
collectively known as pedogenesis. This process, along with weathering, is heavily
controlled by the climate (Berner & Berner, 2012). Reworking and transport of soil
material in water results in i) the deposition of clay minerals and ii) the eventual
sedimentation of these minerals (Berner & Berner, 2012). Once the clay minerals
have been deposited and buried during the sedimentation process, diagenesis results
in the alteration of the original clay mineral due to physical (stress and compaction)
and chemical (redox, water chemistry change, equilibrium-attainment) changes
during burial (Merriman, 2005). A schematic of the clay cycle is presented in Figure
2.
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Figure 2. A schematic of the clay cycle, adapted from Merriman (2005). Physical
and chemical weathering is the first step in clay minerals formation due to the
breakdown of existing mineral assemblages. Pedogenesis is the process that results
in the formation of soils, which are then entrained and re-deposited. Diagenesis is
the in-situ chemical, or biological, alteration of minerals after their deposition and
results in the formation of new minerals due to the alteration of existing precursor
phases.

As Fe-rich chlorite is commonly identified in subsurface estuarine and other
marginal marine successions (Dowey et al., 2012), it is important to understand
distributions of this mineral and all clay minerals that are present in subsurface
estuarine rocks.

Kaolinite, smectite and illite have been identified in estuarine

successions in the ancient (Thomas & Murray, 1989) and in modern estuarine
settings (Parham 1966; Edzwald and O'Melia, 1975; Gibbs, 1977). Experiments
have also been developed to understand the effect of increasing salinity on clays in
estuarine environments (Whitehouse & McCarter, 1958), where both kaolinite and
illite readily flocculate due to twice-daily the input of saline water into the estuary.
Iron may be present within clay mineral structures or as a substitute ion on the
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surface of the clay, as commonly seen in montmorillonite/smectite (Carroll, 1958).
Because Fe-rich chlorite forms due to the diagenetic alteration of precursor minerals,
it is important to consider all potential sources of iron, silica, aluminium and
magnesium within modern estuarine environments.

Trends observed in clay

minerals, and other minerals in the modern environment, will lead to further
understanding of the formation and distribution of Fe-rich chlorite in ancient, deeply
buried sandstones.

1.1.1.1. Reverse weathering and clay mineral growth

The reverse weathering process and geochemical redox changes due to burial play a
major role in iron diagenesis. Reverse weathering is the process that results in the
growth of neoform clay minerals in oceans. When fluvial detrital minerals are
transported to the marine environment, geochemical reactions take place on i) the
surface of the mineral, or ii) the whole mineral, if the original mineral is not in
equilibrium with the surrounding seawater (Berner & Berner, 2012). Generally, a
more cation rich mineral forms due to the geochemical alteration of the initial detrital
mineral and this process also results in the production of CO 2 (Mackenzie & Garrels,
1966). The precipitation of K-Fe-Mg clay minerals in the Amazon delta sediments
has been attributed to this process (Michalopoulos & Aller, 1995; 2004) where due to
the presence of mobile Al and Si, from the breakdown of diatoms, K, Fe and Mg,
these neoform clay minerals precipitate.
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Many important redox reactions occur in near surface sediments during the early
diagenesis process. These sediments are mixtures of oxidised and reduced sediments
derived from both the terrestrial and marine environments containing reactive
minerals (Raiswell & Canfield, 2012). When iron oxides that are bound to organic
matter in the water column are deposited in the surface sediments, they can undergo
chemical alteration due to burial. In the anoxic zone, seawater SO42- is microbially
reduced to H2S under anoxic conditions (Berner, 1964, 1974), the available H2S
reacts with Fe2+ in the sediments to form pyrite (FeS2).

A simplified reaction

mechanism derived by Berner (1964, 1974) highlights the need for anoxic sediments
to contain three main ingredients for pyrite precipitation; i) organic matter, ii)
sweater sulphate and iii) iron oxides (Raiswell & Canfield, 2012, pp. 22). Sediments
containing this neoformed pyrite can be reworked by burrowing organisms, which
may lead to the reoxidation of Fe 2+ (Taylor and Macquaker, 2011). This is termed
the benthic iron shuttle and can lead to liberated iron being available for clay mineral
precipitation. In the near surface, iron is commonly identified in a number of
minerals (Table 1).
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Table 1. Common iron bearing minerals present at, or near, the Earth’s surface.
Mineral Class
Native or metal
form

Oxides and
Oxyhydroxides

Name

Representative Formula

Native iron

Fe

Ferrihydrite

Fe3+4-5(OH, O)12

Goethite

FeO(OH)

Lepidocroocite

Fe3+O(OH)

Hematite

Fe2O3

Maghemite

Fe2.67O4

Magnetite

Fe3O4

Green rusts

Fe(2+-3+)hydroxysalts
general formula:
[Fe2+(1 - x)Fe3+x(OH)2]x+.
[(x/n)An-.(m/n)H2O]x+.
where x is the ratio Fe3+/Fetot

Carbonates
Sulphides

Phosphates
Silicates

Siderite

FeCO3

Ankerite

Ca(Fe, Mg, Mn)(CO3)2

Pyrite

FeS2

Marcasite

FeS2

Pyrrhotite

Fe1-xS

Mackinawite

FeS

Greigite

Fe3S4

Vivianite

Fe3(PO4)2.8H2O

Strengite

FePO4.2H2O

Berthierine

(Fe2+, Fe3+, Al)3(Si, Al)2O5(OH)4

Chamosite

(Fe2+, Mg, Al, Fe3+, Al)6(Si, Al)4O10(OH, O)8

Glauconite

K, Mg(FeAl)(SiO3)63H2O

Greenalite

(Fe2+, Fe3+)2-3Si2O5(OH)4

Odinite
(Fe3+, Mg, Al, Fe2+)2.5(Si, Al)2O5(OH)4
Taken from Taylor & Konhauser, 2011
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1.1.1.2. Commonly identified clay minerals

XRD is widely used in the identification of clay minerals.

This technique is

primarily indicative of the structural aspects of the lattice and is more suitable for
identifying the structural groups and varieties present in clay mineralogy (Brindley,
1952). Different clay types are identified due to variations within in the crystal
structure of each individual mineral (Moore & Reynolds, 1996).

A 1:1 layer silicate is an assemblage of one tetrahedral sheet and one octahedral
sheet (Moore & Reynolds, 1996). Kaolinite group minerals are 1:1 layered silicates
(Deer et al., 1992). They have no interlayered cations and a basal spacing of 7.2 Å.
Kaolinite is the most important member of this group of sheet silicates, with rarer
polymorphs of dickite and nacrite, and when hydrated forms halloysite. Halloysite
differs in that its basal spacing is 10 Å however; the dehydrated form has a basal
spacing similar to the rest of the Kaolinite group minerals (Deer et al., 1992).

A 2:1 layered silicate is a sheet silicate containing two tetrahedral sheets and one
octahedral sheet. Illites, smectites and vermiculites are all 2:1 layered silicates.
Illite has a basal spacing of 10 Å and the principal interlayered cation is K (Deer et
al., 1992). Most illites are dioctahedral, like muscovite, but some are trioctahedral,
like biotite.

Most naturally occurring illites contain smectite layers, e.g.

montmorillonite and beidellite. The basal spacing of the illite is increased when
illite/smectite units are interlayered and the illite exhibits some of the characteristics
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of smcetite, i.e. swelling on treatment with glycol, collapse of layers upon heating
and cation exchange upon treatment with NaCl (Deer et al., 1992).

Smectites have variable basal spacings but most occur at 15 Å. The most common
interlayered cations are Ca2+ and Na+ (Deer et al., 1992). They are expandable clays
that will take up water molecules and other organic material between their structural
layers. The most common smectites are montmorillonite, beidellite and nontronite.
Each of these is dioctahedral 2:1 layered, with saponite, hectorite and sauconite
being trioctahedral (Deer et al., 1992).

Vermiculites have varying basal spacings but are 14.4 Å when fully hydrated (Deer
et al., 1992). The most common interlayering cation in vermiculites is Mg and most
vermiculites are structurally trioctahedral. Mixed layer vermiculite/chlorites have
been observed.

Chlorites are referred to as 2:1:1 layered silicates (Moore & Reynolds, 1996). They
have a classic 2:1 structure with an interlayered sheet of cations octahedrally
coordinated by hydroxyls.

Chlorites have a basal spacing of 14 Å due to the

autonomous octahedral layer that is present between the 2:1 structures (Fütterer,
2006). Mg and Fe substitution occurs over a wide range of natural chlorites, with the
two most common end members being chlinochlore (Mg10Al2)(Si6Al2O20)(OH)16 and
chamosite (Fe2+10Al2)(Si6Al2O20)(OH)16 (Deer et al., 1992). Hydroxy-Interlayered
minerals/vermiculites also have a 2:1 structure. However they have an incomplete
interlayered sheet. These minerals have similar chemistry to that of the chlorites but
also have the ability to expand, depending on the amount of interlayer present.
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Berthierine, amesite and cronstedtite are three layered silicates that have a similar
chemistry to that of the chlorites but they are structurally similar to serpentine, i.e.
they are 1:1 layered mineral (Deer et al., 1992). They have a strong basal reflection
at 7 Å, with nothing at 14 Å and they decompose upon heating (Deer et al., 1992).
Berthierine forms in shallow marine environments (Dowey et al., 2012) and has been
experimentally altered to form Fe-rich chlorite (Aagaard et al., 2000).

Odinite, a member of the verdine facies, is another 1:1 layered mineral with a similar
composition to that of berthierine, and consequently, the chlorites.

The major

difference between berthierine and odinite is that iron type in berthierine is Fe 2+
whereas the iron type in odinite is Fe 3+, suggesting a different mode of formation.
Odinite is currently forming on continental shelves and in back-reef lagoons (Moore
& Reynolds, 1996), especially at points of entry of rivers carrying aqueous Fe. The
structures of some of the common clay minerals are described in Figure 3.
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Figure 3. The structure of common clay minerals. Clay minerals are composed of
two basic building blocks, the tetrahedral and the octahedral sheets. 1:1 layer
minerals are composed of one tetrahedral sheet and one octahedral sheet. 2:1 layer
minerals are composed of two tetrahedral sheets and one octahedral sheet with a
tetrahedral-octahedral-tetrahedral structure. 2:1 minerals are held together by weakly
bonded cations or water in the interlayer spacing. 2:1:1 layer minerals have a similar
stricture to that of the 2:1 layered minerals, with the major difference being that 2:1:1
minerals contain an octahedral sheet in the interlayer spacing.
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1.1.2. Other minerals found in modern estuaries

Of course clay minerals are not the only minerals present in modern estuarine
environments. Quartz is commonly found in soils and sand features in modern
estuaries (Edzwald and O'Melia, 1975; Chernicoff et al., 2002).

Other detrital

minerals from the hinterland bedrock as well oxide minerals and sulphide minerals
are all common in these environments (Luther et al., 1992). Marine-derived minerals
that have been transported from offshore-to-onshore, such as calcite, aragonite and
Mg-calcite, are routinely present in estuarine environments (Merefield, 1982).
Understanding the distribution of all minerals in modern estuarine environments may
lead to a clearer understanding of the controls on clay mineral distributions in the
subsurface. Although predicting distributions of clay minerals is of great importance
in this research, it has not been the sole focus. It is important to understand the
distribution of all minerals, clay minerals, detrital minerals and neoformed minerals
such as oxides and sulphides, in an attempt to holistically understand the controls on
clay mineral distributions in estuaries.

1.1.3. Estuarine processes and water geochemistry

As discussed, weathering is an important process in the introduction of secondary
minerals into the estuarine environment. These minerals are transported into the
estuarine system by water in rivers (Berner & Berner, 2012).

Therefore the

geochemistry of the river water – estuarine water – seawater system is an important
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consideration in this research. Changes in the geochemistry of the water may lead to
changes in clay mineral behaviour in the water column (Whitehouse & McCarter,
1958). The dissolved components (solutes) in estuarine waters are derived from a
mix of the fresh river water input and the seawater input. Rivers, which have much
lower concentrations of dissolved constituents than seawater, generally contain
relatively higher concentrations of dissolved iron, aluminium, silica, phosphorus and
nitrogen, while seawater has much higher concentrations of chloride, sodium,
calcium, magnesium, potassium and sulphate (Berner & Berner, 2012).

During estuarine mixing (of river water and seawater), not all of the dissolved
constituents behave conservatively.

Conservative mixing is observed when the

concentration of a species is solely controlled by physical dilution alone and that
species will not be affected by changes in pH, temperature or pressure (Berner &
Berner, 2012; schematic in Figure 4). The concentration of conservative species can
be calculated by simply multiplying the concentrations of the species in the endmember by the relevant fractions. In contrast, a non-conservative species is one for
which the concentration is directly affected by changes in pH, temperature and/or
pressure and will be lost (or gained) to the system over and above the physical
dilution factor (Berner & Berner, 2012). Non-conservative behaviour in mixing of
waters is observed when minerals or solid phases form or dissolve (or change in
some other chemical manner).

In estuarine mixing, chloride is a conservative

species. Chloride does not form any solid phases until extreme evaporation occurs
and then halite (NaCl) will precipitate (Robertson-Handford, 1991). Iron is reported
to be a non-conservative species during estuarine mixing (Boyle et al., 1974;
Sholkovitz, 1976; Eckert and Sholkovitz 1976; Boyle et al.; 1977, Mayer, 1982; Fox
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and Wofsy, 1982, Poulton & Raiswell, 2005) and thus presumably becomes available
for mineral formation. It is noteworthy that, although iron is interpreted to be a nonconservative species, it is lost from the water column when it binds with humic acids
(Raiswell & Canfield, 2012).

Figure 4. A schematic of conservative versus non-conservative mixing in waters.
Geochemical mixing in estuarine waters causes dissolved constituents to behave in a
conservative or non-conservative manner through mixing. A conservative species is
a species that is not affected by changes in pH, temperature or pressure, instead,
simple dilution is the controlling factor in its concentration. A non-conservative
species is one where the concentration is directly affected by changes in pH,
temperature and/pressure and will either be lost or introduced to the system
regardless of the dilution factor. This figure presents trends for conservative and
non-conservative behaviour in waters that are mixed, with different end-member
concentrations. The figure on the left represents mixing where the river water
dissolved constituent is greater than the seawater dissolved constituent. If the species
being observed is, for example, iron in estuarine water, trends will indicate the
removal of iron from the fresher waters as salinity increases. And the figure on the
right represents mixing where the river water dissolved constituent is lower than the
seawater dissolved constituent, as would be seen with chloride (Berner & Berner,
2012).

The changing water geochemistry is an important consideration in mineral formation
and distribution. Not only will the water geochemistry aid the interpretation of
estuarine circulation processes (Berner & Berner, 2012), but it may also aid in the
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understanding of the precipitation of neoformed mineral (McIlroy et al., 2003). The
distribution of minerals within the estuarine system may also be partially controlled
by the estuarine circulation processes. Estuaries are commonly formed by sea-level
rise and flooding of a fluvial valley following a glaciation or ice age (Woodroffe,
2003) or due to the trapping of fluvial derived sediments upon meeting the sea and
represent the complex non-linear interaction of tides, currents, salt, water and
sediment.

The mixing of two end-members will result in the slowing of the

inflowing river water and therefore the deposition of the river’s suspended load
(Chernicoff et al., 2002).

The behaviour of iron in estuarine waters is an important consideration for this
research. In surface environments, the three main redox states of iron (Fe 0, Fe2+,
Fe3+) may be identified however only ferric iron (Fe 3+) is thermodynamically stable
(Raiswell & Canfield, 2012). Iron rapidly forms iron (oxyhydr)oxides and this
accounts for the bulk composition of iron in river waters (Poulton & Raiswell, 2002).
Figuères et al. (1978) highlighted the particulate nature of iron in natural waters.
Depending on the pore size of the filter used, different concentrations of iron were
detected. A summary of these findings, and subsequent work, is detailed in Figure 5,
taken from Raiswell & Canfield (2012).

Dissolved iron in this study is defined as the soluble iron present in the water.
Particulate iron is defined as iron present in the water that is bound to another
substance (i.e. oxygen or humic substances) and is filterable through a pore size of
0.45 μm pore size. Colloidal iron is defined as a group of particles that are bound
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together and are evenly dispersed and filterable through filter papers of 1 μm. In this
study, as filter papers with pore sizes of 0.2 μm were used, the dissolved iron
discussed is a combination of colloidal iron, nanoparticulate iron and dissolved iron.
Iron is known to bind to humic substances in the water column (Sholkovitz et al.,
1978) and when there is very little organic material available, it is expected that
dissolved iron concentrations will be low (S.W. Poulton, pers. comm.).

Figure 5. The relationship between filterable iron and the size ranges of particles,
colloids, nanoparticles and aqueous species of iron in solution. It is clear that at a 0.2
μm pore size, filterable iron includes colloids and nanoparticles of iron and dissolved
iron.

An important location in estuaries for sediment deposition is the Estuarine Turbidity
Maximum Zone (ETMZ). The ETMZ is a zone of high particulate concentration
(Dyer, 1986; Eisma, 1993; Bodineau et al., 1998) that varies in size and shape
depending on the incoming tide (Castaing & Allen, 1981; Vale et al., 1993; Jay &
Musiak, 1995). The ETMZ develops in meso- and macro-tidal estuaries due to:
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i)

residual currents that are associated with gravitational circulation, i.e.
where incoming seawater drives the bottom flow landward while fluvial
suspended load is transported seaward until it flocculates, whereby it then
settles into deeper waters and is thus transported back upstream

ii)

tidal resuspension of fine sediments that have accumulated at the ‘null’
point, where the null point is the location of the landward limit of the salt
intrusion and the velocity of the incoming seawater is the same as the
velocity of the outgoing river water (Dyer, 1994).

The ETMZ is the location where the maximum backwards forcing of the flushing
river system is felt, resulting in slowing of the flushing waters (Figure 6). The
slowing of river water results in the deposition of suspended sediment (Chernicoff et
al., 2002). Resuspension of earlier deposited material also occurs in the ETMZ
(Bodineau et al., 1998). When the null point has been reached by the two bodies of
water, seawater rises in the water column and is forced downstream, bringing with it
marine derived and estuary derived sediments that have been transported by the
incoming water.

18

Figure 6. A schematic of an estuary at high and low tide. At high tide, the incoming
seawater reaches further upstream than at low tide, where river water causes the
water to flush seawards. At low tide, some environments (intertidal flats and bayhead delta) are exposed while at high tide they are drowned. The estuarine turbidity
maximum zone is located at the interface of the mixing river water and seawater at
high tide. The fluvial bay-head delta is the initial location of transported fluvial
material however; finer particulates will be transported further downstream and
potentially onto the low tide exposed sedimentary environments.

Flocculation is the process whereby colloids that are present in suspension, coagulate
to form a larger colloid or floc, which is then capable of depositing out of the liquid
in which it was previously suspended. Flocculation occurs in coastal environments
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and estuaries (Sholkovitz, 1976; Gibbs, 1977; Sholkovitz, 1978; Sholkovitz et al.,
1978; Eisma, 1986) upon mixing of river water and seawater. The increase in
available cations with the incoming seawater results in flocculation of riverine
particles due to differences in charge. For example, in the case of clay minerals in
suspension, each clay particle has a negative surface charge. However, cations
present in freshwater are repelled from the surface of the mineral due to the presence
of the positively charged Gouy-Chapman layer. The overall positive charge results
in the repulsion of cations from the surface of the clay in waters with low ionic
strength (Figure 7a).

The Gouy-Chapman layer collapses with the incoming

seawater due to the increase in cations in the mixed waters (Berner & Berner, 2012).
This allows the negatively charged clay to bond to the cations in the water using van
der Waal forces, and in turn bond to other clays (Figure 7b). Polyvalent cations (e.g.
Ca2+ and Mg2+) can bind to more than one clay particle and therefore a colloid, or
floc, of clays forms. The process that results in the coagulation of several clay
particles together is referred to as flocculation.
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Figure 7. A schematic of electrostatic repulsion and attraction. In freshwater
systems, the presence of the Gouy-Chapman layer prevents cations from bonding to
the surface of the negatively charged clay (Figure 6a). When this layer is destroyed,
due to the increase in cation concentrations, the negative surface area of the clay
particle is able to accept cations from the water (Figure 6b). When polyvalent
cations bond to more than one clay particle,

Iron also flocculates in estuarine waters in a similar way.

It is suggested that

hydrophilic substances, i.e. substances that will readily accept OH- bonds, will
become hydrophobic due to the addition of electrolytes (Ong & Bisque, 1968). The
increase in cation concentrations introduces electrolytes into the system. Once the
substance, in this case the iron particle (Fe3+), has become hydrophobic, it will obey
the DLVO theory and coagulate (Eckert & Sholkovitz, 1976). Trivalent cations are
more effective than divalent cations, or monovalent cations at causing flocculation
(Ong & Bisque, 1968) and it was also suggested that the larger the ionic radius of the
cation, the more effective it is at causing coagulation, therefore Ca 2+ will have a
greater effect than Mg2+ or Na+.
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Flocculation of clays and dissolved species in the water occurs in the ETMZ, the
interface of river water and seawater mixing within an estuary (Dyer, 1994). The
ETMZ may be an important, but so far under-appreciated, location for the deposition
of clay minerals in the estuarine zone and therefore will be considered in this
research.

1.1.4. Current understanding and gaps in knowledge

Extensive work has been performed on many aspects of processes in the estuarine
environment in the past (e.g. Conomos & Peterson, 1977; Festa & Hansen, 1978;
Castaing & Allen, 1981; Dyer, 1986; Vale et al., 1993; Balls, 1994; Jay & Musiak,
1995; Bodineau et al., 1998; Nielson, 2009). For clay minerals, research has focused
on trends observed with flocculation (Whitehouse & McCarter, 1958) as well as
mineral distributions on a general scale (Parham 1966; Edzwald & O'Melia, 1975;
Gibbs, 1977). It has been also suggested that clay minerals will be deposited in the
estuary as a function of particle size, with larger minerals depositing first (Gibbs,
1977). Although previous attempts at understanding mineralogical variations in
estuarine and coastal systems have provided some information on potential
distribution patterns to be expected from the rivers to the deep sea, i.e. the preferred
clay mineral deposition trends (Parham, 1966; Edzwald & O’Melia, 1975; Gibbs,
1977) there have been no systematic attempts at understanding mineralogical
variations within the estuarine system alone. This research therefore aims to i)
identify trends in the water geochemistry of two estuaries, ii) provide locations for
the loss of particular dissolved phases and minerals from the water column and iii)
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understand the water geochemical controls on the formation and distribution of clay
minerals in modern estuaries. The results of this research may then lead to further
understanding of early diagenesis in modern estuarine environments and aid in the
prediction of mineral distributions in ancient sedimentary rocks in the deep
subsurface.

1.2. Thesis layout

Chapter 1 provides an introduction to this study including thesis layout, research
questions and author contribution.

Chapter 2 presents the sampling and analytical techniques used throughout this
study. Much development work was involved, testing the capabilities of various
types of sampling approach and analytical equipment to provide robust data.

Chapter 3 examines, in depth, the variations in water geochemistry throughout tidal
cycles in a warm oceanic estuary in Galicia, NW Spain. This chapter aims to
identify the location of iron-loss within the estuary and assess other geochemical
controls that may affect mineral formation in the system.

Chapter 4 assesses the physical controls and processes of water variations within the
Anllóns Estuary, NW Spain estuary and their role on mineral distribution within the
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system. Considerations will be made for the control of the local soils on clay mineral
type within the estuary and mineral distributions will be linked to the estuarine water
geochemical trends examined in Chapter 3.

Chapter 5 examines, in depth, the variations in water geochemistry throughout tidal
cycles in a cool oceanic estuary in SW Iceland. This chapter aims to identify the
location of iron- loss within the estuary and assess other geochemical controls that
may affect mineral formation in the system. It also aims to identify the role of
different types of freshwater inputs on mineral formation within the system and
identify trends in fine fraction clay distribution within the estuary. Considerations
will be made for the control of the local soils on clay mineral type within the estuary
and the physical processes that result in clay mineral deposition and distribution.

Chapter 6 is an extended discussion, focusing on the work in the previous three
chapters. The research questions laid out in this present chapter will provide the
main focus of discussion.

Chapter 7 presents potential future work proposals to further understand early
diagenesis in estuarine environments.
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1.2.1. Potential publications

This thesis includes two lengthy independent manuscripts within the three core
chapters (3, 4 and 5) that are written with the intention that they be submitted to peerreviewed journals. This thesis also includes a further possible manuscript, a detailed
discussion on the isotope evaporation model derived to understand the water
geochemistry and oxygen and hydrogen isotopes.

Paper 1: From Chapter 3
Intended for submission: Geochimica et Cosmochimca Acta


The role of evaporation on mineral formation in the Spanish estuary



The effect of geographical location on the isotopic composition of estuarine
waters



Assess the role of biological activity within an estuary and it’s control of
estuarine water fractionation



The potential role of mineral formation on isotopic fractionation in estuaries

Paper 2: From Chapters 3 and 4
Intended for submission: Estuarine, Coastal & Shelf Science


The geochemical controls that affect mineral weathering, neo-formation and
distribution in the Anllóns Estuary.



The physical processes that affect formation and distribution in this estuary.
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Where and when is dissolved iron lost in the Anllóns estuarine environment?



Is this iron deposited within the estuary?



What other geochemical processes may affect mineral formation in estuaries?



Do changes in the geochemistry result in mineral formation?



Is river water or seawater more dominant with regards to deposition of
minerals?



Can trends that are observed in the suspended particulate matter be linked
back to the changing water chemistry?



Can trends that are observed in the surface sediment mineralogy be linked
back to the changing water chemistry?

Paper 3: From Chapter 5
Intended for submission: Marine & Petroleum Geology


Does a different hinterland geology affect clay mineral formation?



Can a different hydrodynamic system result in different mineral distribution
patterns?



Can different water systems (rivers and lakes) result in different mineral
formation?



Do different soil types control the minerals present in an estuarine
environment?
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1.3. Key research questions

Question 1: Where is iron lost in an estuary?
Rationale: Iron is brought into the estuary via river water. It is known that dissolved
iron is lost within the estuary system (Boyle et al., 1974; Sholkovitz, 1976; Eckert
and Sholkovitz 1976; Boyle et al.; 1977, Mayer, 1982; Fox and Wofsy, 1982,
Poulton & Raiswell, 2005) but the actual location of its loss within the estuarine
waters has not been constrained in previous studies, nor whether this position moves
through tidal cycles due to changes in the salinity gradient. It is important to identify
the point, or zone, of dissolved iron loss because it seems likely that this will be the
location in an estuary where neoformed iron-bearing minerals will form and
potentially accumulate.

Once dissolved iron is lost from the water column, the fate within estuarine systems
of the solid form of iron, Fe(total), is unclear. Dissolved iron is defined in this study
as particulate of iron that is filterable through a 0.2 μm filer paper. As discussed in
Raiswell and Canfield (2012), it is impossible to ascertain if all iron passing through
a 0.2 μm filter paper is in solution. It is suggested that the iron that passes through a
0.2 μm is a combination of iron nanoparticulates and dissolved iron (Raiswell &
Canfield, 2012). It has already been determined that dissolved iron binds to humic
acids in the estuarine system (Sholkovitz et al., 1978) and that both the dissolved
iron and humic acids are lost from the water column during river water-seawater
mixing, albeit due to different reactions (Sholkovitz et al., 1978). There are three
known solid forms of iron present in riverine systems, (i) highly reactive ferric
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oxides, magnetite and pyrite, i.e. minerals that will readily undergo chemical change
due to differing geochemical parameters, (ii) poorly reactive iron such as sheet
silicates, i.e. minerals that are somewhat stable in the surface environment but may
also be further broken down, and (iii) residual or detrital iron that are unreactive
(Poulton & Raiswell, 2005). Chemical speciation techniques have shown that the
largest proportion of iron transported to the marine system is in the form of iron
bound to oxides, organics and transported detrital particulates from soils and the
hinterland (Whitney, 1975; Gibbs, 1977; Horowitz & Elrick, 1987; Mayer, 1994a &
b; Poulton & Raiswell, 2002) however up to 95% of iron is deposited in coastal
systems (Poulton & Raiswell, 2002). In rivers and glacial meltwaters it has been
suggested that the dominant precipitated iron phase is in the form of iron
(oxyhydr)oxides (Poulton & Raiswell, 2005). Identification of clay minerals that
may be generated has yet to be achieved. An aim of this research is to identify where
Dissolved iron is primarily lost from the water column in estuaries and to assess if
Fe(total) is deposited or transported through the estuarine environment and if so, in
what form the Fe(total) takes.

Question 2: What is the role of changing water geochemistry on mineral
formation in estuaries?
Rationale: Estuaries are locations of river water and seawater mixing, and
geochemical variations within the water column will cause flocculation of inorganic
species, organic material and clay minerals (Sholkovitz, 1976; Gibbs, 1977;
Sholkovitz et al., 1978). As flocculation occurs, initially dissolved species in the
river water become part of the suspended load and may be later deposited (Meade,
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1967; Eisma, 1986). It is known that iron is lost from the water column due to
increasing salinity (Boyle et al., 1974; Sholkovitz, 1976; Eckert and Sholkovitz
1976; Boyle et al.; 1977, Mayer, 1982; Fox and Wofsy, 1982, Poulton & Raiswell,
2005), however iron is not the only dissolved species that is removed during river
water and seawater mixing in estuaries (Sholkovitz, 1978). Kaolinite and illite are
also influenced by increasing salinity, resulting in their flocculation (Gibbs, 1977).
The influx of large quantities of ionic species with the incoming 35,000 mg/L
seawater at high tide may result in the supersaturation of estuarine waters and the
precipitation of minerals in the system, such as carbonates (Alexandersson, 1972).
Variations in the geochemistry of the in-estuary water may highlight the processes
involved in neoformed mineral growth.

An important consideration for this research is the effect that changing water
geochemistry has on the neoformation of clays and minerals in modern estuaries and
whether this can be identified.

This will be considered for two very different

estuaries, where different freshwater inputs may lead to further understanding of the
role of mixing waters on mineral formation in estuaries.

Question 3: What is the role of hinterland geology on clay mineral distributions
in estuaries?
Rationale: Considering the clay cycle (Fig. 2) and clay formation, climate and
weathering of the local hinterland geology are important factors to consider when
assessing the clay mineral types present in modern environments (Merriman, 2005).
There are many pathways for the formation of secondary minerals in surface
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environments, with chemical weathering being an important process.

Chemical

weathering is the oxidation, hydrolysis and dissolution of rocks and minerals partly
due to the introduction of acids from plant activity and bacterial metabolic reactions
(Berner & Berner, 2012). Chemical weathering effects are also aided by physical
weathering processes, where hinterland rock is physically fractured by processes
involving water (Berner & Berner, 2012). The influx of plant and biological acids
into these fractures results in the dissolution of primary minerals. The chemical
weathering of high temperature minerals results in the formation of clay minerals and
quartz (White & Brantley, 1995).

For example, the breakdown of plagioclase

feldspar in waters containing dissolved carbonic acid (e.g. bicarbonate) results in the
formation of kaolinite (Berner & Berner, 2012) with excess cation concentrations
(Ca2+, K+ etc.) liberated to the soil- or groundwater (White & Brantley, 1995). The
original silicate that is broken down is a precursor to the final clay mineral that
forms.

For example, potassium-rich feldspars in water weathers to form illite

(Meunier and Velde, 2004) and iron- and magnesium-rich silicate may result in the
formation of iron- and magnesium-rich clays (Claridge & Campbell, 1984).
Smectite, which is a complex, negatively-charged, Al-silicate, forms due to the
chemical weathering of biotite and muscovite, while undergoing cation exchange
(exchange of K+ with Ca2+) through isomorphous substitution (Berner & Berner,
2012). Cation exchange occurs once the equilibrium state of the mineral and water is
no longer upheld, i.e. when river water mixes with seawater (Carroll, 1959).
Isomorphous substitution is the substitution of one element for another in a mineral,
without a significant change in the crystal structure.
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To further understand the importance of bedrock geology on clay mineral type, two
estuaries with markedly different hinterland geology were studied during this
research, with the aim of comparing and contrasting these systems in an attempt to
understand the dominant clay mineral types in each system, and their relationship to
the hinterland geology.

Question 4: What are the physical characteristics of soils that are important in
clay mineral formation?
Rationale: There are physical processes within the natural environment that affect
mineral formation. A factor that is important to consider in this study is climate,
which leads to the process of weathering. The climate that a system is exposed is an
important consideration in the clay cycle (Merriman, 2005) and will directly affect
the chemical weathering that occurs in that system (Berner & Berner, 2012;
Merriman, 2005). Along with organic composition and bacterial breakdown of
organic material, this chemical weathering will result in soil formation (Berner &
Berner, 2012). Two estuaries in different climatic regions, one in a warm oceanic
climate and another in a cool oceanic climate, were thus chosen for this research.

It has been speculated, in the literature, that different clay mineral types form in
different environments, depending on the mineral saturation of the aqueous part of
the system. Kaolinite, which is a clay mineral that contains a 1:1 Al:Si molar ratio,
tends to form in well drained systems (Ferguson, 1954; Kantor & Schwertmann,
1974; Herbillon et al., 1981; Norrish & Pickering, 1983). Smectite has higher silicon
to aluminium ratio and contains cations in its structure (Berner & Berner, 2012).
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Smectites thus have a tendency to form in wet and poorly-drained environments
(Ferguson, 1954; Kantor & Schwertmann, 1974; Herbillon et al., 1981; Norrish &
Pickering, 1983; Środoń, 1999). The verdine facies have been reported to form at
brackish-freshwater interfaces (Hornibrook & Longstaffe, 1996). Another focus of
this research is thus to assess trends published in the literature and attempt to assess
if mineral saturation of associated waters is a key control in clay mineral formation.
Although there has been extensive research into the physical controls on mineral
formation (Ferguson, 1954; Kantor & Schwertmann, 1974; Herbillon et al., 1981;
Norrish & Pickering, 1983; Hornibrook & Longstaffe, 1996; Środoń, 1999;
Merriman, 2005; Berner & Berner, 2012), neither the Anllóns Estuary nor the
Leirárvogur Estuary has been considered in the previous studies.

Question 5: What physical processes may be responsible for clay mineral
distribution in estuaries?
Rationale: It has already been speculated that clay mineral size may play a role in
clay distribution in modern environments (Gibbs, 1977) and that physical mixing of
river water and seawater result in the flocculation of some clay minerals, while other
clay minerals are transported further (Whitehouse & McCarter, 1958; Parham 1966;
Edzwald and O'Melia, 1975; Gibbs, 1977). The ETMZ is the zone of maximum
turbidity in the mixed waters due to i) residual currents transporting material
upstream in the salt intrusion and ii) resuspension of fine sediments that have
deposited and the re-suspension of newly flocculated material (Dyer, 1994).
Estuarine circulation that results in the ETMZ is an important physical process that
must be considered when attempting to understand clay mineral distribution in the
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estuarine environment. Does the ETMZ result in segregation of specific clays in
different locations or will it lead to a near constant clay mineral distribution within
proximity to the water?

A focus of this research is to constrain the distribution of clay minerals across two
estuaries, and to assess how this compares with what has been previously published
in the literature with regards to mixing and flocculation of clay minerals and to
assess if the findings of this research agree with the published literature.

1.4. Author contributions and manuscript status

Chapter 3: Field Study 1 – Spatial and temporal variations in the geochemistry of
water in the Anllóns Estuary, Northern Spain
Author contributions: (i) Byrne, G.M. was the lead researcher, main author and
performed all processing of the data. (ii) Worden, R.H. secured funding for the
research and managed the consortium, instigated and encouraged in-depth
discussion, provided assistance with interpretation and extensively reviewed the
manuscript. (iii) Barrie, C.D. was involved with the collection of isotopic data and
provided assistance with the interpretation of the isotope data. (iv) Hodgson, D.M.
instigated and encouraged in-depth discussion and extensively reviewed the
manuscript. (v) Polya, D.A. was involved with the collection of iron data. (vi)
Boyce, A.J. provided assistance with the interpretation of the isotopic data.
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Chapter 4: Field Study 1 – Variations in suspended particular matter and surface
sediments in the Anllóns Estuary, Northern Spain
Author contributions: (i) Byrne, G.M. was the lead researcher, main author and
performed all processing of the data. (ii) Worden, R.H. secured funding for the
research and managed the consortium, instigated and encouraged in-depth
discussion, provided assistance with interpretation and extensively reviewed the
manuscript. (iii) Hodgson, D.M. instigated and encouraged in-depth discussion and
extensively reviewed the manuscript. (iv) Utley, J.E.P. provided assistance with
XRD analyses and interpretation.

Chapter 5: Field Study 2 – Spatial and temporal variations in the water
geochemistry and surface sediments of the Leirárvogur Estuary, South-West Iceland
Author contributions: (i) Byrne, G.M. was the lead researcher, main author and
performed all processing of the data. (ii) Worden, R.H. secured funding for the
research and managed the consortium, instigated and encouraged in-depth
discussion, provided assistance with interpretation and extensively reviewed the
manuscript. (iii) Barrie, C.D. was involved with the collection of isotopic data and
provided assistance with the interpretation of the isotope data. (iv) Hodgson, D.M.
instigated and encouraged in-depth discussion and extensively reviewed the
manuscript. (v) Utley, J.E.P. provided assistance with XRD analyses and
interpretation. (vi) Polya, D.A. was involved with the collection of iron data. (vii)
Boyce, A.J. provided assistance with the interpretation of the isotopic data.
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Chapter 6: The role of river water geochemical changes on clay formation and
distribution in estuaries, evidence from experimental and field data (Synthesis and
Conclusions)
Author contributions: (i) Byrne, G.M. was the lead researcher, main author and
performed all processing of the data. (ii) Worden, R.H. secured funding for the
research and managed the consortium,

instigated and encouraged in-depth

discussion, provided assistance with interpretation and extensively reviewed the
manuscript. (iii) Hodgson, D.M. instigated and encouraged in-depth discussion,
provided assistance with interpretation and extensively reviewed the manuscript.

Chapter 7: Suggested future research programmes to further understand early
diagenesis in modern estuarine environments
Author contributions: (i) Byrne, G.M. was the lead researcher, main author and
performed all processing of the data. (ii) Worden, R.H. secured funding for the
research and managed the consortium, instigated and encouraged in-depth
discussion, provided assistance with interpretation and extensively reviewed the
manuscript. (iii) Hodgson, D.M. instigated and encouraged in-depth discussion,
provided assistance with interpretation and extensively reviewed the manuscript. (iv)
Utley, J.E.P. provided assistance with experimental setup, field sampling and
analyses.

35

Chapter 2. Sampling and analytical
methods
2.1. Introduction

This research has focused on the identification of chemical and mineralogical trends
through time in both the laboratory and during field sampling. A range of techniques
were required for both field and laboratory analysis to permit identification trends.
To gain a clear understanding of the mixing regime within experiments and modern
estuarine environments, samples were gathered and extensive analysis was carried
out. In an attempt to understand the water geochemical mixing regime, samples were
analysed for major anions, major cations, Fe, δD and δ 18O. To observe trends in
mineralogy, both detrital and neo-form, mineralogical analyses were carried out on
surface sediment samples and filter papers.

Techniques and methods used

throughout this study are discussed in this chapter.
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2.2. Field studies

Two estuaries were chosen for field work. The Anllóns estuary is located near the
town of Ponteceso, in Galicia, North-West Spain. This semidiurnal, meso-tidal
estuary, where the tidal range on a spring tide is up to 4.4 m (Arribas et al., 2010),
hosts a range of typical estuarine environments, is funnel shaped, is 10 km long and 1
km wide and has a frontal spit. The hinterland geology predominately compromises
igneous and metamorphic rocks (Dallmeyer et al., 1997; Llana-Fúnez & Marcos,
2001). This reduces the probability of detrital minerals derived from a hinterland
sedimentary sequence entering the system. This estuary was sampled in March 2009
and April 2010.

The Leirárvogur estuary is located 30 km north of Reykjavik, near the town of
Akranes in South-West Iceland. This semidiurnal, meso-tidal estuary, where the
tidal range on a spring tide is approximately 2.3 m, is 7 km long, 3 km at its widest
and has low fresh water input in comparison to the marine water input. Fresh water
is predominately derived from seasonal snow melt, precipitation and the draining of
lakes.

The hinterland geology is predominantly basaltic (Byrne et al., 2011)

therefore the probability of introducing detrital sedimentary material is low. This
estuary was sampled in July 2009 and again in May 2010.

2.2.1. Estuarine mapping and surface sediment sampling

Estuarine mapping was carried out in each estuary. A benefit to this was that close
inspection was made on a range of environments present in each estuary, which
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aided the choice of water sample locations. Initially, a full tidal cycle was observed
from a high viewpoint at each estuary to observe water volume changes over time,
identify physical barriers within the estuary (i.e. exposed geology) and also to
observe each potential estuarine environment within the system. Mapping involved
ground truthing the estuary surface in locations where the sedimentary environment
changed and surface sample collection. Observations were also made for vegetation,
macro-organism activity, locations that remain waterlogged throughout the estuary
and also areas where sediments are exposed at certain times throughout a tidal cycle.

Surface samples were collected predominately in locations of water sampling. A
spatula was used to collect a small sample, approximately 100 g, and this sample was
stored in a sample bottle. Grain size of the sample was observed using a hand lens
and grain size card. Samples were stored in sample bags and finally in light proof
cool boxes prior to return to Liverpool where samples were stored in fridges. Worm
cast samples were collected in a similar way during worm cast population studies
when counts were made using 1 m2 quadrants that were thrown out to random
locations around the sample site.

2.2.2. Water sampling

Water samples were collected every hour over tidal cycles, i.e. 12/13 hours. Initially,
water samples were collected at high and low tide in a range of environments
throughout the estuary, from coastal marine to freshwater (Anllóns estuary 2009).
However, to observe true changes in tidal variations, sampling the full tidal cycle in
several static positions within each estuary was required. End member samples
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collected from the coastal marine and the fully freshwater ends of each system were
also collected in each estuary.

All samples were collected at the water surface and where appropriate (at high tide)
samples were also collected at a depth of 50 cm. 5 litres of sample was collected by
wading out into the water and submerging a clean and rinsed collection vessel. The
lid was placed back on the collection vessel before returning to a mobile laboratory.
The mobile laboratory, housed in a transit van, was fully kitted out to allow filtration
and titrations to be carried out in the field. Automated titration systems and suction
pumps for the filtration system were run from a car battery. The mobile laboratory
was set up in Liverpool prior to departure to each field location. The benefits of this
set up were that the laboratory could be moved to each sample location and the
samples could be processed in the field.

All samples were filtered in the field using a 0.2 μm pore cellulose nitrate filter
paper. 500 ml of each filtered sample was acidified with 15% HNO 3 and filled to the
brim of a sample bottle. Another 500 ml of raw sample was filtered and filled to the
brim of a Nalgene LDPE sample bottle without acidification. 500 ml of raw sample
was also collected and filled to the brim in another LDPE sample bottle. Samples
were stored in heavy duty, cooled containers that did not allow light to penetrate into
the samples. This was to reduce microbial activity. All samples were preserved by
freezing upon return to the University. All filter papers from the filtering process
were stored and returned to Liverpool.
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2.2.3. Alkalinity titrations

The alkalinity of water is the ability of the water to neutralise acids (USGS, 2012).
Alkaline compounds in waters such as bicarbonate (HCO 3-), carbonates and
hydroxides present in water have the ability to remove H+ ions from water and thus
increase pH by bonding with the available H+ ions, forming neutral compounds.
Alkalinity in freshwater systems is influenced by hinterland geology, soils, plants
and wastewater in the system (USEPA, 2012).

Alkalinity in seawater is

predominately controlled by the CaCO3 content of the water although both aerobic
and anaerobic activity will also play a role in seawater alkalinity. Aerobic activity
will decrease alkalinity by causing organic matter in the surface waters to produce H+
ions (Thomas et al., 2008). Anaerobic activity, such as denitrification and sulphate
reduction, will increase alkalinity.

Alkalinity and pH are two important factors to consider in mineral formation. The
alkalinity value is also important to consider in ionic balance, where the sum of all
the cations present in water is equal to the sum of all the anions. In this case, the
alkalinity value obtained from titration is assumed to be the HCO 3- anion
concentration of the water. Alkalinity titrations are best carried out in the field
before CO2 exchange between the sample and the atmosphere occurs and alters the
true alkalinity (USGS, 2007).

Also, precipitation and dissolution of carbonate

minerals in the water, and biological respiration and activity in bottled water, can
alter the true alkalinity over time.
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To carry out field alkalinity titrations, 60 ml of raw sample was titrated against 0.01
Molar H2SO4 using a Metrohm 848 Titrino Plus with a 20 ml exchange unit as
recommended by Metrohm. Results were printed using a Neo printer and manually
recorded in a log book. Titrations were carried out within 60 minutes of sampling to
obtain the most accurate result. The end point was determined to be the moment of
inflection of the curve, which gave the volume of acid required to neutralise the
sample. The following formula was used to determine alkalinity:

(

)

where 61000 is the equivalent weight of HCO3- present in the sample. All results are
recorded in mg/L HCO3-.

2.3. Water analyses

Aqueous analytical chemistry was a major focus of this research, which is evident
from an extensive suite of techniques employed; ion chromatography (IC),
potentiometric titration, flame photometry, inductively coupled plasma atomic
emission spectrometry (ICP-AES), isotope ratio mass spectrometry (IRMS).
Identifying subtle changes in water chemistry will help in understanding the
formation of minerals and the condition under which minerals, and floccules, are lost
from the water column. A strong analytical suite is justified by the intensive hourly
field sampling programmes. Initial focus was on determining anion and cation
concentrations using ion chromatography. Due to issues with this technique with
calibration etc., potentiometric titrations, flame photometry, atomic absorption
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spectroscopy and inductively coupled plasma atomic emission spectroscopy were
also carried out.

Isotope ratio mass spectrometry was used to determine the

deuterium and oxygen18 signatures of the water in an attempt to understand the
mixing regime and potential fractionation effects within the water column.

2.3.1. Ion chromatography

Chromatography is an extraction technique, a method of physically separating
components of solutes that are distributed between a stationary and a mobile phase.
Solutes are separated according to the rate at which they are transported through the
stationary phase, as they migrate at rates determined by their relative affinity for that
phase (Kealey & Haines, 2002).

Ion chromatography is a form of ion-exchange chromatography used for the
separation of both organic and inorganic cations and anions in water. It is a type of
fluid chromatography where ionic concentrations are separated out from a sample in
solution using an eluent (Kealey & Haines, 2002).

The solution is then passed

through a species specific separating column. Ionic species separate out differently
depending on the type and size.

Each solute is identified by a predetermined

retention time.

2.3.1.1. Pre-analysis sample preparation and auto-run corrections

Initially, all samples were diluted by a factor of 50 for anion analysis. Gravimetric
dilutions were carried out using bench-top scales for simplicity, accuracy and to
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reduce the effects of temperature. Scales were tarred with the sample beaker on top
and a volume of sample was added. This was then topped up with MilliQ 18 MΩ
Ultra-Pure water until the desired dilution was achieved.

The dilutions were

calculated in a spread sheet (Appendix I).

Once the initial anion analysis was carried out, samples were then diluted by a factor
that resulted in Cl- concentrations of between 1 and 400 mg/L-1. The freshest water
samples were analysed raw. This batch of analysis gave the ‘final’ anion analysis.
Similarly for cation analysis, the latter anion concentrations were used to determine
the correct dilution factor. Samples were weighed out and diluted and analysis was
performed on them. It was these prepared samples that were also used for Flame
Photometry and Atomic Absorption Spectrometry analyses.

Analyses for anions and cations on the IC were carried out using an automated
sampler, the Metrohm 858 Professional Sample Processor. In order to correct the
raw data, standards 1, 3 and 5 were run, in triplicate, at the beginning and the end of
the run and one of these was also run in triplicate in the middle of the automated run.
This was done to calculate instrument drift throughout the run (using the standard
that was run three times) and also to stretch/adjust the data onto a line of best fit,
which was also used to determine the standard error during the run. All samples
were also run in triplicate to increase confidence in the reported raw numbers.
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2.3.1.2. Anion column calibration and analysis

Anion analysis was carried out using the Metrohm 881 Compact IC Pro with a
Metrohm Metrosep A Supp 5 column, in order to detect the Chloride, Nitrite,
Bromide, Nitrate, Phosphate and Sulfate anions.

Samples were run using the

Metrohm 858 Professional Sample Processor. Stock solutions were made up as
calculated in Table 1 and these were used to make standards to the concentrations in
Table 2.

Table 1. Calculations used to make up stock standard solutions for anion analysis.
Where higher concentrations of stock solutions were required to make standards, the
amount of salt used was increased accordingly.
Amount
req'd to give
MW of
MW of 100%
1000 ppm
salt
Purity Ion of ion
pure
of
ion
Salt
(g/mol) (%)
interest (g/mol) salt
(g/mol)
Sodium chloride

58.440

99.5

Cl-

35.453

58.734

1.657

Sodium nitrite

68.997

100.0

NO2-

46.007

68.997

1.500

Sodium bromide

102.894 99.0

Br-

79.904

103.933 1.301

Sodium nitrate

84.997

NO3-

62.870

85.856

Sodium phosphate

141.962 100.0

PO43-

94.974

141.962 1.495

Sodium sulfate

142.044 100.0

SO42-

96.064

142.044 1.479

99.0

1.366
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Table 2. Standards were made up to the following concentrations using the stock
solutions previously made.
Ion data
Standard μl in 1 L-1
Stock
solution
Ion
(mg/L)
Std 1
Std 2
Std 3
Std 4
Std 5
Cl-

40,000

25

250

1,250

2,500

10,000

NO2-

50

100

200

2,000

5,000

10,000

Br-

2000

20

50

100

1,000

5,000

NO3-

50

5,000

10,000

20,000

40,000

50,000

PO43- 5000

200

1,000

2,000

10,000

50,000

SO42- 5000

200

10,000

20,000

10,000

20,000

The Metrosep A Supp 5 column was initially calibrated using a mobile phase of 3.2
mM Na2CO3 and 1.0 mM NaHCO3 as recommended by Metrohm. The calibration
carried out was a quadratic through zero. It was determined that this would be
adequate as the concentrations of each anion in the standards were high enough to
take account for the eventual levelling off of the line, therefore it would accurately
determine end-member concentrations.

Anion analysis requires low background conductivities to accurately determine anion
concentrations. It is for this reason that the Metrohm anion method requires a
suppression system. Suppression in ion chromatography is required when the mobile
phase is intensively conducting, saturating the detectors response. A suppressor is
inserted between the ion exchange column and the detector. The suppressor acts to
exchange the cations in the eluent for hydrogen ions and converting them to nonionised species, thereby reducing the overall background conductivities (Fritz et al.,
1982). This free H+ is available to form hydrogen bonded species with the released
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anions which in turn enhance conductivities of solutes or species of detection,
resulting in sharper peaks and improving the overall detectability of each ion. The
suppressor requires a regenerant solution to enable it to operate for extended periods.
The Metrohm anion suppression unit requires a solution of 0.2064 mM H2SO4,
99.9578 mM C2H2O4 and 0.6809 mM C3H6O, where:

This results in all of the calibration salt converting to the following:
NaCl → HCl;

NaNO2 → HNO2;

NaNO3 → HNO3;

NaBr → HBr;

NaPO4 → HPO4;

NaSO4 → HSO4.

The background conductivity for anion analysis remained between 1.6 µS/cm and
3.0 µS/cm. These conductivities are low enough to carry out analysis accurately.
Using the eluent mentioned above (3.2 mM Na2CO3 and 1.0 mM NaHCO3) a
calibration for the IC for anion analysis was carried out. Table 3 presents the relative
standard deviations and correlation coefficients for this calibration.

Table 3. The relative standard deviations and correlation coefficients for the six
anions when a solution of Sodium Carbonate and Sodium Bicarbonate mobile phase
is used.
Relative
Standard Correlation
Anion
Deviation (%)
Coefficient
Cl
0.412
0.999998
NO2Br-

1.67
0.324

0.999928
0.999999

NO3-

1.834

0.999813

PO4

3-

0.736

0.999995

SO4

2-

2.048

0.999906
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2.3.1.3. Cation column calibration and analysis

Cation analysis was carried out using the Metrohm 881 Compact IC Pro with a
Metrohm C4 column, in order to detect the Sodium, Ammonium, Potassium,
Magnesium, Calcium and Strontium cations. Samples were run using the Metrohm
858 Professional Sample Processor. Stock solutions were made up as in Table 4 and
these were used to make standards to the concentrations in Table 5.

Table 4: Calculations used to make up stock standard solutions for cation analysis.
Amount
req'd to
MW of 100%
MW of salt Purity
Ion of
give 1000
Salt
ion
pure
(g/mol)
(%)
interest
ppm of
(g/mol) salt
ion
(g/mol)
+
Sodium nitrate 84.99
99
Na
22.990
85.85
3.734
Ammonium
chloride
53.49
100
NH4+
56.471
53.49
0.947
Potassium
chloride
74.55
99.5
K+
39.098
74.92
1.916
2+
Calcium nitrate 236.15
99
Ca
40.078
238.54 5.952
Magnesium
nitrate
256.41
98
Mg2+
24.305
261.64 10.765
Strontium
nitrate
211.63
99
Sr2+
87.620
213.77 2.440
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Table 5. Standard concentrations made up in the laboratory. Standards were made
up to the following concentrations using the stock solutions discussed above. As
with anion standard preparation, where higher concentrations of stock solutions were
required to make standards, the amount of salt used was increased accordingly.
Ion data
Standard μl in 1 L-1
Ion
Stock solution conc
Std 1
Std 2
Std 3
Std 4
Std 5
+
Li
1000
500
1000
3000
5000
10000
+
Na
5000
200
400
600
800
1000
NH4+
K+
Ca2+
Mg2+
Sr2+

1000
5000
2000
2000
2000

1000
200
500
500
500

2000
600
1500
1500
1500

3000
1000
2500
2500
2500

4000
1600
4000
4000
4000

5000
2000
5000
5000
5000

The C4 column was initially calibrated using a mobile phase of 1.7 mM HNO 3 and
0.7 mM C7H5NO4 as recommended by Metrohm. However it became difficult to
calibrate for the six cation species, with relative standard deviations ranging from
2.732% to 46.675%. The relative standard deviations for Na + and NH4+ were much
higher, most likely due to the overlap for Na + and NH4+ peaks as the IC
automatically deconvoluted these. In an attempt to reduce the effects of this overlap,
other eluents were made up, (1% HNO3 and H3PO4; 0.1% HNO3 and H3PO4; 0.01%
HNO3 and H3PO4; 2.1 mM HNO3 and 0.12 mM C7H5NO4). Each of these resulted in
the background conductivity being too high, in all cases above 1000 μS/cm. A
method recommended by Metrohm for the determination of Zn 2+ used 2.5 mM
C2H2O4 as the mobile phase. When this solution was made up and tested, the
background conductivities became stable at 740 μS/cm, which is preferred as high
background conductivities can inhibit the detection of low level analytes. This eluent
was used to calibrate the IC for cation analysis, calibration being a straight line
through zero as the concentrations of each of the cations was low. The overlap of
Na+ and NH4+ cations remained with this eluent, however the relative standard
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deviations were reduced slightly and the correlation coefficients with this eluent were
much closer to 1, Table 6.

Table 6. The relative standard deviations and correlation coefficients for the six
cations when an Oxalic Acid mobile phase is used.
Relative Standard Deviation Correlation
Cation (%)
Coefficient
+
Na
40.918250
0.918250
NH4+
K+
Ca2+
Mg2+
Sr2+

8.318
4.280
1.534
2.783
2.205

0.992233
0.998223
0.999743
0.999097
0.999450

Although the peak overlap of Na+ and NH4+ remained using this eluent, especially in
the higher concentration standards, it was decided to use this calibration for analysis
of all water samples.

As each run included this manual reprocessing step, this step should be sufficient
enough to correct for issues with the overlapping Na + and NH4+ peaks. However,
initial observations of the raw data highlighted issues in differentiating the species of
Na+ and NH4+ peaks. It was then decided to remove the NH4+ cation from analysis
by deleting its calibration from the system. This was done as initial seawater raw
data was suggesting that the concentrations of NH4+ were over 17,000 mg/L.
However, for this sample, 17,000 mg/L is also too high for the Na + analyte. The
calibration for Na+, K+, Mg2+ and Ca2+ was used and analyses were carried out for
the major cations.
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The data from the initial analysis of approximately 20 samples were thought to be
suspicious as the overall ionic balances of these samples were considerably higher
than the accepted analytical range (mixed and seawater = +/-5%, freshwater = +/10%) (Freeze & Cherry, 1979). These samples were reanalysed for anions in an
external commercial laboratory in Southampton. Samples were run using a Dionex
DX500, with a DX600 series pump and an ICS3000 UV detector using an eluent of
3.5 mM Na2CO3 and 1.0 mM NaHCO3 with a flow rate of1 mL / min. Very fresh
samples were run raw and all other samples were gravimetrically diluted. Prior to
dilution, Chloride concentrations were determined using potentiometric titration
methods.

2.3.2. Photoelectric Flame Photometry

Photoelectric flame photometry is a technique used to determine the ion
concentrations of metals, such as Na+ and K+. It is particularly useful for the analysis
of these two cations as they are quite sensitive to this technique due to the low
excitation levels of these Group I metals. Basically, photoelectric flame photometry
is a flame test, where the light intensity of the flame is used to quantify the amount of
the ion present as this is detected by a photoelectric circuitry. The intensity is
dependent on the energy absorbed and used to vaporise the excited atoms. The
sample is pumped into the system at a constant rate and filters are used to detect the
colours of each metal, i.e. for detection.

The device is calibrated before use, and during analysis calibration checks are carried
out. To calibrate the device, a known standard for the metal in question is analysed
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by the flame photometer. This is used to calibrate the device by turning a dial until
the correct concentration is set. Another separate dial is then used to calibrate for 0,
when distilled water is run as a blank instead of running a standard. Throughout the
analysis, a mid-value standard is used to check drift in the machine.

The device was calibrated using a blank distilled water sample as the 0 and a
standard made to 200 mg/L-1 for each metal. A mid-value standard of 100 mg/L-1
was also run, resulting in a three point calibration. Samples were run raw, or diluted
to be within the calibrated range. The sample is drawn up from a pumping system at
a constant rate and a concentration is read from the device. All samples were run in
duplicate and a standard of 100 mg/L-1 was run after every five samples to determine
drift. To adjust the raw samples, a straight line through 0 was drawn using the three
standards (0, 100 and 200 mg/L-1). The equation of this line was used to adjust the
raw numbers and to check on the mid-value standard runs carried out throughout the
analysis.

Value read from the Photometer
(mg/L)

Sodium Calibration

y = x + 1.6667
R² = 0.9992

250
200
150
100
50
0
0

50

100
150
Standard Values (mg/L)

200

250

Figure 1. Graph of the manual calibration for Sodium.
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y = x + 6.6667
R² = 0.9868

Value read from Photometer (mg/L)

Potassium Calibration
250
200
150
100
50
0
0

50

100
150
Standard Values (mg/L)

200

250

Figure 2. Graph of the manual calibration for Potassium.

To obtain a more accurate dataset, not all samples were analysed on this calibration.
For lower level concentrations, analysis was carried out on a 0-20-50 mg/L-1
calibration or a 0-50-100 mg/L-1 calibration.

2.3.3. Atomic Absorption Spectroscopy

Atomic Absorption Spectroscopy (AAS) is a spectroscopic technique used to
determine metal concentrations (cations) in waters. It is a similar technique to Flame
Photometry, however it differs in that Flame Photometry requires the emission of
light for detection whereas AAS measures the absorbed light required to excite
atoms. It is a widely used technique for the determination of metals, down to very
low concentrations.

Very high temperatures are required to excite atoms in a sample and the excitation
energies are determined by the difference between the ground state and the excitation
state of the atoms electrons.
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Figure 3. Diagrammatic representation of the excitation processes (adapted from
Boss & Fredeen, 1997). The horizontal lines represent the energy levels of an atom
or ion. Excitation of the atom is represented by a and b.

AAS works by promoting electrons to higher orbitals, the excited state, for short
periods of time (nanoseconds) due to the electrons absorbing a predefined quantity of
light energy. The wavelength of the energy absorbed is specific to a particular
electron in each element analysed, this wavelength being the signature for the
element present in the analyte. The width of the absorption line and the wavelength
of the energy absorbed are used to determine the concentration of the ion present
using the Beer-Lambert Law:

Where T is the transmissivity of light, ε is the molar absorptivity of the absorber, l is
the distance the light travels through the substance and c is the molar concentration
of the substance. Similarly to Flame Photometry, AAS requires calibration prior use,
with specific standards for each metal analysed at different concentrations.
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Lanthanum chloride is used as a releasing agent in the analysis of Ca and Mg using
AAS at lower temperatures, in order to remove the associated anion from the cation
under analysis (A. Henderson, pers. comm. 2011). A solution of LnCl3 and HNO3 is
used in each sample to release Ca and Mg. The solution is made up of 10% HNO 3
and a solution containing 10% Lanthanum. In a 1 L volumetric flask, 12 mL of the
10% LnCl3 solution is added to 50 mL of the 10% HNO3 and this is made to the
mark volumetrically using distilled water. This LnCl 3/HNO3 solution is then used to
dilute samples, initially by a factor of 5. Further dilutions are then made to analyse
samples within the calibrated range however the volume of LnCl 3/HNO3 solution
must always stay constant. This solution is also used in the calibrating standards.

2.3.4. Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)

Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) is an
analytical technique used for the detection of trace metals in solution. Excited atoms
are produced by the use of the inductively coupled plasma and signature
electromagnetic radiation fingerprints are released by the excited ion.

Figure 4. Schematic of a basic Atomic Emission Spectrometer. Inductively coupled
plasma Atomic Emission Spectrometry uses an inductively coupled plasma to
produce excited atoms and ions. Once these atoms are excited, they will emit
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electromagnetic radiation when decaying to a more stable orbital. The wavelength of
the emitted electromagnetic radiation is element specific.

When atoms become excited, an electron from the excited atom is promoted from its
ground state orbital to a higher orbital that is both further away from the nucleus and
has a higher energy. This atom is now said to be in its excited state, where it is less
stable. The atom will then decay back to a stable state and in doing so will emit a
particle of electromagnetic radiation, referred to as a photon and will return to an
orbital closer to the nucleus.

An electron can be completely dissociated from an atom if the energy absorbed by
that atom is high enough. This results in a net positive charge on the ion. The
energy required for this process is known as the ionization energy, which is different
for each element. As with atoms, ions have a ground state and an excited state in
which they can absorb and emit energy by the same excitation and decay processes,
see Figure 5.

Figure 5. Diagrammatic representation of the excitation, ionization and emission
processes (adapted from Boss & Fredeen, 1997). The horizontal lines represent the
energy levels of an atom or ion. Excitation of the atom or ion is represented by a and
b, while c represents ionization and d represents ionization/excitation. Ion emission
is represented by e and atom emission is represented by f, g and h in this schematic.
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Energy transitions, or changes in the amount of energy of an electron, are represented
by the vertical arrowed lines.

Energy transitions in an atom or ion can be radiational or thermal. Radiational
energy transitions involve the absorption or emission of electromagnetic radiation,
while thermal energy transitions are a result of energy transfers caused by the
collision of particles. The wavelength of the radiation of a specific transition is the
difference in the upper and lower energy levels of that radiative transition and this
relationship can be derived through Plank’s equation:

where E is the energy difference between the two levels, h is Plank’s constant and v
is the frequency of the radiation. To establish a relationship between energy and
wavelength, substitute

, where c is the speed of light in a vacuum and λ

wavelength, into the equation above. This results in the following

This equation shows that the energy of the atom is inversely related to the
wavelength.

As every element has its own characteristic set of energy levels, the above derivation
suggests that every element also has its own characteristic wavelengths for
absorption and emission.

It is this fundamental property which makes atomic

spectrometry a useful tool for element specific analysis.
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In Atomic Emission Spectrometry, samples are subjected to temperatures high
enough to cause both dissociation into atoms and collisional excitation (and
ionization). Once atoms or ions are in their excited states, they will decay to lower
states through thermal or radiative energy transitions. In AES, the intensity of the
light emitted at specific wavelengths is measured and used to determine the
concentrations of the elements of interest.

In natural surface waters, the concentration and speciation of trace metals will
depend on competing processes (Davis & Leckie, 1978; Vuceta & Morgan, 1978).
Precipitation of insoluble compounds and absorption onto suspended particles and
sediment will remove trace metals from the dissolved phase while complexation with
dissolved organic and inorganic ligands will keep trace metals in the dissolved phase.
As Fe is a trace metal that when found in a dissolved state natural waters,
concentrations are generally very low (Boye et al., 2003; ) ICP-AES analysis was
thought to be the best option as some advantages of using this technique are the
excellent limits of detection for trace metals and the ability to determine a stable and
reproducible signal. This technique is also advantageous for analysis of waters as
samples must be in solution.

ICP-AES was also used to spot check approximately 60 samples for metals present
using Perkin Elmer DV4300 ICP-AES in an external commercial laboratory in
Southampton. Dilutions were prepared using Milli Q Ultra-Pure water in order to
bring the concentrations of the species of interest into the calibration range (Na+ <
200 mg/L) using known chloride concentrations to estimate for sodium, and to
reduce the concentration of salt entering the plasma. Cobalt was employed as an
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internal standard for all analyses. The percentage error in this technique is 3% unless
the sample has been extensively diluted and values are close to the limits of
detection. The limits of detection for most metals using this technique is 1 μg/L
however in samples that have been diluted (by up to a factor of 25 in some very
saline waters), the limits of detection for these diluted samples becomes 25 μg/L.
ICP-AES is much quicker than Ion Chromatography (limits of detection are 1 μg/L
depending on the initial calibration), Atomic Absorption and Photometric Flame
Photometry for the analysis of metals, and is widely used in the water analysis
industry.

Samples were prepared based on their Na+ concentration, with 400 mg/L-1 being the
maximum concentration allowed. All samples were diluted gravimetrically, using
bench-top scales. Samples were diluted in a solution of 0.2 mM HNO 3 and 0.2ml of
1000 mM Co solution was added as the internal standard. All samples were made up
to a volume of 10 mL, with the mass of the raw sample used in the software for
analysis.

2.3.5. Potentiometric Chloride titrations

Along with acid/base titrations, the titrimetric determination of chloride is one of the
most frequently used methods of titrimetric analysis. It is a titration that is carried
out without the use of an indicator; instead, the potential across the analyte is
measured. For this to work, two electrodes are required, an indicator electrode and a
reference electrode. The indicator electrode forms an electrochemical half-cell with
the ions of interest while the reference electrode is the other half-cell used to carry
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the potential. The precision in this technique for the analysis of the Cl - ion is within
1%.

Chloride titrations were carried out in the laboratory using a Metrohm 848 Titrino
Plus with a 20 mL exchange unit. In fresh water samples, 50 ml of the filtered
sample was titrated against 0.01 M AgNO3 solution, and for higher salinity samples
dilutions of the raw sample were titrated against 0.1 M AgNO 3. Dilutions were
carried out gravimetrically using bench-top scales and samples were made up to 50
mL using Milli Q 18 MΩ Ultra-Pure water. Results were printed using a Neo printer
and manually recorded in a log book.

2.3.6. Isotope Ratio Mass Spectrometry (IRMS)

Isotope Ratio Mass Spectrometry is a technique that is capable of measuring the
mixtures of stable isotopes present in a sample. It differs from radiogenic isotopic
analyses as instead of measuring the decay isotope and comparing to nonreactive
isotopes, this technique is used to measure isotopic variations arising due to mass
dependent isotopic fractionation.

Stable isotopes are defined as isotopes of a particular element with the same
chemical characteristics however; they have differences in mass due to the number of
neutrons in their outer shell. Examples of stable isotopes are Hydrogen, Carbon,
Nitrogen, Oxygen and Sulphur. Differences in the physiochemical properties of
isotopes occur due to the effects of quantum mechanics (Hoefs, 1980). According to
quantum theory, molecules cannot retain varying energies; instead they are restricted
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to energy levels.

Fractionation of stable isotopes will occur as a result of numerous

natural physical processes.

For example, lighter isotopes will evaporate and/or

diffuse quicker than heavier isotopes under the same physical constraints. The ratios
of these isotopes are always determined relative to international standards in order to
eliminate bias or systematic error in measurements.

Isotopic ratios (e.g. δ18O, δD, etc) are all measured as a ratio of the heavy isotope
relative to the light isotope. In oxygen isotope studies this means measuring

18

O

relative to 16O. However, changes in absolute 18O/16O ratios are generally too small
to be directly measured requiring ‘relative’ measurements to be made of the sample
compared with a known standard (i.e. VSMOW). Isotopic values, reported as delta
(δ), are calculated using the following equation:

δxE ‰ = [(Rsample / Rstandard) - 1] x 1000

whereby x is the atomic mass of the heavier isotope (e.g.
heavy to light isotopes of that element (e.g.

18

O) and R is the ratio of

18

O/16O). In water measurements the

standard used to calibrate isotopic results is Vienna Standard Mean Ocean Water
reported as VSMOW.

VSMOW has a set δ18O value of 0 with values > 0

representing enrichment in the heavy isotope ( 18O) and values < 0 representing
depletion in the heavy isotope (18O). All isotopic values are reported in units of per
thousand, called ‘per mil’ and are denoted by the symbol ‰.

There are five main sections of an isotope ratio mass spectrometer, a sample
introduction system, an electron ionisation source, a magnetic sector analyser, a
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Faraday-collector detector array and a computer controlled data acquisition system
(Muccio & Jackson, 2008). At the Scottish Universities Environmental Research
Centre (SUERC), an automated system, Thermo Finnigan DeltaV Plus with Gas
Bench II attachment, is used to collect δD and δ 18O in waters. The Gas Bench can
run δD and δ18O on 200 μl of water which has been equilibrated with a 2% H2 in He
mixture (δD analysis) and 0.5% CO2 in He mixture (δ18O analysis). The Gas Bench
II has a heated sample tray which can hold 88 exetainers, which if samples are run in
triplicate with standards loaded at the start (3 in triplicate), in the middle (1 in
triplicate) and at the end (3 in triplicate) means 21 actual samples can be analysed per
run.

Table 7. δD and δ18O values of international and in-house standards as measured on
the DeltaV Plus and Gas Bench II system
International
International
STDs
δDSMOW Std. Dev.
STDs
δ18OSMOW Std. Dev.
SMOW
0.00
1.56
SMOW
-0.09
0.19
GISP
-190.56 1.66
GISP
-24.87
0.28
SLAP
-430.27 3.33
SLAP
-55.49
0.17
In-house
In-house
STDs
δDSMOW Std. Dev.
STDs
δ18OSMOW Std. Dev.
DW2/2
-45.54
2.45
DW2/2
-7.44
0.16
EKS2
-88.12
1.21
EKS2
-12.93
0.10
DSW2
-3.19
1.11
DSW2
-0.26
0.06

The standards (Table 7) used for run calibration are distilled water (DW2/2) with δD
and δ18O values of -45.5 and -7.44, East Kilbride Snow (EKS2) with values of -88.12
and -12.93 and Distilled Sea Water (DSW2) with a known value of -3.19 and -0.26.
This range of standard values are calibrated against the international standards
SMOW, GISP and SLAP and the range of the standards allows a straight line
calibration which covers most commonly encountered sample values. The DW2/2
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standard which is placed at the start, middle and end of each run is also used to drift
correct measurements.

2.3.6.1. Sample Setup

The use of a platinum catalyst in the analysis of hydrogen isotopes, via continuous
flow IRMS, is essential because of the extremely sluggish isotopic exchange reaction
which takes place between gaseous H2 (or on the GasBench II system He-H2 mixed
gas) and liquid water (de Groot, 2004). In contrast, the exchange reaction between
gaseous CO2 (or on the GasBench II system He-CO2 mixed gas) and liquid water is
relatively quick, reaching completion within ~6-10 hours on fresh waters without the
need for the addition of a catalyst (de Groot, 2004). However, saline waters inhibit
the CO2 exchange reaction resulting in longer periods of time, up to several days,
being required to achieve equilibrium in the exetainers. The time durations for both
H2 and CO2 headspace analysis in this study were calculated by the technical staff at
SUERC using fresh and saline water standards measured at set intervals across a
period of 1 week.

200 μl of each water analyzed was pipetted into exetainers. A Pt rod (catalyst) was
placed in each exetainer and they were sealed with a new lid and unpierced septum.
Lids were checked to make sure they were not too tight and therefore catch the
injection needle, and not too lose such that they would leak. All of the samples
analysed in this study were run sequentially for δD first and then δ18O, from the same
exetainer of 200μl of water. By convention, samples were analysed for δD first,
though this is not essential and makes no difference to the numbers generated.
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2.3.6.2. Deuterium flush and run

All of the prepared exetainers contain atmosphere upon being sealed and in order to
run them they must be purged with a flush gas (2% H2 in He mixture) to remove
atmospheric gasses and then the headspace gas allowed to equilibrate. For deuterium
analysis, equilibration of each exetainer, once flushed, requires 1 hour (regardless of
the type of waters analysed). Flushing was carried out overnight, with analysis
commencing on the morning of the following day. This was done because only one
needle (either for flushing or measurement) can be connected to the system at a time;
therefore all of the exetainers need to be flushed prior to measurement (flushing takes
approximately 10 hours).

A platinum rod catalyst is added to exetainers for δD measurement to speed up the
reaction. Without the addition of this catalyst, the headspace gas procedure does not
generate useable δD numbers. Post flushing and immediately prior to connecting the
measurement needle and starting deuterium analysis, the mass spectrometer needs to
be tuned appropriately for H3+ ions, this is known as an H3+ correction. This
correction is essential for δD measurements because there is always a small
contribution from H3+ ions, generated within the IRMS system itself, to the δD
numbers produced. The correction is calculated automatically by the system, via
running a series of reference gas peaks at differing peak heights to generate a linear
relationship. The lower the H3+ correction value (in ppm) the better the stability and
precision of the mass spectrometer for this type of analysis.
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Once the exetainers are flushed and the IRMS H3+ corrected, isotopic measurements
can be carried out. Each individual analysis (or exetainer) generates 4 reference gas
peaks (from a reservoir of reference Hydrogen) followed by 10 sample peaks. The
final result for each sample is calculated from the average of the 10 peaks with the
standard deviation for δD being <2‰.

2.3.6.3. Oxygen flush and run

δ18O measurements can be carried out immediately post completion of δD analysis.
The procedure for δ18O is similar, as for δD in that exetainers need to be flushed
prior to measurement and the samples need sufficient time to equilibrate so that
fractionation of the gasses does not occur. In the case of δ 18O sample exetainers are
flushed with a 0.5% CO2 in He mix to remove any leftover 2% H2 in He mix which
might remain in the exetainers from the prior analysis. Unlike δD which only
requires an equilibration time of 1 hour, δ18O measurements require much longer,
~24 hours for freshwaters, 3 days for saline waters equivalent to seawater and as
much as 7 days for hypersaline waters.

Once equilibration is complete, the system does not need any extra tuning parameters
(bar normal source tuning as with any mass spectrometer) or corrections applied. As
with δD analysis the IRMS generates 4 reference peaks (this time from a reservoir of
CO2) and then 10 sample peaks. The final result for each sample is calculated from
the average of the 10 peaks with the standard deviation for δ18O being <0.3‰.
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2.3.6.4. Calibration, correction and reporting

The raw data generated from the mass spectrometer is, without correction and
calibration, unusable. All isotopic data must be calibrated to standards of known
values and waters are universally reported relative to ‘Vienna Standard Mean Ocean
Water’ known as SMOW. The other international standards, reported relative to
SMOW (IAEA δDVSMOW = 0‰, δ18OVSMOW = 0‰), are ‘Greenland Ice Sheet
Precipitation’ known as GISP (IAEA δD VSMOW = -189.5‰, δ18OVSMOW = -24.76‰)
and ‘Standard Light Antarctic Precipitation’ known as SLAP (IAEA δD VSMOW = 427.5‰, δ18OVSMOW = -55.50‰).

The light values of GISP and SLAP mean that while they are useful in calibrating
depleted water samples (and the in-house standards) they are not useful in calibrating
analytical runs for most commonly encountered water values. For this reason, inhouse standards which cover a more restricted but, more realistic set of isotope
values are used at SUERC.

The three in-house standards (DW2/2, EKS2 and

DSW2) are included at the start and end of any analytical run to calibrate the
measurements (Figure 6).
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Figure 6. Graph plotting Drift Corrected δ18O values against known δ18O values
(DSW2, DW2/2 and EKS2) for a single analytical run.

As well as the standards at the start and end for calibration, standard DW2/2 is also
included in the middle of the run to allow any systematic drift in the system to be
corrected for, although this drift is generally negligible (Figure 7).
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Figure 7. Graph plotting Raw δ18 O values against run number position (DW2/2) for
a single analytical run.

After calibration and correction the raw values are reported relative to SMOW, as
with the standards discussed above, and so take the form δD VSMOW = -40 and
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δ18OVSMOW = -12 although commonly VSMOW is assumed and not included.
Oxygen values, which are heavier than SMOW, can arise during measurement, but
anything within ~2‰ for deuterium and ~0.3‰ for oxygen should be considered
analytical error. Where values are increasingly heavier than these reported errors
then the waters must have generated this signature via evaporation or another process
that preferentially retains the heavier isotopes of hydrogen and oxygen.

2.4. Mineralogical analyses

Mineralogical analysis of surface sediments, worm casts and filter papers provided
insight into the formation, distribution and sedimentation of minerals within the
estuary. XRD and FTIR were used jointly for mineral identification and SEM
(EDX) was used for both imaging and mineral identification.

2.4.1. X-Ray Diffraction

X-Ray Diffraction (XRD) is a technique used to identify minerals due to the physical
structure of the mineral. Every crystalline structure will have its own independent
diffraction pattern; therefore it is a useful technique for identifying substances with
similar chemistry. Subtle changes in chemistry will also have an effect on the
structure of the lattice. However this technique, in combination with FTIR, is an
extremely useful tool in mineral identification.
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X-rays are part of the electromagnetic spectrum and primarily interact with electrons
within atoms. As X-rays have wavelengths in the order of a few angstrom (Å)
where:

As this is the typical inter-atomic distance between lattices, X-rays are within the
correct scale of the electromagnetic spectrum for detection. The wavelength of the
X-rays does not change during the process, and only elastic scattering occurs. The
angle of incidence and the diffracted beams can be used to identify specific crystal
lattices. Each fully crystalline material produces patterns of diffracted X-rays with
its own specific wavelength and an incident angle. In fully crystalline solids, waves
are scattered from crystal lattices that are separated by an interplaner distance, known
as d-spacing. When these scattered waves interfere with each other constructively,
the path difference between the two waves is given by Bragg’s law:

where n represents the order of the diffraction peak, λ represents the wavelength, d
represents the d-spacing and θ represents the incident angle. Brags law is utilised to
enhance the peak (height and area) and reduce the background noise on the
diffractogram.

Each crystal lattice is a set of planes with a constant d-spacing. It is this d-spacing
that allows for identification of the crystal lattice analysed as it provides information
about the crystal lattice structure by providing information about the electron
distribution in the substance.

For Bragg’s law to be satisfied, constructive

interference must be taking place in the diffracted beams. This will result in larger
peak heights with longer scans. When quantifying the signatures of the minerals
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present, the length of the scan is therefore important along with standards of the
relevant minerals. However, for this study, relative peak area is used to determine
the relative quantities of the minerals present. That is, peak areas are quantified
relative to each other (out of 100%). In poorly crystalline material the peak area
method is used. In fully crystalline material, peak height is used for quantification,
i.e. the Relative Intensity Ratio (RIR) method.

2.4.1.1. Uses of XRD in clay mineralogy

XRD is widely used in the identification of clay minerals although, as this technique
is primarily indicative of the structural aspects of the lattice, it is clearly more
suitable for identifying the structural groups and varieties present in clay mineralogy
(Brindley, 1952). However, as changes in the chemical species present in the crystal
lattice will consequently have an effect on the lattice shape, XRD is suitable for
identifying specific clay minerals.

Clay minerals are hydrous aluminium silicates, also known as phyllosilicates or layer
silicates (Deer et al., 1992). There are significant variations within the chemical and
structural properties of all clays, but most have a platy morphology with 001
cleavage due to their layered atomic structure (Moore & Reynolds, 1996). All layer
silicates are constructed from two modular units, the corner linked tetrahedral and the
sheet linked octahedral. When hydroxyl ions (OH) are present instead of oxygen
ions, dioctahedral and trioctahedral sheets will form, e.g. gibbsite (Al(OH) 3) and
brucite (Mg(OH)2) (Moore & Reynolds, 1996).
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2.4.4.2. Sample preparation and mineral identification

Surface sediments were collected in a range of environments throughout each estuary
and within the local soils. Fine fractions (<2 μm) and coarse fractions (>2 μm) of the
sediment were separated, with a fine fraction weight percentage (wt%) obtained for
each sample. Sediment sample preparation followed techniques outlined by Jackson
(1969) and Moore and Reynolds (1997). Samples were homogenised, sub-sampled,
and then air-dried at 60°C for 15-hours.

Dry sub-samples were weighed then

dispersed in tap water by means of four 5-minute cycles of ultrasonication and
stirring. The supernatant liquid was decanted and the clay size fraction (<2μm e.s.d.)
was collected by centrifugation at 3500rpm for 30-minutes. The clay size fraction
was then dried at 60°C for 15-hours, ground and then weighed to obtain the clay size
fraction 25 percentage. All Iceland sediment samples had the majority of organic
matter removed (>80%) by NaOCl (Kaiser et al., 2002). X-Ray Diffraction (XRD)
was then used to identify the clay mineralogy of the fine fraction samples.

XRD scans were performed on subsamples after each procedure: potassium
saturation (air-dry), glycolation, 300, 400, and 550 °C heating, then on a separate
subsample: magnesium saturation (air-dry), 300, 400, and 550 °C heating.
Glycolation is commonly used as an indicator of expandable phases such as smectite
or vermiculite; during this procedure ethylene glycol is adsorbed onto inter-layer
cations between tetrahedral-octahedral-tetrahedral (TOT) sheets resulting in the
swelling of the mineral and the development of a peak around 16-17 Å (Harward and
Brindley, 1965; Mosser-Ruck et al., 2005). Progressive heating is another technique
commonly used to identify clay minerals, where dehydration and migration of inter-
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layer cations results in the progressive collapse of inter-layer zones at different
temperatures (Starkey et al., 1984; van Groos and Guggenheim, 1986; Tucker, 1988;
Kloprogge et al., 1992).

In this study, magnesium saturated, air-dry samples have two distinct peaks at 14.4 Å
and 7.2 Å. Upon glycolation, a component of the 14.4 Å phase, shifts to 16.5Å; this
indicates the presence of two phases within the initial 14.4 Å peak. The shifted peak
at 16.5 Å is an expandable phase, such as smectite or vermiculite (Moore and
Reynolds, 1997).

2.4.4.2. Other relevant minerals identified

Quartz is a 3.34 Å mineral that is quite abundant in many samples analysed. This is
hardly surprising as it is one of the most abundant minerals in many igneous,
sedimentary and metamorphic rocks. It is composed of SiO 2 and can be present both
trigonal (α-Quartz) and hexagonal (β-Quartz) in structure. Calcite, CaCO3, is a
carbonate mineral that is commonly found in marine samples. It is a 3.04 Å mineral
that is trigonal is structure. Aragonite, CaCO3, is also a carbonate but forms due to
macro-organism growth. It is a 3.40 Å mineral with an orthorhombic structure. In
many situations, aragonite is present in the form of detrital echinoderms.

For this research, analysis was carried out using a PANalytical X’Pert PRO MPD,
X’Celerator detector, Ni filtered Cu k-α radiation and samples were processed using
HighScore Plus. A full spectra of minerals can be obtained from the HighScore Plus
software however the dominant minerals identified where in the clay spectra, from 0-
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31°2Θ (Figure 8). Clay minerals are commonly identified using their d-spacing. For
example, chlorite is identified by it’s 001 at 14Å and it’s 002 at 7.14Å (Harris, 2007)
while the kaolinite 001 peak is present at 7.15Å. As only the fine fraction, not the
total mineral composition, of the surface sediments was analyzed using XRD, many
detrital minerals were not identified in the samples.

In the Anllóns surface

sediments, minerals commonly identified were chlorite, muscovite, kaolinite,
gibbsite, quartz aragonite, calcite and Mg-calcite (Figure 8).

While in the

Leirárvogur surface sediments, smectite, vermiculite and chlorite were commonly
identified.

The concentrations of each of the minerals discussed in the subsequent chapters were
determined semi-quantitatively using the HighScore Plus software.

To identify

trends relative to each mineral identified, the total concentration of the whole suite of
minerals identified for a specific sample was standardized to 100% and the relative
proportion of each mineral was determined mathematically. This allowed for cross
comparison of all of the samples in attempts to identify trends in the fine fraction of
the surface mineralogy.
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Figure 8. Representative XRD diffractograms of estuary fine fraction sub-sample
from the Anllóns estuary. Figures A and C represent the low angle diffractograms
with the main mineral peaks identified. The minerals of focus in this study are the
clay minerals (insets B and D) ranging between 4-14°2Θ. Clay minerals are
commonly identified using their d-spacing, for example, chlorite is identified by it’s
001 at 14Å and it’s 002 at 7.14Å while the kaolinite 001 peak is present at 7.15Å.
An amphibole peak is present at ~10°2Θ, but is in a low concentration as to be
unquantifiable in the samples analysed.

2.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy is a type of absorption spectroscopy that measures how well a
sample absorbs energy (from light) as a function of frequency or wavelength. The
most basic way to carry out analysis is to shine a monochromatic light at a sample
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and measure how much of that light is absorbed by the sample. This is then repeated
for different wavelengths of light. Rather than allowing a monochromatic beam
absorb into the sample, Fourier transform spectroscopy allows many frequencies of
light hit the sample at any one time by using a broadband light source and the
amount of that beam absorbed is then measured. The broadband light shines into a
configuration of mirrors known as the Michelson interferometer, which allows some
wavelengths of light to pass through and blocks others. The beam is then modified
to contain a different set of frequencies by moving one of the mirrors in the
Michelson interferometer and the process is repeated several times. This allows
many data points to be collected prior to processing, usually carried out by a
computer, where the Fourier transform algorithm is applied.

A Fourier transform is a mathematical operation that decomposes a function into its
constituent frequencies (frequency spectrum), and is a function that is required to
convert raw data into the actual spectrum. FTIR is used to identify chemical bonds
present. It is used alongside XRD to identify neo-clay mineral assemblages.

The absorption of IR radiation by clay minerals depends on four main characteristics;
the atomic mass of the substance and the bond length, strength and interatomic force
(Petit, 2006). The interpretation of IR spectra is carried out assigning observed
signals to vibrational modes.
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2.4.2.1. Uses of FTIR in clay mineralogy

Analysis was carried out using Thermo Fisher Nicolette 380 series FTIR. For this
study, FTIR has be utilised to confirm XRD data and to help distinguish between
specific minerals that XRD cannot differentiate between (berthierine and chamosite
are both 7 Å minerals, peaking in the same location on the XRD spectra). FTIR
analysis has been carried out in two ways for this research, with KBr pellet analysis
and spot sample analysis using the Nicolet Centuarus microscope attachment.

2.4.2.2. KBr pellet analysis

Potassium bromide pellets were made up using a tiny quantity of sample and some
dehydrated KBr. 0.001 g of sample was gravimetrically weighed out on a bench top
weighing scales. 0.2999 g of dehydrated (heated) KBr was added to the sample and
this was ground up in a pestle and mortar for 10 minutes. The sample was then
transferred to a mechanical press where 10 tonne of pressure was applied to form the
sample pellet. Each pellet was then heated to 60°C over night to remove water and
the pellets were then stored in a vacuum desiccator prior to analysis.

To carry out analysis, a background spectrum was determined after which samples
were carefully placed in the sample holder. The sample spectra was acquired after
64 counts and saved. Qualitative analysis was carried using KBr pellets as this
technique was employed to confirm the XRD data, therefore no calibration was
required.
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2.4.2.3. Microscope spot analysis

Filter papers from experiments were spot analysed using the microscope attachment.
Approximately two hours prior to analysis, liquid N2 was poured into the microscope
analyser to allow the chamber to cool sufficiently and subsequently a background of
the filter paper was collected (for these experiments, an Ag filter paper of 0.2 μm
pore size was used). This background was saved on file and subtracted from the
final spectrum.

The major benefit of the spot size analysis is that it was carried out on very small
(mm scale) samples of ‘flocculated’ material. This was preferential to XRD analysis
as the majority of this material was poorly crystalline. From each filter paper, 15
scans were carried out with 64 counts in each scan. These were then processed using
OMNIC software.

Semi-quantitative analysis was carried out on the spot sample analysis data. This
was due to the poor crystallinity of the filtrates, which resulted in poor detection
limits for clays in XRD. Samples were reprocessed using the OMNIC software.
Bands within the range of 3730 – 3530 cm-1 were smoothed to 13.5 cm-1 and the
software then detected the peaks present.

This was then processed using a

Gaussian/Lorentzian function with a fixed width half height of 4.0 to find the best fit
for the peaks and the peak area readings were then used to determine the quantity of
each mineral present.
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Three standards of kaolinite were used to quantify the ratio of the bands at 3697 cm -1
and 3627 cm-1. The three kaolinite standards are referred to as:

1. Georgia, USA
2. Kaznejov, Czech Republic
3. White kaolinite

The 3697 cm-1 band in kaolinite averaged to be 3.401 times larger than the 3627 cm -1
band, but a high standard deviation was calculated (1.047). However, to semiquantitatively determine the amount of kaolinite in the 3627 cm -1 band, the area for
the 3697 cm-1 band was divided by 3.401 and this amount was assumed to be
kaolinite.
(

)

(

(

)⁄

)

To acquire a peak area amount for illite, the kaolinite 3627 cm -1 amount was taken
from the 3627 cm-1 area and the remainder was said to be illite.
(

)

(

(

)⁄

)

The band areas ranging from 3595 – 3540 cm-1 were all added to give the total area
for ‘chlorite’.

A range of other band widths present on the FTIR spectra can be useful in identifying
the minerals present in a sample and they are expressed in table 8 below.
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Table 8: Band width and associated bond types and mineral identifications. This
table is derived from Farmer (1974), Hornibrook & Longstaffe (1996), Herron et al.
(1997) and Yang et al. (2012).
Species
Band widths (cm-1)
Fe-OOH
680
OH bonding
800
Fe-O-Fe
~880-840
Fe-O
945
Si-O stretching
1023
CaCO3 (layering types)
1400
H2O
1641
Meythy-Eythyl groups (Organics)
3000-2850
Fe-clay (Chlorite)
3595-3540
Illite
~3627
Kaolinite
~3627
Kaolinite
~3697
Hydroxyl group
3730

2.4.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDX)

A Scanning Electron Microscope uses low kinetic energy secondary electrons to
image μm scale substances. When an electron beam interacts with a solid, various
types of elastic and inelastic processes occur, such as electron scattering and
excitation that produce both secondary electrons and backscattered electrons. These
electrons are then detected by a relevant photomultiplier detector which produces an
image. To enhance the number of secondary electrons from an insulating sample, a
thin coating of gold or carbon, or any other electron rich conducting material, is
placed on each sample. The coating is also used to conduct electrons away from the
sample to reduce the effects of charging.

An electron beam is thermoionically emitted from an electron gun. The electron
beam is then focussed by lenses. The imaging precision is dependent on the lenses
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present and the ability of the electron gun. When the electron gun produces a small
enough beam of electrons, the lenses then focus the beam onto a spot rather than a
surface. Secondary electron (SE) SEM works on the basis that low energy electrons
are released from the near surface of the substance by inelastic scattering of beam
electrons. Backscattering electrons (BSE) are high energy electrons that are reflected
out of the specimen due to elastic scattering interactions between the specimen and
the beam.

2.4.3.1. Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDX) is a chemical microanalysis
technique. A sample is bombarded with X-rays from the electron beam which results
in electrons from the sample being ionised. When the specimen is ionised, the jump
in energy state releases a new X-ray, which is detected by a crystal (either Si or Li)
in the detection chamber. The energy of the resulting X-rays is element specific and
it is this energy that is used to determine the chemistry of the specimen.

Imaging and analysis was carried out using a Philips XL30 Scanning Electron
Microscope with Oxford Instruments INCA Microanalysis Suite version 4.08.
Samples analysed were grain mounted thin sections and stub mounted filter papers.
Grain mounts were coated in a thin layer of carbon prior to analysis. Stub mounted
filter papers were mounted onto the stub using a carbon based glue pad and were
coated in a thin layer of gold prior to analysis. EDX chemistry was used, along with
the SEM Petrology Atlas (Welton, 1984), for mineral identification.
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2.5. Issues with analysis and progressing forward

Upon completion of both the anion and cation analyses, the resulting charge balances
were over the accepted 5% charge difference (Freeze & Cherry, 1979). All samples
were then reanalysed for the major cations using Atomic Absorption Spectroscopy
(Mg2+ and Ca2+) and Flame Photometry (Na+ and K+). Potentiometric titrations were
carried out to confirm Cl- analyses, which resulted in very different numbers
compared to IC Cl- values. Determination of Cl- from Potentiometric titration is
regarded as one of the most accurate methods for Cl - analysis (Fritz, 1994) therefore;
the new numbers achieved by titration were used.

After the titrations were completed, approximately 60 samples remained outside the
5% charge difference acceptance window. The majority of the remaining samples
were predominately freshwater, where Fe concentrations can have a negative effect
on SO42- analysis as SO42- has a high affinity to iron (and other heavy metals). SO42extended retention has been observed in waters with high Fe concentrations analysed
with IC due to this affinity (M. Andrews, pers comm.). It is thought that the SO42binds with Fe present and that this is retained in the anion column until it reaches
super-saturation, upon which all of the SO42- is released in one large load. This
results in both under reported and over reported SO42- concentrations. The samples
were re-run using ICP-AES to determine all cations accurately, and ICP-AES
derived S+ concentrations were used to quality control and correct the Ion
Chromatography derived SO42- concentrations for the remaining 60 problematic
samples.
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In the fresh and mixed water samples, the major anion present is HCO3-, which was
determined from field titrations of raw sample. Elevated levels of HCO 3- may have
been determined due to local plant photosynthetic activity during daylight hours,
where along with O2, HCO3- is released. The Spanish estuary sampled is in a well
vegetated area and the Icelandic estuary was sampled in the summer months, with
approximately 20 hours of sunlight each day of sampling.

There is potential imprecision in the field methods for alkalinity determination.
Alkalinity titrations were performed in the field on unfiltered sample and it is this
concentration that is attributed to the bicarbonate concentration. However, there are
several species that may be present in the waters that will increase alkalinity, such as
phosphate, borate, organic acids and fine fractions of carbonate minerals (P. Salaün,
pers. comm.). To overcome this issue, it is recommended to perform alkalinity
titrations on a filtered sample to determine HCO 3-. However filtering the sample
may cause variations in the actual HCO3- concentration determined as the solution
passes through the filter paper and gaseous exchange occurs and is generally only
recommended in carbonate rich sample locations (Trick et al., 2008). In this study,
alkalinity titrations were performed on unfiltered sample therefore the reported result
may be overestimated if suspended particles of calcite are present in the particulate
load (Fritz, 1994).
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Chapter 3. Field Study 1 – Spatial
and temporal variations in the
geochemistry of water in the Anllóns
Estuary, Northern Spain
3.1 Abstract

The distribution of minerals in modern estuarine environments has yet to be
understood or mapped.

Such data would provide vital information for the

remediation of pollution in estuarine environments, the assessment of environmental
change within coastal environments and the prediction of mineral distribution in the
subsurface. Iron-rich chlorite is a mineral that is strongly associated with estuarine
and deltaic rocks in the subsurface, yet predicting its location has remained elusive.
Water samples were collected in the Anllóns Estuary, North West Spain, over
complete tidal cycles and analysed for all of the major geochemical components
(anions, cations, isotopic compositions) using Titration, IC, ICP-AES and IRMS, in
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an attempt to understand the geochemical controls on mineral formation in estuaries.
Samples were also analysed for their iron composition, in an attempt to constrain the
location of loss of iron within the estuarine system using ICP-AES, which is
significant in predicting potential locations of neoform iron-rich chlorite precursor
minerals. Unsurprisingly, it is evident that geographical location within the estuary
is a dominant control in the water geochemistry at a specific point, with samples
collected proximal to a specific end-members being more influenced by that endmember. Dissolved iron is lost from the water column in the upper estuary reaches
and removed from the water by the middle of this estuary. Ninety-eight per cent of
soluble iron is removed during mixing of river water and seawater by the mid-estuary
location. Compared to the river water, solid iron concentrations increase by fiftyfour per cent in the upper reaches suggesting estuarine circulation processes may
cause resuspension of deposited material in this zone. Evaporation of mixed waters
results in the supersaturation of these waters and potentially the precipitation of
neoformed minerals. These findings will lead to a further understanding of the
formation and distribution of minerals in modern estuarine environments and may
lead to further understanding of early diagenesis in this setting.

3.2 Introduction

Understanding the distribution of minerals in estuaries can be used to inform coastal
remediation strategies in polluted settings, to help interpret environmental changes in
the drainage basin, and to improve prediction the subsurface distribution of clays in
ancient settings.

However, estuaries undergo constant geochemical changes
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throughout the day, as the tide waxes and wanes. These geochemical changes are
responsible for both flocculation of suspended and solute load (Meade, 1967; Eisma,
1986) and iron loss within the system (Boyle et al., 1974; Sholkovitz, 1976; Eckert
and Sholkovitz 1976; Boyle et al.; 1977, Sholkovitz et al., 1978; Mayer, 1982; Fox
and Wofsy, 1982).

Furthermore, estuaries are also locations of high biological

density and activity (McLusky & Elliott, 2004).

These processes lead to a)

sedimentological facies changes that rapidly alter within the sediment profile, b)
complicated distributions of minerals and c) varying degrees of pollutant
distributions. Therefore it is important to understand the interplay of these controls
on dispersal patterns through time and space.

There is no dataset where mineral distributions within the estuarine environment are
fully documented.

This inhibits the ability to make predictions of mineral

distributions in estuarine successions in the subsurface. An understanding of clay
mineral distribution is a useful tool for prediction distributions in the subsurface,
especially iron-bearing clays. Iron-bearing chlorite is a mineral that inhibits quartz
overgrowth in deeply buried reservoirs (Anjos et al., 2003; Ehrenberg, 1993; Ramm
& Ryseth, 1996) however this mineral does not form in modern environments.
Instead it forms due to the diagenetic alteration of a precursor mineral, berthierine
(Aagaard et al., 2001). Berthierine, has been identified in shallower environments, is
one precursor mineral for iron-bearing chlorite but it may not be the only precursor.
Therefore the focus of this study is to understand the formation and distribution of all
minerals within the estuarine environment, but with a focus on iron-bearing clay
minerals as these may be altered to form iron-bearing chlorite.
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The weathering of silicate minerals results in the formation of both oxide minerals
and clay minerals (Berner & Berner, 2012). The composition of the local geology
plays an important role in the types of clay minerals that develop. Local weathering
processes, which are controlled by the climatic system in the area and rock-types in
the drainage basin plays an important role in clay mineral formation (Mohr & van
Baren, 1954; Velbel, 1985). River-borne suspended particulate matter, one of the
products of weathering, is deposited in marginal marine environments, i.e. estuaries,
deltas, lagoons, shore face shallow shelf systems and tidal flats (Gibbs, 1981; Eisma,
1988; Milliman, 1991). Thus, within marginal marine environments, and especially
within estuaries, it is important to understand the role of geochemical variability that
may influence clay mineral accumulation and then neo-formation (Russel, 1970;
Drever, 1971; Feuillet & Fleischer, 1980; Eisma, 1986).

A major goal of this study is to understand the geochemical changes that occur daily,
in an estuarine system and to assess how these affect mineral formation and
distribution. Although the primary focus is on iron-rich clays, it is important to
document the accumulation and neoformation of all minerals in the system. To
understand variations within an estuarine system, changes in the water geochemistry
due to external forces must also be considered. Processes such as evaporation,
oxidation and atmospheric equilibrium (gas, e.g. CO 2, exchange between air and
water) will play a role in altering the water geochemistry and therefore what minerals
may form. When considering iron-rich clays, accounts must be taken as to how iron
is lost from aqueous solution and from suspension in the estuary and to assess if this
material is transported from, or within, the system or deposited in-situ.

It is
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important to consider whether there are physical controls in estuaries that result in
mineral deposition.

Research questions:
1. What are the geochemical controls that affect mineral weathering, neoformation and distribution within an estuary?
2. What physical processes will affect formation and distribution in estuaries?
3. Where (and when) is iron lost in the estuarine environment?
4. Is iron deposited within the estuary?
5. Can neo-formed minerals be identified?

3.2.1. The Anllóns Estuary

The local geology of Galicia was an important factor in the choice sampling location.
The bedrock is predominately igneous and metamorphic (Figure 1), reducing the
amount of reworked detrital clays entering the system from the hinterland, e.g. from
sedimentary bedrock. The Anllóns river estuary was also chosen for sampling as it
contains a wide range of estuarine environments and easy accessibility (Figure 2).
The Anllóns has a well-established permanent river system and the tidal range in this
estuary is up to 4.4 metres on a spring tide (Arribas et al., 2010).

The Anllóns River drainage basin is 516 km2 (Varela, 2005) where the dominant
land uses are pastoral and arable agriculture and forestry (Devesa-Rey et al., 2010,
Costas et al., 2011). There are two municipalities in the region, one at Carballo and
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another in Ponteceso (Figure 1b.). Some sampling was carried out in, and near, the
town of Ponteceso, the coastal town at the upstream reaches of the estuary.

Figure 1. Map of the drainage basin hinterland geology, from Devesa-Rey et al.
(2011). The Anllóns River is located in North-West Spain (1a). Although there is
some alluvial material that enters the riverine system, the geology is predominately
igneous and metamorphic, reducing the probability of the input of clays derived from
sedimentary systems (1b).

3.2.1.1. Hinterland geology

The geology of the Anllóns river drainage basin is dominated by a north-south
trending series of late Devonian to late Carboniferous allochtonous complexes from
the Variscan Orogeny to the Gondwanan margin (Arenas et al., 1986). There is
evidence to suggest that this area has undergone two major metamorphic events such
as the emplacement of a nappe or overthrust, which formed during the early Variscan
Orogeny (429 -390 Ma) (Ries and Shackleton, 1971, Dallmeyer et al., 1997). This
led to a Barrovian-style metamorphic event, representing the most commonly
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encountered type of metamorphism associated with intense tectonic conditions that
occur during volcanic arc and mountain building processes.

Due to the high

temperature intrusion of granites into the local geology (307 ± 0.6 Ma), mineral
assemblages were altered, producing a gradient with the underlying cold rock types
(Table 1).

Table 1. Minerals present in the geology of Northern Spain, as discussed by
Dallmeyer et al. (1997). The highlighted sections are samples collected within the
drainage basin of the Anllóns River.
Thermobarometric
information

Minerals present

Phyllite

Chlorite zone,
greenschists

Very fine muscovite, brown and green
stilpnomelane, restricted chlorite

Phyllite

Biotite zone,
greenschists

Muscovite, abundant chlorite, biotite

T: 600 ± 45°C for P
= 5 kbar

Green horneblende, plagioclase, quartz,
ilmenite, minor biotite

Paragneiss

Retrograde to
greenschist facies

Muscovite, chlorite, garnet, ilmenitized
rutiles, plagioclase

Amphibolite

Amphibole facies

Green hornblende, garnet, plagioclase, quartz,
minor chlinozoisite, scapolite, rutile, ilmenite,
sphene

Amphibolite

T: 600 ± 45°C for
P > 5 kbar

Rock type

Amphibolite

Metapelite
Metapelite

Low-T
greenschists
Low-T chlorite
zone

Green amphibole, subidomorphic
garnet, plagioclase, quartz, minor
epidote/chlinozoisite, ilmenite, sphene
Garnet, muscovite, chlorite, brown
stilpnomelane, quartz, ilmenite
Muscovite, chlorite, quartz, ilmenite

T: < 400°C

Muscovite, brown stilpnomelane, chlorite,
quartz, albite, ilmenite

Phyllite

T: < 400°C, upper
anchizone

Muscovite, chlorite, brown stilpnomelane,
quartz, opaque matter

Phyllonite

Upper anchizone /
greenschists

Muscovite, chlorite, brown stilpnomelane,
quartz, albite, very abundant opaque matter

Quartzite

400°C < T < 650°C
for P = 5 kbar

Quartz, plagioclase, biotite, muscovite, minor
chlorite, minor opaque minerals

Metapelite
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3.2.1.2. Hydrological regime of the Anllóns River

Waters of the Anllóns River flow downstream into Anllóns Estuary, passes into the
Ria of Laxe and then into the mid-Atlantic Ocean (Costas et al., 2011). The river is
approximately 60 km in length and is undammed. The average flow of the river is
11.9 m3s-1 which can vary between 80 m3s-1 in the wet season and 1m3s-1 in the dry
season.

The Anllóns Estuary is a semidiurnal, mesotidal estuary. The Galician coast is a
wave-dominated coastline with maximum tides of up to 4.4 m recorded in spring
2002 (Arribas et al., 2010).

The estuarine portion of the Anllóns system is

approximately 10 km in length and 1 km in width. The estuary contains a range of
typical estuarine environments from sand flats to mud flats, in-channel sand bars to
flood plains and has a well-developed spit with an established dune system (Figure
2).

3.2.1.3 Galician climate

The local climate in Galicia is a wet, temperate, oceanic climate, experiencing mild
temperatures, averaging between 8 – 19°C, throughout the year (Arribas et al.,
2010).

Located along the Atlantic Coast, Galicia receives a high amount of

precipitation (1000 to 2000 mm/yr, Arribas et al., 2010), with the majority of the rain
falling in the winter months (Mirás-Avalós et al., 2007).
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3.2.2. Sampling efforts

In March 2009, ten spot samples were collected from five locations along the
estuary, ranging from open marine to freshwater (spot locations S1 to S5). Samples
were collected at high tide and low tide at each location, with tide time tables for A
Coruňa the closest available. A Coruňa is approximately 50 km, North East of the
Anllóns Estuary. One litre of each sample was filtered with a 0.2 μm cellulose
nitrate filter paper and the filtered samples were stored in 500 ml Nalgene low
density polyethylene bottles (LDPE bottles). One of the 500 ml filtered aliquots
from each collection sample was acidified to pH 2 using 15% HNO 3, a preservation
technique required for the analysis of cations in a water sample (USEPA, 1979;
APHA, 1980). Samples were then stored in cool, opaque containers for 5 days until
return to the University of Liverpool when they were frozen.

Figure 2. Anllóns Estuary map and sample locations. Spot samples were collected at
high and low tide in spot locations S1 to S5 in 2009. Tidal cycle sample collection
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was carried out in locations L1 to L3 in 2010. Spot locations S1 and S5 were also
repeatedly sampled in 2010 as end-member sample locations.

The 2009 sampling strategy aimed to gain a preliminary understanding of the local
hydrological regime within the estuary. However, to gain a deeper understanding of
the effect of changing water geochemistry on clay formation within the estuarine
system, samples needed to be collected more frequently. For this reason, in 2010,
samples were collected hourly over complete tidal cycles (13 hours) at three static
locations. Samples were also collected at a depth of 50cm at high tide, for two hours
before high tide and two hours after high tide in the tidal cycle sampling effort
locations. The locations chosen for sampling in 2010 ranged from lower-estuary, L1,
to mid-estuary, L2, and upper-estuary, L3 (Figure 3). These three locations were
expected to provide sufficient data on the hydro-geochemical regime as the tide
waxed and waned each day. Also in 2010, end-member river water samples were
collected at the same location as S5 in 2009, for continuity and comparison. A
representative seawater sample was collected from the beach in the town of Laxe,
approximately 7 km from the mouth of the estuary (Figure 1.).

3.2.3. Analytical techniques

An extensive suit of analyses have been performed on the water samples. Alkalinity
titrations and pH were determined in the field while further analyses were performed
upon return to the University of Liverpool.
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3.2.3.1. Water analyses

The pH of all of the samples was determined in the field but alkalinity titrations were
only performed on the 2010 samples. Both pH and alkalinity were determined using
the Metrohm 848 Titrino Plus with a 20 ml exchange unit, where 60 ml of raw
sample was titrated against 0.01 Molar H2SO4. Alkalinity was determined within 60
minutes of sample collection.

Upon return to the University of Liverpool, samples were initially analysed for all
major anions and cations using a Metrohm 881 Compact IC Pro. Sulphate analysis
was performed using a Metrohm Metrosep A Supp 5 separation column using a
mobile phase of 3.2 mM Na2CO3 and 1.0 mM NaHCO3. A suppression system is
required for anion analysis and the regenerant solution used was 0.2064 mM H2SO4,
99.9578 mM C2H2O4 and 0.6809 mM C3H6O, as recommended by Metrohm. The
percentage error of sulphate determined using ion chromatography was calculated
based on known standards concentrations. At its highest, the percentage error for
sulphate was ± 6.3% (Appendix I).

Potentiometric titrations for chloride concentration were performed using a Metrohm
848 Titrino Plus with a 20 mL exchange unit. Samples were titrated against 0.01 M
AgNO3, however more saline solutions required titration against 0.1 M AgNO3.
Potentiometric titrations are used to determine all halides present in a solution
therefore bromide and iodide concentrations are required for accurate determination.
The uncertainty at 95% confidence for all potentiometric titrations is ± 2%.
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Na+ and K+ analyses were carried out on saline samples using a 410 C Corning
Clinical Flame Photometer with the uncertainty at 99% confidence. Mg2+ and Ca2+
analyses were also run on more saline samples using a Thermo Electron S4 Atomic
Absorption Spectroscopy unit for which samples were prepared in a solution of
LaCl3 containing 10% lanthanum and 10% HNO3 as a check on the cation analysis
performed.

ICP-AES was used to determine concentrations of cations on

problematic samples that had an ionic imbalance of over 10%.

These were

predominately freshwater samples with little mixing. The ICP-AES analyses were
carried out using a Perkin Elmer DV4300. These samples were diluted in a solution
of 0.2 mM HNO3 and 0.2ml of 1000 mM Co solution was added as the internal
standard. The relative error in this technique is ± 3% unless the standard was
extensively diluted, increasing the limits of detection.

Both dissolved iron (i.e. any 0.2 μm filterable iron) and total iron concentrations
were determined using a Perkin-Elmer Optima 5300 dual view ICP-AES. Dissolved
iron was determined on the filtered and acidified samples collected in the field
(initially preserved for cations). In the case of total iron, a raw sample of 500ml of
water was returned to the University of Liverpool. A 100 ml aliquot of the agitated
sample was decanted into a vessel and acidified to pH 2 using 15% HNO 3 in the lab.
The solution was stirred and allowed to stand for 60 minutes (as recommended by
Boyle et al. 1977), in order to dissolve any iron species back into solution. The
sample was then stirred again prior to filtration using a 0.2 μm filter paper. The
relative error in this technique is ± 3% unless the sample was extensively diluted,
increasing the limits of detection.
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Isotope ratio mass spectrometry was used to determine the isotopic concentrations of
all water samples collected.

Samples were analysed using a Thermo Finnigan

DeltaV Plus with Gas Bench II attachment. The Gas Bench had been equilibrated
with a 2% H2 in He mixture for δD analysis and 0.5% CO2 in He mixture for δ18O
analysis. Standards used were a) distilled water with δD and δ18O ratios of -45.5 ‰
V-SMOW and -7.4 ‰ V-SMOW respectively, b) East Kilbride snow melt with δD
and δ18O ratios of -88.12 ‰ V-SMOW and -12.93 ‰ V-SMOW respectively and c)
distilled seawater with δD and δ18O ratios of -3.19 ‰ V-SMOW and -0.16 ‰ VSMOW respectively. The error associated is less than 2 ‰ V-SMOW for δD and
less than 0.5 ‰ V-SMOW for δ18O.

3.2.3.2. Quality control

In total, 83 water samples were collected over the two years, 10 in March 2009 and
73 in April 2010. The bulk chemistry compositions were used to derive the ionic
balance of the 83 samples, as discussed in Appelo & Postma (2005). It is expected
that all natural surface waters will be electrically neutral and therefore should have a
charge imbalance of close to 0%.

However, +/- 5% is an acceptable charge

imbalance value for most waters (Freeze & Cherry, 1979) with this imbalance
permitted to increase to +/- 10% in very fresh (low salinity) water due to the
sensitivity required when analysing analytes with very low salt content (HPTA,
1999).

To test the robustness of the inorganic geochemical analyses performed, an ionic
balance spreadsheet was developed (Appendix II). This is an important test to
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perform as the principle of electroneutrality requires the sum of all the positive ions
to equal the sum of all of the negative ions (Freeze & Cherry, 1979).

All

concentrations, initially reported in mg/L, were converted to milliequivalents. For
surface waters, the percentage error must be less than 10% to pass this validation test
(HPTA, 1999).

The charge balance is calculated by adding the sum of the major positive cations
(Na+, K+, Ca2+ and Mg2+ values in meqv) and the sum of the negative anions (Cl-,
HNO3- and SO42- in meqv) and can be seen in Appendix II. Of the 83 samples
collected, 84% of samples had a charge of less than +/- 5%., 5% of the remaining
samples had an ionic charge of between +/- 5 and 10%, and 11% of the samples
analysed had an overall charge of greater than +/- 10% and were disregarded from
the description of the results. The majority of the disregarded water samples in this
estuary were collected in the lower to mid estuary locations.

Samples analysed using ion chromatography and isotope ratio mass spectrometry
were performed on automated runs, therefore drift corrections were required on the
raw data. To do this, a known standard was placed at the start, middle and end of
each run and changes in the reported concentrations over the course of the run were
used to perform an arithmetic correction on the unknown samples.

An internal

standard was used for ICP-AES analyses. This internal standard was also used to
drift correct the raw determinations.

Samples analysed using titration, flame

photometry and AAS were all performed manually. For all techniques, samples were
analysed in triplicate and an average value was used.
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3.3. Results

3.3.1. Water composition

To understand why mineralogical changes take place in-estuary, the bulk chemistry
of the waters is required. The river water and seawater end-member samples were
collected in 2009 and 2010. Spot water samples and tidal cycle samples were also
collected in both sampling programmes. All were analysed to determine pH, the
major anions and the major cations.

Both dissolved iron and total iron

concentrations (2010 samples) were also determined in an attempt to understand the
fate of iron within the system. The data presented in this chapter can all be found in
Appendix II.

3.3.1.1. pH

The pH of the river water end-member remained neutral throughout the 2009 and
2010 sampling seasons (Figure 3a) and the seawater samples range from neutral to
slightly alkaline. The spot sample pH values vary within the estuarine system and
this may be controlled due to geographical location, i.e. the samples collected in the
upper reaches of the estuary have lower pH values compared to those collected in the
lower reaches of the estuary. At high tide, the pH of the three samples remained
neutral throughout. At low tide, the pH increased slightly in the two mid-estuary
locations (2 and 3) but dropped significantly within the town of Ponteceso (4).
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Similarly, the pH of the 2010 tidal cycle samples varied due to geographical location,
i.e. proximity to the end-members, and over the tidal cycles. This was due to the
increasing proportion of seawater. At L1, which is the lower-estuary sample, the pH
ranged from neutral to slightly alkaline throughout the tidal cycle in the surface
samples and there was little significant difference in the samples collected from 50
cm depth below the surface of the water (Figure 3c).

In the mid-estuary samples,

L2, the greatest range of pH values was observed, from 6.8 to 8.3. The lowest pH
value was recorded one hour after the low tide sample was taken (T -5) while the
greatest pH value was observed in the sample collected one hour after high tide (T +1).
Again, the samples collected at depth have similar values to those collected at the
surface (Figure 3d). In the upper-estuary sample, L3, pH ranged from 6.2 to 7.4,
with the lowest pH recorded in the sample collected at depth of 50cm below the
surface of the water, two hours before high tide (Figure 3e). The highest pH at this
site was recorded in the low tide sample.
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Figure 3. The measured pH values for a range of waters within the Anllóns system.
pH was recorded using a handheld pH meter in 2009 and with the Metrohm 848
Titrino Plus in all 2010 samples. 3a presents the difference in pH between the river
water end-member and the seawater end-member, where the freshwater is
predominately neutral to slightly acidic while the seawater is alkaline. 3b represents
the 2009 spot samples collected in S2, S3 and S4 where high tide samples in S2 and
S3 are more acidic in comparison to the corresponding low tide sample possibly
because of the influence of the overriding freshwater. At S4, the pH is very similar
at both high and low tide. 3c to 3e represents the surface water tidal cycle samples,
which were collected within 5 cm of the surface of the water. Depth samples were
collected at a depth of 50 cm under the water. It is clear that the river water is more
acidic than the marine water and that pH varies considerably throughout the tidal
cycle within the estuary.

3.3.1.2. Chloride

The chloride concentrations are considerably lower in the river water compared to
the seawater (Figure 4a). Chloride in the river water averaged at 24 mg/L throughout
the two sampling years and in the seawater, the average chloride concentration is
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8,115 mg/L, with a maximum seawater chloride concentration of 12,464 mg/L. The
average seawater chloride concentration is approximately half of what is expected of
open ocean seawater (19,400 mg/L; Berner & Berner, 2012). The local seawater may
be diluted due to freshwater runoff inputs into the Ria. This suggests that the local
seawater is not typical of open mid-Atlantic Ocean water in composition.

Chloride concentrations in the spot samples from 2009 range from 17,016 mg/L in
the high tide waters from the lower-estuary to 446 mg/L in the low tide waters of the
upper-estuary (Figure 4c). The greatest difference in chloride concentration over the
two tide samples (i.e. high tide and low tide) was observed at the lower-estuary
location (S2) while the least difference is observed in the mid-estuary location (S3).
Similarly to the pH, the high tide chloride concentration at the lower estuary location
is lower than the low tide chloride concentration. The sample collected may in fact
be a less dense mixed water rather than seawater at this time, as it is known that
freshwater will override the more dense seawater in estuarine mixing.

In the tidal cycle samples from 2010, the greatest overall chloride concentrations
were observed at the lower-estuary location, L1 (Figure 4d). The highest chloride
concentration data were observed in the sample collected one hour before high tide
(T-1) and at depth while the lowest chloride concentration data was determined in the
sample collected two hours after low tide (T -4).

Relative to the lower estuary location, the chloride concentrations drop significantly
at the mid-estuary site and throughout the tidal cycle they remain relatively similar,
with the highest chloride concentration determined in the high tide sample taken at
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depth (Figure 4). The lowest chloride concentration at the mid-estuary data was
determined in the sample collected two hours after low tide (T -4).

As expected, the upper-estuary water tidal cycle had the lowest observed chloride
concentrations of the three tidal cycle sampling regimes. Here, the highest chloride
concentration was determined in the sample collected at depth 2 hours after high tide
(T+2) data and the lowest chloride concentration data was determined in the sample
collected two hours after low tide (T-4).

The highest average chloride concentration data in the tidal cycle samples was
observed in the lower estuary site, at 6253 mg/L. Unsurprisingly, the mid-estuary
average chloride concentration decreased in concentration to 1364 mg/L due to the
greater influence of the river water in the mid-estuary location compared to the
lower-estuary location. The upper estuary average chloride concentration decreased
further to 521 mg/L.
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Figure 4. Chloride concentrations for all of the collected Anllóns water samples. 4a
represents the end-member seawater and river water samples while 4b presents a
more sympathetic axis to observe variations in the river water chloride
concentrations. 4c presents the 2009 spot samples collected at high and low tide in
locations S2, S3 and S4. 4d – 4g present the 2010 tidal cycle surface samples that
were collected 5 cm below the surface of the water. The depth samples presented
were collected at 50 cm depth below the surface of the water. 4g represents the same
data as 4f on a more sympathetic axis to observe trends over the time series.
Significant differences are observed in the two end-members and the mid-estuary
samples are a mix of the two.

3.3.1.3. Alkalinity

Alkalinity in the seawater end-member samples averaged 129 mg/L. The river water
end-member sample alkalinities were significantly lower (Figure 5a), averaging 27
mg/L.
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Figure 5. Alkalinity in the Anllóns system. In 2010, titrations were carried out on
each sample collected, tidal cycle samples and end-members. 5a represents the endmember seawater and river water samples where seawater is the red square and river
water is the blue diamond. 5b – 5e present the 2010 tidal cycle surface samples that
were collected 5 cm below the surface of the water. The depth samples presented
were collected at 50 cm depth below the surface of the water. 5e represents the same
data as 5d on a more sympathetic axis to observe trends over the time series. The
alkalinity of the waters drops significantly from the seawater to the freshwater and
this is also evident in the tidal cycle samples, where the alkalinity concentration
drops from the lower-estuary sample (5b) to the mid-estuary sample (5c) and to the
proximal river water sample (5d). Alkalinity titrations were not performed in the
field in 2009.

Alkalinity determinations from the tidal cycle samples mimic the changes observed
in both the pH and chloride determinations over the tidal cycle and within the
estuary.

The highest bicarbonate concentrations were determined in the lower-

estuary site L1 (Figure 5b) while the lowest concentrations were observed in the
upper-estuary samples at L3 (Figure 5d). Throughout the tidal cycle in L1, the
highest surface alkalinity was collected one hour before high tide (T -1) at a
concentration of 142 mg/L while at depth, the highest alkalinity concentrations were
in the two samples collected during high tide (T 0) and one hour afterwards (T+1) both
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at 143 mg/L. The lowest alkalinity observed in this tidal range was 70 mg/L,
determined in the sample collected one hour after low tide (T -4).

At the mid-estuary location, L2, the highest alkalinity concentrations determined in
this location were 105 μg/L at surface and 123 mg/L at depth, both in the high tide
sample (T0). The lowest observed alkalinity was determined in the samples collected
at T-3 and T-4, with both of them having 47 mg/L.

At the upper-estuary location L3, the highest alkalinity concentration determined in
the surface samples was in the sample collected at high tide (T 0), 45 mg/L, while at
depth, the sample collected one hour before high tide (T -1) contained the greatest
concentration of bicarbonate, 48 mg/L.

Alkalinity titrations were performed in the field on unfiltered sample and it is this
concentration that is attributed to the bicarbonate concentration (HCO 3-). However,
there are several species that may be present in the waters that will increase
alkalinity, such as phosphate, borate, organic acids and fine fractions of carbonate
minerals (P. Salaün, pers. comm.). To overcome this issue, it is recommended to
perform alkalinity titrations on a filtered sample to determine HCO 3-. Yet filtering
the sample may cause variations in the actual HCO3- concentration determined as the
solution passes through the filter paper and gaseous exchange occurs and is generally
only recommended in carbonate rich sample locations (Trick et al., 2008). In this
study, alkalinity titrations were performed on unfiltered sample therefore the reported
result may be overestimated if suspended particles of calcite are present in the
particulate load (Fritz, 1994).
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3.3.1.4. Dissolved iron

Dissolved iron in this study is defined as all soluble iron present in the water that
passes through a 0.2 μm filter paper. Previous studies defined dissolved iron as the
soluble iron that will pass through a 0.45 μm filter paper (Boyle et al., 1977;
Raiswell & Canfield, 2012) however some very fine colloids of iron may easily pass
through pore space in filter papers of this larger size. Dissolved iron is the colloidal,
nanoparticulate and aqueous iron present in the water that will pass through a 0.2 μm
pore. Dissolved iron was determined using ICP-AES on all samples from 2009 and
2010.

In the seawater end-member samples, dissolved iron is below detection, where the
detection limit is 1.0 μg/L with uncertainty of ± 3% in each sample. Although the
limits of detection for most metals using this technique is 1 μg/L, in samples that
have been diluted (by up to a factor of 25 in some very saline waters), the limits of
detection for these diluted samples increases by the factor at which it was diluted,
therefore in the case of seawater, the detection limit is 25 μg/L.

The average dissolved iron concentration in the river water end-member was
determined to be 63 μg/L, the highest dissolved iron concentration was present in the
sample collected high tide. The concentration of dissolved iron in the river endmember increased over each sample day as the tidal regime moved towards spring
tides. The greatest concentrations of dissolved iron was determined in the samples
collected on the spring tide on day 3 (Figure 6a). This may be due to a ‘piston effect’
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in the water, where the fresh river water backs upstream due to the force of the
incoming seawater.

Figure 6. Dissolved iron in the Anllóns system. Dissolved iron concentrations of all
waters collected in the Anllóns system. 6a represents the end-member seawater and
river water samples. 6b presents the dissolved iron concentrations of the spot
samples collected at S2, S3 and S4 in 2009, which is presented on a more
representative axis in 6c. 6d – 6g present the 2010 tidal cycle surface samples that
were collected 5 cm below the surface of the water. The depth samples presented
were collected at 50 cm depth below the surface of the water. 6g represents the same
data as 6e on a more sympathetic axis to observe trends over the time series. In the
samples that are dominated by seawater, dissolved iron is below detection.
Dissolved iron is predominately found in the fresher mixed waters and the river endmember waters.

Of the 2009 estuary spot samples, the greatest dissolved iron concentration was
determined in the sample collected at low tide in the village of Ponteceso, S4 (Figure
2). The sample collected at high tide contained 11 μg/L of dissolved iron while the
sample collected at low tide contained 28 μg/L (Figure 6b and c).
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In the 2010 tidal cycle samples, dissolved iron decreased with proximity to the
lower-estuary site (6d to f). At the lower-estuary site, no dissolved iron was detected
in any of the samples. In the mid-estuary location, dissolved iron was only detected
in the surface waters in samples close to low tide (T-6). The maximum concentration
determined was 9 μg/L in the first sample collected that day (T -7), which was also
collected one hour before low tide. By sample T -2, there was no more detectable
dissolved iron in the water samples (Figure 6g).

The greatest concentrations of dissolved iron was present at the upper estuary L3
site, collected from the most upstream location of the three tidal cycle sampling
efforts. The average dissolved iron concentration was 52 μg/L, with the highest
concentration, 108 μg/L determined in the T-5 and T-6 samples, collected at low tide
and one hour afterwards. The lowest iron concentrations were determined in samples
T-1 and T+2, both at 2 μg/L. It is apparent from this trend that the most dissolved
iron-rich estuary waters are those at low tide when the marine influence is at a
minimum.

3.3.1.5. Total iron

Total iron in this study is defined as all of the iron, both dissolved and particulate
iron present in the unfiltered water, dissolved by forcing the pH to 2 using 15% nitric
acid. In contrast to the dissolved iron seawater end-member, up to 22 μg/L of total
iron was present in the acidified seawater end-member water sample (Figure 7a).
This was collected at low tide when the influence of the river water was greatest.
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Not all seawater end-member samples contain detectable total iron and the average
total iron in the seawater end-member samples is 7 μg/L.

In the river water end-member, the average total iron was determined to be 79 μg/L,
with the maximum determined being 89 μg/L. The minimum total iron determined
in the river water was 62 μg/L.

Figure 7. Total iron in the Anllóns system. Total iron concentrations determined in
the 2010 water samples. 7a represents the end-member seawater and river water
samples. 7b – 7d present the 2010 tidal cycle surface samples that were collected 5
cm below the surface of the water. The depth samples presented were collected at 50
cm depth below the surface of the water. Unlike dissolved iron, total iron is present
in more saline waters. This suggests that transport of iron-phases continuous further
downstream from the initial flocculation in the estuarine turbidity maximum zone.

107

In the lower-estuary site L1, the average total iron was determined to be 24 μg/L. In
the surface waters, the maximum total iron concentration was collected at T -3 and
was 70 μg/L while the lowest concentration was collected at T +2 and was determined
to be 3 μg/L. In the waters collected at 50 cm depth, the maximum total iron
concentration collected was 9 μg/L, which was collected at high tide and the lowest
collected, which was collected 3 one hour before.

At the mid-estuary location, total iron concentrations were greater than in the lowerestuary site (Figure 7c). The average total iron was 77 μg/L, with the greatest
concentration present in the surface waters detected in T -7, which was 127 μg/L, and
the lowest concentration in the surface waters present in the high tide sample T 0,
measuring 30 μg/L. In the samples collected at depth, the greatest concentration of
total iron was 116 μg/L, which was collected two hours before high tide, and the
lowest concentration was detected in a high tide sample, which is 29 μg/L.

The greatest concentrations of total iron were determined in the upper-estuary L3
tidal cycle samples (Figure 7d), which were dominated by the river water system.
The average total iron concentration was 108 μg/L. In the surface waters, the highest
total iron concentration was in the sample collected two hours after low tide (T -4) and
was determined to be 206 μg/L, while the lowest total iron in the surface waters was
found in the sample collected two hours after high tide (T +2) and was 53 μg/L. In the
waters collected at depth, the highest concentration of total iron was 90 μg/L, which
was collected two hours before high tide (T -2) and the lowest concentration of total
iron was found in the sample collected at high tide (T 0) and two hours after high tide
(T+2). The concentration of total iron determined for these two samples was 59 μg/L.
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3.3.1.6. Sulphate

Sulphate analysis was carried out on all samples using ion chromatography. The
highest concentrations of sulphate were determined in the seawater samples, where
the maximum concentration was determined to be 3,384 mg/L. The average sulphate
concentration in the seawater samples was 2202 mg/L. In the river water samples,
sulphate concentrations were much lower, the maximum concentration determined
was 10 mg/L. The average sulphate concentration in the river waters was 8 mg/L.

At the high tide spot samples sites, sulphate decreases in concentration from the
lower-estuary to the upper-estuary (Figure 8b).

At low tide, this pattern is not

observed as sulphate concentrations increase at the mid-estuary site.

Figure 8. Sulphate concentrations in the Anllóns system. 8a represents the endmember seawater and river water samples. 8b presents the sulphate concentrations
of the spot samples collected at S2, S3 and S4 in 2009. 8c – 8f present the 2010 tidal
cycle surface samples that were collected 5 cm below the surface of the water. The
depth samples presented were collected at 50 cm depth below the surface of the
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water. 8f represents the same data as 8e on a more sympathetic axis to observe
trends over the time series. Higher sulphate concentrations were determined in the
marine samples. Concentrations of sulphate decrease towards the upper-estuary.
Greater concentrations of sulphate are present in the samples close to high tide.

In all three of the tidal cycle locations, sulphate concentrations were greatest close to
high tide sampling (Figure 8). At the lower estuary sampling site, concentrations of
sulphate were elevated two hours before high tide to two hours after high tide (Figure
8c). In the mid-estuary location, a sharp increase in sulphate concentration was
found in the high tide sample (Figure 8d).

At the upper-estuary location, the

concentrations of sulphate in the water dropped significantly, however it continued to
rise for up to three hours after high tide (Figure 8f). In most samples collected at a
depth of 50 cm below the surface, sulphate concentrations were higher at depth than
at the surface of the water.

3.3.1.7. Sodium

Sodium analysis was carried out on all saline samples using flame photometry and
freshwater samples using ICP-AES. The highest concentrations of sodium were
determined in the seawater samples, where the maximum concentration was
determined to be 7,926 mg/L. The average sodium concentration in the seawater
samples was 5,161 mg/L, this matches the low chloride concentrations observed in
figure 4, in being significantly lower than open mid-Atlantic Ocean water. In the
river water samples, sodium concentrations were much lower; the maximum
concentration determined was 27 mg/L. The average sodium concentration in the
river waters was 14 mg/L.
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At the high tide 2009 spot samples sites, sodium concentrations decrease in
concentration from the lower-estuary to the upper-estuary (Figure 9b). At low tide,
this pattern is not observed as sodium concentrations seem to increase towards the
mid-estuary site, as did chloride concentrations at this same site.

Figure 9. Sodium concentrations over the tidal cycle. 9a represents the end-member
seawater and river water samples. 9b presents the sodium concentrations of the spot
samples collected at S2, S3 and S4 in 2009 at high tide and low tide. 9c – 9f present
the 2010 tidal cycle surface samples that were collected 5 cm below the surface of
the water. The depth samples presented were collected at 50 cm depth below the
surface of the water. 9f represents the same data as 9e on a more sympathetic axis to
observe trends over the time series. Higher sodium concentrations were determined
in the marine samples. Concentrations of sodium decrease towards the upperestuary. Greater concentrations of sodium are present in the samples close to high
tide.

In all three of the tidal cycle locations, sodium concentrations were highest close to
high tide (Figure 9). At the lower estuary sampling site, concentrations of sodium
were elevated one hour before high tide until two hours after high tide (Figure 9c).
In the mid-estuary location, a sharp increase of sodium concentration was found in
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the high tide sample (Figure 9d).

At the upper-estuary location, the sodium

concentrations in the water dropped significantly although it continued to rise for up
to three hours after high tide (Figure 9e). In most samples collected at a depth of 50
cm below the surface, sodium concentrations were slightly higher at depth of 50 cm
than at the surface of the water.

3.3.1.8. Magnesium

Magnesium analysis was carried out on all saline samples using atomic absorption
spectroscopy and freshwater samples using ICP-AES. The highest concentrations of
magnesium were determined in the seawater samples, where the maximum
concentration was determined to be 986 mg/L.

The average magnesium

concentration in the seawater samples was 406 mg/L. In the river water samples,
magnesium concentrations were much lower, the maximum concentration
determined was 4 mg/L. The average magnesium concentration in the river waters
was 3 mg/L.

At both high tide and low tide in the 2009 spot samples sites, magnesium decreases
in concentration from the lower-estuary to the upper-estuary (Figure 10b).
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Figure 10. Magnesium concentrations over the tidal cycle. 10a represents the endmember seawater and river water samples. 10b presents the sodium concentrations
of the spot samples collected at S2, S3 and S4 in 2009 at high tide and low tide. 10c
– 10f present the 2010 tidal cycle surface samples that were collected 5 cm below the
surface of the water. The depth samples presented were collected at 50 cm depth
below the surface of the water. 10f represents the same data as 10e on a more
sympathetic axis to observe trends over the time series. Higher magnesium
concentrations were determined in the seawater samples. Concentrations of
magnesium decrease towards the upper-estuary.
Greater concentrations of
magnesium are present in the samples close to high tide.

In all three of the tidal cycle locations, magnesium concentrations were highest close
to high tide sampling (Figure 10). At the lower estuary sampling site, concentrations
of magnesium were elevated at high tide and for up to two hours after high tide
(Figure 10c).

In the mid-estuary location, a sharp increase in magnesium

concentration was found in the high tide sample (Figure 10d). At the upper-estuary
location, the concentrations of magnesium in the water dropped significantly,
although it continued to rise for up to three hours after high tide (Figure 10e). In
most samples collected at a depth of 50 cm below the surface, magnesium
concentrations were slightly lower at depth than at the surface of the water.
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3.3.1.9. Calcium

Calcium analysis was carried out on all saline samples using atomic absorption
spectroscopy and freshwater samples using ICP-AES. The highest concentrations of
calcium were determined in the seawater samples, where the maximum concentration
was determined to be 355 mg/L. The average calcium concentration in the seawater
samples was 184 mg/L. In the river water samples, calcium concentrations were
much lower than the seawater; the maximum concentration determined was 7 mg/L.
The average calcium concentration in the river waters was 4 mg/L.

At the high tide spot samples sites, calcium concentrations decrease in concentration
from the lower-estuary to the upper-estuary (Figure 11b). At low tide, this pattern is
again found, as for magnesium, in the low tide samples.
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Figure 11. Calcium concentrations over the tidal cycle. 11a represents the endmember seawater and river water samples. 11b presents the sodium concentrations
of the spot samples collected at S2, S3 and S4 in 2009 at high tide and low tide. 11c
– 11f present the 2010 tidal cycle surface samples that were collected 5 cm below the
surface of the water. The depth samples presented were collected at 50 cm depth
below the surface of the water. 11f represents the same data as 11e on a more
sympathetic axis to observe trends over the time series. Higher calcium
concentrations were determined in the seawater samples. Concentrations of calcium
decrease towards the upper-estuary. Greater concentrations of calcium are present in
the samples close to high tide.

In all three of the tidal cycle locations, calcium concentrations were highest close to
high tide (Figure 11). At the lower estuary sampling site (L1), concentrations of
calcium were elevated one hour before high tide and up to two hours after high tide
(Figure 11c).

In the mid-estuary location (L2), a sharp increase of calcium

concentration was present in the high tide sample (Figure 11d). At the upper-estuary
location (L3), the concentrations of calcium in the water dropped significantly
although it continued to rise for up to three hours after high tide (Figure 11e). In
most samples collected at a depth of 50 cm below the surface, calcium
concentrations were lower at depth than at the surface of the water.
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3.3.1.10. Potassium

Potassium analysis was carried out on all saline samples using flame photometry and
ICP-AES was used on freshwater samples. The highest concentrations of potassium
were determined in the seawater samples, where the maximum concentration was
determined to be 298 mg/L. The average potassium concentration in the seawater
samples was 170 mg/L. In the river water samples, potassium concentrations were
much lower, the maximum concentration determined was 1 mg/L. All potassium
concentrations determined were 1 mg/L.

At the high tide spot samples sites, potassium concentrations decrease in
concentration from the lower-estuary to the upper-estuary (Figure 12b). At low tide,
this pattern is again observed, as for magnesium, in the low tide samples.
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Figure 12. Potassium concentrations over the tidal cycle. 12a represents the endmember seawater and river water samples. 12b presents the sodium concentrations
of the spot samples collected at S2, S3 and S4 in 2009 at high tide and low tide. 12c
– 12f present the 2010 tidal cycle surface samples that were collected 5 cm below the
surface of the water. The depth samples presented were collected at 50 cm depth
below the surface of the water. 12f represents the same data as 12e on a more
sympathetic axis to observe trends over the time series. Higher potassium
concentrations were determined in the seawater samples. Concentrations of
potassium decrease towards the upper-estuary. Greater concentrations of potassium
are present in the samples close to high tide.

In all three of the tidal cycle locations, potassium concentrations were highest close
to high tide sampling (Figure 12). At the lower estuary sampling site, concentrations
of potassium were elevated one hour before high tide and up to two hours after high
tide (Figure 12c).

In the mid-estuary location, a sharp increase of potassium

concentration was present in the high tide sample (Figure 12d). At the upper-estuary
location, the concentrations of potassium in the water dropped significantly although
it continued to rise for up to three hours after high tide (Figure 12e).
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3.3.1.11. δD

δD analysis was carried out on all samples using isotope ratio mass spectrometry.
The highest δD values were determined in the seawater samples, where the
maximum δD value was determined to be + 9.7 ‰ V-SMOW. The average δD in
the seawater samples was + 3.0 ‰ V-SMOW. In the river water samples, δD values
were much lower, the maximum δD values determined was – 30.7 ‰ V-SMOW.
The average δD composition in the river waters was -29.0 ‰ V-SMOW.

At the high tide spot samples sites, δD decreases from the lower-estuary (L1) to the
upper-estuary (L3) (Figure 13b).

At low tide, this trend is not observed as δD

increased in the mid-estuary location (L2) at low tide.

Figure 13. δD compositions over the tidal cycle. 13a represents the end-member
seawater and river water samples. 13b presents the sodium concentrations of the
spot samples collected at S2, S3 and S4 in 2009 at high tide and low tide. 13c – 13f
present the 2010 tidal cycle surface samples that were collected 5 cm below the
surface of the water. The depth samples presented were collected at 50 cm depth
below the surface of the water. 13f represents the same data as 13e on a more
sympathetic axis to observe trends over the time series. Higher δD values were
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determined in the seawater samples. δD decreases towards the upper-estuary.
Greater δD values are present in the samples close to high tide.
In all three of the tidal cycle locations, δD values were highest close to high tide
sampling (Figure 13). At the lower estuary sampling site, δD values were elevated
two hours before high tide and for up to three hours after high tide (Figure 13c). In
the mid-estuary location, a sharp increase of δD values was present in the high tide
sample (Figure 13d). At the upper-estuary location, δD remained fairly constant
throughout the tidal cycle (Figure 13e).

3.3.1.12. δ18O

δ18O analysis was carried out on all samples using isotope ratio mass spectrometry.
The highest values of δ18O were determined in the seawater samples, where the
maximum value was determined to be + 1.4 ‰ V-SMOW. The average δ18O of the
seawater samples was 0.0 ‰ V-SMOW. In the river water samples, δ18O values
were much lower, the maximum composition determined was - 5.6 ‰ V-SMOW.
The average δ18O value in the river waters was – 5.0 ‰ V-SMOW.

At the high tide spot samples sites, δ18O decreased in composition from the lowerestuary to the upper-estuary (Figure 12b). At low tide, this pattern was not observed
as δ18O increased in the mid-estuary location at low tide.
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Figure 14. δ18O variations over the tidal cycle. 14a represents the end-member
seawater and river water samples. 14b presents the sodium concentrations of the
spot samples collected at S2, S3 and S4 in 2009 at high tide and low tide. 14c – 14f
present the 2010 tidal cycle surface samples that were collected 5 cm below the
surface of the water. The depth samples presented were collected at 50 cm depth
below the surface of the water. 14f represents the same data as 14e on a more
sympathetic axis to observe trends over the time series. Higher δ18O values were
determined in the seawater samples. δ18O decreases towards the upper-estuary.
Greater δ18O values are present in the samples close to high tide.
In all three of the tidal cycle locations, δ18O values were highest close to high tide
sampling (Figure 12). At the lower-estuary sampling site, δ18O values were elevated
two hours before high tide and for up to two hours after high tide (Figure 12c). In
the mid-estuary location, a sharp increase of δ18O was present in the high tide sample
(Figure 12d). At the upper-estuary location, δ18O in the water remained between –
5.4 ‰ V-SMOW and – 4.7 ‰ V-SMOW.

3.3.1.13. Water geochemistry summary

In an attempt to assess the major ionic compositions of each of the tidal sample
locations over time, the water compositions were plotted together to see potential
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trends (Figure 15). The water geochemistry data was modified in an attempt to
reveal the conservative and non-conservative species present within each tidal cycle
sample. The chloride concentrations of each of the waters were divided by ten, the
sodium concentrations were divided by eight and sulphate concentrations were
divided by four. The concentrations of potassium and calcium were multiplied by
three and those of bicarbonate and magnesium were unaltered. This was performed
in an attempt to have relatively constant ratios of each of the ionic compositions so
trends may become evident. Schematics of the waters bulk chemistry were drawn up
using the above method and those for the 2009 samples and the Lower estuary
samples in 2010 are discussed in Figure 15.

121

Figure 15. A schematic of the average ionic compositions of the Anllóns waters in
the 2009 spot samples and 2010 L1. It is evident that the river water end-member is
vastly different in the composition compared with the seawater end-member. Within
the spot samples, it is evident that the relative composition of the water is similar to
that of the seawater until the upper reaches (A004). In the upper reaches, the waters
remain mixed; the bulk composition is not dominated by either end-member. In the
2010 Lower Estuary sample, the waters are dominated by the seawater end-member
(Fig. 15b). This sample location is proximal to the seawater end-member. It is also
evident that there are elevated sulphate concentrations towards low tide.

The composition of the seawater end-member is vastly different to that of the river
water, as might be expected (Figure 15a). In the 2009 samples, the lower and mid
estuary samples have similar bulk compositions to the seawater bulk composition
(Figure 15a); therefore it can be assumed that this is the dominant end-member at
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these sample locations. The upper estuary sample, A004, is clearly more mixed, not
having compositions closer to either end-member (Figure 15a). The tidal cycle
samples from the lower estuary have very similar bulk compositions to that of the
seawater end-member (Figure 15b) therefore it can be assumed that the seawater is
the dominant end-member in this location. However, towards low tide, elevated
calcium levels are evident. To understand variations within the remainder of the
estuary, similar bulk composition plots were derived for the 2010 mid estuary and
upper estuary locations (Figure 16).

Figure 16. A schematic of the average ionic compositions of the Anllóns waters in
the 2010 L2 and L3 waters. In the mid estuary sample location, it is clear that the
123

dominant end-member is again the seawater end-member as the bulk composition of
the waters is closer to that of the seawater end-member than the river water endmember (Fig. 16a). Elevated calcium concentrations are evident towards high tide.
Samples from the upper estuary location are more mixed, not resembling either endmember more (Fig. 16b).

In the mid estuary sample location, it is clear that the dominant end-member is again
the seawater end-member as the bulk composition of the waters is closer to that of
the seawater end-member than the river water end-member (Figure 16a). Although
trends are similar to the seawater end-member in the mid estuary location, elevated
calcium concentrations are evident towards high tide. The samples collected in the
upper estuary are clearly mixed samples as they do not appear to be dominated by
either one end-member (Figure 16b). At certain point within the tidal cycle, the bulk
composition of some samples resemble the river water end-member more (low tide
X2-3) although there are elevated sodium levels in comparison.

3.4. Discussion:

3.4.1. Water composition

Water samples, collected in two different years, were used to understand
geochemical changes within the estuarine water column. End-member samples are
indicative of the extreme bulk chemistry compositions that are expected for both
river and coastal seawaters. The spot samples collected are useful indicators of the
broad estuarine hydrodynamics, but the tidal cycle samples will lead to conclusions
about the changing water geochemistry and its effect on the estuarine minerals. All
of these will be examined in this section.
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3.4.2. River water geochemistry

The river water end-member has a much lower ionic composition compared to the
seawater, as might be expected (Berner & Berner, 2012).

Average chloride

concentrations are 24 mg/L, with sulphate averaging at 8 mg/L and bicarbonate
averaging at 27 mg/L. The sodium concentration of the river water averages at 14
mg/L, while the calcium concentration averages at 6 mg/L. Magnesium averages at
4 mg/L and potassium at 1 mg/L. The dominant ionic species in these river waters is
therefore the bicarbonate.

The pH of the river water ranges from neutral to slightly acidic, pH 6.3 to 7.4.
Dissolved iron concentrations average at 63 μg/L. The river water is isotopically
very light, with δD values averaging – 29.2 ‰ V-SMOW and δ18O values averaging
– 5.4 ‰ V-SMOW. There are much higher concentrations of both aqueous and total
iron in the river water end-member, which is the source of iron into the aqueous
estuarine system. Dissolved iron is present in these end-members in slightly acidic
to neutral conditions.

The average river waters of Europe have much higher calcium, sulphate and
bicarbonate concentrations than the Anllóns River, slightly higher average
concentrations of chloride and sulphate and similar concentrations of magnesium and
potassium (Berner & Berner, 2012). The rivers discussed in Berner & Berner (2012)
are all located further in NW Europe and in some cases are much larger systems (the
Danube and the Rhine). The chemical composition of a Spanish river in the Basque
region, which has a predominately limestone hinterland, is lower in chloride, sodium
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and magnesium concentrations and higher in bicarbonate, sulphate and potassium
concentrations (Echeandia et al.,1996). Although the concentrations of the river
waters vary, the low ionic composition of all of the waters, including those of the
Anllóns, is typical of river water (Berner & Berner, 2012). Similarly, it is expected
that river waters will typically have light isotopes of hydrogen and oxygen (Hoefs,
1980) which is also true of the Anllóns waters.

3.4.3. Seawater geochemistry

The pH of the seawater end-member ranges from neutral to slightly alkaline (figure
3). The pH of seawater is expected to be slightly alkaline, i.e. around pH 8.1 (Berner
& Berner, 2012). The seawater of the Anllóns Estuary ranges from pH 7.6 to 8.3.
The lower pH readings may be due to the introduction of another source of acidic
water, such as run-off from agricultural activities. The pH of the seawater was
generally lower at high tide times, where less dense acidic water may override the
more dense seawater (Figure 17a) (McLusky & Elliott, 2004). As near-surface
seawaters were collected, it is possible that these waters are mixed between run off
and open seawater.

The average chloride concentration in the seawater samples reported here is 8,115
mg/L. This is far below the expected value of 19,400 mg/L (Berner & Berner, 2012).
The highest recorded chloride concentration was 12,464 mg/L, which still falls short
of expected seawater concentrations. This sample was collected at high tide. The
lowest recorded chloride concentration was 3,029 mg/L from a seawater sample
taken at low tide. Sodium concentrations mimic this trend, where the average
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sodium is 5,161 mg/L, the maximum recorded sodium was 7,926 mg/L and the
lowest recorded sodium was 2,233 mg/L. Sodium in true seawaters is expected to be
10,700 mg/L (Berner & Berner, 2012).

From the concentrations of these

conservative species (in water geochemistry conservative species are unaffected by
changes in pH, temperature and pressure and are only altered by simple dilution
(Berner & Berner, 2012)), it is clear that the seawater end-member is not true sea
water but that it is diluted (Figure 18).

Magnesium concentrations are also lower than expected for open ocean seawaters
(1,300 mg/L; Berner & Berner, 2012). The average magnesium concentration was
446 mg/L, the maximum recorded magnesium was 986 mg/L and the lowest
recorded magnesium was 187 mg/L. Calcium concentrations are also lower than
expected for open ocean seawaters (400 mg/L; Berner & Berner, 2012). The average
calcium concentration was 184 mg/L, the maximum recorded calcium was 355 mg/L
and the lowest recorded calcium was 67 mg/L. Potassium concentrations are also
lower than expected for open ocean seawaters (400 mg/L; Berner & Berner, 2012).
The average potassium concentration was 170 mg/L, the highest recorded potassium
was 298 mg/L and the lowest recorded potassium was 65 mg/L.

Seawater

concentrations at the mouth of estuaries are susceptible to dilution due to run-off of
fresh waters.

Using the maximum concentrations chloride, the maximum local

seawater end-member concentration is approximately 64% of that expected in open
marine condition (Table 2). When considering the lowest concentrations of each
chloride, the lowest local seawater end-member concentration is approximately 16%
of that expected in the open marine (Table 2). The low ionic compositions of the
seawater samples are due to mixing with land derived runoff.
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There are only two ionic species that are similar to expected open ocean seawater
levels, or are greater than expected seawater concentrations; bicarbonate and
sulphate.

Bicarbonate concentrations are close to what is expected for natural

seawaters (~150 mg/L) however this is dependent on pH, pressure and temperature
(Berner & Berner, 2012). The average bicarbonate concentration is 129 mg/L, the
maximum recorded magnesium was 143 mg/L and the lowest recorded magnesium
was 109 mg/L. Seawater sulphate concentrations should be at 2,700 mg/L (Berner &
Berner, 2012). The average sulphate concentration in this seawater is 2,202 mg/L.
The maximum recorded sulphate concentration was 3,384 mg/L while the lowest
recorded sulphate concentration was 901 mg/L.

Although in some cases the

concentrations of these two ionic species are lower than expected from natural
seawater, both of these species are altered by either atmospheric, biological and
chemical processes in the estuarine system. Alkalinity of natural waters limits calcite
precipitation as alkalinity or bicarbonate (HCO3-) acts as a buffer in natural waters
(Berner & Berner, 2012).

In waters that are supersaturated by calcite, CO2

dissolution will not occur however atmosphere-water transfer will occur in waters
that are not saturated by calcite (Garrels and Christ, 1965). Sulphide oxidation will
occur in systems where Fe-sulphides that form at the sediment-water interface are
oxidised. It is clear from the ionic composition of the seawater samples that the endmember sample is not truly open marine. Using table 2 below, the average seawater
is approximately 42% of the open marine composition due to mixing with river
water.
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Table 2. Using known reported values of open ocean water ionic composition, the
percentage mixing of the local seawater was estimated. As chloride is geochemically
the most conservative, it is the most believable reported percentage of seawater
composition. Sodium and potassium concentrations may be changed to interactions
with clays and calcium and magnesium concentrations may be changed by calcite
and dolomite dissolution and precipitation.

Local
Seawater
Average

Open
Ocean
Water %
in
Average
Local
Seawater

Local
Seawater
max

Open
Ocean
Water %
in Most
Saline
Local
Seawater

Local
Seawater
Min

Open
Ocean
water % in
least
saline
Local
Seawater

24

8115

41.8

12464

64.2

3029

15.6

10700

14

1300

4

5161

48.2

7926

74.1

2233

20.9

446

34.3

986

75.8

184

14.2

Ca

400

K

400

6

184

46.0

355

88.8

67

16.8

1

170

42.5

298

74.5

65

16.3

LiteratureReported
Open
Ocean
water

Local
River
Water

Cl

19400

Na
Mg

Ions

Dissolved iron was not detectable in any of the seawater samples collected. Small
quantities of total iron were detected in these waters, up to 22 μg/L therefore, finely
divided solid iron particulates were transported downstream from the estuary and out
into the local seawater.

3.4.4. Estuary water geochemistry

The pH of the in-estuary tidal cycle samples varied over each day, depending on the
sample location within the estuary. At high tide in the 2009 spot samples, the pH of
the lower-estuary site was 6.6 and pH steadily increased from the lower estuary to
the upper estuary where it was recorded at 7.1 (Figure 3b). At low tide in the same
year, the highest pH recorded was at the lower estuary site and the pH steadily
decreased towards the upper estuary (Figure 3), which is predicted as seawater pH is
greater than river water pH (Berner & Berner, 2012). The low pH recorded at high
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tide in the lower-estuary waters may be due to the less dense river water overriding
the more dense seawater as it travels towards the open ocean (Figure 15). This is
known as the salt wedge effect (Valle-Levinson, 2010).

Figure 17. A schematic of the salt wedge effect (McLusky & Elliott, 2004). At high
tide (a), the less dense river water will override the incoming and more dense
seawater, resulting in a wedge shaped stratification of the water. While at low tide
(b), the force of the river water moving downstream will result in less of a wedged
stratification.

Fresh river water, that is more acidic, will override the incoming more alkaline
seawater causing a wedge effect in the water stratification at high tide. As the waters
sampled in 2009 were surface waters, it is possible that true mixed waters were not
collected. At low tide, the seawater will be more influential in the lower-estuary site
while the river water will be more influential in the upper-estuary site. The pH
trends observed at low tide, where pH decreased from lower-estuary to upperestuary, suggests that seawater is dominant in the lower-estuary site and that river
water is dominant in the upper-estuary site (Figure 3).

When considering the major anion content of the 2009 spot samples, the
concentrations decreased from the lower-estuary to upper-estuary in the high tide
samples. In the mid-estuary location, both high tide and low tide ionic compositions
are very similar. The greatest concentration of ionic species in the water in the low
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tide samples is at the mid-estuary site. Water in the estuary basin will undergo
evaporation at all times as long as humidity is <100% (Cappa et al., 2003).
Moreover, water in the porous estuary sediments and sitting in shallow pools on sand
and mud flats will undergo enhanced evaporation at low tide. Evaporation of the
water will result in the increased concentration of all species, potentially with the
eventual growth of minerals in the classical sequence of evaporates, first forming
carbonate minerals (Hardie & Eugster, 1980). Extreme evaporation could result in
gypsum and even halite growth.

These evaporated waters will have elevated

concentration plus any evaporate crystals on sand and mud flats will be available to
be dissolved by the returning water at the next tide and will increase the composition
of the water in which they dissolve. By this means, the salinity of the water in the
estuary can be strongly affected by evaporation and can plausibly, if transiently,
exceed the salinity of the local seawater (which as discussed has a lower salinity than
open ocean water, see section 3.4.3and table 2).

The pH of the estuary tidal cycle samples seem to follow a similar trend to the 2009
spot estuary samples, with the lower-estuary samples ranging from 7.38 to 8.15, the
mid-estuary samples ranging from 6.78 to 8.34 and the upper-estuary samples
ranging from 6.24 to 7.4 (Figure 3). In the lower-estuary and mid-estuary tidal cycle
sites the lowest pH was taken at low tide when the river water may be dominant due
to flushing or overriding the seawater and the highest pH was taken close to high
tide. This differs slightly in the upper-estuary tidal cycle, where the highest pH was
observed in the low tide sample and the lowest pH was recorded in the high tide
sample (Figure 3). At low tide in the upper estuary, the river water would be
flushing through the system at a relatively fast rate, therefore the sample collected at
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this time will be close to fresh river water, and therefore the pH is low. However at
high tide, when the river water has been back up due to the increasing volume of
seawater, the sample collected might represent more mixed water. This is confirmed
when the chloride composition of the low tide and high tide waters of the upper
estuary are considered (Figure 5).

Throughout each of the tidal cycles, the chloride and alkalinity concentrations
reduced going from the lower-estuary towards the upper-estuary site (Figures 4 and
5). This trend is the same as what was observed in the 2009 samples. Coastal
seawaters are the dominant influence on the chloride and alkalinity concentrations in
the in-estuary waters due to coastal seawaters containing greater concentrations of
both chloride and bicarbonate (Berner & Berner, 2012). At each estuary location,
both the chloride and the alkalinity concentrations increase approaching high tide at
each specific site and the concentrations decrease from the lower-estuary to the
upper-estuary sample sites (Figures 4 and 5).

In the lower-estuary and mid-estuary sites, the highest chloride concentrations were
observed in the high tide samples, although it is not until one hour after high tide that
the highest chloride concentrations are observed in the upper-estuary site (Figure 4).
Local tide times were estimated for La Coruňa, which is approximately 60 km from
the estuary. The lag in the maximum chloride concentration observed in the upperestuary site, one hour after high tide (at La Coruňa), may be due to the fact that
marine high tide does not represent high tide at the upstream reaches of the estuary.
While high tide times closely predict the highest ionic composition samples for the
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lower-estuary and the mid-estuary, the movement of the river water back upstream
may cause a delay in the effect of this force.

Chloride is a conservative species in estuarine water mixing (Berner & Berner,
2012), i.e. concentrations of seawater chloride are reduced only due to simple
mixing. To be termed conservative, the chemical species being considered must
remain unaffected by changes in pH, temperature and pressure during mixing. To
assess the conservative versus non-conservative behaviour of other ionic species
within the mixed waters, it is common practice to cross plot each species against
chloride concentrations (Berner & Berner, 2012).

When cross plotted against chloride concentrations, the majority of sodium
concentrations in the mixed waters trend in a conservative manner (Figure 18a). At
concentrations below approximately 6,500 mg/L chloride, sodium concentrations are
elevated off the simple mixing line. Weathering and dissolution of plagioclase
feldspars derived from the hinterland geology may result in elevated sodium
concentrations. However, other processes occurring in the estuary may result in
elevated ion concentrations in the water.

Evaporation of water will result in

increased levels of all ionic species present in the water.

133

Figure 18. A comparison of the major cations versus chloride from the water
samples. The continuous line is the trend line for the dataset while the dashed lines
on either side represent the permitted +/- 10% difference. Chloride and sodium were
expected to behave conservatively, which is observed. To assess the nature of the
remaining cations, each was plotted against a conservative species, in this case
chloride. However, non-conservative behaviour is observed with potassium, calcium
and magnesium.

To assess the behaviour of the other major cations analysed for (magnesium, calcium
and potassium), the concentration the relevant cations from each sample were plotted
against chloride. From this it is clear that the remaining cations do not seem to
behave in a conservative manner within the estuary, i.e. the ionic composition of
each species does not follow a simple trend similar to that of chloride versus sodium
(Figure 18a). Using chloride as a proxy for salinity (i.e. seawater chloride is 19,400
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mg/L), at high proportions of seawater, magnesium and calcium concentrations are
elevated in relation to chloride concentrations (Figures 18b and 18d.).

Figure 19. Cross plots of magnesium and calcium versus pH and bicarbonate. As
calcium and magnesium concentrations are elevated for corresponding low
bicarbonate values, the data suggest that calcite and dolomite saturation of these
waters has been reached.

Elevated magnesium and calcium in mixed waters may result in the formation of
magnesium and calcium bearing minerals in the water column, should saturation be
met (Figure 19). Ca2+, Mg2+ and HCO3- ionic compositions were used to test if
calcite and/or dolomite saturation has been met in these waters.

Activity models for dissolved species are used to assess the non-ideal behaviour of
the ionic components in non-dilute solutions. The non-ideal behaviour is a result of
electrostatic interactions of the ionic species within a given solution (Domenico &
Schwartz, 1998).

Replacing molar concentrations (m) in mass equations with
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thermodynamically effective concentrations (i.e. activity; a) allows for the
assessment of non-ideal behaviour.

Activity is derived from concentration by

multiplying it by an activity coefficient () which is a measure of deviation from
ideal behaviour. The extended Debye-Huckel model allows activity coefficients for
ions to be calculated on the basis of the effect that ionic interactions should have on
free energy in dilute solutions (Domenico & Schwartz, 1998). It is better than the
simple Debye-Huckel model since it works well beyond the salinity found in this
study whereas the simple model only works for low salinity water. The extended
Debye-Huckel rule takes into account the infinite number and size of the ions
available in solution. Calculations for the saturation state of calcite were based on
the extended Debye-Huckel rule, where the activity of an ion in solution is calculated
using the concentration and the activity coefficient.

Activity coefficients are

calculated using the following formula from Domenico & Schwartz (1998):

( )
()

Where γi is the activity coefficient, A and B are constants for a given ion that are a
function of temperature and pressure, zi is the ion charge, I is the ionic strength and ai
is the radius of the hydrated ion in centimetres. The solubility product, the extended
Debye-Huckle and the ion activity product were derived according to Domenico &
Schwartz (1998) at an assumed 20°C and 1 atmosphere of pressure.

The following steps were followed to calculate the simple Debye-Huckel for low
ionic concentrations and extended Debye-Huckle for saline waters:
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1. Calculate ionic strength, i.e. the measurement of the concentration of ions in
the solution, for whole water based on the molar concentration of each
species and its charge.
2. Calculate activity coefficient for each species using extended Debye-Huckel
equation using tables for each species (Domenico & Schwartz, 1998).
3. Multiply concentration of each species by its relevant activity coefficient to
derive activity Ca2+.
4. Calculate the activity of CO32- using the pH and derived activity of HCO3and the acidity constant of the HCO3- = CO32- + H+ (10-10.33).

(

)

5. Multiple activity of Ca2+ by activity of CO32- to compare with the solubility
product (or ion activity product) of calcite (4.5 x 10-9 M2).
6. If the product of Ca2+ and CO32- is above the solubility product (i.e. 4.5 x 109

), then the water is saturated for calcite precipitation.

Note: The solubility constant and the acidity constant of carbonate were derived
using an assumed temperature of 20°C and 1 atm.

The saturation index, calculated using the extended Debye-Huckel model, identifies
waters that are supersaturated for a given mineral, in this case calcite. One issue with
this model is the use of the alkalinity as a representative of bicarbonate. As stated
before, alkalinity titrations were performed in the field on unfiltered sample and it is
this concentration that is attributed to the bicarbonate concentration. The reported
result may be overestimated if suspended particles of calcite are present in the
particulate load of the water (Fritz, 1994). If this is the case, the waters will be
saturated for Ca2+ due to sample storage (acidification and dissolution of calcite
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minerals). However, a particulate load containing abundance of calcite is only
expected in regions with carbonate hinterland geology and this overestimation may
be negligible.

Figure 20. Calcite saturation states of the Anllóns waters through time. Saturation
states were calculated using the Debye-Huckle rule where the ionic concentrations of
the waters and the activity coefficient are used to calculate the ion product for calcite.
Any value above 1 on the Log scale suggests that the waters are saturated enough
that calcite precipitation will occur. It is clear from these cross plots that most of the
seawater samples (a) are saturated enough for calcite to precipitate. Calcite
saturation is evident in waters collected in the lower estuary (b and c) and towards
the mid-estuary location (e and f).

Calcite saturation is reached in most of the seawater end-member waters collected.
Waters collected at high tide in the lower estuary are also saturated as are waters
collected in the mid-estuary at depth towards high tide (Figure 20). Similarly, waters
collected from the seawater location are saturated enough to allow for dolomite
precipitation (Figure 21). Waters collected in the lower estuary and those collected
towards high tide in both the surface and at depth are saturated enough to allow for
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dolomite precipitation (Figure 19 d and f). The elevated saturation states of the
waters are also justified by the elevated Ca 2+ and Mg2+ concentrations in the more
saline waters (Figure 18b and d) however.

Figure 21. Dolomite saturation states of the Anllóns waters through time. Saturation
states were calculated using the Debye-Huckle rule where the ionic concentrations of
the waters and the activity coefficient are used to calculate the ion product for
dolomite. Any value above 1 on the Log scale suggests that the waters are saturated
enough that dolomite precipitation will occur. It is clear from these cross plots that
all of the seawater samples (a) are saturated enough for dolomite to precipitate.
Dolomite saturation is evident in waters collected in the lower estuary towards high
tide (b and d) and towards the mid-estuary location at depth (f).

Elevated potassium levels are evident in low salinity mixed samples and this may be
due to the chemical breakdown of potassium-bearing minerals from the hinterland
(Berner & Berner, 2012). However, the elevated potassium levels present in figure
18c are consistent with elevated calcium and magnesium concentrations in figures
18b and 18d at the same chloride concentrations.

The ionic imbalance of these

waters is less than the permitted 5% difference therefore it is suggested that some
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other process within the estuarine environment is controlling elevated ionic
composition of mixed waters with chloride concentrations at approximately 2500
mg/L.

3.4.4.1. Iron within the estuarine system

As discussed in the literature (Boyle et al., 1974; Sholkovitz, 1976; Eckert and
Sholkovitz 1976; Boyle et al.; 1977, Sholkovitz et al., 1978; Mayer, 1982; Fox and
Wofsy, 1982) dissolved iron is lost non-conservatively in estuarine mixing. The loss
of iron in estuarine systems is not solely due to dilution but various geochemical
processes within the estuary water.

This non-conservative behaviour can be

observed when iron is plotted against chloride, using chloride as a proxy for salinity
(Figure 20). Within the freshwater samples, dissolved iron concentrations average at
63 μg/L while in the seawater samples, dissolved iron is not detected (Figure 8.).
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Figure 22. Iron concentrations versus chloride in the Anllóns system. The nonconservative behaviour of both aqueous and total iron is evident when plotted against
chloride, a proxy for salinity. By 2500 mg/L of chloride, all dissolved iron is bound
and no longer available to form complexes in the system (22b). However, iron
bound species are transported in higher salinities (22c).

In the tidal cycle samples, the average dissolved iron concentrations are highest at
the upper-estuary site (Figure 6f). In the mid-estuary location, detectable dissolved
iron is present only in the low tide sample and those collected up to three hours
before high tide (Figure 6g). Dissolved iron was detected in all but one of the upperestuary samples; the sample collected one hour before high tide and at depth
contained no detectable iron. The presence of detectable concentrations of dissolved
iron in low salinity waters concurs with the literature (Boyle et al., 1974; Sholkovitz,
1976; Eckert and Sholkovitz 1976; Boyle et al.; 1977, Sholkovitz et al., 1978;
Mayer, 1982; Fox and Wofsy, 1982) and the loss of dissolved iron concentrations are
also documented with salinity increase, due to coagulation of the iron colloids
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associated with humic substances present in the river-borne waters, which is induced
by the increase in ionic strength of the mixed water.

Total iron follows a similar trend to dissolved iron however; it is not completely lost
from the water column. Total iron concentrations were determined in the river water
end-member samples and also, at lower concentrations, in the seawater end-member
samples. Within the tidal cycle samples, the upper-estuary location contained the
highest concentration of total iron. Total iron concentrations increased from the river
water end-member towards the upper estuary site and then decreased from the midestuary location and further decreased towards the lower-estuary site.

These

increased total iron concentrations may be due to the slowing of the water at high
tide (slack water periods) at this location, allowing for the deposition of particulate
matter.

At higher levels of turbulence, during increasing tidal influence, the

deposited material may be resuspended into the water column. The effect of the
seawater forcing the river water back upstream, or slowing it down, as well as the
role of increasing salinity on dissolved iron flocculation, will enhance flocculation of
iron species and potentially deposit new species. This important location in estuaries
for deposition and flocculation is known as the estuarine turbidity maximum zone
(ETMZ).

3.4.4.2. Influence of the estuarine turbidity maximum zone

The ETMZ is a zone of high suspended particulate concentration (Bodineau et al.,
1998) occurring near the landward limit of salt intrusion in estuaries (Postma, 1967;
Schubel, 1968), which varies in size and shape depending on the incoming tide and
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the geomorphology of the estuary (Castaing & Allen, 1981; Vale et al., 1993). It is
the location where the maximum backwards forcing of the flushing river system is
felt, result in slowing of the flowing waters. The strength of the ETMZ is dependent
on the amount of sediment input from the river water and seawater end-members,
estuarine circulation and the drop in velocity of the sediment (Postma, 1967), which
varies over the tidal cycle (Schubel, 1968). The slowing of the river water flushing
system is expected and the transitional change observed through the water lag time of
two hours suggests that hydrodynamic forces do not simply switch on and off. It
might be expected that the slowing of the river water will result in the deposition of
suspended sediment with larger particles depositing first. However, it is suggested
that the overall loss of particulate matter due to increase in salinity is due to dilution
of the river water with seawater and that suspended particulate matter remains in the
river water (Meade, 1968).

Not all of the total iron was lost in the ETMZ. The total iron concentrations for the
mid-estuary tidal cycle (L2), the lower-estuary tidal cycle (L1) and the seawater endmember all suggest that some iron was transported some way down through the
estuarine system towards the sea (Figure 7). However, most is lost (deposited)
within the estuarine system (Figure 23).
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Figure 23. A summary of iron in the Anllóns system. The loss of aqueous and total
iron from the water column within the estuarine system. By the lower-estuary
location, dissolved iron has been completely removed from solution within the
estuary. This suggests that by this stage, there is no longer any iron in solution
available for further geochemical reactions. Total iron is transported further
downstream; therefore transport of solid iron phases to the open seawater system will
take place in the estuary.
3.4.4.3. δD and δ18O in the estuarine waters

3.4.4.3.1. Evaporation within the system

Estuaries vary greatly in how river water and seawater mix. Chloride is regarded as
a conservative species within estuarine mixing as seen in figure 16a (Berner &
Berner, 2012). Few studies have assessed the isotopic compositions of estuarine
waters through mixing however the isotopes of water in estuaries, δD and δ18O, were
reported to behave conservatively within the mixing processes, i.e. δD and δ18O are
not affected by geochemical reactions, only by physical mixing of well-defined endmembers (Martin & Letolle, 1979; Zhang et al.,1990). The isotopic compositions of
the mixed waters in the Anllóns estuary correlate linearly to one another within the
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estuary (Figure 24); however, when cross plotted with chloride, a non-linear pattern
can be observed (Figure 25).

Figure 24. Isotopic composition of the Anllóns waters. Isotopes of hydrogen and
oxygen were cross plotted to determine if their relationship is conservative also. The
straight line correlation suggests that they might be acting as a simple mixture
between river water and seawater.
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Figure 25. Cross plot of chloride versus δ2H and δ18O from the Anllóns waters. The relationship between these species is not a straight
line pattern. The isotopic values for the corresponding chloride concentrations are higher than expected for a simple mixing model.
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From figure 25, a simple straight line mixing behaviour is not observed when
chloride is plotted against the isotope ratios.

It has been documented that the

isotopes of water behave in a conservative manner when cross plotted against
chlorinity (Martin & Letolle, 1979; Zhang et al., 1990).

Chlorinity is the

concentration of all the halides present in the water (chloride, bromide and iodide).
Assuming initially that the isotopic composition of the bulk water is unaffected by
geochemical processes (dissolution and precipitation) as chloride is, then other
processes must be considered, of which evaporation is a prime candidate. An estuary
is defined as a semi-enclosed basin, where evaporation takes place. It was suggested
by Zhang et al. (1990) that a non-conservative trend in the isotopic composition of
the water versus chlorinity will be observed if the resident time of the water is
prolonged. The few published studies of δ18O and δD in estuaries were carried out in
estuaries that all have relatively fast flushing rates, hence the apparent conservative
behaviour of the isotopes and chlorinity (Martin & Letolle, 1979; Zhang et al.,1990).
It is also important to note that samples collected in previous studies were collected
from the thalweg of estuary on a boat while in this study, samples were collected at
the estuary margin within wading distance of the shore.

3.4.4.3.2. Evaporation model

If evaporation has taken place in this system, it is important to consider the effects
that it will have on chloride concentration and each of the isotope ratios. With
chloride, it is assumed that if 10% of the water is evaporated, the concentration of
chloride in the remaining water will increase by 10%, i.e. if you have water with 200
mg/L chloride and evaporate 10% of this water, the resulting water will now contain
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220 mg/L chloride. This is a simple and effective assumption that works right up to
the point of halite saturation since chloride is geochemically conservative in estuaries
(Berner & Berner, 2012). The isotopic compositions of the water are also altered
during evaporation with light isotopes being preferentially evaporated over the
heavier isotopes. There is no reason to assume that the isotopic composition of the
water will behave in a similar manner to that of chloride during evaporation, i.e. that
it might not remain conservative, and therefore a simple isotopic evaporation model
needs to be considered.

A simple model was derived where isotopic fractionation coefficient data from
Dansgaard (1964) and Cappa et al. (2003) were used to determine the effect of
evaporation on the isotopic compositions of the hydrogen and oxygen in the water.
Fractionation coefficients were estimated using the following equations derived from
raw data in the Dansgaard paper:

Where α is the estimated fractionation factor for a given temperature and x is the
temperature at which evaporation is assumed to be occurring. The fractionation
coefficients were derived using the published data from Dansgaard (1964) however;
the published values are documenting precipitation. The values from Dansgaard
(1964) were inverted to estimate for evaporation rather than precipitation.
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The calculated fractionation factor is assumed to be constant throughout the
evaporation process for a given temperature. However it has been shown that the
isotopic fractionation coefficient of oxygen and hydrogen will vary as a function of
humidity (Cappa et al., 2003). Therefore data from the Cappa et al. paper were used,
assuming 20% humidity, to correct the fractionation factor through the evaporation
process:

Where α is the fractionation factor derived using Cappa et al. (2003) and x is the
isotope fraction of the original water remaining. In the model derived for this study,
the Dansgaard fractionation coefficient for a given temperature (20°C). The Cappa
et al. coefficient was then applied to the Dansgaard fractionation coefficient as this
would take into account changes occurring due to humidity (assumed to be 20%).

The model was derived as follows:

1. Derive an equation for conservative mixing between chloride and each of the
isotopes. To do this, take two end-member values from the cross plot and
define the line between them. This was done in tab one ‘Line eqns’ on the
spreadsheet.
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2. Use these line equations in the oxygen and deuterium tabs to estimate the
original δD and δ18O values, column B (where x is altered by the
concentration of the chloride, column J, in the sample).
3. Using Dansgaard evaporation curves, calculate the fractionation coefficient
(α* eff) for δD and δ18O for the specific temperature you want to work with
(tab 2 on the spreadsheet labelled ‘evap curves’). For the Anllóns estuary, the
temperature used was 20°C.
4. Insert these Dansgaard α* eff values into Column E in the oxygen and
deuterium model tabs.

Note: as the Dansgaard data is modelling

condensation, use 1/ α* eff to represent evaporation.
5. Insert the equation for the Cappa et al. models for a specific humidity into
Column F (in my model I used 20% humidity data from Cappa et al.) to
correct for the fact that the fractionation constant from Dansgaard is a
constant. For the equation, x is the value of the Dansgaard model, column E.
6. To calculate the 18O/16O remaining, the fraction of sample remaining is put to
the power of the (α* eff – 1) and multiplied by the estimated 18O/16O original
(Column G).
7. Column H is then used to estimate the remaining δD and δ18O for a given
chloride concentration.

Using this model:

8. Insert your original chloride concentration into Column J. This will change
in the whole column.
9. Copy the values estimated in Column H, the modelled isotopic changes.
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10. Copy the values in Column K, the modelled chloride changes.
11. Cross plot the values from Column H and Column K.

Table 3 is an excerpt from the model.
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Table 3. An excerpt from the evaporation model detailing the use of both the Dansgaard and Cappa et al. data to derive an estimated
δ18O remaining for a given chloride concentration. This excerpt is modelling the evaporation at an assumed chloride concentration of
100 mg/L.
Column Column
A
B

Column
C

Column
D

Column E

Temp

d18O
original

alpha
18O/16O fraction (1/f(condensate)
original remaining
(Dansgaard,
1964)

20
20
20
20
20
20
20
20
20
20
20

-5.5718
-5.5718
-5.5718
-5.5718
-5.5718
-5.5718
-5.5718
-5.5718
-5.5718
-5.5718
-5.5718

0.001994
0.001994
0.001994
0.001994
0.001994
0.001994
0.001994
0.001994
0.001994
0.001994
0.001994

1
0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5

0.9910
0.9823
0.9824
0.9824
0.9824
0.9824
0.9824
0.9824
0.9824
0.9824
0.9824

Column
F
18
δ O α*
eff
(Cappa
et al.,
2002)
0.9874
0.9873
0.9873
0.9873
0.9873
0.9873
0.9873
0.9873
0.9873
0.9873
0.9873

Column
G

Column
J

Column
K

18O/16O
d18O
chloride
Difference
remain remaining
original

Final
Chloride

0.001994
0.001995
0.001996
0.001998
0.001999
0.002001
0.002003
0.002005
0.002007
0.002009
0.002011

Column
H

-5.572
-4.924
-4.241
-3.519
-2.752
-1.935
-1.061
-0.121
0.895
2.001
3.214

Column I

-0.647
-1.330
-2.053
-2.820
-3.637
-4.511
-5.451
-6.467
-7.573
-8.785

100
100
100
100
100
100
100
100
100
100
100

100.00
105.26
111.11
117.65
125.00
133.33
142.86
153.85
166.67
181.82
200.00
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The evaporation of a hypothetical starting chloride concentration was estimated for
concentrations of chloride at 100 mg/L, 1000 mg/L, 5000 mg/L, 10,000 mg/L and
15,000 mg/L, using a simple mixing line derived from the cross plot of the two most
extreme end-member values. The effect of evaporation, in 5% stages, was simulated
and the model was run to assume evaporation of waters. The equations of the mixing
lines in Figure 23 were used to derive the original pre-evaporation values of δD and
δ18O and these lines are used throughout the model to represent the simple mixing
line. This model was also run at a fixed temperature, in this case 20°C, which is
taken to be the average water temperature during sample collection. This model
indicates that, for a given initial chloride concentration and isotope ratio, evaporation
of these waters leads to a non-linear trend (Figure 26).
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Figure 26. Simple mixing line shown representing physical mixing of river water and seawater in the estuary. Clearly another process
has affected the chloride and isotopic data differently. The evaporation trajectory of the mixed estuarine waters has been derived using a
model with an assumed temperature of 20°C and 20% humidity. Isotopic compositions of the water cross plotted against chloride
concentrations are superimposed on top. The evaporation trajectories are in increments of 5%, which suggests that a significant amount
of evaporation has occurred in the estuarine waters, up to 40% evaporation in some cases. Evaporation seems to be able to explain the
scatter in the estuary geochemical and isotopic data.
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From the above modelled geochemical and isotopic data and assuming that
evaporation has occurred in the estuary, the actual isotopic values will deviate off the
simple mixing straight line.

This model can thus be used to demonstrate that

evaporation has taken place in these waters. It can also be used to estimate the
amount of evaporation for any one chloride concentration.

To test the robustness of this model, an isotopic-fractionation cross plot was drawn
whereby the modelled evaporation trends derived each for 2H and 18O were cross
plotted against each other for the same degrees of evaporation (Figure 27). The
evaporation trends observed agree with published trajectories caused by evaporation
(Faure, 1986), where the slope of the trajectories in this model range from 5.21 to
5.38.

Evaporation results
in heavier isotopes
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Figure 27. Isotopic-Fractionation evaporation line of the modelled data. Modelled
evaporation trajectories deviate from the local mixing line, with the slope of each of
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the trajectories ranging from 5.22 to 5.35, which are close to predicted evaporation
trajectories with a slope between.

When compared to the simple mixing line, evaporation trajectories move away from
the mixing line in a similar manner to that of published evaporation trajectories
(Faure, 1986; Robinson & Gunatilaka, 1991). In Faure (1986), the evaporation
trajectory has a much more pronounced deviation off the mixing line presented.
However, the mixing line presented in Faure (1986) is the global meteoric water line
(GMWL). In this study, the effect of evaporation of a more local mixing line rather
than the GMWL has been used. The local mixing line, represents the mixing of river
water, seawater and evaporation within the estuary.

Using the isotopic-fractionation modelled values, a cross plot of percentage
evaporation lines can be derived (Figure 28a). Real isotopic compositions can be
superimposed on top of these lines and estimations of percentage evaporation off the
mixing line can be carried out (Figure 28b)
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Evaporation

Evaporation

Figure 28. Iso-Frac evaporation line of the modelled Chloride = 100 mg/L series. The suggestion of a strong deviation from the mixing
line tests these models capability (figure 27). The solid lines here represent the maximum deviation from the simple mixing line
(dashed) predicted by this model. This isotopic-fractionation model predicts up to ~40% evaporation in some waters.
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Although the modelled trajectories suggest that a significant amount of evaporation
has taken place in these estuarine waters, it must be appreciated that these data do not
concur with the two published studies on river water-seawater mixing (Martin &
Letolle, 1979; Zhang et al., 1990).

Anllóns estuary samples were collected from the edge of the flowing water while
those reported in Martin & Letolle (1979) and Zhang et al. (1990) were collected
from the thalweg of the estuary. Considerations must be made for the proximity of
the sample collection location to the surface sediments. This evaporated (mixed
river-seawater) estuary water will evolve to higher chloride concentrations and
become enriched in the heavier O and H isotopes (as per the model in figures 26 and
27). When the estuary water levels begin to increase, the evaporated water will mix
with the incoming estuary water and thus change the isotopic composition. It is
suspected that the model-derived suggested amount of evaporation that has occurred
in this estuary is extremely high at 40% evaporation, considering that samples were
collected on warm Spring days and waters were pooling for some time over the slack
tide period, this 40% evaporation is high but possibly quite accurate.

3.4.4.3.3. Other fractionation processes within estuarine environments

Both δD and δ18O in estuaries are affected by other atmospheric processes. In
estuaries where the water residence time is prolonged, oxygen isotopes may be
altered due to exchange with atmospheric CO2 (Broecker & Walton, 1959). Over
time, lighter isotopes of oxygen and carbon are lost to the atmosphere and/or
evaporated off. When turbidity is increased, the exchange of these isotopes is more
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pronounced (Mook, 1970). The trends that form due to turbulent mixing are similar
to the trends observed in (Fig. 3, Rozanski et al., 2001). This suggests that the
observed fractionation in the Anllóns water samples may be an effect of both
evaporation and atmospheric processes, suggesting that the model predicted
percentage evaporation may be overestimated as other forms of fractionation are not
considered in the model.

Oxidation processes within the estuarine system must also be considered. To do this,
water sulphate concentrations were cross plotted against chloride concentrations to
assess if mineral sulphide oxidation (note that mineral sulphide is abundant below
the redox boundary in this and every other estuary) or aqueous sulphate reduction
might be occurring (Figure 29). To understand the behaviour of the sulphate in the
water, a simple mixing line was derived using known concentrations for the two endmembers (seawater and river water).
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Figure 29. Aqueous sulphate concentrations cross plotted against both chloride
concentrations and 18O. Sulphate behaves non-conservatively within these estuarine
waters (26a). Sulphide oxidation processes may be the cause of this nonconservative behaviour, as there is excess sulphate in the water for the corresponding
chloride concentration.

Sulphate does not behave conservatively within the estuary (Figure 29a). The gain
of sulphate from the water might be the result of mineral sulphide oxidation. The
basics of isotopic equilibrium suggest that heavier isotopes of oxygen will be
preferentially sequestered in sulphide oxidation processes (O’Neil, 1986), leaving the
resulting waters isotopically lighter.

However, equilibrium is not met at the

temperatures during sampling (O’Neil, 1986; Pichler et al., 1999).

Kinetic
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considerations suggest that lighter isotopes of oxygen will be preferentially
sequestered during sulphide oxidation processes (Lloyd, 1967; Holt & Kumar, 1991).
The heavier O isotopic compositions of the waters therefore might conceivably be
partially explained by on-going sulphide oxidation within the estuary. Note that
sulphide oxidation cannot readily be used to explain the elevation of 2H values in
estuary waters.

Deuterium fractionation occurs in microalgae growth within estuarine systems,
lighter isotopes of hydrogen are sequestered for carbohydrate production (Estep &
Hoering, 1980), which will result in isotopically heavy water remaining.

In summary, due to the presence of isotopically heavy waters, there is evidence that
evaporation may be an important consideration within these estuarine mixed waters;
therefore a model was derived to assess the effect that this may have on the estuarine
waters.

Although the predicted amounts of evaporation from this model are

significantly greater than initially expected, this model is based on the simple
diffusion kinetics of evaporation. Note that the most saline estuary waters are more
saline than the local seawater. The measured lower-estuary chloride concentrations
are greater than the local seawater end-member due to the possibility of continuous
halite formation in poorly drained pools a low tide. This is hard to explain without
invoking evaporation of the water in the estuary. Simple mass balance suggests that
the water has evaporated by approaching 40% to achieve the elevated chloride
concentrations reported in Figure 4.
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Fractionation of both δD and δ18O takes place in this system. This may reflect the
residence time of the water in the estuary, where due to extended residence time,
waters become more stagnant and therefore evaporate. Other δD and δ18O isotope
fractionation processes may also help cause this trend, including sulphide oxidation
atmospheric exchange and microalgae activity.

Evaporation is probably the

dominant process, altering the stable isotopes and the bulk chemistry of the system,
yet the complexities of estuarine geochemistry have been highlighted and further
work is required to fully understand this system.

3.5. Synthesis

When attempting to understand mineral formation in estuaries, it is important to
consider physical controls as well as geochemical controls that may play a role in the
preferential formation of one mineral versus another. Geochemical changes in the
estuary will potentially result in dissolution of both marine and river minerals
introduced and also cause precipitation of new minerals due to the geochemical
incompatibility of different aqueous species (Ca 2+ and Mg2+ with HCO3- for
example). Chloride compositions are hugely increased close to the high tide point in
the upper-estuary (Figure 4g) yet the composition of the sea water suggests that some
mixing has occurred. Calcite and dolomite saturation states are achieved in the
mixed waters therefore it is expected that these minerals are forming within the
estuarine system.

It is also noteworthy that there is a significant accumulation of

bioclastic carbonaceous debris (shell fragments) in the estuary sediment (P.J. Dowey
Thesis, University of Liverpool, 2012) possibly suggesting that in-situ carbonate
diagenesis is occurring within the estuary.
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Evaporation is an important process to consider and understand in the estuarine
system. Although previous studies have suggested that the isotopes of water behave
in a conservative manner when mixed (Martin & Letolle, 1979; Zhang et al.,1990),
samples collected at the estuary margin in this study unequivocally show that
evaporation processes are an important control on the water isotopes and, by
inference and modelling, composition. Chloride concentrations were elevated in the
mid-estuary spot sampling site possibly due to pooling of water on the mud flats that
then is evaporated to increase the ionic composition. Although evaporation is the
dominant process for water fractionation, sulphide oxidation and algae carbohydrate
production will also fractionate isotopes of oxygen and hydrogen and conceivably
might play a minor role in influencing the bulk O and H isotopes of the water.

Dissolved iron behaves non-conservatively in the estuarine waters, i.e. it is not
removed through simple mixing. Instead the concentration of iron decreases nonlinearly with mixing (Figure 6). Similar behaviour has also been reported in the
literature (Boyle et al., 1974; Sholkovitz, 1976; Eckert and Sholkovitz 1976; Boyle et
al.; 1977, Sholkovitz et al., 1978; Mayer, 1982; Fox and Wofsy, 1982).

An

important observation in this study is that although iron is lost in the estuarine
system, it is lost at the upper-estuary site. This is apparent due to the fact that
dissolved iron is only present in waters in the upstream reaches of the estuary where
chloride concentrations do not exceed 1200 mg/L (Figure 4g). Dissolved iron is
present in the river water end-member and the upper-estuary tidal cycle location.
Dissolved iron also is transported in the water further downstream on the retreating
tide as it is present in the mid-estuary location for short time periods when the river
water input is dominant over the seawater (Figure 6g).
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Total iron, i.e. all iron that is present in the water and suspended particulate matter, is
also present in the waters, with the greatest concentration of iron in the upper reaches
of the estuary (Figure 7). However, total iron has higher concentration in the low
tide mixed waters in the upper-estuary compared to in the river water end-member.
This may be due to soil erosion of the banks of the river as the water flows
downstream and will be considered in chapter 4.

Total iron, which may be present in the form of iron (oxyhydr)oxides, iron-rich
clays, iron sulphides, and detrital minerals from weathered bedrock in the hinterland
tends not to be deposited in the upper reaches of the estuary.

Total iron

concentrations, which is any iron (colloidal, particulate and aqueous) available in the
water column, have been determined in all of the samples collected in mid-estuary
and upper-estuary, although the concentration of total iron in upper-estuary samples
is far greater than that observed in the mid-estuary tidal cycle samples (Figures 7c
and 7d). Total iron was detected in some of the low tide lower-estuary samples,
which are proximal to the seawaters (Figure 7b). This suggests that not all iron is
deposited in the upper reaches of the estuary, but that some iron is transported into
the mid-estuary site by the flushing water system on the ebb tide.

3.6. Conclusions

1. Throughout the estuary and through the tidal cycles, pH varies due to
the changing dominance of the end-members.
2. Local seawaters near this estuary are not true open ocean water but
have apparently been mixed with a freshwater source.
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3.

Major anion concentrations (Cl-, Na+, HCO3-, SO42-, Mg2+, Ca2+, K+)
vary throughout the estuary depending on proximity to either endmember, with those closest samples to the seawater end-member
being higher in ionic composition.

4. Evaporation plays an important role on the concentration of chloride
and other ionic species within the mixed waters.
5. Chloride concentration versus a) δ18O and b) δD isotope ratios from
estuary water do not present a simple straight line trend with the
deviation effectively accounted for by evaporation.
6. Up to 40% evaporation may have occurred in these estuarine waters.
7. Calcite and dolomite saturation is reached in the estuary waters with
higher chloride concentrations.
8. Mineral sulphide oxidation may have occurred in the estuary leading
to higher than expected sulphate concentrations; sulphide oxidation
may also play a minor role in leading to elevated δ18O values of the
water.
9. Dissolved iron is completely dropped out from the estuary water very
early in mixing with saline water, mainly in the upper estuary.
10. The majority of the total iron is also lost in the estuarine system with
little transported out to the marine waters.
11. Some total iron is also transported downstream by the flushing water
system at low tide.
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Chapter 4.
Field Study 1 –
Variations in suspended particulate
matter and surface sediments in the
Anllóns Estuary, Northern Spain
4.1. Abstract

Mineral distributions in modern estuaries have yet to be fully understood or mapped.
Such data would provide vital information for i) the remediation of pollution in
estuarine environments, ii) the assessment of environmental change within coastal
environments and iii) the prediction of mineral distribution in the subsurface. To
date, the distribution patterns of iron-rich chlorite, which is a mineral that is strongly
associated with estuarine and deltaic rocks in the subsurface, has remained elusive.
In an attempt to identify distribution of this mineral, the distribution patterns of
minerals present in a modern estuary have been considered. Water samples were
collected in the Anllóns Estuary, North West Spain, over complete tidal cycles and in
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an attempt to understand the role two mixing water bodies’ play in mineral
deposition, the mineralogy of the suspended particulate load of the water was
analysed using XRD. Considerations were made for in-estuary processes that may
result in mineral resuspension and deposition. Surface sediment grab samples were
also collected in a range of environments, from the coastal marine to fluvial
riverbank, while soil and bedrock samples were collected from the drainage basin.
These samples were also analysed using XRD techniques.

It is evident that

provenance is a dominant control on clay mineral type present in the estuary, as the
same clay minerals are identified in the local soils and surface sediments.
Resuspension of material in the water column may play a role on the distribution
patterns observed and physico-chemical reactions in the water result in the
precipitation of neoformed carbonates downstream. These findings will lead to a
further understanding of the formation and distribution of minerals in modern
estuarine environments and may lead to further understanding of early diagenesis in
this setting.

4.2. Introduction

Changes in the water geochemistry within an estuarine system, i.e. from freshwater
to saline water, will affect the suspended particulate matter in the water and the
surface sediments (Berner & Berner, 2012). As the end-member, either river or
seawater varies throughout the tidal cycle with the waxing and waning tides,
differences in the types of minerals that are carried and deposited may become
apparent through space and time. The distribution of minerals in modern estuaries is
a useful tool in understanding the role of provenance in mineral formation in this
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environment and the understanding of environmental change within coastal settings.
Mineral distributions in estuaries is also a useful tool in understanding the
depositional processes within the estuarine system, and whether there is stronger
affinity with hinterland rock and soil minerals or if the dominant deposition in
estuary is marine derived as a result of the incoming seawater (Edzwald & O’Melia,
1975).

An understanding of clay mineral distribution is a useful tool for improving
prediction of clay mineral distributions in the subsurface, especially iron-bearing
clays. Iron-bearing chlorite is a mineral that inhibits quartz overgrowth in deeply
buried reservoirs (Anjos et al., 2003; Ehrenberg, 1993; Ramm & Ryseth, 1996)
however this mineral does not form in modern environments. Instead it forms due to
the diagenetic alteration of a precursor mineral, berthierine (Aagaard et al., 2001).
Berthierine, which will form in shallower environments, is one precursor mineral for
iron-bearing chlorite but it may not be the only precursor. The focus of this research
is to understand the formation and distribution of all minerals within the estuarine
environment, specifically iron-bearing clay minerals as these may be altered to form
iron-bearing chlorite.

4.2.1. Introduction of minerals into the system

There are many pathways for the formation of minerals in surface environments,
with chemical weathering being an important process. Chemical weathering is the
dissolution of rocks and minerals due to the introduction of acids from plant activity
and bacterial metabolic reactions (Berner & Berner, 2012). Chemical weathering
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effects are also aided by physical weathering processes, where hinterland rock is
physically fractured by processes involving water (Berner & Berner, 2012). These
fractures are available for the influx of plant and biological acids, therefore
dissolution of primary minerals will occur.

The chemical weathering of high

temperature minerals results in the formation of clay minerals and quartz (White &
Brantley, 1995). For example, the breakdown of plagioclase feldspar in waters
containing dissolved carbonic acid (e.g. bicarbonate) will result in the formation of
kaolinite (Berner & Berner, 2012) with excess cation concentrations (Ca 2+, K+ etc.)
in the water (White & Brantley, 1995). The original silicate that is broken down is a
precursor to the final clay mineral that forms. For example, potassium-rich feldspars
in water will dissolve to form illite (Meunier and Velde, 2004) and iron and
magnesium rich silicate may result in the formation of iron and magnesium rich clays
(Claridge & Campbell, 1984). Smectite, which is a complex, negatively charged, Alsilicate, will form due to the chemical weathering of biotite and muscovite, while
undergoing cation exchange (exchange of K+ with Ca2+) through isomorphous
substitution (Berner & Berner, 2012).

Cation exchange will occur once the

equilibrium state of the mineral and water is no longer upheld, i.e. when river water
mixes with seawater (Carroll, 1959). Isomorphous substitution is the substitution of
one element for another in a mineral, without a significant change in the crystal
structure.

As the chemical composition of clay minerals varies, their mode of formation and
preservation changes. Kaolinite, which is a clay mineral that contains a 1:1 Al:Si
molar ratio, tends to form in well drained systems (Ferguson, 1954; Kantor &
Schwertmann, 1974; Herbillon et al., 1981; Norrish & Pickering, 1983). Smectite
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has higher silicon to aluminium ratios and contains cations in its structure (Berner &
Berner, 2012).

Smectites have a tendency to form in wet and poorly drained

environments (Ferguson, 1954; Kantor & Schwertmann, 1974; Herbillon et al., 1981;
Norrish & Pickering, 1983; Środoń, 1999). The verdine facies tend to form in
brackish-freshwater interfaces (Hornibrook & Longstaffe, 1996) and these minerals
may be precursor minerals to iron-rich chlorite, which are commonly present in
estuarine successions in the subsurface (Aagaard et al., 2000; Dowey et al., 2012).

Oxidation is another chemical weathering process that rapidly results in newly
formed minerals. Iron oxides form due to the chemical weathering of iron-bearing
minerals, which results in iron being liberated from a mineral matrix and therefore is
available in a mobile phase in the water column (Berner & Berner, 2012). The
mobile iron stabilises in the water as an iron (oxyhydr)oxide (Poulton & Raiswell,
2005). Ferrihydrite [Fe3+4-5(OH,O)12] is the least stable of the iron (oxyhydr)oxides,
which forms directly as a result of weathering. Ferrihydrite tends to be present as a
nanoparticle (Raiswell, 2011) and over time, these nanoparticles coalesce and form
goethite, which later can be altered to anhydrous hematite. Goethite (α-FeOOH) also
forms due to the oxidation of ferrous iron and is more stable than ferrihydrite.
Goethite will preferentially sequester lighter isotopes of deuterium from the
surrounding water (Yapp & Pedley, 1985). Goethite commonly forms in tropical
environments and is found in soils due to the breakdown of high temperature iron
bearing minerals (Berner & Berner, 2012). The most stable of the (oxyhydr)oxides is
hematite (Fe2O3). Hematite is predominately found in red soils (Raiswell, 2011)
from warm temperate moist climates. Red soils, or ultisols, are acidic soils that

170

contain kaolinite type minerals, have low organic content and accumulate iron-oxide
minerals (USDA Soil Taxonomy, 1999).

4.2.2. The Anllóns System

The local geology of Galicia, NW Spain, was an important factor in the choice
sampling location. The bedrock is predominately igneous and metamorphic (Figure
1), reducing the amount of reworked detrital clays entering the system from the
hinterland, e.g. from sedimentary bedrock.

The Anllóns river estuary was also

chosen for sampling as it contains a wide range of estuarine environments and easily
accessible (Figure 2). The Anllóns has a well-established permanent river system
and the tidal range in this estuary is up to 4.4 metres on a spring tide (Arribas et al.,
2010).

The Anllóns River drainage basin is 516 km2 (Varela, 2005) where the dominant
land uses are pastoral and arable agriculture and forestry (Devesa-Rey et al., 2010,
Costas et al., 2011). There are two municipalities in the region, one at Carballo and
another in Ponteceso (Figure 1b.). Some sampling was carried out in, and near, the
town of Ponteceso, the coastal town at the upstream reaches of the estuary.
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Figure 1. Map of the drainage basin hinterland geology, from Devesa-Rey et al.
(2011). The Anllóns River is located in North-West Spain (1a). Although there is
some alluvial material that enters the riverine system, the geology is predominately
igneous and metamorphic, reducing the probability of the input of clays derived from
sedimentary systems (1b). Samples were collected throughout the drainage basin,
where rock samples are denoted by the red B and soil samples are denoted by the
black G.

4.2.2.1. Hinterland geology

The geology of the Anllóns river drainage basin is dominated by a north-south
trending series of late Devonian to late Carboniferous allochtonous complexes from
the Variscan Orogeny to the Gondwanan margin (Arenas et al., 1986). There is
evidence to suggest that this area has undergone two major metamorphic events.
Firstly, the emplacement of a nappe or overthrust, which formed during the early
Variscan Orogeny (429 -390 Ma) (Ries and Shackleton, 1971; Dallmeyer et
al.,1997). This led to a Barrovian-style metamorphic event, representing the most
commonly encountered type of metamorphism associated with intense tectonic
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conditions that occur during volcanic arc and mountain building processes. Due to
the high temperature intrusion of granites into the local geology (307 ± 0.6 Ma),
mineral assemblages were altered, producing a gradient with the underlying cold
rock types.

4.2.2.2. Local soils

Soils from the drainage basin are primarily derived from the local granites and schist
(Bernárdez et al., 2012; Prego et al., 2012). Secondary minerals observed in soils in
Galicia include dioctahedral illite-muscovites and kaolin minerals, including
kaolinite and halloysite (Belzunce-Segarra et al., 2002), as well as gibbsite, chloritic
and smectitic material (Macias Vazquez, 1981; Calvo et al., 1983; Taboada and
García, 1999). Gibbsite, which does not usually occur in temperate environments,
may form here due to intense weathering. Smectitic material in Galicia can be
poorly ordered, iron-rich and contain significant quantities of potassium (BelzunceSegarra et al., 2002). It has been speculated that smectite may be derived from the
weathering of granite derived saprolites, where muscovite inclusions in the feldspar
crystals are broken down (Taboada & García, 1999). Interlayered kaolinite-smectite,
goethite beneath hydroxyl-interlayered vermiculites and maghemite (γ-Fe2O3) are
also reported in the Anllóns River basin (Fernandez Sanjurjo et al., 2001).
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4.2.2.3. Hydrological regime of the Anllóns River

Waters of the Anllóns River flow downstream into Anllóns Estuary, passes into the
ria of Laxe and then into the mid-Atlantic Ocean (Costas et al., 2011). The river is
approximately 60 km in length and is undammed. The average flow of the river is
11.9 m3s-1 which can vary between 80 m3s-1 in the wet season and 1m3s-1 in the dry
season (Costas et al., 2011).

The Anllóns Estuary is a semidiurnal, meso-tidal estuary. The Galician coast is a
wave-dominated coastline with maximum tidal range of up to 4.4 m recorded in
spring 2002 (Arribas et al., 2010). The estuarine portion of the Anllóns system is
approximately 10 km in length and approximately 1 km in width. The estuary
contains a range of typical estuarine environments from sand flats to mud flats, inchannel sand bars to flood plains and has a well-developed spit with an established
aeolian dune system (Figure 2).

4.2.2.4. Galician climate

The local climate in Galicia is a wet, temperate, oceanic climate, experiencing mild
temperatures, averaging between 8 – 19°C, throughout the year (Arribas et al.,
2010).

Located along the Atlantic Coast, Galicia receives a high amount of

precipitation (1000 to 2000 mm/yr, Arribas et al., 2010), with the majority of the rain
falling in the winter months (Mirás-Avalós et al., 2007).
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The weathering of the predominately igneous and metamorphic hinterland geology
results in the introduction of a) physically weathered detrital igneous and
metamorphic minerals and b) secondary minerals derived from the chemical
weathering of these detrital species into the system. The physical weathering of
igneous and metamorphic material will result in the introduction of feldspars, illitemuscovite, quartz and possibly some iron and magnesium minerals, depending on the
initial rock type. Chemical weathering will then result in the formation of secondary
minerals such as kaolinite, smectites, illites and metal oxides. Therefore, from the
riverine input, it is expected that these minerals will be present in the suspended
particulate matter (SPM) and in the surface sediments in the Anllóns system due to
chemical weathering of the local hinterland geology. Many species of cations (e.g.
K+, Na+, Ca2+, Fe2+) will also be introduced into the system due to the dissolution of
primary minerals upstream and as a result of variations in the water geochemistry,
i.e. increasing salinity, precipitation of dissolved species will occur (Berner &
Berner, 2012).

Primary minerals expected to be introduced from the marine end-member are quartz
and calcite, including Mg-calcite and aragonite. Although these may be stable in the
marine environment, each of the primary marine minerals introduced into the
estuary, with the exception of quartz, may undergo chemical weathering due to the
changing water geochemistry, i.e. marine derived minerals may be dissolved within
the estuarine system due to the introduction of river water. The saturation state of
the mixed seawater and river water is worth considering as the introduction of large
quantities of ions from the seawater, the dissolution of marine derived minerals and
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the atmospheric chemical exchange in the water may result in the neoformation of
minerals within the estuarine system.

The estuarine turbidity maximum zone (ETMZ), is the location of the most turbid
waters within the estuarine system and is usually present in the middle to upper
reaches of any estuarine system (McLusky & Elliott, 2004). The location and
magnitude of the ETMZ is controlled by a) the amount of suspended material in the
end-members, b) estuarine circulation and c) the settling velocity of the available
material (McLusky & Elliott, 2004). The ETMZ is an important location within the
estuary to assess the changes observed in the estuarine waters a) because it is a zone
of mixing where flocculation, the process in which particles aggregate, occurs
(Wolanski & Gibbs, 1995), b) because it is a location where deposition of suspended
material occurs in the slack tide (Kirby, 1998) and c) because it is a turbid
environment where, due to mixing of seawater and river water, superficial particles
in the surface sediments become resuspended (Hughes et al., 1998). pH changes and
variations in bicarbonate concentrations within the estuary play a major role in
mineral dissolution and formation within the system (Berner & Berner, 2012), while
the loss of iron from the system suggests that iron minerals or iron complexes are
forming.

The focus of this chapter is to address a series of questions related to the fate of what
is being introduced into the system, from both the river and the marine end-members.
To understand the dominant forces in this estuary with regards to mineral formation
and distribution, attempts will be made to assess which end-member, if any, is more
dominant, by observing trends in both the suspended particulate matter and the
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surface sediments. To fully assess which end-member is the dominant end-member,
considerations will be made for the overall system by comparing and contrasting
variations in the surface sediments and suspended particulate matter during different
stages of the tidal cycle and in a variety of geographical locations.

Research questions:
1. Do changes in river water and seawater chemistry affect mineral formation?
2. Which end-member is the more dominant with regards to deposition of
minerals?
3. Is this at a specific time in the tidal cycle when the dominant end-member is
less dominant?
4. Can trends that are observed in the suspended particulate matter and the
surface sediments be linked back to the changing water chemistry?
5. Are distribution patterns in the suspended particulate matter and surface
sediments the result of flushing and mixing of the two different water bodies?

4.2.3. Sampling efforts

In April 2010, local rock and soil samples were collected from a range of lithologies
and regolith-types within the drainage basin (Figure 1). Soil samples were collected
and stored in opaque containers before returning to Liverpool. Samples were then
stored in fridges prior to sample preparation.

Five spot locations were sampled for water geochemistry in 2009 and three tidal
cycle locations were chosen for sampling in 2010 (Figure 2). Cellulose nitrate filter
papers remaining from the filtration process were stored in opaque containers and
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returned to Liverpool for analysis. During mapping of the estuary, surface sediment
samples were collected, using a spatula and sample vessel, in a variety of estuarine
sub-environments. Approximately 200g of sample was collected in a sample bottle
and stored in opaque containers for approximately 10 days prior to refrigeration at
the University of Liverpool.

Figure 2. The Anllóns Estuary map and water sample locations. Spot samples were
collected at high and low tide in spot locations S1 to S5 in 2009. Tidal cycle sample
collection was carried out at the Lower Estuary, the Mid-Estuary and the Upper
Estuary in 2010. The river water end-member was sampled in both 2009, as S5, and
2010. The seawater end-member was sampled at the mouth of the estuary in 2009
only. In 2010, seawater end-member samples were collected from the town of Laxe,
approximately 7 km, west-south-west from the estuary mouth, as discussed in the
previous chapter.

4.2.3.1. Mineralogical analysis

To understand the effect of changing water geochemistry on particulate matter in the
estuarine waters, all filter papers were analysed using X-Ray Diffraction techniques.
This is a standard technique used for the identification and quantification of clay
minerals.
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Surface sediments were collected in a range of environments throughout the estuary
and within the local soils. Fine fractions (<2 μm) and coarse fractions (>2 μm) of the
sediment were separated, with a fine fraction weight percentage (wt%) obtained for
each sample. Sediment sample preparation followed techniques outlined by Jackson
(1969) and Moore and Reynolds (1997). Samples were homogenised, sub-sampled,
and then air-dried at 60°C for 15-hours.

Dry sub-samples were weighed then

dispersed in tap water by means of four 5-minute cycles of ultrasonication and
stirring. The supernatant liquid was decanted and the clay size fraction (<2μm e.s.d.)
was collected by centrifugation at 3500rpm for 30-minutes. The clay size fraction
was then dried at 60°C for 15-hours, ground and then weighed to obtain the clay size
fraction 25 percentage.

X-Ray Diffraction was then used to identify the clay

mineralogy of the fine fraction samples.

XRD scans were performed on subsamples of the surface sediment after each
procedure: potassium saturation (air-dry), glycolation, 300, 400, and 550 °C heating;
then on a separate subsample: magnesium saturation (air-dry), 300, 400, and 550 °C
heating. Glycolation is commonly used as an indicator of expandable phases such as
smectite or vermiculite. During this procedure ethylene glycol is adsorbed onto
inter-layer cations between tetrahedral-octahedral-tetrahedral (TOT) sheets resulting
in the swelling of the mineral and the development of a peak around 16-17 Å
(Harward and Brindley, 1965; Mosser-Ruck et al., 2005). Progressive heating is
another technique commonly used to identify clay minerals, where dehydration and
migration of inter-layer cations results in the progressive collapse of inter-layer zones
at different temperatures (Starkey et al., 1984; van Groos and Guggenheim, 1986;
Tucker, 1988; Kloprogge et al., 1992).
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Each XRD scan was performed for 60 minutes using the PANalytical X’Pert PRO
MPD, X’Celerator detector, Ni filtered Cu k-α radiation and samples were processed
using HighScore Plus at the University of Liverpool. It is difficult to differentiate
between illite and illite-muscovite in XRD analysis as they have very similar crystal
structures, most illites being 10Å, dioctahedral minerals (Deer et al.,1992).
Chemically, illite contains less potassium and more silica than illite-muscovite (Deer
at al., 1992). I-S is a mixed layer clay that contains properties of both illite and
smectite but it is not an expandable clay, such as smectite (Środón et al., 1986).
Smectite is converted to illite during burial diagenesis (Inoue et al., 1988).

Mg-Calcite, which is a biologically derived carbonate mineral (Merefield, 1982) that
is commonly found in estuarine sands. It is identified in XRD with a peak close to
30°2Θ and has a d-spacing ranging between 2.9 and 1.5 Å (Long et al., 2011).

Figure 3. XRD identification of carbonate minerals in the surface sediments within
the Anllóns Estuary. Mg-Calcite, which is identified due to the peak close to 30°2Θ,
has a d-spacing ranging from 2.9 – 15 Å.
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4.3. Results

XRD analyses of the suspended load and the fine fraction mineralogy of the local
soils and surface sediments will be provided in this section.

4.3.1. Geology and soils

The geology of the drainage basin has been extensively studied in the past (Ries and
Shackleton, 1971; Arenas et al., 1986; Castroviejo, 1990; Dallmeyer et al.,1997;
Llana-Funez & Marcos, 2001) and the tectonic history of the area is well understood.
As discussed, the local geology is important in understanding the clay mineralogy
present in the river basin. Samples of local bedrock that outcrop along the river’s
route were collected to verify the bedrock mineralogy within the drainage basin and
to assess the degree of weathering. As the geology of the drainage basin has been
thoroughly researched in the past (Ries and Shackleton, 1971; Arenas et al., 1986;
Dallmeyer et al.,1997; Llana-Fúnez & Marcos, 2001), it was not necessary to
extensively subsample the bedrock geology, therefore eight bedrock samples were
collected within the drainage basin (Figure 1), with sample locations chosen using
existing geological maps and access points. The eight bedrock specimens were
analysed using XRD to confirm the local mineralogy.
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Table 1. XRD mineralogy of the eight local geology specimens from the Anllóns
drainage basin. See Figure 1 for location samples.
Sample No

B22

B23

B24

B27

B29

B35

B37

B38

Quartz
K-Feldspar
Plagioclase
Hornblende
Diopside
Clinozoisite
Ilmenite
Biotite
Illite/Musc
Chlorite
Kaolinite
Gibbsite

14
12
11
6
57
1
-

31
25
22
19
3
-

5
23
50
3
14
5

29
11
27
34
-

35
22
20
16
3
3
-

44
17
32
7
-

36
23
30
4
7
-

6
70
8
16
-

Granite

Granite

Hornblende
Diorite

Granite

Granite

Gneiss

Granite

Amphibolite

Rock Type

The concentrations of each of the minerals discussed in this chapter were determined
semi-quantitatively using the HighScore Plus software. To identify trends relative to
each mineral identified, the total concentration of the whole suite of minerals
identified for a specific sample was standardized to 100% and the relative proportion
of each mineral present was determined mathematically. This allowed for cross
comparison of all of the samples in attempts to identify trends in the fine fraction of
the surface mineralogy.

Images of thin sections of the hinterland geology samples are presented in Figures 4
and 5. The complicated geology evident in the sections is important to consider in
terms of the geological history of the area and the effects of weathering is also
evident in these specimens, due to possible retrograde reactions and the porous
nature where araldite is evident possibly due to the dissolution of minerals,
specifically in B29.
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Figure 4. Thin section images a selection of the local geology. B22, B23 and B27
are all granitic in composition while B 24 is a Hornblende Diorite. Undulose quartz
present in B22, B23 and B27 suggest that these granites were later deformed. There
is evidence of retrograde chlorite formation from local muscovite post deformation in
all four of the samples above.
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Figure 5. Thin section images a selection of the local geology. B29 and B37 are
both granitic in composition while B35 is a Gneiss and B38 is an Amphibolite.
Undulose quartz present in B29 and B37 suggest that these granites were later
deformed. B29 has been weathered (araldite seen in thin section). The gneiss is
possibly a paragneiss derived from metamorphosed sediments and has since

184

undergone retrograde metamorphism and weathering.
predominately Hornblende and Plagioclase in composition.

The Amphibolite is

Iron bearing minerals are important to consider as the focus of this research is to
understand the formation and distribution of all minerals, specifically iron-rich
minerals, within the estuarine environment. Granite is the dominant rock-type in the
drainage basin and in most cases chlorite is present, possibly due to retrograde
reactions as pressure and temperature decreased and water was introduced. i.e.
weathering (Wager, 1944; Taboada & García, 2003). This chlorite may enter the
estuarine system as a detrital mineral.
hinterland are ilmenite and biotite.

Other iron-rich minerals present in the

Hornblende is also present is significant

quantities in the hornblende diorite and the amphibolite.

Seven grab soil samples were collected within the drainage basin at approximately
1cm from the surface. Samples were collected from a range of lithologies within the
basin as detailed in Figure 1. Sample G1 is a soil that has developed on granite, G2
developed on ‘alluvial’ sediments, G3, G4 and G7, all developed on ‘basic’ rocks,
G5 developed on a gneiss and G6 developed on a schist. Samples were glycolated
using a solution of ethylene glycol as standard for the identification of smectites.

Table 2. Soil mineralogy of the samples collected within the Anllóns River drainage
basin. See Figure 1 for sample geographical location.
Grab
Sample
Number
G1
G2
G3
G4
G5
G6
G7

Quartz
(%)
16
20
13
13
15
15
17

KFeldspar
(%)
12
0
11
10
11
10
0

Albite
(%)

Illite/Musc
(%)

Chlorite
(%)

Gibbsite
(%)

Kaolinite
(%)

13
14
11
12
11
12
12

22
0
33
27
27
29
33

10
21
15
16
16
14
16

17
9
5
6
5
5
6

10
25
13
16
15
14
16
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The sum of all of the minerals present was used to identify the dominant minerals
present in the soil samples. Quartz is the dominant detrital mineral present in the
soils, followed by albite and K-feldspar. The dominant clay minerals present in the
soils are illite-muscovite, followed by chlorite and kaolinite.

The least common

mineral present in the soils is gibbsite but is present in its greatest quantity the soils
overlying granite, G1 (Figure 1; Table 2). The clay minerals are the dominant
mineral type present in the soils. As weathering is intensive in Galicia (Taboada &
García, 2003), it is not surprising that the secondary minerals are the dominant
mineral type in these soils because of the breakdown of pre-existing detrital minerals.

4.3.2. End-member suspended sediments

4.3.2.1. River water suspended sediments

The suspended particulate matter (SPM) from the river water was analysed from the
river water end-member filter papers using XRD and is described in Figure 6 below.
The dominant minerals entering the estuarine system from the river drainage basin
are illite-muscovite and illite-smectite. Within the particulate matter, illite-smectite
was identified. This is the second most commonly identified mineral in the river
water end-member. Kaolinite and chlorite are also present in significant quantities
however no quartz, halite or gypsum is present.
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Figure 6. Average suspended load of the Anllóns River. The average suspended
particulate matter entering the estuary from the river end-member in 2009 and 2010
(total of 10 samples) shows that illite-muscovite and illite are the most commonly
identified minerals from the filter papers. As there is no halite or gypsum on the
filter papers, it is concluded that there is no seawater influence in the waters collected
at this site.

4.3.2.2. Seawater suspended particulate matter

The suspended particulate matter (SPM) from the seawater was analysed using XRD
on the seawater filter papers (Figure 7). The dominant mineral entering the estuary
from the sea is illite-muscovite. Halite and gypsum were also found on the filter
papers but are considered to be minerals that formed after sampling due to
evaporation of seawater on the filter paper as it dried. Correcting for halite and
gypsum content, the dominant suspended particulate is illite-muscovite (Figure 7b).
This is followed by kaolinite, quartz, chlorite and finally illite-smectite.
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Figure 7. Average suspended load of the seawater from the Ría de Corme e Laxe.
The average suspended particulate matter entering the estuary from the seawater endmember in 2009 and 2010 (total of 11 samples) shows that halite is the most
commonly identified mineral on the filter papers, followed by illite-muscovite,
gypsum, kaolinite, quartz, chlorite and finally illite-smectite (7a). The high
concentrations of both halite and gypsum are the result of evaporation of water on
the filter paper after collection, therefore they are not considered to be present as
minerals within the water column. Discounting both of these minerals, illitemuscovite is the most dominant mineral in the seawater suspended particulate matter,
followed by kaolinite, quartz, chlorite and finally illite-smectite (7b).

4.3.3. In-estuary suspended particulate matter variations

Illite-muscovite was the dominant mineral within the water column at low tide and
half way between low tide and high tide (Figures 8 and 10) while kaolinite was the
dominant mineral in the water column at high tide (Figure 12). The river water
contained predominately clay minerals (illite-muscovite, illite-smectite, kaolinite and
chlorite) and a small amount of quartz (Figures 8, 10 and 12). Seawater contained
variations of illite-muscovite, illite-smectite, kaolinite, chlorite and then quartz
(Figures 8, 10 and 12). In the mixed waters where the water is moving, quartz is
present in the water column, i.e. in all mixed samples apart from at spot sample four
where the water was pooled due to the drainage patterns within the estuary and
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therefore quartz will have settled. Kaolinite is the dominant clay mineral in the
mixed waters, i.e. in estuary water samples that are derived from both the seawater
and river water, followed by illite-muscovite-illite, chlorite and illite-smectite

The dominant ion in all of the sampled waters was chloride and in general this is
followed by sodium (Figures 9, 11 and 13).

Bicarbonate concentration ratios

decrease towards the lower-estuary and the seawater sample at low tide and at high
tide (Figures 9 and 13).

Three hours between these two samples, bicarbonate

concentration ratios increase towards the lower-estuary but drop in the seawater
sample (Figure 11). Generally, sulphate concentration ratios increase from river
water towards the mid-estuary and then drop towards the lower estuary (Figures 9
and 11) but at high tide, an elevated sulphate ratio was observed at the lower estuary
location (Figure 13).
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Figure 8. Suspended load of the waters at low tide. Variations in the suspended particulate matter (SPM), identified from analysis of
filter papers using XRD, shows that illite-muscovite is the dominant mineral within the water column at low tide. The river water
contains predominately clay minerals, illite-muscovite, illite-smectite, kaolinite and quartz and the seawater is predominately illitemuscovite with traces of the other minerals. In the mixed waters where the water is moving, quartz is present in the water column, i.e.
in all mixed samples apart from spot sample four where the water was pooled. Kaolinite is the dominant clay mineral in the m ixed
water column, followed by chlorite and illite-smectite.
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Figure 9. Geographical variations in water composition at low tide. The dominant ion in all of the sampled waters at low tide is
chloride and in general this is followed by sodium. The river water contains a higher ratio of bicarbonate than any of the other water
samples and sulphate concentration ratios seem to increase from the upper estuary towards the sea. There is a subtle increase in
magnesium ratio towards the lower estuary.
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Figure 10. Suspended load of the waters at mid tide. Variations in the suspended particulate matter (SPM), identified from analysis of
filter papers using XRD, shows that illite-muscovite is again the dominant mineral within the water column half way between low tide
and high tide. The river water contains predominately clay minerals, illite-muscovite, illite-smectite, kaolinite and quartz and the
seawater is predominately illite-muscovite, illite-smectite, kaolinite, chlorite and then quartz. Kaolinite is the dominant clay mineral in
the mixed water column in the upper and mid-estuary locations, followed by illite-muscovite and chlorite, while in the lower estuary at
this time, illite-muscovite is the dominant mineral in the water column followed by illite-smectite.
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Figure 11. Geographical variations in water composition at mid tide. The dominant ion in all of the sampled waters half way between
low tide and high tide is again chloride and in general this is followed by sodium. Bicarbonate concentration ratios increase towards the
lower-estuary but drop in the seawater sample. Sulphate concentration ratios increase from river water towards the mid-estuary and then
drop towards the lower estuary. The lower estuary site has higher ratios of calcium and magnesium in the waters at this time.
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Figure 12. Suspended load of the waters at high tide. Variations in the suspended particulate matter (SPM), identified from analysis of
filter papers using XRD, shows that kaolinite is the dominant mineral within the water column at high tide. The river water contains
predominately clay minerals; illite-muscovite-illite, illite-smectite, kaolinite and chlorite and the seawater is predominately illitemuscovite-illite, kaolinite, quartz and chlorite. In the mixed waters where the water is moving, quartz is present in the water column, i.e.
in all mixed samples apart from spot sample four where the water was pooled. Kaolinite generally is the dominant clay mineral in the
mixed water column, followed by illite-muscovite-illite, chlorite and illite-smectite.
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Figure 13. Geographical variations in water composition at high tide. The dominant ion in all of the sampled waters at high tide is
chloride and in general this is followed by sodium. Bicarbonate concentration ratios decrease towards the lower-estuary and the
seawater sample. Sulphate concentration ratios increase from river water towards the mid-estuary and then drop at the spot sample 3
location before increasing again towards the lower estuary and finally dropping towards the seawater sample.
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The bulk composition of the suspended particulate matter within the estuarine samples
in 2009 and 2010 are similar to that of the seawater bulk composition (Figure 14).
These compositions remain fairly constant throughout the sampling efforts apart from at
high tide in the lower estuary (Figure 14a).
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Figure 14. Suspended particulate matter variations within the Anllóns Estuary over
time. The bulk composition of the entire in-estuary samples is closer to that of the
seawater end-member. In general, the trends are quite constant throughout the sampling
efforts.
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4.3.4. Surface sediment mineralogical variations

Surface sediment samples were collected from a variety of environments within the
estuary (Figure 15). Grab samples were collected and the fine fraction was analysed for
mineralogy using XRD.

Figure 15. Surface sediment sample locations within the Anllóns estuary. Samples
were collected from a range of environments from the coast towards the mid-estuary.
The fine fraction of these samples (anything less than 2 μm) was analysed using XRD
techniques.

The dominant fine fraction minerals in the lower estuary are carbonate minerals, calcite,
Mg-calcite and aragonite (Figure 16a) while the dominant minerals in the mid-estuary
location are detrital minerals and clay minerals (kaolinite, gibbsite, chlorite, illitemuscovite-illite and albite). There is a higher relative concentration of quartz in the fine
fraction material at the mid-estuary location (Figure 16a).

The fine fraction clay

mineral concentrations remain near constant throughout the sediment samples collected
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within proximity to the water (Figure 16b). The dominant clay mineral present is illitemuscovite although towards the lower estuary, kaolinite concentrations increase.
Chlorite concentrations remain constant throughout the estuarine surface sediments
(Figure 16b).

Figure 16. Surface sediment mineralogical trends. Trends in the fine fraction material
at the waters’ edge within the Anllóns estuary show that carbonate minerals are
dominant from the open coast while at the mid-estuary location, the dominant fine
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material is derived of detrital material and clay minerals (Fig. 16a). In the mid estuary,
illite-muscovite is the dominant clay mineral while kaolinite is dominant in the lower
estuary (Fig. 16b). Chlorite concentrations remain near constant throughout and
gibbsite concentrations are greater downstream of the mid estuary location and are
depleted upstream of the seawater sample locations.

4.4. Discussion

XRD analyses of the suspended load and the fine fraction mineralogy of the local soils
and surface sediments will be discussed in this section.

4.4.1. End-member suspended particulate matter

The dominant mineral that enters the estuarine system from the suspended load in the
river is illite-muscovite (Figure 6). It is difficult to differentiate between illite and illitemuscovite in XRD analysis as they have very similar crystal structures, most illites
being 10Å, dioctahedral minerals (Deer et al., 1992). Chemically, illite contains less
potassium and more silica than illite-muscovite (Deer at al., 1992).

As the

concentrations recorded in this study are from the suspended load and no further
chemical analyses were carried out to assess the exact composition of this mineral, it is
referred to as illite-muscovite. Illite-Smectite (I-S) is the next most common mineral
identified in the riverine suspended load. I-S is a mixed layer clay that contains
properties of both illite and smectite but it is not an expandable clay, such as smectite
(Środón et al., 1986). Smectite is converted to illite during burial diagenesis (Inoue et
al., 1988). Considering that there is no identifiable smectite in the local soils (Table 2),
the I-S in the suspended material must be derived from the weathering of existing illitemuscovite minerals, where potassium ions are replaced with magnesium ions and water
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(Weaver, 1956). I-S has not been identified in the surface sediments (Figure 14a);
therefore this reaction is occurring in the water column only.

Kaolinite is the next most commonly identified mineral in the riverine suspended load.
Kaolinite was introduced into the system from the weathering of plagioclase feldspars
from the hinterland geology and from the local soils (Berner & Berner, 2012; BelzunceSegarra et al., 2002). Chlorite, which may be a detrital mineral associated with the
metamorphic bedrock in the hinterland, is also present in the suspended load of the
riverine input.

Illite-muscovite, kaolinite and chlorite were introduced into the

suspended particulate matter of the river from the local soils as they are present in the
soils of the Anllóns drainage basin in significant quantities (Table 2). However, it is
uncertain if all of the illite-muscovite and kaolinite are detrital from the soils or if there
may be neoform versions of these minerals in the suspended load. The I-S is suspected
to be a neoformed mineral as there is no smectite in the hinterland geology or soils.

The dominant fine fraction material present in the seawater suspended load is illitemuscovite (Figure 7). Although, visually, illite-muscovite seems to be present in much
greater concentrations in the seawater end-member versus the river water end-member
(Figures 6 & 7), illite-muscovite in the seawater end-member accounts for 13.7% of the
total illite-muscovite while 86.3% of the illite-muscovite is present in the riverine
suspended load (Table 3).

201

Table 3. The relative XRD concentrations of the fine fraction material from the
suspended particulate load of the river water and seawater end-members. Most of the
material entering the system is derived from the river water suspended load as it carries
the highest percentages of illite-muscovite, I-S, kaolinite and chlorite in its load. The
seawater end-member introduces the fine fraction quartz only into the estuarine system.
IlliteI-S
Quartz
Kaolinite
Chlorite
Muscovite
Total (Riv +
66.3
28.5
0.3
10.8
4.5
Sea)
River water

57.2

28.3

0.0

10.2

4.2

Seawater

9.1

0.1

0.3

0.6

0.3

River water %

86.3

99.6

0.0

94.6

94.4

Seawater %

13.7

0.4

100.0

5.4

5.6

Kaolinite is the next most common mineral present in the seawater suspended load,
followed by chlorite, quartz and finally I-S. Illite- muscovite, kaolinite and chlorite are
all derived from the local soils while quartz, in the fine fraction, is introduced from the
marine environment (Table 3). As with the riverine input, it is suspected that I-S is a
neoform mineral present only in the suspended particulate matter.

The difference in the concentrations of the riverine input versus the seawater input is
due to two factors, (i) dilution of the riverine input with that of seawater and (ii)
deposition of the suspended materials within the estuarine system. The dilution of the
river water with the seawater will inevitably reduce the material present in the river
water as it mixes, with seawater derived minerals increasing in concentration with
higher dilution factors. Also, as the flushing dynamics of the river are slowed by the
incoming seawater, deposition of material in the water column will occur (Meade,
1972). In an attempt to fully understand these suspended load variations, it is important
to consider the samples collected within the estuarine system.
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4.4.2. In-estuary suspended particulate matter

In the upper estuary location, kaolinite is the dominant clay mineral in the suspended
particulate load at low tide, three hours after low tide and at high tide (Figure 8, 10 and
12). Illite-muscovite is the next most common mineral in this location, followed by
chlorite, quartz and I-S. As quartz is present in the upper estuary suspended load and
not in the river suspended load, the source of the quartz may be from the soils further
downstream, or resuspension of quartz due to circulation in the estuarine turbidity
maximum zone (Bodineau et al., 1998). Soil sample G7 was collected from the tidal
part of the bank of the river. It contains 17% quartz in its fine fraction (Table 1)
therefore it is not surprising that some quartz is present in the suspended load within
close proximity to the soil sample site. Although there are water geochemical changes
that occur during the move from low tide to high tide, the relative bulk chemistry of the
water is similar in the upper estuary location at low, mid and high tide (Figures 9, 11
and 13).

Further downstream, at Spot Sample 4 location, the dominant suspended particulate
minerals are kaolinite followed by illite-muscovite, chlorite and I-S at both low and
high tide (Figures 8 and 12). Although the water chemistry changes in this location due
to the increasing tide (chapter 3), the suspended load mineralogy and the relative
compositions of the waters do not vary greatly (Figures 9 and 13). The mid-estuary
location is where variations start to emerge over the tidal cycle. At low and mid-tide,
the dominant suspended load minerals are kaolinite followed by illite-muscovite,
chlorite, quartz and finally I-S. At high tide, there is a relative decrease in kaolinite and
increases in illite- muscovite, chlorite and I-S (Figures 8, 10 and 12).
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There is a relative increase in quartz and decrease in I-S at spot sample 3 locations.
This sample was collected on the inside of a meander in the system, where it is
suspected that the velocity of the river and seawater will have slowed (Chernicoff et al.,
2002).

When water slows, heavier particles are deposited while lighter particles

continue to be transported. However, the heavier particles in this instance may be
greater than the 2 μm fine fraction separation, therefore are not accounted for. Instead,
as the water was collected in a pool that had broken off from the flowing river system at
low tide, sitting water rather than flushing water was collected. Some surface sediment
may have been drawn into the sampling vessel at this time. It is also worth noting that
the lower I-S content suggests that this mineral is only present in the flushing water.
The lower estuary presents a similar increase in quartz from mid-tide to high tide. Illitemuscovite and I-S remain similar at mid-tide and high tide (Figures 10 and 12). While
the major difference in spot location 2 is the relative drop in chlorite and kaolinite from
low tide to high tide (Figures 8 & and 12), which may correspond to the differing
controlling end-member effect at different times in the tidal cycle.

There is little variation in the bulk suspended particulate mineralogy within the Anllóns
Estuary (Figure 14). Although the greatest changes in water geochemistry over a tidal
cycle occur in the mid-estuary and the upper estuary locations (previous chapter), the
suspended load mineralogy is continuous throughout the tidal cycles in these two
locations (Figure 14). The greatest variations in suspended load mineralogy occur in
the lower estuary site (Figure 14), with elevated illite-muscovite concentrations at high
tide. It has been documented that during the transition from fresh to saline waters,
detrital kaolinite will preferentially accumulate landward, while illite and smectite will
be transported further seaward (Parham, 1966; Gibbs 1977b). Although the increase of
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illite-muscovite in the suspended load at high tide in the mid-estuary location agrees
with Parham (1966), similar trends are not observed within the bulk composition of the
minerals present in the surface sediments (Figure 16b). The major significant difference
in suspended load mineralogy from the river water to the seawater is the relative
decrease in concentration of I-S in the 2009 waters as they travel downstream and the
relative increase in kaolinite in the suspended matter downstream (Figure 14a).
Illitization of I-S will occur in aqueous systems (Whitney, 1990), which will explain the
loss of the I-S from the suspended load, yet kaolinite concentrations increase when they
were expected to decrease (Parham 1966; Gibbs, 1977b). This relative increase in
kaolinite concentration in the in-estuary suspended load may be due to the preferential
flocculation of kaolinite with increasing salinity (Whitehouse & McCarter, 1958).
However, difficulties in the precision of mineralogical identification techniques may
result in the over representation of kaolinite with regards to smectite and illite (A.
Thomas, pers. comm.). As kaolinite has a larger crystal structure than smectite, it will
be readily identified using XRD techniques whereas smectite may remain hidden,
therefore it may be underestimated. Madejová et al. (2002) have shown that in XRD
analyses of mixtures of kaolinite and smectite, kaolinite measurements are always
higher.

There are three different reasons that Illite-Smectite (I-S) may be identified in the
suspended load but not the surface sediments:
i.

Differential settling of minerals

ii.

Analytical issues identifying minerals

iii.

The settling of volcanic glass/ash from the Eyjafjallajökull eruption
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Larger minerals will preferentially deposit quicker from the water column compared to
finer minerals. This has been documented for kaolinite versus smectite in estuarine
systems (Gibbs 1977b), where mineral size sorting controls the sequence of mineral
deposition. Kaolinite present in the river sediment loads is therefore expected to both
flocculate (Edzwald et al., 1974) and deposit upon mixing with <3% seawater (Krone,
1978) while illite and smectite will be transported further downstream (Gibbs, 1977b).
As discussed above, precision difficulties in clay mineral identification, due to the
differing mineral sizes, have also been documented (Madejová et al., 2002), therefore
kaolinite in the surface sediments may be over represented in the dataset compared to
smectite. I-S was only identified in the suspended load on the 2010 samples. Water
sample took place on the 25th, 26th and 27th of April, 2010, during the Eyjafjallajökull
volcanic eruption in Iceland.

Although the distance between the Eyjafjallajökull

volcano and the Anllóns Estuary is approximately 1,500 km (in straight line), this
eruption cause widespread travel disruption in Europe due to the volume of volcanic ash
emitted (Navrátil et al., 2013) and it is possible that the I-S identified in the water
column is derived from the breakdown of volcanic glass from the ash cloud (Tomita et
al., 1993).

In an attempt to further understand variations within the suspended load mineralogy, it
is important to consider changes within the surface sediments and to assess if trends
observed in the suspended load are mirrored in the distribution of minerals with
proximity to the water.
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4.4.3. Surface sediment variations

In the previous chapter, it was assumed that transport of material from the hinterland to
the sea was occurring due to the presence of total iron in the water column in the more
saline waters. However, clay mineral distributions within the suspended load suggest
that there is very little difference throughout the estuary. The fine fraction of the
surface sediments vary spatially within the estuarine environment (Figure 16). Surface
sediments were collected from the upper estuary location and towards the seawater endmember. The dominant fine fraction minerals in the upper estuary location are illitemuscovite, followed by quartz. This draws parallels from the fine fraction mineralogy
of the local soils (Table 2, Figure 17).
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Figure 17. The fine fraction mineralogy of the Anllóns drainage local soils. Illitemuscovite is the dominant mineral in the fine fraction, followed by quartz, chlorite,
kaolinite, albite, k-feldspar and gibbsite. There is more gibbsite in the soils furthest
from the estuary, which suggests that these soils have undergone extreme weathering.
Soil sample two was not considered in this cross plot as it represents an alluvial soil that
is minor in the drainage basin and has different chemistry to the other soils (Table 2).

The soil sample, G7, was collected closest to the estuary and the fine fraction minerals
present are in similar ratios to the clay minerals present in the suspended load (Figures
16b and 17). The fine fraction clay minerals present in most of the soils have similar
compositions (Figure 17) with the exception of G2 and G1. G2 was collected on
‘alluvial’ sediments (Figure 17a). G2 has a significantly higher amount of chlorite and
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a loss of illite-muscovite with respects to the other soils. G1 was sampled on a granite
hinterland at 600m elevation and has higher concentrations of gibbsite, which reflects
the higher intensity in the weathering regime in the uplands (Macias Vazquez, 1981).

Throughout the whole estuary, the clay mineral compositions remain constant (Figure
16b). However, it is evident that concentrations of clay minerals, when compared to the
whole series of fine fraction minerals in the sediments, decreases seaward (Figure 16a).
Clay minerals and the minerals derived from the hinterland and soils are dominant
towards the upper estuary while carbonate minerals are more dominant towards the
lower estuary. Calcite, albite and Mg-calcite are the dominant minerals towards the
marine end-member. The mixed waters are saturated enough for calcite precipitation
(Figure 18), therefore high concentrations of calcite in the fine fraction may be due to
active precipitation.
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Figure 18. Calcite and dolomite saturation states of the waters from the Anllóns
Estuary. Waters that are approximately 10% seawater and 90% river water are saturated
enough for calcite precipitation.

Calcite was not detected on any of the filter papers therefore it is possible that these
minerals may be neoformed in the estuarine environment (Alexandersson, 1972).
However, it is important to consider the transport of material from the marine
environment back upstream into the estuarine system. All of these minerals may have
been introduced into the estuarine environment from the breakdown of shell material
(Merefield, 1982).

To understand variations within the surface sediments, three transects within the estuary
and over a range of sub-environments were assessed (Figure 18).
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Figure 19. Three transects across the Anllóns Estuary and through a range of
depositional environments. The transect line colour corresponds to the colour of the
box surrounding the mineral distribution patterns. These transects show how the
dominant fine fraction mineralogy varies within the system. Transects 1 and 2 show the
variation from the estuary margin (at the salt marsh) towards water’s edge (clean sands),
while transect 3 represents a transect that details changes in the fine fraction from the
lower estuary to the mid-estuary over a range of environments.
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These three transects show how the fine fraction mineralogy varies within the estuarine
system, from the margins of the estuary to the water’s edge and from the lower estuary
towards the mid-estuary. Transect 1 and 2 are both transects that begin at the estuary
margin (i.e. the salt marsh) and move towards the estuary channel. The clay mineral
content is much greater towards the salt marsh and is dominant towards the sand flats at
the estuary channel (Figure 19). At the estuary channel, the sands contain a higher
percentage of fine fraction calcite minerals. Fine fraction quartz is relatively constant
throughout each of the samples in both transects 1 and 2 (Figure 19). Similarly, transect
3 shows that the sand close to the channel contains high percentage of calcite minerals
and as it progressively moves towards the muddy sand flats and marsh area, the clay
content in the fine fraction increases (Figure 19). Moving away from the muddy sands
towards cleaner sands, again the calcite percentage increases and is dominant. The
transect cuts into the soil dominated bank, which contains a high amount of clay
minerals in the fines.

The three transects suggest that the mineralogical distributions vary due to the
environment that they are found in. Close to the estuary channel, calcite minerals are
dominant (Figure 19). Towards the soil horizons and the marsh area, the dominant fine
fraction materials are the clay minerals, with illite-muscovite being the most dominant.
Carbonate minerals may be introduced into the sands on the sand flats by the marine
input; however neoformed calcite minerals may also be forming (Figure 18) and these
sands are within close proximity to the estuarine water. The high clay content of the
muddy sands and marsh may be derived due to mineral weathering and alteration in the
local soils. The muddy sands are within close proximity to the marsh and are at the
upper limits of the encroaching waters at high tide in the mid to lower estuarine flats;
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therefore these muds may be introduced by the erosion of the marsh. However, the
muddy sands are also locations of high biological populations, especially Arenicola spp.
(Figure 20) and it has previously been shown that this species actively develop
neoformed clays in their gut (Needham et al., 2005; 2006; Worden et al., 2006).

Figure 20. An image of the worm cast populations in the muddy sands of the Anllóns
Estuary (Figure 20a). The muddy sands of the Anllóns Estuary are extensively
populated. These muddy sands are within close proximity to the local marsh.
Bioturbation by Arenicola spp. (Figure 20b) will result in the reworking of sands and
oxidation of sands within the redox boundary. The ingestion and excretion of sands can
result in neoformed mineral growth in the gut of Arenicola spp.

4.5. Synthesis

The suspended particulate load of the river end-member is predominately derived from
the local soils (Figure 21) which have a mineralogy that reflects chemical and physical
weathering of the bedrock. The dominant mineral in the suspended load is illitemuscovite (Figures 8, 10 and 12), which is also the dominant mineral in the local soils
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(Figure 16b). The suspended particulate load contains minerals that are all present in
the local soils (e.g. kaolinite and chlorite).

Illite-smectite (I-S) is only present in the

flowing water and there is no link to this in the local soils. I-S may be derived from the
chemical weathering of illite-muscovite in the water.
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Figure 21. Summary of both the suspended particulate matter distributions and the
surface sediment mineralogy throughout the Anllóns estuary. The in-estuary suspended
load is similar in bulk composition to the seawater end-member (Figure 21a) however it
has the same clay mineral content as both end-members. This may be due to
resuspension of minerals in the estuarine turbidity maximum zone and water circulation
processes in the estuary. Illite-smectite, which is only identified in the suspended load,
is lost very early upon mixing. The average composition of clay minerals is at its
maximum in the upper estuary surface sediments (Figure 21b), the location of the
estuarine turbidity maximum zone. It is also very clear that the carbonate minerals are
marine derived as no carbonates have been identified in the soils and bedrock
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mineralogy. The clay concentrations decrease seaward, while marine derived minerals
decrease upstream.

From the upper estuary to the mid-estuary, the dominant clay mineral in the suspended
particulate matter is kaolinite, followed by illite-muscovite, chlorite and I-S (Figure 14).
These minerals are all present in the local soils (Figure 17b), therefore they may be
derived from the local soils. The only definite neoformed phase present is the I-S that is
present in the flowing water.

The estuarine turbidity maximum zone (ETMZ), which is thought to be at the interface
of the mixing end-member waters, i.e. close to the upper estuary sample location, is an
interesting location within the estuary. Not only is this the location of dissolved iron
loss within the estuarine waters (chapter 3) but this location is also where there is a
significant difference in the suspended load mineralogy. The highest percentage of clay
minerals was identified in the upper estuary location (Figure 21b). Although the upper
estuary location is proximal to the river water, resuspension of flocculated minerals may
be occurring here, which will affect the mineralogical composition in the flushing
waters. The bulk composition of the in-estuary suspended load might be similar to the
seawater end-member because of the resuspension of surface sediment material in the
ETMZ.

This resuspended material will be transported further downstream.

I-S

percentages may be much lower due to the resuspension of flocculated and previously
deposited material.

From the mid-estuary towards the lower estuary, the dominant mineral in the suspended
particulate load is kaolinite, followed by illite-muscovite, chlorite and I-S (Figure 14).
In the surface sediments, the dominant clay mineral is illite-muscovite (Figure 16a).
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The major difference between these mid to lower estuarine particulates and the muddy
sands is that there are no carbonate minerals present in the suspended particulate matter.
Instead, the waters are supersaturated for calcite precipitation. The precipitation of
calcite may have occurred in the surface sediments, possibly driven by evaporation of
water (as discussed in the previous chapter).

The seawater end-member and the river water end-member have markedly different
suspended load bulk compositions (Figure 14, Table 3). Yet the clay minerals present
in the fine particulates of the local soils are quite similar in bulk composition to both the
suspended load in-estuary and the surface sediment fine fractions (Figures 14 and 16b).
Kaolinite concentrations in the suspended load increase downstream from the river
water sampling site. Flocculation of kaolinite, as salinity increases (Whitehouse &
McCarter, 1958), and the slowing of the river flushing rate, may result in higher
kaolinite minerals in the suspended load downstream. It is not clear which end-member
is more dominant with regards to suspended particulate matter. Active erosion of the
in-estuary soils occurs at high tide which, in turn, introduces more suspended load into
the flowing water system. The suspended load in clay mineralogy of the flowing water
body mirrors that of the fine fraction of the proximal soils.

It is possible that calcite precipitation is occurring in the estuary as some of the mixed
waters are supersaturated for calcite precipitation.

Therefore the changing water

chemistry may play a role in the presence of calcite derived minerals from the midestuary to the mouth of the estuary. However, as marine derived carbonate minerals
may be entering the system also, it is difficult to quantify the potential calcite
precipitation. As discussed in the previous chapter, there is chemical evidence to
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suggest that iron-bound phases are depositing within the upper to mid estuary locations
however, it is difficult to assess this from looking at the surface sediments. The
dominant iron bearing mineral in the surface sediments is chlorite (and potentially illitemuscovite). Chlorite concentrations increase from the river suspended load into the
estuary, where they remain relatively constant (Figure 14). As the two end-members
(i.e. the river and the sea) are not the sole providers of material into the estuary, for
example there are well developed soils surrounding the estuary also, the relative
constant concentrations of iron-bound phases in the surface sediments is not surprising.

4.6. Conclusions

1. The dominant minerals in the soils are derived from the local bedrock, with
increases in secondary minerals in all soils compared to what was identified in
the bedrock
2. The suspended load in the river water is mainly derived from local soils
3. The suspended load in the seawater end member is also derived from local
fluvial and estuarine soils
4. There is more kaolinite in the seawater particulates compared to the river water
suspended load
5. There is less I-S in the seawater particulates compared to the river water
suspended load
6. The suspended load of all of the mixed estuarine waters is of similar bulk
composition to the seawater suspended load
7. Illite-Smectite is the only definite neo-form mineral in the water column
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8. It is possible that neoformed carbonate minerals may be forming in the surface
sediments due to the supersaturated state of the estuarine waters from the midestuary to the lower estuary
9. The suspended load of the estuarine waters may be resuspended surface
sediments that have been recirculated in the estuarine turbidity maximum zone
10. Proximity to the local soils plays a role in the types of minerals present in the
estuarine surface sediments
11. The bulk clay minerals composition present in the fine fraction of the surface
sediments remains near constant throughout the estuary sediments, with slightly
elevated illite-muscovite in the mid estuary and slightly elevated kaolinite in the
lower estuary
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Chapter 5. Field Study 2 – Spatial
and temporal variations in the
geochemistry of the Leirárvogur
Estuary, South-West Iceland
5.1. Abstract

Iron-rich chlorite is a mineral that is strongly associated with estuarine and deltaic rocks
in the subsurface, yet predicting mineral distributions in modern estuarine environments
has remained elusive. Water samples were collected in the Leirárvogur Estuary, South
West Iceland, over complete tidal cycles and analysed for all of the major geochemical
components (anions, cations, isotopic compositions) using Titration, IC, ICP-AES and
IRMS, to understand the geochemical controls on mineral formation in estuaries. Water
samples were also analysed for their iron composition, to constrain the location of iron
loss within the estuarine system using ICP-AES, which is significant in predicting
locations of neoform iron-rich chlorite precursor minerals. Filter papers were collected
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and analysed using SEM-EDX to identify mineral phases present in the suspended
particulate load while surface sediment samples collected from a range of environments
within the estuary were analysed using XRD to identify mineralogical trends. It is
evident that geographical location within the estuary is a dominant control in the water
geochemistry at a specific point. Dissolved iron is lost from the water column in the
upper reaches and is completely removed from the water by the middle of this estuary.
In the upper estuary locations, 91% of soluble iron is removed during mixing of river
water and seawater. Compared to the river water, solid iron concentrations increase by
over 240% in the upper reaches suggesting estuarine circulation processes results in the
resuspension of previously deposited material in this zone. Although there is some
evaporation of the waters, no carbonate minerals are precipitated in this environment as
the waters are not saturated enough for mineral formation. The dominant clay minerals
in the local soils outside the estuary are mirrored in the surface sediments of the estuary
and in similar bulk compositions. These findings will lead to a further understanding of
the formation and distribution of minerals in a modern estuary located in a cool oceanic
climate and may lead to further understanding of early diagenesis in this setting.

5.2 Introduction

An understanding of the distribution of minerals in estuaries can be used to inform
coastal remediation strategies in polluted settings, to help interpret environmental
changes in the drainage basin and coastal environments, and to improve prediction the
subsurface distribution of clays in ancient settings. As estuaries undergo constant
geochemical changes throughout the day with the waxing and waning of the tides,
geochemical changes result in both the flocculation of suspended and solute load
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(Meade, 1967; Eisma, 1986) and loss of iron within the estuary system (Boyle et al.,
1974; Sholkovitz, 1976; Eckert and Sholkovitz 1976; Boyle et al.; 1977, Sholkovitz et
al., 1978; Mayer, 1982; Fox and Wofsy, 1982).

Furthermore, estuaries are also

locations of high biological density and activity (McLusky & Elliott, 2004). These
processes lead to a) small-scale geographically and stratigraphic variations in
sedimentological facies (i.e. in cored sediment), b) complex and largely unknown
distributions of minerals within the sediment and c) varying degrees of pollutant
distributions.

Therefore it is important to understand the interplay of estuarine

circulation, flocculation and the mixing of two bodies of water on mineral dispersal
patterns through time and space.

There are no published datasets of mineral distributions within estuarine environments,
and there is no established way of being able to predict mineral or elemental distribution
within estuaries. This lack of understanding of modern environments inhibits the ability
to make predictions of mineral distributions in estuarine successions in ancient, deeplyburied sedimentary rocks in the subsurface.

An understanding of clay mineral

distribution would be a useful tool for prediction of reservoir quality in the subsurface,
especially iron-bearing clays. Iron-bearing chlorite is a mineral that inhibits quartz
overgrowth in deeply buried reservoirs (Anjos et al., 2003; Ehrenberg, 1993; Ramm &
Ryseth, 1996), however this mineral does not form in modern environments. Instead it
forms due to the diagenetic alteration of precursor minerals, such as berthierine
(Aagaard et al., 2001).

Berthierine, which is reported to form in shallow buried

environments (Worden & Morad, 2003), is one precursor mineral for iron-bearing
chlorite but it may not be the only precursor. Therefore the focus of this study is to
understand the formation and distribution of all minerals (especially Fe-minerals) within
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the estuarine environment, but with a focus on iron-bearing clay minerals as these may
be altered to form iron-bearing chlorite.

The weathering of silicate minerals results in the formation of both oxide minerals and
clay minerals (Berner & Berner, 2012).

The composition of the local hinterland

geology plays an important role in controlling the types of clay minerals that develop in
a basin. Local weathering processes, controlled by the climatic system in the area, also
play an important role in clay mineral formation (Mohr & van Baren, 1954; Velbel,
1985). River-borne suspended particulate matter, one of the products of weathering, is
typically deposited in marginal marine environments, i.e. estuaries, deltas, lagoons,
shore face shallow shelf systems and tidal flats (Gibbs, 1981; Eisma, 1988; Milliman,
1991). Thus, within marginal marine environments, and especially within estuaries, it is
important to understand the roles of the variability of water geochemistry and physical
sedimentary processes that may influence clay mineral accumulation and then neoformation (Hedges & Keil, 1999; Glasauer et al., 2003).

A major focus of this study has been to attempt to understand the geochemical changes
that occur daily, in an estuarine system supplied by a high latitude basaltic hinterland
and to assess how these affect mineral formation and distribution.

Although the

primary focus is on iron-rich clays, it is important to document the accumulation and
neo-formation of all minerals in the system.

To understand variations within an

estuarine system, changes in the water geochemistry due to external forces must also be
considered. Processes such as evaporation, oxidation and atmospheric equilibrium (gas,
e.g. CO2, exchange between air and water) will play a role in altering the water
geochemistry and therefore what minerals may form. When considering iron-rich clays,
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accounts must be taken as to how iron is lost from aqueous solution and from
suspension in the estuary and to assess if this material is transported from, or within, the
system or deposited in-situ. It is also important to consider whether there are physical
controls in estuaries that result in mineral deposition and/or resuspension.

The weathering of the predominately basaltic hinterland geology will result in the
introduction of a) physically-weathered detrital basaltic minerals and b) secondary
minerals derived from the chemical weathering of these detrital species into the system.
The physical weathering of basaltic material will result in the introduction of sand- siltand clay-sized grains of basaltic glass or tephra that may be present with excess Si, Ca
or Mg and maintaining a similar structure to smectite, Mg-rich olivine, Ca-rich
plagioclase and metal oxides (Gíslason, 2008). Chemical weathering will then result in
the formation of secondary minerals such as allophane, imogolite, ferrihydrite and
possibly halloysite (Arnalds, 2008). Therefore, from the riverine input, it is expected
that some of these minerals will be present in the suspended particulate matter (SPM)
and in the surface sediments. Many ionic species (e.g. SO42-, K+, Na+, Ca2+, Mg2+, Fe2+)
will also be introduced into the system; these may readily form minerals due to
interaction with primary minerals and variations in the water geochemistry. Primary
minerals expected to be introduced from the marine end-member are feldspars, volcanic
glass, smectite (saponite), carbonates, pyroxene, iron oxides, halite, illite, chlorite,
amphibole, quartz, pyrite, serpintine (Andrews & Eberl, 2007).

Coarse fraction

primarily includes volcanic material and biogenic material (Lackschewitz, & WallrabeAdams, 1991). Volcanic glass is the most common material found offshore, with
smectite being the most common clay minerals identified in offshore sediments
(Lackschewitz, & Wallrabe-Adams, 1991; Andrews & Eberl, 2007). The carbonate
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minerals may be stable in the marine environment, but all the detrital igneous minerals
will undergo continued chemical weathering in the always-changing estuarine water
geochemistry. The saturation state of the mixed water is worth considering as the water
may be supersaturated in specific anions and cations, resulting in the neoformation of
minerals in the estuarine system.

The research questions being considered here are:
1. Which end-member, river water or seawater, is more dominant in this estuary?
2. What are the geochemical controls that affect mineral weathering, neo-formation
and distribution within an estuary?
3. What physical processes will affect formation and distribution of neoformed and
detrital minerals in estuaries?
4. Can neo-formed minerals be identified?
5. Is iron preferentially deposited within the estuary and if so, where and when?

5.2.1. The Leirárvogur Estuary

The Leirárvogur Estuary is located in the south-west of Iceland (Figure 1). It is a mesotidal estuary that is approximately 8 km in length and 3 km at its maximum width with a
maximum tidal range of 3.5 m. There are two rivers that drain into the estuary, the
Leirá and the Láxa (Figure 1). Both of these small river systems have formed due to the
direct run-off of water from local mountains and the drainage of local lakes. The larger
of the two rivers, the Laxá, has a catchment of approximately 25 km in length and 8 km
in width at its widest and primarily drains a series of lakes to the east of the estuary.
The smaller of the rivers, the Leirá, drains mountains approximately 10 km north of the

225

estuary. There is also a small stream draining the Eiðisvatn Lake, which lies east-southeast of the estuary. There are no published or recorded water flushing rate data for these
three river systems; however it was observed that the two river systems had much
higher water and flushing rates in Summer (July 2010) compared to Autumn
(September, 2011). This may be tied into the draining of the mountainous snow caps,
i.e. in July they were visible on the surrounding hill tops but in September they had
completely melted.

5.2.2. Local Geology

Iceland is a volcanic island, approximately 100,000 km 2 in area (Arnalds, 2004)
between the Reykjanes and Kolbeinsey Ridges (Sigmundsson, 2006), with a cool
temperate climate (Einarsson, 1984). On average, a volcanic eruption occurs in Iceland
every 4-5 years (Arnalds, 2004), producing volcanic tephra and other solid lavas. It is a
highly geodynamic location due to both the underlying mantle plume and interactions
with the Mid-Atlantic Ridge system (Sigmundsson, 2006) as well as isostatic rebound
resulting from recent glaciation. The island is predominately composed of tholeiitic
olivine basalt with localised occurrences (~10%) of rhyolitic eruptions. The dominant
mineral phases present in tholeiitic or mafic basalts are plagioclase, pyroxene, olivine
and interstitial glass (Mattsson and Oskarsson, 2005). The silicic volcanic rocks are
predominately glassy and/or fine grained (Jónasson, 2007), with rare occurrences of
feldspathic phenocrysts containing minerals such as plagioclase (andesine-oligioclase),
anorthoclase and sanidine.
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The geology of the drainage basin of the Leirárvogur Estuary is predominately Upper
Tertiary basic and intermediate extrusive rocks (Jóhannesson & Sæmundsson, 1999)
(Fig 1).

Pliocene-Pleistocene rocks to the east are also drained by one small river

entering the lake system. Highly localised, acid extrusive rocks, composed of rhyolite,
are present in the northern reaches of the study area, i.e. the mountainous region that the
Leirá River drains.

Figure 1. Map of the drainage basin hinterland geology. The Leirá and Laxá Rivers are
located in South-West Iceland (1a). Although there is some alluvial material that enters
the riverine system, the geology is predominately basaltic, reducing the probability of
the input of clays derived from sedimentary systems (1b).
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5.2.3. Local Soils

Since the last Quaternary glaciation, the surface of the island has been covered by a
layer of andosols. The most common component of an andosol is volcanic tephra
(Arnalds, 2008) and it is the rapid weathering of tephra that is responsible for andosol
genesis (Arnalds, 2008).

Many of the mineral assemblages associated with basalt are relatively unstable at the
surface. Short-range order minerals and metal-humus complexes are the result of rapid
weathering of volcanic tephra due to the process known as andosolization (Duchaufour,
1977), which results in the presence of excess Al, Si and in many cases, Fe, bound to
organic molecules (Arnalds, 2008). The tephra content of the soil and the local climate
are responsible for the formation of andosols. For example, a humid climate with
extensive weathering of tephra will rapidly develop andosols (Arnalds, 2008).
Andosols are generally found in humid environments but <10% form in arid conditions
(Wilding, 2000).

Andosols are a unique soil type. They retain a high amount of water, contain a large
percentage of organic material, they do not retain cations well but have a high
phosphate-absorbing capacity and they have a high pH and low specific gravity (Shoji
& Ono, 1978).

The dominant mineral, allophane [Al2O3(SiO2)1.3-22.5-3(H2O)], is

attributed with controlling these physical and chemical characteristics of the soil (Shoji
& Ono, 1978). The dominant clay and oxy-hydroxide minerals present in andosols are
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allophane, imogolite [Al2SiO3(OH)4], ferrihydrite [Fe3+4-5(OH,O)12] and halloysite
[Al2Si2O5(OH)4].

Allophane and imogolite are poorly formed amorphous hydrous silicates of aluminium
that are found in soils and are closely associated with the kaolinite group of minerals
(Deer et al., 1992). Unlike the kaolinite group, allophane and imogolite are found in
spherical, tubular or gel-like amorphous substances (Arnalds, 2008) rather than sheets.
The ratio of Al to Si in allophane is highly variable (Arnalds, 2008) but commonly a
ratio of 1:2 is observed, with ratios of less than 1 also being reported (Parfitt and
Kimble, 1989). Allophane is negatively charged and is known for its anion exchange
ability (Arnalds, 2008). Imogolite has an Al to Si ratio of 1:2 and has a tubular or
thread-like morphology when observed at high resolution in a TEM (Arnalds, 2008).

Ferrihydrite is a poorly-ordered FeIII mineral (Schwertmann, 1985) and it is the least
stable of the iron (oxyhydr)oxides, which forms directly as a result of weathering. It
tends to be present as well-aggregated, spherical nanoparticulates (Bigham, et al.,2002;
Raiswell, 2011); over time, these nanoparticulates coalesce and form goethite, which
later can be altered to anhydrous hematite.

Ferrihydrite is common in Icelandic

andosols (Arnalds, 2008).

Halloysite, a member of the kaolinite group (Deer et al. 1992), is a 1:1 aluminosilicate
that contains a single layer of water molecules in each interlayer space (Deer et al.,
1992). It is common in Si-rich environments (Arnalds, 2008) and is associated with dry
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settings. When present in andosols, halloysite indicates that the system has undergone
more advanced weathering than when allophane is the dominant mineral (Ndayiragije &
Delvaux, 2004).

Andosols exist in a range of soil pH depending on the soil type. When the basaltic
parent material is still present, the soil pH is maintained by cation recharge during
weathering (Arnalds, 2004). This is observed in Iceland and the soil pH varies but
typically remains above pH 6.5 (Arnalds, 2008). Older andosols tend to have lower pH
values than younger andosols.

The ionic charge of andosols is pH-dependent.

Allophane, imogolite and ferrihydrite all have large reactive surface areas and the cation
exchange capacity increases with increasing pH (Wada, 1985). Andosols also exhibit
anion exchange ability, an important consideration for nutrient retention (Arnalds,
2008).

5.2.4. Water sampling efforts

In July 2009, water samples were collected hourly on spring tides for 12 hours at two
static locations, T1 at the upper mixing location of entry of the Laxá River and T2, at
the side of the headland mid-estuary over two full days (Figure 2). Samples were
collected on dry but overcast days. In Reykjavik, the weather in 2009 was the tenth
warmest since beginning of the climate records (Jónsson, 2010) and the driest year since
1889. An end-member seawater sample was collected seaward of the spit (Figure 2)
and freshwater end-members were collected in the Laxá River and Lake Stream. One
litre of each sample was filtered with a 0.2 μm cellulose nitrate filter paper and the
230

filtered samples were stored in 500 ml Nalgene low density polyethylene bottles (LDPE
bottles). One of the 500 ml filtered aliquots from each collection sample was acidified
to pH 2 using 15% ultrapure HNO3, a preservation technique required for the analysis of
cations in a water sample (USEPA, 1979; APHA, 1980). Samples were then stored in
cool, opaque containers for 12 days until return to the University of Liverpool when
they were frozen.

Figure 2. Leirárvogur Estuary map and sample locations. Tidal cycle sample collection
was carried out in locations T1 and T2 in 2009 and in locations T3, T4 and T5 in 2010.
End-member samples were collected from the coast (off this map) and each of the
rivers/streams above the mixing point.

The 2009 sampling strategy aimed to gain a preliminary understanding the local
hydrological regime within the estuary. However, for a deeper understanding of the
effect of changing water geochemistry on mineral formation within the estuarine
system, samples needed to be collected more frequently. For this reason, in May 2010,
samples were collected hourly over complete spring tidal cycles (13 hours) at three
static locations along with repeat end-member sample collection at high, low and mid
tide times over three full days. Samples were collected on dry and windy but overcast
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days. 2010 in Iceland was one of the warmest and driest years on record, with light
snowfall (Icelandic Met Office, 2011). The month of May was a warm and calm month
with regards to Icelandic weather patterns (Icelandic Met Office, 2011) and samples
were collected two days after the Eyjafjallajökull eruption ended, beginning on May
26th 2010. The locations chosen for sampling in 2010 ranged from mid-estuary (T3) to
upper-estuary at different river water entry points (T4 and T5; Figure 2).

The

geochemical data obtained from the 2009 sampling efforts were used to help make
decisions about where to sample in 2010. As the mid-estuary is dominated by seawater,
the 2010 sampling efforts were focussed further upstream. The three locations chosen
were expected to provide sufficient data on the hydro-geochemical regime as the tide
waxed and waned each day.

Water samples were also collected at a depth of

approximately 50 cm three hours before high tide, at high tide and three hours after high
tide (defined as high tide in Reykjavik) in the 2010 sampling efforts to assess the nature
of the hydro-geochemistry of this estuary.

End-member seawater samples were

collected from a pier in Akranes, a town south-west of the estuary (Figure 1) and
freshwater end-members were collected from the Leirá River, Láxa River and the Lake
Stream, above the location of the salt intrusion.

5.2.5. Sediment sampling efforts

In May 2010, 51 sediment samples were collected from the local soils surrounding the
Leirárvogur Estuary and within the estuary (Figure 3). Within the estuary, samples
were collected from a range of environments from the lower estuary to the upper estuary
(Figure 3a). Approximately 200g of sample was collected in a sample bottle and stored
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in opaque containers for approximately 15 days prior to refrigeration at the University
of Liverpool.

Figure 3. Surface sediment sample locations within the (a) Leirárvogur Estuary and (b)
drainage basin. Samples were collected in an attempt to understand variations within
the mineralogy and assess if local geochemical changes are responsible for these
variations.
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5.2.6. Analytical techniques

An extensive suite of analyses have been performed on the water samples. Alkalinity
titrations and pH were determined in the field while further analyses were performed
upon return to the University of Liverpool.

5.2.6.1. Water analyses

The pH and alkalinity of all of the samples were determined in the field. In 2009,
titrations were carried out using 0.01 molar H2SO4 in a burette and a pH meter. The
acid was allowed to enter the water sample, drop by drop, until an inflection was
identified in the pH data using a calibrated hand-held pH meter. In 2010, both pH and
alkalinity were determined using a Metrohm 848 Titrino Plus with a 20 ml exchange
unit, where 60 ml of raw sample was titrated against 0.01 molar H2SO4. In both 2009
and 2010, alkalinity was determined within 60 minutes of sample collection.

Upon return to the University of Liverpool, water samples were initially analysed for all
major anions and cations using a Metrohm 881 Compact IC Pro. Sulphate analysis was
performed using a Metrohm Metrosep A Supp 5 separation column using a mobile
phase of 3.2 mM Na2CO3 and 1.0 mM NaHCO3. A suppression system was required
for anion analysis and the regenerant solution used was 0.2064 mM H2SO4, 99.9578
mM C2H2O4 and 0.6809 mM C3H6O, as recommended by Metrohm. The percentage
error of sulphate determined using ion chromatography was calculated based on known
standards concentrations. At its highest, the percentage error for sulphate was ± 4.6%
(Appendix I).
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Potentiometric titrations for chloride concentration were performed using a Metrohm
848 Titrino Plus with a 20 mL exchange unit. Samples were titrated against 0.01 M
AgNO3, however more saline solutions required titration against 0.1 M AgNO3.
Potentiometric titrations were used to determine all halides present in a solution,
therefore bromide and iodide concentrations are required for accurate determination.
The uncertainty at 95% confidence for all potentiometric titrations is ± 2%.

Sodium and potassium analyses were carried out on saline samples using a 410 C
Corning Clinical Flame Photometer with the uncertainty at 99% confidence.
Magnesium and calcium analyses were also run on more saline samples using a Thermo
Electron S4 Atomic Absorption Spectroscopy unit for which samples were prepared in a
solution of LaCl3 containing 10% lanthanum and 10% HNO3 as a check on the cation
analysis performed. ICP-AES was used to determine concentrations of cations on a
subset of samples that had an ionic imbalance of over 10%. These were predominately
freshwater samples with little mixing. The ICP-AES analyses were carried out using a
Perkin Elmer DV4300. These samples were diluted in a solution of 0.2 mM HNO3 and
0.2ml of 1000 μL Co solution was added as the internal standard. The relative error in
this technique is ± 3%.

Both dissolved iron (i.e. any material that can pass through a 0.2 μm filter) and total
iron concentrations (i.e. from acidified, raw samples) were determined using a PerkinElmer Optima 5300 dual view ICP-AES. Dissolved iron was determined on the filtered
and acidified samples collected in the field (initially preserved for cations). In the case
of total iron, a raw sample of 500 ml of water was returned to the University of
Liverpool. A 100 ml aliquot of the agitated sample was decanted into a vessel and
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acidified to pH 2 using 15% HNO3 in the lab. The solution was stirred and allowed to
stand for 60 minutes (as recommended by Boyle et al. 1977), in order to dissolve any
iron species back into solution. The sample was then stirred again prior to filtration
using a 0.2 μm filter paper. The relative error in this technique could be as low as ± 3%
under favourable circumstances however it can be as high as 50%, depending on the
concentrations of iron detected and the corresponding salinity of the original water.
When iron concentrations are close to the limits of detection using ICP-AES, the
relative error increases significantly.

Isotope ratio mass spectrometry was used to determine the isotopic concentrations of all
water samples collected. Samples were analysed using a Thermo Finnigan DeltaV Plus
with Gas Bench II attachment. The Gas Bench was equilibrated with a 2% H2 in He
mixture for δD analysis and 0.5% CO2 in He mixture for δ18O analysis. Standards used
were a) distilled water with δD and δ18O ratios of -45.5 ‰ V-SMOW and -7.4 ‰ VSMOW respectively, b) East Kilbride snow melt with δD and δ18O ratios of -88.12 ‰
V-SMOW and -12.93 ‰ V-SMOW respectively and c) distilled seawater with δD and
δ18O ratios of -3.19 ‰ V-SMOW and -0.16 ‰ V-SMOW respectively. The error
associated is less than 2 ‰ V-SMOW for δD and less than 0.5 ‰ V-SMOW for δ18O.

5.2.6.2. Particulate matter and surface sediment analyses

In May 2010, surface sediments were collected in a range of environments throughout
the estuary and within the local soils (Figure 3). Fine fractions (<2 μm) and coarse
fractions (>2 μm) of the sediment were separated, with a fine fraction weight percentage
(wt%) obtained for each sample. Sediment sample preparation followed techniques
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outlined by Jackson (1969) and Moore and Reynolds (1997).

Samples were

homogenised, sub-sampled, and then air-dried at 60°C for 15-hours. Dry sub-samples
were weighed then dispersed in tap water by means of four 5-minute cycles of
ultrasonication and stirring. The supernatant liquid was decanted and the clay size
fraction (<2μm e.s.d.) was collected by centrifugation at 3500rpm for 30-minutes. The
clay size fraction was then dried at 60°C for 15-hours, ground and then weighed to
obtain the clay size fraction. All sediment samples had the majority of the organic
matter removed (>80%) by NaOCl (Kaiser et al., 2002). X-ray diffraction (XRD) was
then used to identify the clay mineralogy of the fine fraction samples.

XRD scans were performed on subsamples after each procedure: potassium saturation
(air-dry), glycolation, 300, 400, and 550°C heating, then on a separate subsample:
magnesium saturation (air-dry), 300, 400, and 550°C heating. Glycolation is commonly
used as an indicator of expandable phases such as smectite or vermiculite; during this
procedure ethylene glycol is adsorbed onto inter-layer cations between tetrahedraloctahedral-tetrahedral (TOT) sheets resulting in the swelling of the mineral and the
development of a peak around 16-17 Å (Harward and Brindley, 1965; Mosser-Ruck et
al., 2005). Progressive heating is another technique commonly used to identify clay
minerals, where dehydration and migration of inter-layer cations results in the
progressive collapse of inter-layer spaces at different temperatures (Starkey et al., 1984;
van Groos and Guggenheim, 1986; Tucker, 1988; Kloprogge et al., 1992).

Each XRD scan was performed for 60 minutes using the PANalytical X’Pert PRO
MPD, X’Celerator detector, Ni filtered Cu k-α radiation and results were processed
using HighScore Plus.
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5.2.4.2. Aqueous analyses quality control

To test the robustness of the inorganic geochemical analyses performed, an ionic
balance spreadsheet was developed (Appendix II). This is an important test to perform
as the principle of electroneutrality requires the sum of all the positive ions to equal the
sum of all of the negative ions (Freeze & Cherry, 1979). All concentrations, initially
reported in mg/L, were converted to milliequivalents.

For surface waters, the

percentage error must be less than 10% to pass this validation test (HPTA, 1999). For
the 117 samples collected in the Leirárvogur system, 94% of the samples passed this
validation test. The remaining 6% of the samples that did not pass this test were
subsequently disregarded from this study.

Samples analysed using ion chromatography and isotope ratio mass spectrometry were
performed on automated runs, therefore drift corrections were required on the raw data.
To do this, a known standard was placed at the start, middle and end of each run and
changes in the reported concentrations over the course of the run were used to perform
an arithmetic correction on the unknown samples.
ICP-AES analyses.

An internal standard was used for

This internal standard was also used to drift correct the raw

determinations. Samples analysed using titration, flame photometry and AAS were all
performed manually. For all techniques, samples were analysed in triplicate and an
average value was used.
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5.3. Results

The water geochemical analyses will be considered first in this section. This will be
followed by the analyses performed on the surface sediments and soils within the
Leirárvogur catchment and estuary.

5.3.1. Water composition

To understand why mineralogical changes take place in-estuary, knowledge of the bulk
chemistry of the waters is required. The river water and seawater end-member samples
were collected in 2009 and 2010. All samples were analysed to determine pH, the
major anions and the major cations. Both dissolved iron and total iron concentrations
were also determined in an attempt to understand the fate of iron within the system.
The data presented in this chapter can all be found in Appendices II, III, IV and V.

5.3.1.1. End-members

In 2009, a seawater sample was collected from the coastal spit of the Leirárvogur
estuary (Figure 2). In 2010, a seawater sample was collected from a pier in the town of
Akranes (Figure 1) three times on each day of water sampling in order to collect a
rounded representation of the seawater input and variations in the seawater throughout
each sampling day. Samples were collected at low tide, high tide and three hours
between low and high tide (mid-tide). The seawater end-member samples do not have
the same ionic concentrations as water collected from the open marine as they were
collected in a coastal environment rather than in the open marine. Variation in the
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seawater samples is due to the influence of freshwater run-off throughout each day,
which is more pronounced at low tide.

In 2009, two freshwater end-member samples were collected from above the salt
intrusion of the Láxa River and the Lake stream. In 2010, end-member freshwater
samples were collected from above the salt intrusion of the Leirá River, Láxa River and
Lake Stream three times on each day of in-estuary water sample collection. Samples
were collected at low tide, high tide and three hours between low and high tide (midtide). Freshwater end-member samples were collected frequently in an attempt to
obtain a more representative value for the water entering the system and to assess if
other external processes are affecting the incoming fresh waters throughout the day.

All samples were analysed for pH and bicarbonate in the field and samples were
analysed for all of the major anions and cations in the laboratory (e.g. chloride, sulphate,
sodium, magnesium, calcium and potassium). Samples were also analysed for iron
concentrations and the isotopic compositions of the waters.

5.3.1.1.1. pH

The pH of the river water end-members range from slightly acidic to slightly alkaline
throughout the 2009 and 2010 sampling seasons (Figure 4) and the seawater samples
range from neutral to slightly alkaline.
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Figure 4. End-member pH data for the Leirárvogur estuary samples. Seawater samples
have the greatest pH values and remain the most alkaline. The pH of each of the river
water systems range from slightly acidic to slightly alkaline, between pH 6 and 8.2.

5.3.1.1.2. Chloride

The chloride concentrations of the river water end-members range between 5 and 30
mg/L throughout the 2009 and 2010 sampling seasons (Figure 5) and the seawater
samples range from 5,600 at low tide to 18,600 mg/L at high tide; the high value is
close to that expected from open marine seawater (Berner & Berner, 2012).
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Figure 5. Chloride concentrations of the seawater and river waters in the Leirárvogur
Estuary. A) Seawater chloride concentrations range from 5,600 mg/L at low tide to
18,600 mg/L at high tide. The drop in chloride in the low tide samples may be due to
local runoff as these seawater samples were collected at the coast and within wading
depth. Open marine waters are expected to be approximately 19,400 mg/L (Berner &
Berner, 2012) and the highest chloride concentration determined is close to that. B)
River water chloride concentrations are much lower as expected (Berner & Berner,
2012), ranging between 5 and 30 mg/L. The Lake values are higher than the Láxa and
Leirá.

5.3.1.1.3. Bicarbonate

The bicarbonate concentrations of the river water end-members range from 19 to 50
mg/L throughout the 2009 and 2010 sampling seasons (Figure 6) and the seawater
samples range from 138 mg/L at low tide to 157 mg/L at high tide.
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Figure 6. Bicarbonate concentrations of the seawater and river waters in the
Leirárvogur Estuary. Seawater bicarbonate concentrations range from 138 mg/L at low
tide to 157 mg/L at high tide. River water bicarbonate concentrations are much lower as
expected (Berner & Berner, 2012), ranging between 19 and 38 mg/L while lake water
bicarbonate concentrations range are slightly higher, ranging from 40 to 50 mg/L.

5.3.1.1.4. Dissolved iron

Dissolved iron in this study is defined as all colloidal, particulate and dissolved iron
present in the water that passes through a 0.2 μm filter. Previous studies defined
dissolved iron as the soluble iron that will pass through a 0.45 μm filter paper (Boyle et
al., 1977), however some very fine colloids of iron may easily pass through pore space
in filter of this larger size (Raiswell & Canfield, 2012). Dissolved iron was determined
using ICP-AES on all samples from 2009 and 2010.

The dissolved iron concentrations of the river water end-members range from 4 to 23
μg/L throughout the 2009 and 2010 sampling seasons (Figure 7) while the seawater
samples have dissolved iron below the detection limits, as expected (Boyle et al., 1974;
Sholkovitz, 1976; Eckert and Sholkovitz 1976; Boyle et al. 1977, Mayer, 1982; Fox and
Wofsy, 1982, Byrne et al., 2011).
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Figure 7. Dissolved iron concentrations of the seawater and river waters in the
Leirárvogur Estuary. Most of the seawater Fe(diss) concentrations are below detection,
except for the sample collected at the spit of the estuary in 2009. River water Fe(diss)
concentrations are within detectable limits ranging between 4 and 23 μg/L, with higher
concentrations determined in the Leirá waters, while lake water Fe(diss) concentrations
range from 7 to 37 μg/L.

5.3.1.1.5. Total Iron

Total iron in this study is defined as all iron, both aqueous and iron complexes of ultrafine particles, present in the water, dissolved by forcing the pH to 2 using 15% nitric
acid.

The total iron concentrations of the river water end-members range from below

detectable limits and 127 μg/L throughout the 2009 and 2010 sampling seasons (Figure
8), while the seawater samples range from 8 μg/L at low tide to 55 μg/L at high tide.
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Figure 8. Total Iron concentrations of the seawater and river waters in the Leirárvogur
Estuary. Seawater Fe(total) concentrations range between 8 and 55 μg/L. River water
Fe(total) concentrations are within detectable limits range from below detection to 14
μg/L, with higher concentrations determined in the Leirá waters, while lake water
Fe(total) concentrations range from 37 to 127 μg/L.

5.3.1.1.6. Sulphate

The sulphate concentrations of the river water end-members range from 2 mg/L to 10
mg/L throughout the 2009 and 2010 sampling seasons (Figure 9), while the seawater
samples range from 2,100 mg/L at low tide to 2,700 mg/L at high tide.
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Figure 9. Sulphate concentrations of the seawater and river waters in the Leirárvogur
Estuary. A) Seawater sulphate concentrations range between 2,100 and 2,700 mg/L. B)
River water sulphate concentrations are much lower, ranging from below 2 to 7 mg/L,
with higher concentrations determined in the Leirá waters, while lake water sulphate
concentrations range from 2 to 10 mg/L.

5.3.1.1.7. Sodium

The sodium concentrations of the river water end-members range from 2 mg/L to 20
mg/L throughout the 2009 and 2010 sampling seasons (Figure 10), while the seawater
samples range from 4,400 mg/L at low tide to 11,300 mg/L at high tide.
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Figure 10. Sodium concentrations of the seawater and river waters in the Leirárvogur
Estuary. A) Seawater sodium concentrations range between 4,400 and 11,300 mg/L.
B) River water sodium concentrations are much lower, ranging from 5 to 19 mg/L, with
higher concentrations determined in the Leirá waters, while lake water sodium
concentrations range from 6 to 20 mg/L.

5.3.1.1.8. Potassium

The potassium concentrations of the river water end-members range from 0.3 mg/L to
1.15 mg/L throughout the 2009 and 2010 sampling seasons (Figure 11), while the
seawater samples range from 51 mg/L at low tide to 368 mg/L at high tide.
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Figure 11. Potassium concentrations of the seawater and river waters in the Leirárvogur
Estuary. A) Seawater potassium concentrations range between 51 and 368 mg/L. B)
River water potassium concentrations are much lower, ranging from below 0.3 to 0.65
mg/L, with higher concentrations determined in the Leirá waters, while lake water
potassium concentrations range from 0.6 to 1.15 mg/L.

5.3.1.1.9. Magnesium

The magnesium concentrations of the river water end-members range from 1.38 mg/L
to 5.46 mg/L throughout the 2009 and 2010 sampling seasons (Figure 12), while the
seawater samples range from 164 mg/L at low tide to 1036 mg/L at high tide.
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Figure 12. Magnesium concentrations of the seawater and river waters in the
Leirárvogur Estuary. A) Seawater magnesium concentrations range between 164 and
1036 mg/L. B) River water magnesium concentrations are much lower, ranging from
below 1.38 to 2.59 mg/L, with higher concentrations determined in the Leirá waters,
while lake water magnesium concentrations range from 3.53 to 5.46 mg/L.

5.3.1.1.10. Calcium

The calcium concentrations of the river water end-members range from 3.12 mg/L to
9.67 mg/L throughout the 2009 and 2010 sampling seasons (Figure 13), while the
seawater samples range from 59 mg/L at low tide to 529 mg/L at high tide.
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Figure 13. Calcium concentrations of the seawater and river waters in the Leirárvogur
Estuary. A) Seawater calcium concentrations range between 59 and 529 mg/L. B)
River water calcium concentrations are much lower, ranging from below 3.12 to 9.67
mg/L, with higher concentrations determined in the Leirá waters, while lake water
calcium concentrations range from 6.72 to 9.14 mg/L.
5.3.1.1.11. δD

The δD values of the river water end-members range from -59.3 ‰ to -39.9 ‰
throughout the 2009 and 2010 sampling seasons (Figure 14), while the seawater
samples range from -3.6 ‰ at low tide to +6.4 ‰ at high tide.
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Figure 14. δD values of the seawater and river waters in the Leirárvogur Estuary.
Seawater δD values range between -3.6 and +6.4 ‰. River water δD values are much
lower, ranging from below -59.3 to -51.7 ‰, with slightly lighter waters in the Leirá
River, while lake water δD values range from -41.8 to -39.9 ‰.

5.3.1.1.11. δ18O

The δ18O values of the river water end-members range from -9.1 ‰ to -5.0 ‰
throughout the 2009 and 2010 sampling seasons (Figure 14), while the seawater
samples range from -0.8 ‰ at low tide to +0.2 ‰ at high tide.
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Figure 15. δ18O values of the seawater and river waters in the Leirárvogur Estuary.
Seawater δ18O values range between -0.8 and +0.2 ‰. River water δ18O values are
much lower, ranging from below -9.1 to -7.8 ‰, with slightly lighter waters in the Leirá
River, while lake water δ18O values range from -6.0 to -5.0 ‰.

5.3.1.2. In-Estuary Tidal Cycle Samples

5.3.1.2.1. pH

At location T1, the pH remained constantly neutral throughout sampling but became
more alkaline at high tide (Fig. 16a). At the mid-estuary locations, T2 and T3, the pH
remained fairly constant with more alkaline waters mirroring the dominance of the
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marine waters in this location (Figs. 16b and c). After high tide in T3, waters collected
at depth became more acidic than those collected at the water's surface (Fig. 16c).
Waters collected at the mixing location of the seawater and lake water showed that the
pH of the estuary water decreased towards low tide at T -6 and then began to become
more acidic towards high tide at T0 (Fig. 16d). There is a sharp drop in the pH just prior
to high tide during sampling at T4, which may be due to the backwards forcing of fresh
water with the increasing tide (Fig. 16d). The waters collected at the confluence of the
Leirá and Láxa Rivers at site T5 pH remained fairly constant as low tide is approached
but then varied greatly. This may be due to the mixing of three systems, two rivers and
one seawater end-member. However, the samples collected at depth have pH values
closer to that of the seawater end-member (Fig. 16e).
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Figure 16. pH variations throughout tidal cycle sampling efforts in 2009 and 2010.
Samples T1 and T2 were collected in July 2009 and samples T3, T4 and T5 were
collected in May 2010. Waters in T2 and T3are mid-estuary and reflect the pH of the
marine waters while in T1, T4 and T5, more of a variation is observed due to more
pronounced mixing in the upstream reaches.
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5.3.1.2.2. Chloride

At location T1, the chloride levels were predominantly low throughout sampling but
concentrations slightly increase at high tide (Fig. 17a). At the mid-estuary locations, T2
and T3, the chloride concentrations remain fairly high, ranging from 7,000 mg/L to
18,100 mg/L (Figs. 17b and c). Using chloride concentration as a proxy for salinity,
where open marine chloride concentrations are approximately 19,400 mg/L (Berner &
Berner, 2012), it is evident that the waters in this mid-estuary location are dominated by
the seawater end-member. The dominance of the lake water input in T4 is clear as
waters are much lower in chloride concentrations at this location (Fig. 17d). However,
a sharp rise in chloride concentration at high tide and just afterwards shows the variable
dominance at this location between lake water and seawater. Similarly at T5, the
confluence of the Leirá and Láxa Rivers, chloride concentrations remain fairly low,
mirroring those concentrations of the river water end-members and peak just after high
tide (Figs. 17 f and g).
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Figure 17. Chloride variations throughout tidal cycle sampling efforts in 2009 and
2010. Samples T1 and T2 were collected in July 2009 and samples T3, T4 and T5 were
collected in May 2010. Waters in T2 and T3are mid-estuary and reflect the chloride
concentrations close to that expected of the marine waters while in T1, T4 and T5,
chloride concentrations are much lower, reflecting the fresher water nature of the
upstream reaches.
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5.3.1.2.3. Bicarbonate

At location T1, there is a slight increase in the bicarbonate towards at high tide (Fig.
18a). At the mid-estuary locations, T2 and T3, the alkalinity of the waters remain fairly
constant (Figs. 18b and c) and close to concentrations expected for open seawater
(Berner & Berner, 2012). The dominance of the lake water input at the T4 location is
clear as waters are much lower in bicarbonate at this location (Fig. 18d), with increased
concentrations around the high tide sample times (T -11, T0, T+1 and T+2) suggesting
mixing of lake water and seawater is occurring. Similarly at T5, the confluence of the
Leirá and Láxa Rivers, bicarbonate concentrations remain fairly low, mirroring those
concentrations of the river water end-members and subtle variations are evident at T -3
and high tide (Fig. 18e).
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Figure 18. Bicarbonate variations throughout tidal cycle sampling efforts in 2009 and
2010. Samples T1 and T2 were collected in July 2009 and samples T3, T4 and T5 were
collected in May 2010. Waters in T2 and T3are mid-estuary and reflect the alkalinities
close to that expected of the marine waters while in T1, T4 and T5, the bicarbonate
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concentrations are much lower, reflecting the fresher water nature of the upstream
reaches.

5.3.1.2.4. Dissolved iron

Dissolved iron in this study is defined as all soluble iron present in the water that passes
through a 0.2 μm filter. Previous studies defined dissolved iron as the soluble iron that
will pass through a 0.45 μm filter (Boyle et al., 1977) however, some very fine colloids
of iron may easily pass through pore space in filter papers of this larger size. Dissolved
iron is the iron present in a mobile phase in the water and is therefore available to form
complexes. Dissolved iron was determined using ICP-AES on all samples from 2009
and 2010.

At location T1, there was no detectable dissolved iron in the mixed waters at the upper
estuary location (Fig. 19a). At the mid-estuary locations, T2 and T3, the Fe(diss) was
predominately below detection with a spike at T2 -5 (Figs. 19c and d). Higher Fe(diss)
concentrations were determined in the T4 location, which is the mixing point of the lake
waters and the seawater (Fig. 19e), with lower concentrations detected in samples
collected around the high tide sample times (T -10, T0, T+1 and T+2).

At T5, the

confluence of the Leirá and Láxa Rivers, Fe(diss) concentrations remained below
detection limits except for the sample collected one hour before high tide (Fig. 19f).
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Figure 19. Dissolved iron variations throughout tidal cycle sampling efforts in 2009 and
2010. Fe(diss) is below detection in the upper estuary at T1. Waters in T2 and T3 are
mid-estuary and reflect the Fe(diss) similar to that expected of the marine waters while
in T1, T4 and T5, the Fe(diss) concentrations are higher at certain times, reflecting the
fresher water nature of the upstream reaches and mixing of the waters.
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5.3.1.2.5. Total Iron

Total iron in this study is defined as all of the iron, both aqueous and iron complexes of
ultra-fine particles, present in the water, dissolved by forcing the pH to 2 using 15%
nitric acid.

The greatest detected concentrations of total iron were present the waters

collected from the furthest upstream at locations T1 and T4 (Figs. 20a and f). While
slightly downstream at the confluence of the Leirá and Láxa Rivers, Fe(total)
concentrations dropped significantly (Figs. 20g and h). The lowest concentrations of
Fe(total) were determined at the mid-estuary location (Figs. 20b and d). Over each tidal
cycle, generally higher concentrations of Fe(total) were determined in waters that were
collected towards low tide, with concentrations decreasing towards high tide (Figs. 20a,
c and f).
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Figure 20. Total iron variations throughout tidal cycle sampling efforts in 2009 and
2010. Fe(total) concentrations are lowest in the mid-estuary samples (T2 and T3) while
it is detectable in higher concentrations further upstream (T1 and T4). Concentrations
fall at the confluence of the two rivers slightly further downstream (T5).
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5.3.1.2.6. Sulphate

Sulphate concentrations were highest in the mid-estuary locations, T2 and T3 (Figs. 21c
and d). Towards the upper estuary, the sulphate concentrations of the tidal cycle
samples were all much lower than those in the mid-estuary locations (Figs. 21a, e and
f). Generally, throughout the tidal cycles, sulphate concentrations decreased towards
low tide and increase towards high tide (Figs. 21b, d, e and f).
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Figure 21. Sulphate variations throughout tidal cycle sampling efforts in 2009 and
2010. Sulphate concentrations are highest in the mid-estuary samples (T2 and T3)
while concentrations remain low in the fresher sample locations (T1, T4 and T5). In the
three upstream sample locations, sulphate concentrations increase towards high tide.
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5.3.1.2.7. Sodium

Sodium concentrations were highest in the mid-estuary locations, T2 and T3 (Figs. 22c
and d). Towards the upper estuary, the sodium concentrations of the tidal cycle samples
were all much lower (Figs. 22a, e and f) and, generally within the tidal cycle samples,
sodium concentrations decrease towards low tide and increase towards high tide (Figs.
22a, e and f).
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Figure 22. Sodium variations throughout tidal cycle sampling efforts in 2009 and 2010.
Sodium concentrations are highest in the mid-estuary samples (T2 and T3) while
concentrations remain low in the fresher sample locations (T1, T4 and T5). In the three
upstream sample locations, sodium concentrations increase towards high tide.
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5.3.1.2.8. Potassium

Potassium concentrations were highest in the mid-estuary locations, T2 and T3 (Figs.
23c and d). Towards the upper estuary, the potassium concentrations of the tidal cycle
samples were all much lower than those in the mid-estuary (Figs. 23a, e and f) and,
generally within the tidal cycle samples, potassium concentrations decreased towards
low tide and increase towards high tide (Figs. 23a, e and f).
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Figure 23. Potassium variations throughout tidal cycle sampling efforts in 2009 and
2010. Potassium concentrations are highest in the mid-estuary samples (T2 and T3)
while concentrations remain low in the fresher sample locations (T1, T4 and T5). In the
three upstream sample locations, potassium concentrations increase towards high tide.
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5.3.1.2.9. Magnesium

Magnesium concentrations were highest in the mid-estuary locations, T2 and T3 (Figs.
24c and d). Towards the upper estuary, the magnesium concentrations of the tidal cycle
samples were all much lower than those in the mid-estuary (Figs. 24a, e and f) and,
generally within the tidal cycle samples, magnesium concentrations decreased towards
low tide and increase towards high tide (Figs. 24a, e and f).
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Figure 24. Magnesium variations throughout tidal cycle sampling efforts in 2009 and
2010. Magnesium concentrations are highest in the mid-estuary samples (T2 and T3)
while concentrations remain low in the fresher sample locations (T1, T4 and T5). In the
three upstream sample locations, magnesium concentrations increase towards high tide.
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5.3.1.2.10. Calcium

Calcium concentrations were highest in the mid-estuary locations, T2 and T3 (Figs. 25c
and d). Towards the upper estuary, the calcium concentrations of the tidal cycle samples
were all much lower than those in the mid-estuary (Figs. 25a, e and f) and, generally
within the tidal cycle samples, calcium concentrations decreased towards low tide and
increase towards high tide (Figs. 25a, e and f).
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Figure 25. Calcium variations throughout tidal cycle sampling efforts in 2009 and
2010. Calcium concentrations are highest in the mid-estuary samples (T2 and T3) while
concentrations remain low in the fresher sample locations (T1, T4 and T5). In the three
upstream sample locations, calcium concentrations increase towards high tide.
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5.3.1.2.11. δD

δD was highest in the mid-estuary locations, T2 and T3 (Figs. 26c and e). Towards the
upper estuary, the δD compositions of each of the tidal cycle samples were much lower
than those in the mid-estuary (Figs. 26a, g and h) and, generally within the tidal cycle
samples, the δD compositions were lower towards low tide and become higher towards
high tide (Figs. 26a, g and h).
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Figure 26. δD variations throughout tidal cycle sampling efforts in 2009 and 2010. δD
determinations are heaviest in the mid-estuary samples (T2 and T3) while δD remains
low in the fresher sample locations (T1, T4 and T5). In the three upstream sample
locations, δD becomes higher in samples collected towards high tide.
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5.3.1.2.12. δ18O

δ18O compositions were highest in the mid-estuary locations, T2 and T3 (Figs. 27c and
e). Towards the upper estuary, the δ18O compositions of each of the tidal cycle samples
were much lower than those in the mid-estuary (Figs. 27a, g and h) and generally within
the tidal cycle samples, the δ18O compositions were lower towards low tide and become
higher towards high tide (Figs. 27a, g and h).
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Figure 27. δ18O variations throughout tidal cycle sampling efforts in 2009 and 2010.
δ18O determinations are heaviest in the mid-estuary samples (T2 and T3) while δ18O
remains low in the fresher sample locations (T1, T4 and T5). In the three upstream
sample locations, δ18O becomes higher in samples collected towards high tide.
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5.3.1.3. Summary of Water Geochemistry

In an attempt to assess the major ionic compositions of each of the tidal sample
locations over time, the water compositions were plotted together to help identify trends
(Figure 28). The water geochemistry data was modified in an attempt to reveal the
conservative and non-conservative species present within each tidal cycle sample. The
chloride concentrations of each of the waters were divided by ten, the sodium
concentrations were divided by eight and sulphate concentrations were divided by four.
The concentrations of potassium and calcium were multiplied by three and those of
bicarbonate and magnesium were unaltered. This was performed in an attempt to have
relatively constant ratios of each of the ionic compositions so trends may become
evident.
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Figure 28. The average ionic compositions of some of the waters collected within the
Leirárvogur Estuary. It is evident that the three fresh water samples have similar ionic
compositions and that there is a vast difference to the composition of the seawater.
Although this sample location is close to the freshwater end-member, the overall
composition of each of the waters is more similar to that of the seawater (Fig. 28b).

The average composition of the fresh water end-members was used to derive the
composite plot in Figure 28. From this, it is clear that bicarbonate is a dominant species
in the fresher waters collected at T1 and that when the bicarbonate values are high, there
is a corresponding increase in calcium.
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Similar plots were derived for T2 and T3, which are the mid-estuary sample locations
(Figure 29). As the mid-estuary location contains a mix of each of the river waters and
the lake waters as its freshwater input, the average composition of the fresh endmembers was used as the freshwater input. As there are no volumetric river water flowrate data for each of these freshwater systems, for this exercise, all three of the endmembers were mixed equally. It can be concluded that the dominant water source at
this location throughout the tidal cycle is the seawater end-member (Figure 28b)
however the bulk composition is a mix of both river water and seawater.
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Figure 29. The average ionic compositions of some of the waters collected within the
Leirárvogur Estuary. The compositions of the mixed waters are similar to that of the
seawater end-member (Fig. 29a and b). In the T2 tidal cycle, there is a drop in calcium
compared to the seawater sample in the initial sample collected and a drop in both
magnesium and potassium in the waters two hours after low tide (Fig. 29a). At low tide
and one hour before high tide in the T3 tidal cycle samples, there is a significant drop in
potassium and magnesium from the bulk chemistry (Fog. 29b).

At both locations, the ionic compositions of the waters remain similar over the two
different sampling periods. The major ionic difference between the two sampling
periods can be seen in the potassium, calcium and magnesium compositions (Figure 29a
and b). It is also evident from these plots that the water compositions in the mid-estuary
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are very similar to that of the seawater. It can be assumed that the dominant water
sources at these locations throughout the tidal cycle are the seawater end-member
(Figure 29a and b).

Similar plots were derived for the two upper estuary locations of T4 and T5. In T4, the
water compositions at low tide (X5) and around the low tide were similar in composition
to that of the lake water (Figure 30a). At high tide (X 11) and just afterwards (X1, X12
and X13), the bulk ionic composition of the waters were closer to that of the seawater
(Figure 30a). It can be assumed that the dominant water sources at this location
throughout the tidal cycle are the freshwater end-members although at high tide and
around high tide, the seawater influence increases and becomes more dominant (Figure
30a).

As T5 is located at the confluence of the Leirá and Láxa Rivers, the bulk ionic
composition of the freshwater end-member is an average of the mixed waters. For this,
it was again assumed that the water compositions were mixed equally. The waters at T5
have similar bulk compositions to that of the end-member at low tide (X4), with the
major difference being that the bicarbonate anion is not as dominant (Figure 30b). At
high tide (X10) and just after the earlier high tide (X1), the water compositions are
similar to that of the seawater. It can be assumed that the dominant water sources at this
location throughout the tidal cycle are the freshwater end-members although at high tide
and around high tide, the seawater influence increases and becomes more dominant
(Figure 30b).
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Figure 30. The average ionic compositions of some of the waters collected within the
Leirárvogur Estuary. Here there is much more of a variation between the compositions
of the mixed waters and that of the seawater. At T4, the waters have a much similar
composition to the river waters at low tide (X5) with the dominant ions present being
bicarbonate and calcium while just after high tide (X 12) the waters closely resemble the
bulk composition of the seawater (Fig. 30a). At slack tide, the waters contain more
calcium and less chloride and sodium than at high tide (Fig. 30a).The more saline
waters in T4 are high in calcium and low in chloride compared to the seawater (Fig.
30a). At T5, the waters are much more mixed and do not resemble either end-member
more (Fig. 30b). At high tide, there is elevated calcium and a decrease in sodium
compared to the seawater. Potassium and magnesium concentrations remain relatively
constant throughout the tidal cycle, with bulk compositions less than those in the
seawater end-member (Fig. 30b).
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5.3.2. Sediment composition

All filter papers were analysed using XRD techniques to determine the mineralogy of
the suspended particulate matter within the estuary. Although this technique proved
valuable in the Anllóns Estuary study (see previous chapter), due to the low volumes of
particulate matter present in each of the water samples collected in Iceland,
identification of trends of mineral composition within the suspended particulate matter
was challenging.

Figure 31. XRD diffractogram of a lake-fed mixed water filter paper from the
Leirárvogur Estuary. Identification of mineral phases present on the filter papers was
not easy as there was very little crystalline and amorphous material present, evident
from the very similar diffractogram for a blank filter paper.

Relative clay mineral distributions within the sediments are based on the deconvolution
of the peak areas in the fine fraction of samples. These samples have been potassiumsaturated and heated to 550°C. These relative concentrations were calculated for each
location and normalised for using the carbonate concentration. Clay minerals that were
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identified in the Leirárvogur Estuary are chlorite, interlayered vermiculite and smectites
(Figure 32).

Figure 32. Fine fraction XRD diffractogram of surface sediments from the Leirárvogur
Estuary. The 14Å broad peak is indicative of poorly crystalline chlorite. A low peak at
12Å is indicative of the HIM (vermiculite) mineral. The 12Å peak is difficult o detect
in the figure above but has been quantified using the HighScore Plus software. The
10Å peak identifies smectite and there is an unidentified 7Å mineral also in these
samples.
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5.3.2.1. Fine Fraction Surface Sediments

The fine fraction mineralogy for the surface sediments samples collected within the
estuary (Figure 3a) contains a constant bulk composition within each sample throughout
the range of environments (Figure 33). The dominant mineral in the fine fraction was
an expandable mineral, smectite. The next most common mineral identified in the fine
fraction was a partial hydroxy-interlayered mineral (HIM), a type of vermiculite (Righi
et al., 1993). The least common mineral in the surface sediment fine fraction was
chlorite (Figure 33a). There does not seem to be much of a variation in the general
pattern although some subtle changes are present. Local soils from the drainage basin
contain the same clay minerals in the fine fraction and in similar bulk ratios to those
identified in the estuary surface sediments (Figure 33b).
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Figure 33. Surface sediments and soil sine fraction mineralogy. Figure 33a shows the
fine fraction mineralogy present in the surface sediments, in a range of environments
from the lower estuary to the upper estuary as described in Figure 3a. Although there is
slight variation in the mineralogy, the samples there is a general trend in composition,
i.e. the dominant clay mineral in the fine fraction is an expandable mineral (smectite
type mineral), followed by a partial hydroxyl-interlayered mineral (HIM) (vermiculite
type mineral) and the least common mineral in the fine fraction of these samples is
chlorite. The fine fraction mineralogy of the local soils contains the same clay minerals
in similar bulk ratios to those identified in the surface sediments of the estuary (33b).
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5.4. Discussion

5.4.1. Water composition

Water samples, collected in two different years, were used to understand geochemical
changes within the estuarine water column. End-member samples are indicative of the
extreme bulk chemistry compositions that are expected for both river waters and coastal
seawaters. The spot samples collected are useful indicators of the broad estuarine
hydrodynamics, but the tidal cycle samples lead to conclusions about the changing
water geochemistry and its effect on the estuarine minerals.

5.4.1.1. Seawater geochemistry

Sampled in 2009 at the front of the spit present in the Leirárvogur Estuary and in 2010,
near the town of Akranes, south west of the estuary, the seawater was sampled at
wading depths along the Icelandic coastline. In 2010, samples were collected close to a
man-made pier structure. As expected, the seawater end-member has a much higher
ionic composition compared to the three freshwater systems. The pH of the seawater
remained relatively high throughout sampling and the ionic composition of the water is
similar to expected values for coastal water systems (Berner & Berner, 2012).

Average chloride concentrations are 11,636 mg/L, which is a lot lower than the
expected values of 19,400 for open marine (Berner & Berner, 2012). The highest
recorded coastal water chloride concentration was 18,637 mg/L and this sample was
collected at the front of the spit in 2009. Sulphate in the seawater averages at 2,390
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mg/L, with the greatest concentration again collected at the front of the spit.
Bicarbonate concentrations averaged 147 mg/L and in this case the highest bicarbonate
concentrations were found at the Akranes site.

The sodium concentration of the

seawater averaged at 7,747 mg/L, lower than expected in the open marine (Berner &
Berner, 2012) while magnesium concentrations averaged at 505 mg/L. In the case of
both sodium and magnesium, the highest concentrations of each cation were determined
in the 2009 sample from the spit. Calcium concentrations averaged at 259 mg/L while
potassium concentrations averaged 169 mg/L. The greatest concentrations of both
calcium and potassium were determined in Akranes.

The pH of the seawater ranges from neutral to alkaline, pH 7.2 to 9.2, averaging pH 8.3.
Dissolved iron concentrations were below detection in most samples although 23 μg/L
was determined in the sample collected at the front of the spit. The water is isotopically
heavy, with δD values averaging + 1.9 ‰ V-SMOW and δ18O values averaging - 0.2 ‰
V-SMOW.

When considering the ionic compositions the seawater, it is clear that the water
collected from the spit area of the estuary is representative of coastal seawater as it is
composed of similar quantities of specific ions to open marine water (Table 1). In the
sample collected from the spit (i.e. the local seawater maximum) the water has high
concentrations of sodium and calcium compared to open seawater, is very similar in
chloride and potassium concentrations compared to seawater and low in magnesium.
These variations from the expected values, specifically the high sodium and calcium
values, may be due to mineral formation or alteration at this location.

288

Table 1. Comparison of river water and seawater compositions. Seawater compositions
from the Leirárvogur Estuary compared to those of the open marine waters (Berner &
Berner, 2012). The waters collected from the spit represent the maximum recorded
values for each ion.

Species

Cl
Na
Mg
Ca
K

Literature
reported
Open
Ocean
water

Local
Fresh
water
average

19400
10700
1300
400
400

14
6
3
7
1

Local
Seawater
average

Open
Ocean
water %
in
average
Local
Seawater

11636
7747
505
259
169

60.0
72.4
38.8
64.8
42.3

Local
Seawater
maximum

Open
Ocean
water %
in most
saline
Local
Seawater

Local
Seawater
minimum

Open
Ocean
water %
in least
saline
Local
Seawater

18637
11283
1036
529
368

96.1
105.4
79.7
132.3
92

5574
4338
164
59
51

28.7
40.5
12.6
14.8
12.8

The majority of the seawater end-member samples were collected from Akranes, south
west of the estuary. All of these waters are low in all of the ionic species when
compared to open marine seawater. The arithmetic average of seawater ionic species
increased because of the sample collected in 2009 by the spit, which is more
representative of open marine conditions than the pier in Akranes. When using chloride
as a proxy for salinity, as it is a truly conservative species in estuarine mixing (Berner &
Berner, 2012), the arithmetic average of the seawater ionic species in Table 1, column 5
above, were used to assess if the remaining ionic species are in excess or deficient. The
average seawater is deficient in magnesium and potassium and is highly concentrated in
sodium and calcium. Elevated calcium was recorded in Icelandic seawaters near the
Reykjanes ridge (Björnsson et al., 1972) while sodium is present in high concentrations
in the South Iceland area as it is the most soluble of the major elements (Canfield,
1997).
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Chemical speciation techniques have shown that the largest proportion of iron
transported to the marine system is in the form of iron bound to oxides, organics and
transported detrital particulates from soils and the hinterland (Whitney, 1975; Gibbs,
1977; Horowitz & Elrick, 1987; Mayer, 1994 (a & b)). There was little dissolved iron
in the seawater and an average of 25 μg/L total iron, which may have been transported
from the nearby estuary.

5.4.1.2. River water geochemistry

There are three end-member ‘freshwater’ sample sites within the Leirárvogur Estuary,
the Leirá River, to the east-north-east (ENE) of the estuary, the Láxa River to the east of
the estuary and the Lake river stream to the east-south-east (ESE) of the estuary (Figure
2). There are numerous smaller freshwater inputs into the estuarine system however the
three sampled are the major freshwater sources. For simplicity, each end-member will
be discussed separately.

5.4.1.2.1. The Leirá River

Located to the ENE of the Leirárvogur Estuary, the Leirá River drains the hills to the
north of the estuary (Figure 1), which are predominately composed of Tertiary basic
lavas with some acid extrusives. The river drains into the Leirárvogur Estuary and was
sampled upstream of the confluence of both the Leirá and Láxa Rivers.

As expected, the Leirá River end-member has a much lower ionic composition
compared to the seawater. The pH of the river remained relatively neutral throughout
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sampling and the ionic composition of the water is similar to what is expected for fresh
water systems (Berner & Berner, 2012). In general, the Leirá River has more ionic
species in the water, when compared to the Láxa River. Similarly, the Leirá River
introduced more iron, both aqueous and total iron, into the Leirárvogur Estuary than the
Láxa River.

When sampled, the Leirá River was flowing at a much faster rate

compared to the Láxa River, therefore it may be eroding more material as water is
transported downstream. The flushing rate of the Leirá may be greater as it is draining
from nearby mountains and gravity may be increasing the flow rate, compared to the
Láxa which is draining a series of lakes close to sea level.

Average chloride concentrations are 12 mg/L, with sulphate averaging at 6 mg/L and
bicarbonate averaging at 36 mg/L.

The sodium concentration of the river water

averages at 10 mg/L, while the calcium concentration averages at 8 mg/L. Magnesium
averages at 2 mg/L and potassium at 0.5 mg/L. The dominant ionic species in these
river waters is therefore the bicarbonate. The ionic composition of the Leirá River
waters is much lower than that expected of seawater (Berner & Berner, 2012) and is
again lower in composition of ionic species compared to most other rivers in Europe
(Berner & Berner, 2012).

The pH of the river water ranges from slightly acidic to slightly alkaline, pH 6.5 to 8.0,
although it remained fairly neutral throughout sampling (averaging pH 7.09). Dissolved
iron concentrations average 25 μg/L. The water is isotopically light, with δD values
averaging – 55.2 ‰ V-SMOW and δ18O values averaging – 8.4 ‰ V-SMOW, which is
typical of precipitation in high longitude locations (Mikalsen & Sejrup, 2000).
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5.4.1.2.2. The Láxa River

Located to the east of the Leirárvogur Estuary, the Láxa River drains the hills to the
north of the estuary and a series of lakes to the west (Figure 1). The geology is
predominately composed of Tertiary basic lavas. The river drains into the Leirárvogur
Estuary and was sampled upstream of the confluence of both the Leirá and Láxa Rivers.

As expected, the Láxa River end-member has a much lower ionic composition
compared to the seawater. The pH of the river remained relatively neutral throughout
sampling and the ionic composition of the water is similar to what is expected for fresh
water systems (Berner & Berner, 2012).

In general, the Láxa River had lower

concentrations of ionic species in the water compared to the Leirá River, possibly due to
the difference in flushing rates and potential erosion, with the Leirá suspected to have a
greater flow rate. Similarly, the Láxa River introduced less iron, both aqueous and total
iron, into the Leirárvogur Estuary than the Leirá River.

Average chloride concentrations are 9 mg/L, with sulphate averaging at 3 mg/L and
bicarbonate averaging at 19 mg/L.

The sodium concentration of the river water

averages at 8 mg/L, while the calcium concentration averages at 4 mg/L. Magnesium
averages at 2 mg/L and potassium at 0.3 mg/L. The dominant ionic species in these
river waters is bicarbonate. The ionic composition of the Láxa River waters is much
lower than that expected of seawater (Berner & Berner, 2012) and is again lower in
composition of ionic species compared to most other rivers in Europe (Berner & Berner,
2012).

292

The pH of the river water ranges from slightly acidic to neutral, pH 5.5 to 7.8, averaging
pH 6.7. Dissolved iron concentrations average 7.4 μg/L. The water is isotopically light,
with δD values averaging – 54.4 ‰ V-SMOW and δ18O values averaging – 8.3 ‰ VSMOW, which is typical of precipitation in high longitude locations (Mikalsen &
Sejrup, 2000).

5.4.1.2.3. The Lake Stream

Located to the ESE of the Leirárvogur Estuary, the Lake Stream drains a lake to the
west (Figure 1). The geology is predominately composed of Tertiary basic lavas. The
stream drains into the Leirárvogur Estuary and was sampled upstream of a man-made
water tunnel system above the highest reaches of the tide.

As expected, the Lake Stream end-member has a much lower ionic composition
compared to the seawater. The pH of the river remained relatively neutral throughout
sampling and the ionic composition of the water is similar to what is expected for fresh
water systems (Berner & Berner, 2012).

In general, the Lake Stream had higher

concentrations of ionic species in the water compared to both the Leirá and Láxa Rivers.
Similarly, the Lake Stream introduced less dissolved iron but more total iron into the
Leirárvogur Estuary compared with the Leirá River. The Lake waters introduced more
dissolved iron and total iron into the Leirárvogur Estuary compared with the Láxa
River.

Average chloride concentrations are 21 mg/L, with sulphate averaging at 8 mg/L and
bicarbonate averaging at 48 mg/L.

The sodium concentration of the river water
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averages at 16 mg/L, while the calcium concentration averages at 9 mg/L. Magnesium
averages at 5 mg/L and potassium at 0.9 mg/L. The dominant ionic species in these
waters is bicarbonate.

The pH of the stream waters range from slightly acidic to slightly alkaline, pH 6.0 to
8.0, although they average a pH of 7.0. Dissolved iron concentrations average at 15.8
μg/L. The water is isotopically light, with δD values averaging – 40.0‰ V-SMOW and
δ18O values averaging – 5.5 ‰ V-SMOW. The isotopic composition of the lake waters
is heavier than that of the two river water systems.

5.4.1.2.4. The freshwater input

The Lake Stream waters contain more ionic species than either of the two rivers
entering the Leirárvogur Estuary. This may reflect time allowed for water to sit in the
stagnant or slow flowing lake (not more than 500 m upstream of the estuary) versus the
constant flow in the two rivers. The river systems in this area have light isotopic
signatures and ionic compositions similar to those discussed in Gíslason & Eugster
(1987). The ionic compositions of the waters result from the dissolution of hinterland
minerals (Gíslason & Eugster, 1987) and when the water is flowing, rather than being
transiently held in a lake system, the ionic composition of the flushing water is expected
to be lower than that of a lake, where further chemical weathering and dissolution may
occur (Gíslason & Eugster, 1987; Berner & Berner, 2012).

The seawater end-members have δD values ranging between - 3.6 and + 6.4 ‰ VSMOW and δ18O values ranging between - 0.3 and + 0.2 ‰ V-SMOW. This is a good
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representation of isotopic values for coastal seawaters (Hoefs, 1980). The river waters
have δD values ranging between – 59.3 and – 51.7 ‰ V-SMOW and δ18O values
ranging between – 9.1 and – 7.8 ‰ V-SMOW. These are fair representations of high
longitude meteoric waters (Mikalsen & Sejrup, 2000). The lake waters have δD values
ranging between – 41.8 and – 37.4 ‰ V-SMOW and δ18O values ranging between – 6.0
and – 5.3 ‰ V-SMOW. The values were all cross plotted in Figure 34.

Figure 34. End-member isotopic compositions. The isotopic compositions of the endmember waters from the Leirárvogur estuary show that lake waters are isotopically
heavier compared to those collected from the rivers. If evaporation is the only process
occurring here, the lake waters should lie on an evaporation trend trajectory, moving
away from the Laxa and Leirá data points. As some do not, it is possible that other
(fractionation) processes may have resulted in excess deuterium fractionation.

The lake waters are isotopically heavier than the fresh river waters, potentially due to
atmospheric conditions where water present in a still reservoir is evaporated. However,
if evaporation was the sole cause of fractionation in the lake waters, the waters would
primarily be drawn off the local meteoric line in a trend similar to that present in
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Henderson & Shuman (2009), detailed by the evaporation trajectory on Figure 34. It is
evident that evaporation may be a strong fractionation process driving the isotopic
difference between these three end-members however it is possible that other forms of
fractionation may also be occurring.

Some of the heavier isotopic signatures in the lake waters are not only trending to the
right of the mixing line, indicating evaporation, but they are also suggesting that further
deuterium fractionation has occurred, pulling the deuterium compositions upwards. It is
possible that H-bearing mineral precipitation reactions may influence hydrogen isotope
ratios of the host water. Goethite, a common Fe-(oxyhydr)oxide found in the Icelandic
peat soils, preferentially sequesters lighter isotopes of hydrogen (Yapp & Pedley, 1985)
and may be responsible for the deviation of an evaporation trajectory trend to higher D
values as observed in the lake water isotopic signatures. The area surrounding the lake
is predominately composed of peat bog soil types and there is visual and mineralogical
evidence for the presence of goethite type minerals in these soils (Figure 35). However,
the dominant fractionation process involved is evaporation, but fractionation due to
neoformed mineral precipitation must also be considered.
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Figure 35. Iron (oxyhydr)oxide mineral precipitation on the surface of soils within
close proximity to the lake water sample location. This mineral was identified to be
goethite using XRD techniques.

5.4.1.3. Estuary water geochemistry

In an attempt to understand variations within the estuarine water geochemical cycle and
the role of these variations on mineral formation, changes in concentration of the bulk
geochemistry of the waters were assessed and will be discussed in the next section.

5.4.1.3.1. Bulk water chemistry

As it is suspected that the seawater has slightly elevated sodium and calcium
concentrations (Table 1), it is important to consider these cations and trends in all of the
other ionic species, in the estuary waters. The pH of each of the tidal cycle samples
reflects both the sample location and variations within that location over the tidal
sampling efforts. The mid estuary samples, T2 and T3, contain waters with relatively
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constant pH values similar to those in the seawater while the three upstream sample
locations experience much more variation throughout each tidal cycle (Figure 16). In
all locations, the pH increases at high tide. In two of the upstream locations, T4 and T5,
pH increases transiently at approximate 3-4 hours before high tide and drops again.
This pattern is not seen in the chloride concentrations through the tidal cycle, and is not
thought to be instrument error as the electrode was repeatedly calibrated in the field.
Bicarbonate, sulphate, sodium, potassium, magnesium and calcium all behave similarly
to chloride. Greater concentrations of these ions are present in the mid estuary locations
compared to the upper estuary locations, however more pronounced changes occur in
the upper estuary (Figures 17, 18, 21, 22, 23, 24 and 25). In an attempt to understand
variations of the major cations within the estuarine system, sodium, potassium,
magnesium and calcium were all cross plotted against a conservative species, i.e.
chloride (Figure 34).

Chloride is a conservative species in estuarine water mixing (Berner & Berner, 2012),
i.e. concentrations of seawater chloride are reduced only due to simple physical mixing
between seawater and the freshwaters. To be termed conservative, the chemical species
being considered must remain unaffected by changes in pH, temperature and pressure
during mixing and must not be involved in geochemical or mineralogical processes. To
assess the conservative versus non-conservative behaviour of other ionic species within
the mixed waters, it is common practice to cross plot each species against chloride
concentrations (Berner & Berner, 2012).
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Figure 36. Major cation compositions of the water versus chloride. The major cations
of the water were cross plotted against a conservative species, i.e. chloride, to assess the
behaviour of each of the cations within the waters sampled. Samples plotted as blue
diamonds are derived from the mixing of the river waters with seawater while those as
red squares are mixed waters of the lake stream and seawater. Error bar lines (dashed)
represent up to +/- 10%.

In the case of chloride versus sodium, a conservative behaviour is observed between
these two ions (Fig. 34a). There are some slightly elevated concentrations in the mixed
river and seawater samples, but most remain within the accepted +/- 10% window,
designated from the charge balance. The same trend is not observed with potassium,
magnesium and calcium (Figs. 34b, c and d). In the majority of cases the waters are
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light in composition with regards to all three of these cations, with excess potassium
levels observed in the more saline waters.

It is expected that the weathering of olivine and plagioclase from the bedrock will result
in high levels of calcium and magnesium in the fresh and mixed waters (Gíslason,
2008).

However, cation exchange reactions will lower the levels of calcium and

magnesium in the river derived waters as they are utilised by smectite-type minerals.
This should result in elevated potassium concentrations as potassium is exchanged with
calcium or magnesium (Carroll, 1959; Berner & Berner, 2012), yet this is not evident
from Figure 36.

The dominant cation in the mixed estuarine waters is sodium (Appendix II), which has
been linked to the weathering of inorganic carbon in a Southern Iceland river catchment
(Ólafsdóttir & Ólafsson, 1999). Yet this does not explain the low concentrations of
magnesium, calcium and potassium in some of the mixed waters. Humic acids will
bind to soluble cations in waters, such as potassium, calcium and magnesium (van Dijk,
1971). Calcium and magnesium are known to preferentially bind to humic acids in
mixed waters of between 15-35% seawater (Mantoura et al., 1978). The dominant soil
type in surrounding the estuary is peat which has the potential to introduce large
quantities of humic acids into the water (Stevenson, 1994) which can then bind to
calcium and magnesium in the water. The weathering of smectites derived from the
breakdown of volcanic glass will result in elevated sodium and potassium levels in
(Gíslason et al., 1996) while cation exchange reactions with these smectites will result
in low levels of calcium, magnesium, iron, silica and aluminium in waters (Louvat et
al., 2008).
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Although the mixed waters are low in calcium and magnesium in many cases, it is still
worth considering the saturation state of the water with respect to carbonate
precipitation. Activity models for dissolved species have used to assess the non-ideal
behaviour of the ionic components in non-dilute solutions. The non-ideal behaviour is a
result of electrostatic interactions of the ionic species within a given solution
(Domenico & Schwartz, 1998). Replacing molar concentrations in mass equations with
thermodynamically effective concentrations will allow for the assessment of non-ideal
behaviour. Calculations were based on the extended Debye-Huckle rule, where the
activity of an ion in solution is calculated using the concentration and the activity
coefficient:

( )
( )

Where γi is the activity coefficient, A and B are constants that are a function of
temperature, zi is the ion charge, I is the ionic strength and ai is the radius of the
hydrated ion in centimetres. The ion product, the extended Debye-Huckle and the ion
activity product were derived according to Domenico & Schwartz (1998) at an assumed
20°C and 1 atmosphere of pressure. The modelled saturation states for the Leirárvogur
waters are described in Figure 37.
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Figure 37. The chemical saturation state for each sample was assessed using the
extended Debye-Huckel rule. In the majority of cases the waters are not supersaturated
for calcite or dolomite precipitation. Only in T2 and T3 as well as the high tide
samples, do the waters meet supersaturation state. This suggests that neither calcite nor
dolomite is actively precipitating in the upper reaches of the Leirárvogur Estuary.
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Only in locations T2 and T3, the mid estuary sample sites, are the waters consistently
showing that calcite and/or dolomite precipitation can occur as the waters are
supersaturated for enough to allow for the precipitation of carbonate minerals. In the
upper reaches of the estuary, the waters are not saturated enough for carbonates to
precipitate.

5.4.1.3.2. Iron in the estuarine system

As discussed in the literature (Boyle et al., 1974; Sholkovitz, 1976; Eckert and
Sholkovitz 1976; Boyle et al.; 1977, Sholkovitz et al., 1978; Mayer, 1982; Fox and
Wofsy, 1982) dissolved iron is typically lost non-conservatively in estuarine mixing i.e.,
the loss of iron in estuarine systems is not solely due to dilution of high Fe-river water
by low-Fe seawater but geochemical processes must occur within the estuary water
altering Fe concentrations. This non-conservative behaviour of iron can be observed
when iron is plotted against chloride, using chloride as a proxy for salinity (Figure 38).
Within the freshwater samples, dissolved iron concentrations range between 4 and 37
μg/L while in the seawater samples, dissolved iron is generally below detection limits
(Figure 7.).
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Figure 38. The behaviour of dissolved and total iron in the Leirárvogur Estuary. The
non-conservative behaviour of both aqueous and total iron in the Leirárvogur Estuary
waters is evident when plotted against chloride, a proxy for salinity. 38b is the same
data as 38a, however it is presented on a more sympathetic x-axis in an attempt to
identify trends. By 500 mg/L of chloride, most dissolved iron is bound and no longer
available to form complexes in the system (38b). Soluble/dissolved iron is
predominately detected in the fresh end-member waters, with small amounts detected in
the fresher of the mixed waters (38b). However, iron bound species were identified in
more saline waters (36c) therefore solid iron is transported further downstream.

In the tidal cycle samples, the average dissolved iron concentrations are highest at the
lake stream site (Figures 19d, 38c). Dissolved iron was generally below detection in
two upstream sample locations draining the two river systems and was below detection
at the mid estuary locations (Figure 19). The low concentrations of dissolved iron in the
feeding rivers may be due to the fact that, iron is known to bind to humic substances in
the water column (Sholkovitz et al., 1978) and when there is very little organic material
available, it is expected that dissolved iron concentrations will be low (S.W. Poulton,
pers. comm.).
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Dissolved iron in the river waters may be taken up in some solid phase that is large
enough to be retained by the 0.2 μm filters. There are three known forms of iron
present in riverine systems, (i) highly reactive ferric oxyhydroxides, (ii) poorly reactive
iron minerals such as magnetite and sheet silicates, and (iii) residual or detrital iron that
is present in detrital mineral form and is unreactive (Poulton & Raiswell, 2005).
Dissolved iron, present mainly as very fine iron (oxyhydr)oxides in rivers, are stabilised
in colloidal suspension by humic acids (Chester 2003; Raiswell, 2011). Peat bogs in the
area will result in elevated humic acid concentrations in the waters, as humic acids form
due to the breakdown of plant material (van Dijk, 1971) and are mobile in the waters
that migrate through peat bogs. If humic acid rich waters are entering the river systems
above the point of sampling, the soluble iron present will be rapidly stabilised (Chester
2003) and the remaining water will be iron-deficient.

It has been reported that dissolved iron tends to form iron oxides very rapidly (Poulton
& Raiswell, 2005). Iron oxides develop from the weathering of iron-bearing minerals
where this liberated iron stabilises in the water as an iron (oxyhydr)oxide. Loss of both
iron and humic acids may be explained by chemical and electrostatic controls involved
with increasing salinity, i.e. increasing cation concentrations such as Na +, Ca2+ and
Mg2+ (Eckert & Sholkovitz, 1978), or cation exchange and availability due to
weathering of very unstable minerals such as those of Icelandic basalts.

Although iron (oxyhydr)oxide formation is a rapid process and the resulting iron oxides
are available to form complexes with humic acids, other iron-bearing oxide minerals
may also form.

Ferrihydrite [Fe3+4-5(OH,O)12] is the least stable of the iron

(oxyhydr)oxides, which forms directly as a result of weathering. It tends to be present
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as a nanoparticulate (Raiswell, 2011) and, over time, these nanoparticulates coalesce
and form goethite, which later can be altered to anhydrous hematite. Goethite (αFeOOH) also forms due to the oxidation of ferrous iron dissolved from minerals and is
more stable than ferrihydrite. The most stable of the (oxyhydr)oxides is hematite
(Fe2O3) which is predominately found in red soils (Raiswell, 2011) from high
temperature, arid environments. As goethite is present in the local soils in Iceland, it is
suspected that the dissolved iron in the rivers may be quickly taken up to form ironoxides and therefore the levels of dissolved iron in the rivers remain below detection.

When considering the fate of both aqueous and total iron within the estuarine system,
the end-member iron concentrations must be considered (Figure 39). It is clear that iron
is lost in the upper reaches of the estuary, as there is no detectable iron in the samples
from T1 (Figure 39a). 91% of the dissolved iron entering the system is removed by the
upper estuary location. In contrast, although the average concentration of dissolved iron
is low in the lake stream tidal cycle (T4), there is detectable iron present in these waters.
In all cases, there is a drop in the concentration of dissolved iron in the waters from
fresh end-member to tidal mixed waters in the upper reaches; therefore it can be
assumed that dissolved iron is removed from the water in the upper estuary.
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Figure 39. A schematic of the fate of iron in the Leirárvogur Estuary. Dissolved iron is
lost in the upper reaches of the estuary (37a) and that the majority of the total iron is
deposited during very early mixing of freshwater and seawater (T1 and T4 in 37b).

In a similar trend, total iron concentrations are greatest in the upper reaches of the
estuary and they drop seaward (Figure 39b).

The arithmetic average total iron

concentrations in the two uppermost tidal cycle sample locations, T1 and T4, are greater
than the averages in the corresponding freshwater end-members. This suggests that iron
is not only flocculating in these waters but is also potentially depositing or being
retained in this site. It is possible that estuarine circulation processes are resulting in the
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resuspension of colloidal iron in the upper reaches, as the total iron concentration
increases by 242% in this location, compared to what enters the system from the endmembers (Table 2). Although there are detectable levels of total iron travelling the full
length of the estuarine system, 85% of all of the solid iron detected in the Leirárvogur
Estuary is present in the waters both entering the estuary and in the upper reaches.

Table 2. Summary of iron loss in the Leirárvogur Estuary. 91% of the soluble iron that
enters the estuary is lost by the upper reaches. Although it is clear that the majority of
solid iron present is located in the upper reaches of the estuary, it is possible that this
iron is resuspended within the estuarine turbidity maximum zone, as total iron increases
by 242% in the upper estuary.
Estuary
Location
River
Upper
Estuary
Middle
Estaury
Lower
Estuary
Seawater

Dissolved
iron
(μg/L)
40.1

Per Cent
in each
location
100

Total
Iron
(μg/L)
110.3

Per Cent in
each
location
100

Sum of all
solid Iron

Per Cent in
each
location
19

3.8

9

377.5

342

66

0

0

10.3

9

2.5

6

51.6

47

9

2.3

6

24.9

22

4

574.6

2

5.4.1.3.3. Isotope fractionation

The isotopic compositions of the in-estuary waters were assessed in an attempt to
understand mixing within the estuary (Figure 40).
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Figure 40. The isotopic compositions of the mixed waters of the Leirárvogur Estuary.
The isotopic compositions of the estuary waters were used to derive a local mixing line
for the estuary waters. The greatest range of mixing was observed in T4 and T5.
Waters collected in T2 and T3 are also mixed but contain very marine, or heavy,
isotopic signatures while waters collected at T1 are similarly mixed but contain fresh
water, or light, isotopic signatures. The lake stream waters, T4, contain some
isotopically lighter waters compared to the lake stream end-member but waters were
mixed enough to identify signatures close to marine composition.

The three separate end-member signatures were all plotted in an attempt to understand
variations in the water signatures in-estuary (Figure 40). The tidal cycle samples
collected at T2 and T3 have heavy signatures and the samples collected at T1 have light
signatures. Although the tidal cycle waters at T1 are somewhat mixed, the signatures
are similar to the Láxa signatures, which is the proximal end-member to T1, therefore
these waters are strongly dominated by the local river water. T4 and T5 have much
wider variation within their isotopic composition and therefore are much more ‘mixed’
(Figure 40). The greatest variation is evident in T5, with some water compositions
similar to those for the rivers, as this site was sampled at the confluence of the Leirá and
Láxa rivers, and the remaining waters ranging in isotopic signatures up to near marine
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(Figure 40).

Although T4 samples do not exhibit the greatest range of isotopic

compositions, this is primarily due to the heavier end-member signature of the lake-fed
river water end-member close to site T4 (Figure 40). Samples in this location range
from close to the lake stream end-member to similar to the mid-estuary, marinedominated signatures. However, some of the mixed water samples in T4 have slightly
lighter isotopic signatures than those of the lake end-member, which cannot be fully
understood without further investigation into the isotopic behaviour of the lake waters.

The fractionation of the waters in the Leirárvogur Estuary is an important consideration
in these waters. To assess the nature of the hydrological cycle in the estuary and
potential isotopic fractionation of the waters, the oxygen and hydrogen isotopic
compositions of the waters were plotted against chloride (Figure 41).
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Figure 41. δD and δ18O versus chloride. The isotopic compositions of the estuary
waters versus chloride suggest that some isotopic fractionation of the water has occurred
in the Leirárvogur Estuary waters as the relationship is non-conservative. Tidal cycle
samples were plotted against their corresponding end-member, i.e. Rivers or Lake
Stream.

From these cross plots, it is apparent that the isotopic compositions of the water are
behaving non-conservatively in the estuary.

Although it has been previously

documented that isotopes of estuarine water should behave conservatively in (Martin &
Letolle, 1979; Zhang et al., 1990), it has been shown previously in this thesis that in the
Anllóns Estuary field study this is not the case with waters collected at the waters
margin (Chapter 3). The evaporation model derived using published literature and the
Anllóns waters, was used to assess the nature of evaporation fractionation in the
Leirárvogur Estuary (Figure 40).
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Figure 42. A model of δD and δ18O versus chloride to estimate evaporation. An
evaporation model was derived to assess the fractionation in the Leirárvogur Estuary
waters. Tidal cycle samples were considered using corresponding end-member, i.e.
Rivers or Lake Stream. Evaporation trajectories were modelled in 5% increments for
the chloride concentrations (at 100mg/L; 1000 mg/L; 5000 mg/L; 10000 mg/L and
15000 mg/L) and the corresponding isotope value, where each symbol on the trajectory
line represents 5% evaporation. Up to 50% evaporation is estimated in the waters of the
Leirárvogur Estuary. Using chloride as a proxy for salinity, it is clear that the
evaporated waters are primarily the mixed waters collected in estuary.

The parameters of the model were changed to take into account the difference in
temperature in the Leirárvogur Estuary. Fractionation coefficients were estimated using
the following equations derived from raw data in the Dansgaard (1964) paper:
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Where α is the estimated fractionation factor for a given temperature and x is the
temperature at which evaporation is assumed to be occurring.

The fractionation

coefficients were derived using the published precipitation fractionation values from
Dansgaard (1964) , which were inverted to estimate for evaporation rather than
precipitation.

The calculated fractionation factor is assumed to be constant throughout the evaporation
process for a given temperature. However it has been shown that the isotopic
fractionation coefficient of oxygen and hydrogen will vary as a function of humidity
(Cappa et al., 2003). Therefore data from the Cappa et al. paper were used, assuming
20% humidity, to correct the fractionation factor through the evaporation process:

Where α is the fractionation factor derived using Cappa et al. (2003) and x is the isotope
fraction of the original water remaining. In the model derived for this study, the
Dansgaard fractionation coefficient was calculated for a given temperature (10°C). The
Cappa et al. coefficient was then applied to the Dansgaard fractionation coefficient as
this takes into account changes occurring due to humidity (assumed to be 20%).

Up to 50% evaporation of the estuarine waters is estimated from the model (Figure 42).
This evaporation estimation is extremely high considering the temperature is 10°C.
This is higher than the estimated evaporation using the Anllóns dataset. One reason
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why the Leirárvogur estuary waters may seem to have higher evaporation effects may
be due to:

a) The starting point of the Leirárvogur end-member waters being much lower
than that of the seawater and the seawater signature is drowning the Leirárvogur
end-member signatures.
b) There may be multiple controls on fractionation due to mineral formation and
biogeochemical reactions in the system, with goethite and other mineral
formation.

The starting isotopic composition of the freshwater systems are very light, with δD
values averaging – 54.8 ‰ V-SMOW and δ18O values averaging – 8.4 ‰ V-SMOW in
the rivers and with δD values averaging – 40.0 ‰ V-SMOW and δ18O values averaging
– 5.5 ‰ V-SMOW in the lake waters. In contrast, the starting compositions of the
seawater end-member are very heavy, δD values averaging + 1.9 ‰ V-SMOW and δ18O
values averaging – 0.2 ‰ V-SMOW. Due to the vast difference between the endmember compositions and volumes entering the system, it is possible that during mixing
the resulting water isotopic compositions are dominated by the heavier isotopic
composition. Mixing in these waters does not bear a linear relationship. Instead the
influx of the marine waters, which have a much larger reservoir to pull from and tend to
dominate the hydrological system in the estuary, swamps the isotopic signature of the
fresh waters.

Another reason for this ‘excessive’ fractionation of the water might be due to the
formation of minerals, such goethite and other fractionation processes in the estuary.
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As discussed before, goethite, which is a common Fe-(oxyhyr)oxide found in the
Icelandic peat soils, preferentially sequesters lighter isotopes of hydrogen (Yapp &
Pedley, 1985) and it is suspected that neoform mineral growth within the Leirárvogur
system may play a role in the fractionation of the estuary waters (Byrne et al., 2011).
However, as the amount of neoformed goethite in the estuary and the isotopic
composition of the local goethite and neoform minerals have not been collected, it is
difficult to ascertain the control of neoform mineral growth on water fractionation in
this estuary. Although mineral formation may alter the isotopic composition of the
water on a small scale, it is not thought that there is sufficient neoformed mineral
precipitation to result in the levels of isotopic fractionation observed.

Both δD and δ18O in estuaries are affected by other atmospheric processes. In estuaries
where the water residence time is prolonged, oxygen isotopes may be altered due to
exchange with atmospheric CO2 (Broecker & Walton, 1959).

Over time, lighter

isotopes of oxygen and carbon are lost to the atmosphere and/or evaporated off. When
turbidity is increased, the exchange of these isotopes is more pronounced (Mook, 1970)
yet this has not been quantified in these waters. Fractionation in the Leirárvogur water
samples may be an effect of both evaporation and atmospheric processes, suggesting
that this model predicted percentage evaporation may be overestimated as other forms
of fractionation are not considered in the model.

Oxidation processes that result in oxide mineral formation within the estuarine system
must also be considered. Sulphate concentrations in the waters were cross plotted
against chloride concentrations to assess if mineral sulphide oxidation (note that mineral
sulphides are abundant below the redox boundary in this and every other estuary
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(Luther et al., 1980; Cornwell & Sampou, 1995; Pirrie et al., 1999)) or aqueous sulphate
reduction might be occurring (Figure 43). To understand the behaviour of the sulphate
in the water, a simple mixing line was derived using known concentrations for the two
end-members (seawater and river water).

Figure 43. Sulphate versus δ18O and chloride. Aqueous sulphate concentrations cross
plotted against both chloride concentrations and 18O. Sulphate behaves nonconservatively within these estuarine waters (43a and c). Sulphide oxidation processes
may be the cause of this non-conservative behaviour, as there is a slight excess of
sulphate in the water for the corresponding chloride concentration. When the sulphate
concentrations are cross plotted against the 18O for the mixed waters, it becomes evident
that when sulphate concentrations increase, the corresponding water is isotopically
heavier (43 b and d). This may be a remnant factor of the seawater vs fresh water
concentrations in both sulphate and 18O. However some of the sulphate rich waters are
isotopically heavier than what is expected for seawater (43a and c) therefore sulphate
oxidation processes may be responsible for 18O fractionation in the water.

Figure 43 shows that sulphate does not behave conservatively within the estuary (Figure
43a and c).
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The gain of dissolved sulphate in the estuary water might be the result of mineral
sulphide oxidation. Sulphate concentrations predominately increased at high tide in the
mixed waters (Figure 21) however elevated sulphate concentrations are also evident in
some of the low and mid-tide samples collected, especially in the mid-estuary locations
(Figure 21b, c and d). The basics of isotopic equilibrium suggest that heavier isotopes
of oxygen will be preferentially sequestered in sulphide oxidation processes (O’Neil,
1986), leaving the resulting waters isotopically lighter. However, equilibrium isotope
fractionation may not be achieved at the temperatures during sampling (O’Neil, 1986;
Pichler et al., 1999). In contrast, kinetic isotope considerations suggest that lighter
isotopes of oxygen will be preferentially sequestered during sulphide oxidation
processes (Lloyd, 1967; Holt & Kumar, 1991).

The heavier oxygen isotopic

compositions of the waters therefore might conceivably be partially explained by ongoing sulphide oxidation within the estuary. Note that sulphide oxidation cannot readily
be used to explain the elevation of 2H values in estuary waters.

Deuterium

fractionation occurs in microalgae growth within estuarine systems, where lighter
isotopes of hydrogen are sequestered for carbohydrate production (Estep & Hoering,
1980). This will result in 2H isotopically enriched water remaining. Again, as the
isotopic compositions of aqueous sulphates in the near surface sediments and algae in
the estuarine environment have not been analysed, it is difficult to assess the possible
role of these fractionation processes in the Leirárvogur system.

In summary, there is evidence that evaporation may be an important consideration
within these mixed fluvial-marine estuarine waters; a model was derived to assess the
effect that evaporation may have on the estuarine waters. Although the amounts of
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evaporation needed to change the δD and δ18O are very extensive, the model is based on
the simple kinetics of evaporation. Fractionation of both δD and δ18O takes place in this
system. Fractionation may reflect the residence time of the water in the estuary, where
due to extended residence time on the poorly drained sand and mud flats; waters
become more stagnant and therefore evaporate.

Other δD and δ 18O isotope

fractionation processes may also be involved, including sulphate oxidation, atmospheric
exchange and microalgae activity. Evaporation is the dominant process, altering the
stable isotopes and the bulk chemistry of the system, yet the complexities of estuarine
geochemistry and biogeochemistry have been highlighted here and further work is
required to fully understand the isotopes of this system. An isotopic mass balance of
the whole estuarine system would indicate which other processes, are involved in
fractionation of the estuarine waters of the Leirárvogur Estuary as evaporation is the
dominant fractionation process in water.

5.4.2. Sediment composition

All filter papers were analysed using XRD techniques to determine the mineralogy of
the suspended particulate matter within the estuary. Although this technique proved
valuable or suspended sediment the Anllóns Estuary study, due to either (1) the low
volumes of particulate matter present in each of the water samples collected or (2) the
low degree of crystallinity of the Icelandic suspended sediment (i.e., it is semiamorphous), identification of mineral trends within the particulate was not possible.
Therefore fine fraction surface sediment mineralogy is the only dataset available for this
estuary (Figure 33a).
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The fine fraction mineralogy in the estuary surface sediments are the same as the fine
fraction mineralogy of the local soils (Figure 33). The dominant mineral in the fine
fraction is an expandable mineral, possibly smectitic material. The next most common
mineral identified in the fine fraction is a partial hydroxy-interlayered mineral (HIM),
possibly a type of vermiculite and the least common mineral in the surface sediment
fine fraction is chlorite, which is a clay mineral commonly identified in Iceland but in
low abundances (Horowiz, 1974; Lackschewitz & Wallrabe-Adams, 1991) (Figure 33).
There does not seem to be much of a variation in the general distribution although some
subtle changes in ratio are present. Unlike the Anllóns estuary, there is no indication of
calcite in the fine fraction of the surface sediments. The lack of carbonate is not
surprising as the majority waters of the Leirárvogur Estuary are not supersaturated for
calcite therefore precipitation is not expected (Figure 37). There does not seem to be an
increase in concentration of iron-bearing minerals in the upper estuary. This may be
because of two factors:
i.

The concentration of pre-existing iron mineral is so high that subtle variations
cannot be observed in the mineralogy.

ii.

Most of the iron bearing material (i.e. the organic complexes of Feoxyhydroxides) may have been removed during sample preparation as the
treatment of the Icelandic samples involved the removal of the majority of the
organic matter removed (>80%) using NaOCl (Kaiser et al., 2002).

It is suspected that the high background concentration of iron-bearing primary minerals
present in the estuary, due to the weathering of the local basalts, may be impeding the
observations of subtle trends in secondary iron-bearing minerals throughout the system.
It is not surprising that the expandable mineral, possibly a smectite, is present in large
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quantities in the estuary sediments. Smectites are minerals that are closely related to the
early stage of weathering of volcanic minerals such as pyroxene, feldspar and volcanic
glass (Eggleton, 1985; Eggleton et al., 1987).

The hydroxy-interlayered mineral (HIM) is the second most common mineral identified
in the fine fraction of the estuary surface sediments. It was identified by the partial
collapse of interlayer vermiculite on heating indicating that the inter-layer zone is
partially filled with an hydroxyl-Al, as suggested by Meunier (2007). In contrast, in
smectites, this inter-layer spacing is unfilled and the layer completely collapses on
heating to 550°C. Hydroxy-interlayered minerals can develop through either the partial
depletion of hydroxides from 2:1:1 structure clay minerals such as chlorite, or through
the addition of hydroxyl-Al polymers between the sheets of 2:1 clay minerals such as
vermiculite and smectite (Wilson, 1999; Meunier, 2007). Factors that promote the
development of hydroxy-interlayer clays in soils are low organic content, oxidising
conditions and frequent wetting and drying cycles (Wilson, 1999). Although it is
possible that the local soils are organic rich (Arnalds, 2004; 2008), the waters within the
estuary contained little organic material and therefore these hydroxy-interlayer clays
may be neoformed.

Chlorite, which is the least common clay mineral in the fine fraction, was determined to
be poorly crystalline as it contained a broad chlorite (001) peak on the XRD
diffractogram (Figure 32; Weaver, 1960; Hinckley, 1963; Guggenheim et al., 2002).
Trace quantities of chlorite have been identified in the bedrock samples, as well as in
the fine fraction of glacial and riverbank soil samples (Dowey, 2013). The introduction
of hydroxyl-Al polymers, derived from the breakdown of soil material, into the
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structure of existing vermiculites and smectites can result in the formation of pedogenic
chlorite (Wilson, 1999).

The complexity of the detrital mineralogy, the variable degrees of mineral alteration, the
presence of poorly crystalline oxyhydroxides all serve to make identification of small
quantities of neoformed Fe-phases very difficult.

This problem may also be

compounded by the sample preparation for XRD analyses. All sediment samples had
the majority of their organic matter removed (>80%) by NaOCl, as recommended in
Kaiser et al. (2002). As dissolved iron and iron (oxy)hydroxides will readily bind with
organic matter (Sholkovitz, 1976; Sholkovitz & Eckert, 1976; Sholkovitz et al., 1978;
Mayer 1994 (a & b)), this preparation technique may have resulted in the removal of
some iron-bound material and trends are not easy to identify.

Although the filter papers could not reveal the mineral phases that might be present in
the suspended matter using XRD techniques (Figure 31), a sub-set of filter papers were
scanned in an SEM to identify potential phases present in the water column of the
estuary (Figure 44). The samples in Figure 44 are all from the Lake-fed tidal cycle
sample location and are from two filter papers collected at high tide, the surface sample
(a, e and f) and samples collected at depth (b, c, d, g and h). The total solid iron,
Fe(total), in these two samples was 76 μg/L and 58 μg/L respectively while both had
soluble iron, Fe(diss), concentrations below detection. In most cases, the materials
identified seem to be poorly crystalline amorphous, inferred as there were no minerals
identified using XRD, and are a mix of several phases.
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The filtrate contained iron- and magnesium-bearing silicates, which also include an
iron-bearing clay mineral and detrital smectites and a lot of amorphous silica in the form
of diatoms (Figure 43 a, e and f). The sample collected at depth contained Fe-bearing
clay type minerals, potentially iron-bearing smectites and amorphous silica. Although
the quantity of material on the filter was not sufficient for XRD analyses, or it was not
sufficiently crystalline, it is can be concluded that iron-bearing neoformed minerals are
present in the Lake-fed mixed waters.
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Figure 44. SEM images of particulate matter on the filter papers of the Leirárvogur
Estuary. EDX chemistry data were obtained in an attempt to identify the composition
of the amorphous material. A Fe-bearing clay was identified in a, along with a possible
smectite mineral. Mixed Fe-bearing smectites were identified in b. Along with a
source of amorphous silica, c contained detrital ilmenite and possibly a Fe-bearing clay
type mineral while d contained predominately Fe-bearing clays. Fe- and Mg-bearing
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silicates were identified in e while the major mineral identified in f was smectite, which
may be detrital. Again, and Fe-bearing clay, along with amorphous silica, was
identified in g and another Fe- and Mg-bearing clay mineral was identified in h.

From the fine fraction of the surface sediments in the estuary, it can be concluded that
there are three main mineral types present in the fine fraction mineralogy, smectite,
hydroxy-interlayered mineral (vermiculite) and chlorite.

Although there is little

variation in the surface sediment mineralogy throughout the estuary, micro-scale
observations have shown that there are poorly crystalline, iron-bearing minerals, present
in the particulate matter.

5.5. Synthesis

It is evident from the water chemical analysis of the major ionic species of the estuary
that the seawater end-member is the most dominant end-member (Figures28, 29 and
30). This is important when trying to identify the location of dissolved iron loss from
the freshwaters, as this location is quite far upstream. The coastal seawater contains
excess calcium and sodium concentrations and is deficient in magnesium and potassium
(Table 1).

The Lake Stream waters contain more ionic species and heavier isotopic compositions
than either of the two rivers entering the Leirárvogur Estuary, while the seawater endmember is a fair representation of coastal seawaters in terms of composition and
isotopes. The upper reaches of the estuary are dominated by the freshwater endmembers, with mixing clearly identified in the ionic species increase as the tide enters
the system and the change in the isotopic compositions of the waters (Figure 34). The
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mid estuary location is heavily dominated by the seawater end-member in both ionic
and isotopic composition (Figure 34).

The dominant cation in all of the mixed waters is sodium, which may be derived from
the weathering of inorganic carbon material as well as the weathering of volcanic glass.
Magnesium, calcium and potassium concentrations in the mixed waters are lower than
expected and this may be due to them binding to humic acids entering the waters from
the surround peat bogs in the estuary and cation exchange reactions occurring with local
smectites.

Dissolved iron is primarily lost from the fresh waters in the upper reaches of the estuary
(Table 2), with an estimated 91% removed by this location.

It is likely that the

dissolved iron flocculates and is also bound to humic acids in the system as well as
forming iron (oxyhydr)oxides (Sholkovitz, 1976; Sholkovitz & Eckert, 1976;
Sholkovitz et al., 1978; Mayer 1994 (a & b); Poulton & Raiswell, 2005).

Although is it clear that solid iron is depositing in the upper reaches, estuarine
circulation processes in the estuarine turbidity maximum zone are causing previously
deposited solid iron particles to become resuspended in the water. This is evident as the
total iron concentrations increase by 242% in the upper estuary location compared to the
total freshwater inputs (Table 2).

It is also possible that some of the dissolved iron is being sequestered in the surface
sediment minerals: smectites, vermiculites and chlorites. The lack of a systematic
pattern in mineral distribution down the estuary and the poorly crystalline nature of the
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Fe-phases make identification difficult. Elevated concentrations of iron minerals were
expected to be identified in the upper reaches of the estuary however significant
variations in the surface sediment mineral was not evident (Figure 33a). More microscale analyses, using SEM techniques, may indicate trends clearer, as this technique has
been used to identify mineral phases and potential neoformed minerals in the suspended
matter (Figure 44). However, quantification of the data in the images produced by this
technique is difficult due to the nature of the material being analysed (i.e. amorphous
mineral phases). As the surface sediment fine fraction mineralogy is relatively constant
throughout the estuary (Figure 33), it is difficult to ascertain which end-member is
dominant with regards to mineral formation.

5.6. Conclusions

1. The seawater end-member is the dominant end-member in the Leirárvogur
estuary.
2. The two river systems have very low ionic concentrations and have isotopically
depleted δD and δ18O, with the Leirá having higher concentrations and isotope
ratios than the Láxa.
3. The Lake-fed Stream water is isotopically heavier and has higher ionic
concentrations than the river waters.
4. Mid-estuary tidal cycle samples are dominated by the seawater end-member in
terms of composition and isotopes.
5. Tidal cycle samples in the upper reaches are a mix between seawater and the
corresponding local fresh water end-member (Láxa, Leirá and Lake-fed).
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6. In the mixed estuarine river-fed waters, magnesium, calcium and potassium
concentrations are lower than expected possibly due to cation exchange
reactions.
7. There are low concentrations of dissolved iron entering the estuary from the two
rivers.
8. The iron lost from the river waters is possibly bound to organics and/or forming
oxide minerals.
9. The overall dissolved iron introduced into the whole estuarine system is lost in
the upper reaches – an estimated 91%
10. Resuspension of deposited iron material in the upper reaches, due to estuarine
circulation, results in the increase of solid iron phases by 242% in the upper
reaches.
11. Evaporation may be occurring in the mixed waters.
12. It has not been possible to identify elevated concentrations of iron-rich clay
minerals in the fine fraction of the surface sediments in any particular area of the
estuary.
13. Due to the constant ratio of the three main clay minerals observed in estuary,
there are no indications of a dominant end-member with regards to mineral
distributions in the Leirárvogur estuary.
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Chapter 6. The role of river water
geochemistry on clay formation and
distribution in estuaries; evidence
from two field studies (Synthesis and
Conclusions)
6.1. Introduction

Typically, petroleum reservoirs that have been deeply buried have poor porosity and
permeability. Pore space can be filled by cements, ranging from authigenic quartz to
carbonate and clay minerals. However, not all clay minerals reduce reservoir quality;
some are known to preserve porosity in the deep subsurface. When iron-rich chlorite
coats are present on sand grains within sandstones, they act as barriers between silicarich waters and the host grain (Bloch et al., 2002). These coats inhibit the nucleation of
new quartz crystals and, therefore, generation of authigenic quartz cements (Bloch et
al., 2002). However, the formation and distribution pattern of iron-rich chlorite grain
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coats in the subsurface is poorly understood. Authigenic chlorite grain coats are formed
due to the alteration of precursor minerals. Understanding the formation of potential
iron-rich chlorite grain coat precursor minerals in modern analogues may lead to a
clearer understanding of iron-rich chlorite grain coat distribution patterns in the
subsurface. Berthierine is an iron bearing mineral that when diagenetically altered,
becomes iron-rich chlorite (Aagaard et al., 2000).

Both berthierine and iron-rich

chlorite have been identified in marginal marine settings in the subsurface (Dowey et al.
2012). Estuarine environments are important locations of soluble iron loss and mineral
flocculation [Whitehouse & McCarter, 1958; Boyle et al., 1974; Sholkovitz, 1976;
Eckert and Sholkovitz 1976; Boyle et al.; 1977; Gibbs, 1977; Mayer, 1982; Fox and
Wofsy, 1982].

These environments also provide sheltered habitats for burrowing

animals that in the past have been shown to form clay coats in their gut (McIlroy et al.,
2003; Needham et al., 2005; 2006; Worden et al., 2006).

The aim of this chapter is to reflect on the initial research questions proposed for this
thesis and to assess if they can be fully or partially answered through the dataset
provided. The initial focus of this research was to understand mineral formation and
distribution in modern estuaries and has focussed primarily on water geochemical
variations within estuarine environments. Attempts to constrain the interplay between
water geochemistry variations, climate, local geology and clay mineral distributions
were also carried out and will be discussed in the following sections.

329

6.2. Where is iron lost in an estuary?

Both aqueous and solid iron enter the estuarine system due to the role of chemical and
physical weathering, resulting in the breakdown of pre-existing iron-bearing minerals
from local bedrock and soils. Dissolved iron is lost in the estuarine system due to the
electrostatic change caused by the mixing of fresh river water and seawater (Boyle et
al., 1974; Sholkovitz, 1976; Eckert and Sholkovitz 1976; Boyle et al.; 1977; Mayer,
1982; Fox and Wofsy, 1982, Poulton & Raiswell, 2005; Byrne et al., 2011) yet the
geographical location has not been identified (only inferred from the salinity increase).
From investigations in the Anllóns estuary and the Leirárvogur estuary, it is evident that
iron is lost in the upper reaches of the estuarine environment (Figure 1).
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Figure 1. A schematic showing the fate of iron within the estuarine environment. Iron
enters the estuarine system from the breakdown of iron-bearing minerals in the local
soils and bedrock. At high tide, iron flocculates further upstream in the estuary due to
the intrusion of seawater (Fig. 1a). At low tide, it is transported further downstream
before flocculation (Fig. 1b). In the estuarine turbidity maximum zone, there is
resuspension of previously deposited solid iron phases that then may be transported
further within the estuarine system.

In the Anllóns estuary, dissolved iron was lost from the water column during mixing
with between 13 – 20% seawater (Figure 2). When comparing the concentration of
dissolved iron in the river water and the arithmetic mean of the dissolved iron
concentration in the water in the estuary, 37% of soluble iron in the Anllóns estuary is
lost in the upper reaches. By mid-estuary, 98% of the dissolved iron present in the
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water has been removed. Most of the flocculated iron is deposited in the estuary, with
only 12% being transported seaward.

Figure 2. A summary of the fate of iron in the Anllóns Estuary. Dissolved iron is lost
from the water column in the upper (37%) and middle (98%) reaches of the estuary. All
of the dissolved iron is removed from the water in salinity ranges between 13 – 20%
seawater. 10% of the flocculated iron is transported to the mouth of the estuary, with
the remaining flocculated iron deposited in the estuarine turbidity maximum zone.

In the Leirárvogur estuary, only 3% mixing was required for dissolved iron removal
from the waters (Figure 3). When comparing the concentration of dissolved iron in the
river water and the arithmetic mean of the dissolved iron concentration in the water in
the estuary, 91% of soluble iron in the Leirárvogur estuary is lost in the upper reaches.
96% of the solid iron present in the suspended load is deposited in the estuary, with only
4% being transported seawards.
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Figure 3. A summary of the fate of iron in the Leirárvogur Estuary. Most of the
dissolved iron is lost from the water column in the upper (91%) reaches of the estuary
and is completely removed by the middle reaches. All of the dissolved iron is removed
from the water at 3% seawater. 4% of the flocculated iron is transported to the mouth of
the estuary, with the remaining flocculated iron deposited in the bay-head
delta/estuarine turbidity maximum zone, in the upper reaches.

In the Anllóns estuary, the highest proportion of iron is retained in the upper estuary
(Table 1). It is estimated that resuspension of deposited material in the estuarine
turbidity maximum zone is resulting in the increase of solid iron in the water column by
37% in the upper reaches compared to what is introduced from the river. Similarly, in
the Leirárvogur estuary, the highest proportion of iron is retained in the upper estuary
(Chapter 5, Table 2). It is estimated that resuspension of deposited material in the
estuarine turbidity maximum zone is resulting in the increase of solid iron in the water
column by 242% compared to what is introduced from the freshwater end-members.
The introduction of iron-oxides from the erosion of the surrounding peats at high tide
may also play a role in the extreme increase in total iron in the Leirárvogur.
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Table 1. Summary of iron loss in the Anllóns Estuary. 37% of the soluble iron that
enters the estuary is lost by the upper reaches and 98% has flocculated by the mid
estuary location. Although it is clear that the majority of solid iron present is located in
the upper reaches of the estuary, it is possible that this iron is resuspended within the
estuarine turbidity maximum zone, as total iron increases by 37% in the upper estuary.
Estuary
Location

River
Upper Estuary
Middle
Estuary
Lower Estuary
Seawater

Dissolved
iron
(μg/L)

Per Cent
in each
location

Total
Iron
(μg/L)

Per Cent
in each
location

63

100

79

100

27

39.8

63

108.1

137

37

1.2

2

72.5

92

0

0

25.6

32

9

0

0

8.2

10

3

Sum of all
solid Iron

293.4

Per Cent
in each
location

25

It is important to note that this iron is transported further downstream in the Anllóns
estuary compared to the Leirárvogur estuary. This may be due to i) amount of iron that
enters the system or ii) the dominance of the seawater end-member. There is more
soluble iron entering the Anllóns estuary from the freshwater end-members compared to
the Leirárvogur estuary; over 1.5 times as much iron enters the Anllóns estuary
compared to the Leirárvogur estuary. The mean dissolved iron entering the Anllóns
Estuary is 63 μg/ L while the mean soluble iron entering the Leirárvogur Estuary from
the freshwater end-members is 40 μg/ L.

The salinity range required for iron

flocculation in the Anllóns estuary is similar to what was predicted by Sholkovitz
(1978), i.e. 15 – 20% salinity is required for complete soluble iron removal from river
water, yet this is not the case in the Leirárvogur, possibly due to the lower concentration
entering the system due to lack of humic substances. The rate of flocculation in
estuaries is strongly influenced by the ionic strength of the waters (Edzwald et al., 1974;
Edzwald & O’Melia, 1975), therefore in the Anllóns estuary, where there is a significant
riverine input, flocculation continues further downstream while in the Leirárvogur
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estuary where there is a much smaller freshwater input, flocculation occurs further
upstream.

In the Anllóns estuary, the river end-member is a well-established system, with a
drainage basin of 516 km2 (Varela, 2005) and the average flow of the river is 11.9 m3s-1
which can vary between 80 m3s-1 in the wet season and 1m3s-1 in the dry season (Costas
et al., 2011), compared to the Leirá, Laxa and Lake systems, which are on a much
smaller scale, with an approximate drainage area of 235 km 2 (Table 2).

Table 2. Drainage basin estimations. Estimations of the drainage basin size of the
Icelandic freshwater systems, calculated using the estimated length and width of each
system.
Length
Width
Estimated Drainage
System
(km)
(km)
(km2)
10
1
10
Leirá
25
8
200
Láxa
5
5
25
Lake
235
Total

As the combined estimated freshwater input from the Leirárvogur estuary is less than
half of the calculated input from the Anllóns estuary, it can be concluded that the
freshwater input is a major control in the input of iron and the corresponding
flocculation of iron in the water column. The seawater end-member in the Leirárvogur
estuary is the dominant end-member and this may be responsible for both the rapid loss
of dissolved iron and the short distance in flocculation observed (approximately 1 km
between lake sample site and tidal cycle site, where iron compositions can be compared
(Chapter 5, Figure 39)). However, the lack of humic substances in the river borne water
may also affect the amount of iron detected.
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The difference in freshwater input volume in the two estuaries leads to the conclusion
that the freshwater input plays a vital role in the deposition of iron bearing material in
the estuary. In the Anllóns estuary, where the freshwater input is estimated to be
greater, dissolved iron is lost from the water over a distance of 1.5 km.

When

comparing the Leirárvogur freshwater systems, iron is transported further downstream
in the Lake Stream waters compared to the two river waters. This also indicates that the
original iron concentration introduced into the mixed system may also play a role in
how far the soluble iron is transported before flocculation, over tidal cycles. It is not
surprising that soluble iron in the upper reaches is transported further downstream at
low tide (Figure 1).

6.3. What is the role of changing water geochemistry on mineral formation in
estuaries?

Estuaries are locations of river water and seawater mixing therefore geochemical
variations within the water column will result in flocculation of inorganic species,
organic material and clays (Sholkovitz, 1976; Gibbs, 1977; Sholkovitz et al., 1978).
This has been clearly demonstrated in the investigations carried out in the two estuaries
in this study. Dissolved iron is lost from the water column in the upper to mid estuary
reaches and the majority of the deposited material remains in the estuary (Figures 2 and
3).

It is not evident from the fine fraction of the surface sediments how the changing water
geochemistry plays a role in clay mineral distributions in either of the estuaries (Figure
4). It might be suggested that kaolinite is deposited in higher concentrations at the
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mouth of the Anllóns estuary, which corresponds to a slight decrease in illite-mica as
kaolinite increases while chlorite remains constant in the fine fraction surface sediment
mineralogy in the Anllóns estuary.

In the Leirárvogur estuary, the fine fraction

mineralogy remains constant throughout the system (Figure 4).

Figure 4. Fine fraction surface sediment mineralogy. The mineralogy distributions in
the fine fraction of the surface sediments from both the Anllóns and Leirárvogur
estuaries show that in general, the clay minerals present remain constant throughout the
estuarine environment, with the exception of a slight seaward increase in kaolinite in the
lower Anllóns estuary and a corresponding slight decrease in illite-muscovite (Fig. 4a).
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Although there does not seem to be any significant variations in the fine fraction
mineralogy of the surface sediments, it is evident that there is a greater concentration of
suspended load, and therefore minerals being transported, in the Anllóns water column
(Figure 5).

Figure 5. Relative mineral percentages in the Anllóns suspended load. The suspended
particulate load of the Anllóns estuary indicates that there are greater concentrations of
minerals in the water column in the upper estuary compared with the lower estuary.
Illite-muscovite and chlorite mean concentrations decrease close to linearly downstream
while kaolinite and illite-smectite (I-S) drop by half between the upper estuary and the
mid estuary.

Considering the suspended load of the Anllóns estuary, it is possible that flocculation of
clay minerals may also be occurring. Illite-muscovite and chlorite trends conservatively
downstream however both kaolinite and illite-smectite (I-S) drop by half in the
suspended load from the upper estuary to the mid estuary. Whitehouse & McCarter
(1958) and Gibbs (1977) have identified trends in mineral flocculation in kaolinite and
illite with increasing salinity. Therefore it can be concluded that the drop by 50% in
kaolinite and I-S from the suspended load is due to increasing salinity of the water
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resulting in flocculation of these minerals. As there was very little crystalline material
in the suspended load from the Leirárvogur estuary, an assessment of mineral
flocculation trends cannot be carried out.

The mixing of fresh water and saline water will result in an influx of ionic species in the
fresh water, which has been shown to drive flocculation. This influx of ionic species,
particularly calcium and magnesium, may result in cation exchange reactions occurring
in the clay minerals present in the suspended load. In Iceland, the local soils contain a
high proportion of expandable minerals, such as smectites (Chapter 5, Figure 33).
These smectites are derived from the weathering of volcanic glass (Gíslason et al.,
1996) and readily undergo exchange reactions, transferring monovalent ions such as
sodium and potassium for divalent ions such as calcium and magnesium (Louvat et al.,
2008).

In the Leirárvogur estuary mixed waters, between 23 – 27 % of the mixed waters have a
loss of calcium and magnesium, when cross plotted against chloride (Chapter 5, Figure
36) while in the Anllóns estuary mixed waters, between 17 – 28% of the waters exhibit
a loss of calcium and magnesium (Chapter 3, Figure 18). In both estuaries, more
calcium is lost than any other cation in the water and most of the waters exhibiting ionic
loss are mixed waters collected in-estuary. In the Leirárvogur estuary, it is possible that
the loss of these ionic species is due to cation exchange reactions as smectites have been
identified in the local soils and in-estuary surface sediments. In the Anllóns estuary
mixed waters, cation exchange in smectites may occur as I-S is identified in the
suspended load. In both estuaries, potassium is also lost non-conservatively. Cation
exchange involving potassium can occur when illite or vermiculites are present (Sawi-
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Iney, 1972). Illite has been identified in the Anllóns suspended load (Figure 5) while
vermiculites (hydroxy–interlayered minerals) have been identified in the surface
sediments of the Leirárvogur estuary (Chapter 5, Figure 33).

Although many of the mixed waters in both estuaries present a non-conservative trend
in calcium and magnesium, some of the waters, specifically in the Anllóns estuary, are
supersaturated for carbonate precipitation (Chapter 4, Figure 18). By 5% mixing with
seawater, 26% of the mixed waters are supersaturated enough for calcite precipitation.
This is reflected in the surface sediments, where carbonates have been identified in the
surface sediments from the mid estuary and increasing towards the lower estuary
reaches (Chapter 4, Figure 16a). Evaporation of water draining from the sand and mud
flats that are subaqueous at high tide may result in the supersaturation of the water and
the precipitation of new minerals (Figure 6).

Figure 6. Schematic identifying locations of evaporation at low tide. At low tide, when
sand and mud flats that are subaqueous at high tide drain, pools of water that has not
fully drained are commonly identified on the surface. Water in these pools can be
evaporated off, with the resulting waters being supersaturated for mineral precipitation.
In the Anllóns estuary, evaporation is an important consideration with regards to
carbonate precipitation in the surface sediments.

No carbonate minerals were identified in the suspended load of the Anllóns estuary, the
surface sediments being the primarily location of these minerals (Chapter 4, Figure
16a).

It can be concluded from the data collected from the Anllóns estuary that
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evaporation is occurring and resulting in the introduction of carbonate to the fine
fraction mineralogy of the surface sediments.

Although there is evidence of evaporation in the Leirárvogur estuary, due to the low
calcium and magnesium concentrations of the mixed waters possibly controlled by
cation exchange reactions, fewer of the waters are supersaturated for carbonate
precipitation (Chapter 5, Figure 37). This is also reflected in the surface sediments,
where the dominant minerals identified were smectites, vermiculites and chlorites
(Figure 4b). As an estuary is a semi-enclosed body of water, it is not surprising that
evaporation of surface waters is occurring and resulting in geochemical change in the
waters and potentially the precipitation of neoformed minerals.

It is difficult to assess how changing water geochemistry directly affects mineral
formation in an estuary. The mixing of two very different bodies of water results in the
flocculation of iron as well as kaolinite and illite-smectite. Cation exchange reactions in
the mineralogy occur due to the input of calcium and magnesium and evaporation
results in the precipitation of neoformed minerals, providing the water geochemistry are
satisfied and behaves non-ideal.

6.4. What is the role of hinterland geology on clay mineral distributions in
estuaries?

The hinterland geology is a major control on clay mineral type in modern estuaries.
Considering the clay cycle (Merriman, 2005), physical and chemical weathering are the
first steps in clay mineral formation, suggesting that climate is a primary control. Yet
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not all estuaries have the same clay minerals present in their sediments. Differences in
the hinterland geology, whether the bedrock is primarily igneous (ranging from felsic,
with a high silica content, to ultramafic, rocks with low silica content), metamorphic or
sedimentary, will result in a range of different minerals forming in the regolith
(including dust, soil, broken rock) and thus entering the local estuarine system. Climate
does influence the rate, the mineralogy, and the thickness of regolith generation (e.g.
Strakov 1967)

The hinterland geology in Spain is a mix of granite and metamorphic rocks. DevesaRey et al. (2010) identified a range of rock types, from mafic to ultramafic rock types
present (amphibolites; gabbros) to felsic rocks (granites, gneisses and schists) (Chapter
4, Figure 1). However, the minerals in the parent rocks (e.g. plagioclase, hornblende,
diopside, clinozoisite, ilmenite and biotite) are not identified in the soils and estuary
indicating the role of physical and chemical weathering processes of reactive minerals.

The dominant clay minerals in the soils are illite-muscovite, chlorite and kaolinite, with
some gibbsite also present (Chapter 4, Figure 17b). The clay minerals present in the
fine fraction of the in-estuary surface sediments are the exact same minerals (Figure 4a)
and these minerals, along with illite-smectite (I-S) are all identified in the suspended
load of the estuary. There are higher concentrations of illite-muscovite in the more
established soils in the Anllóns estuary (Figure 7).

In general, there are higher

concentrations of illite-muscovite in the soils (Figure 7) and all of the minerals have the
same general trend; i.e. towards the water in each transect, the percentage of clay
minerals identified in the fine fraction decreases, evident in transect 1 and the second to
last point in transect 3.
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Figure 7. Percentage of each clay mineral (and gibbsite) present in the transects of the
surface sediments of the Anllóns Estuary. In general, there are higher concentrations of
illite-muscovite in the soils (see each of the transects) and all of the minerals have
general trends. In general, towards the water in each transect, the percentage of clay
minerals identified in the fine fraction decreases, evident in transect 1 and the second to
last point in transect 3.
343

The hinterland geology in Iceland is predominately basaltic, i.e. mafic (Chapter 5,
Figure 1), and dominated by plagioclase and pyroxene. The dominant clay minerals in
the soils are smectite, vermiculite and chlorite, with some goethite present in the
surrounding soils (Chapter 5, Figure 33b). The clay minerals present in the fine fraction
of the in-estuary surface sediments are the exact same minerals (Figure 4b). A crossestuary transect identifies trends in the fine fraction mineralogy of the estuary (Figure
8).

Figure 8. Percentage of each clay mineral present in the transect of the surface
sediments of the Leirárvogur Estuary. A cross estuary transect of the fine fraction
surface sediment mineralogy identifies the expandable mineral as the dominant mineral
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in the estuary. When the expandable mineral increases in concentration, there is a
corresponding decrease in the hydroxy-interlayered mineral (HIM). Chlorite remains
somewhat constant throughout the estuary, with higher concentrations of the expandable
miner identified in the upper estuary and increase in the HIM downstream.

The expandable mineral, smectite, is the dominant mineral in the Leirárvogur estuary.
There is a greater concentration of this mineral upstream, towards the bay-head delta
and it gradually decreases seaward (Figure 8).

The concentration of the

HIM/vermiculites, increase downstream in the fine fraction of the surface sediments.
This mineral may be neoformed and has may be responsible for the low potassium
concentrations in the mixed waters of the Leirárvogur estuary (Figure 8). Chlorite
remains relatively constant throughout the surface sediments.

Although the weathering regime is a vital component of clay mineral formation in
modern environments (Merriman, 2005), this research has highlighted the importance of
the bedrock on the mineral types present in the soils and surface sediments. In the
Anllóns estuary, the hinterland geology is composed of felsic and mafic rocks, and the
dominant clay minerals present are illite-muscovite, chlorite and kaolinite. While in the
Leirárvogur estuary, with the highly reactive minerals present in the local geology and
soils such as volcanic glass, the dominant clay minerals are smectite, vermiculite and
chlorite. It is not surprising to identify kaolinite in a region containing felsic bedrock
(Oliveira et al., 2007) and due to the lower concentrations of aluminium in the volcanic
glass, smectites preferentially form (Tomita et al., 2003).
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6.5. What physical characteristics of soils are important in clay mineral formation?

It has been speculated in the literature that different clay types will form in different
environments, depending on the water saturation of the system.

Kaolinite has been

shown to form in well drained soils (Ferguson, 1954; Kantor & Schwertmann, 1974;
Herbillon et al., 1981; Norrish & Pickering, 1983), while smectites have been identified
in wet and poorly drained environments (Ferguson, 1954; Kantor & Schwertmann,
1974; Herbillon et al., 1981; Norrish & Pickering, 1983; Środoń, 1999).

The Anllóns estuary and the Leirárvogur estuary have different minerals, hinterland
geology, soils and drainage basin physiography. The dominant soil types in Galicia are
umbrisols and these soils have been identified in the drainage basin of the Anllóns river
and estuary (Leirós et al., 2000). Umbrisols are well drained, permeable, moderately
deep to deep soils with a low base saturation, i.e. low sodium, potassium calcium and
magnesium concentrations (ISSS Working Group RB, 1998).

Kaolinite is present in the soils of the Anllóns drainage basin, along with illitemuscovite, chlorite and gibbsite (Chapter 4, Figure 17b). As umbrisols are defined as
well drained soils, the presence of kaolinite here agrees with the published literature
(Ferguson, 1954; Kantor & Schwertmann, 1974; Herbillon et al., 1981; Norrish &
Pickering, 1983). The presence of gibbsite is also significant in these soils. Gibbsite is
a mineral that associated with intense weathering (Macias Vazquez, 1981), therefore it
can be concluded that the soils of the Anllóns drainage basin are intensely weathered,
well drained soils.
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The dominant soil types in Iceland are andosols (or andisols), which form due to the
rapid weathering of volcanic tephra (Arnalds, 2008). Andosols retain a high amount of
water, contain a large percentage of organic material, do not retain cations well, but
have a high phosphate-absorbing capacity (Shoji & Ono, 1978). Andosols exist in a
range of soil pH depending on the soil type. When the basaltic parent material is still
present, the soil pH is maintained by cation recharge during weathering (Arnalds, 2004).
This is observed in Iceland and the soil pH varies but typically remains above pH 6.5
(Arnalds, 2008). Older andosols tend to have lower pH values than younger andosols.
The ionic charge of andosols is pH-dependent.

In the soils surrounding the Leirárvogur estuary, the dominant clay mineral present is an
expandable mineral, most likely of the smectite group (Figure 4). Hydroxy-interlayered
minerals, possibly vermiculites, and chlorite are also present in the soils. As andosols
are poorly drained soils (Shoji & Ono, 1978), the dominance of smectites agrees with
the published literature (Ferguson, 1954; Kantor & Schwertmann, 1974; Herbillon et
al., 1981; Norrish & Pickering, 1983; Środoń, 1999).

Although the identification of kaolinite in the soils of the Anllóns drainage basin and of
smectites in the soils of the Leirárvogur drainage basin may indicate that these soils are
well or poorly drained, it is important to consider that the hinterland geology plays a
significant role in the types of mineral that form in each soil type. It is not surprising
that aluminium rich minerals, such as gibbsite and kaolinite, form in the soils
surrounding the felsic rocks of Galicia, while aluminium poor minerals such as
smectites form in the volcanic glass rich soils of Iceland. Andosolization is the process
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by which short-range order minerals form due to the rapid breakdown of volcanic glass
(Duchaufour, 1977).

Although the soil type may not be the dominant controlling factor in the minerals that
form, soil development is an important process in mineral formation. In the Leirárvogur
system, the estuary is surrounded by peats that are eroded and later deposited into the
mud and sand flats. Peat bogs are organic rich, waterlogged soils that contain waters
rich in humic acids (Stevenson, 1994). These humic acids may be responsible for the
sequestration of many metals, including iron and aluminium, from the waters and the
resulting minerals that form will be low in the sequestered metals, therefore smectite
type minerals preferentially precipitate.

As discussed in Merriman (2005), climate is an important factor in clay mineral
formation. Climate is responsible for soil development (Yaalon, 1983; McFadden,
1988) which in turn plays an important role in the minerals that form. Kaolinite has
been identified in the well-drained soils of Galicia while smectites are dominant in the
poorly drained soils of south-west Iceland (Figure 9). Therefore the drainage is also an
important physical property in mineral development in soils. The initial weathered rock
type is a controlling factor in the resulting minerals types that result due to weathering,
therefore bedrock geology, climate and drainage basin physiography are the important
physical properties in mineral formation in modern environments.
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Figure 9. Summary diagram of the dominant controls on clay mineral formation and
distribution in modern estuaries. In Spain, the climate is a warm oceanic climate which
experiences a high proportion of rain. The weathering of local bedrock results in soils
that contain minerals associated with intensive weathering; kaolinite and gibbsite (Fig.
9a). These minerals are also identified in the suspended load. The increasing salinity of
the mixed waters results in the flocculation of kaolinite and possible illite-smectite (I-S)
from the suspended load. It is suspected that kaolinite, quartz and chlorite are
resuspended in the estuarine turbidity maximum zone. In Iceland, the climate is a cool
oceanic climate which experiences less rainfall. The dominant bedrock is basalt and the
resulting soils contain minerals derived from the weathering of this basalt and volcanic
glass fragments; smectites, vermiculites and chlorites (Fig. 9b). Although the
suspended load could not be assessed, it is evident from the surface sediments that there
is a loss of smectite in the upper reaches and higher percentages of vermiculite in the
lower reaches of the estuary.
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6.6. What physical processes may be responsible for clay mineral distribution in
estuaries?

It has been speculated that clay mineral size may play a role in clay distribution in
modern environments (Gibbs, 1977) and that physical mixing of river water and
seawater will result in the flocculation of some clay minerals, while others will be
transported further seaward (Whitehouse & McCarter, 1958; Parham 1966; Edzwald
and O'Melia, 1975; Gibbs, 1977). In the Anllóns estuary, flocculation of dissolved iron,
kaolinite and illite-smectite occurs in the upper estuary (Figures 2 and 5) due to the
physical mixing of different water bodies. In the Leirárvogur estuary, dissolved iron
also flocculates during estuarine mixing (Figure 3).

Flocculation is not the only process involved in mineral distribution in estuaries. It is
evident that resuspension of deposited material in the estuarine turbidity maximum zone
is occurring in the two estuaries. Resuspension of particulate iron results in the increase
of total iron by 37% in the upper reaches of the Anllóns estuary and 242% in the upper
reaches of the Leirárvogur estuary. Resuspension of previously deposited material
occurs in the estuarine turbidity maximum zone, when the force of the incoming
seawater is the same as the force of the outgoing river water, resulting in the upward
transport of seawater and any material it carries (Figure 10). Resuspension of material
from the channel of the estuary will potentially lead to the transport of material further
downstream at times of high river flow (Hir et al., 2001).
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Figure 10. A cartoon demonstrating the role of mixing freshwater and seawater in the
flocculation and resuspension of previously deposited material. The more dense
incoming seawater and its sediment moves along the bottom of the estuary until it
reaches a point where the outflowing less dense surface water meets the seawater with
the same force resulting in both bodies of water halting. It is at this point when the
seawater sediments and those on the surface of the estuary become mixed with the river
water, creating the estuarine turbidity maximum. The resuspension of previously
deposited material in this location of the estuary is expected. As the suspended load of
the Anllóns waters was determined using XRD, a summary of the mineralogical trends
within the water column are included.

Sediments proximal to the seawater end-member may also contain minerals that are
marine-derived, however this has not been fully observed in the Anllóns or Leirárvogur
estuaries. Yet the flow of the river input will play a role in the distribution of minerals
carried or resuspended in the water column (Hir et al., 2001).

The Leirárvogur estuary has a smaller drainage basin (Table 2) that the Anllóns estuary
(Varela, 2005). The seawater end-member is dominant in the Leirárvogur estuary,
which is evident from the water geochemistry (Chapter 5).

Dissolved iron is

transported a maximum of 1 km downstream during mixing in an estuary that has an
estimated area of 24 km2.
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The Anllóns is a stronger, more established river and brings in more dissolved species
that the Leirárvogur freshwater systems (Chapter 3). In the Anllóns, dissolved iron is
transported approximately 1.5 km downstream during mixing. The area of the Anllóns
is estimated to be 10 km2 (Chapter 4), therefore dissolved iron is transported further
downstream in the smaller estuary with a greater fluvial input.

The three dominant controls on the distribution of clay minerals in modern estuaries are
i) flocculation that occurs due to freshwater and seawater mixing, ii) resuspension of
earlier deposited material and iii) the ratio of the fluvial and marine input.

6.7. Summary of conclusions

The fate of iron in estuaries:
1. Dissolved iron is lost between 3 – 20 % mixing with seawater
2. Most of the dissolved iron is removed in the upper to middle reaches of an
estuary
3. Between 4 – 10 % of the total solid iron is transported seaward
4. More solid iron phases are transported to the marine environment when there is
more dissolved iron in the fluvial output

The role of changing water geochemistry on mineral formation in estuaries:
5. Changing water geochemistry results in dissolved iron flocculation
6. Changing water geochemistry results in kaolinite and I-S flocculation
7. Cation exchange reactions in minerals occur due to the input of seawater
a. Loss of calcium and magnesium to smectites
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b. Loss of potassium to illites and vermiculites
8. Evaporation results in the neoformation of carbonates

The role of hinterland geology on clay mineral distributions in estuaries
9. Hinterland geology is a dominant control on mineral type present in each estuary
10. Clay minerals in estuarine sediments are derived from the local soils

The physical characteristics of soils are important in clay mineral formation
11. Climate plays an important role in mineral and soil formation
12. Drainage of the proximal soil also plays an important role in mineral formation

The physical processes responsible for clay mineral distribution in estuaries
13. Flocculation results in the deposition of iron, kaolinite and I-S in the estuarine
environment
14. Resuspension of previously deposited material results in the transport and later
deposition of these minerals
15. The strength of the fluvial input plays an important role in transporting minerals
downstream

6.8. Research implications and applications

The research results will help to contribute to a clearer understanding of the range of
process interactions between the fluvial and marine realms, and on the interplay of
controls on mineral distributions in modern estuaries and ancient estuarine and fluviodeltaic successions. The generic implications of these findings are considered here from
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the perspective of petroleum geologists working on production of subsurface reservoirs,
and environmental scientists, attempting to understand heavy metal distributions and
processes that result in metal redistribution in modern estuarine environments.

6.8.1. Considerations for upstream research and assessment

This research was funded by a consortium of oil companies interested in understanding
the role of early diagenesis on mineral formation and distributions, with an aim to
predict these variables in subsurface successions. This thesis can be viewed as the start
of a long-term research approach that utilizes modern marine marginal systems, where
several input parameters can be constrained, to improve subsurface prediction of
porosity and permeability in deeply buried hydrocarbon reservoirs. In the petroleum
industry, provenance studies of drainage basins have long been regarded as a crucial
input for the reconstruction of sedimentary basins (Haughton et al., 1991). The need to
understand the geology and physiography of the drainage basin that fed the sedimentary
basin has undergone a renaissance in exploration geology with the advent of source-tosink investigations (e.g. Sømme et al., 2009). However, the hinterland geology and
climate are critical in assessing reservoir quality, and porosity and permeability, during
reservoir appraisal and production. Therefore a rounded approach to provenance studies
should include considerations for i) the original bedrock, ii) the original source
environment (physiography and climate regime), iii) transport pathways for the
sediment and iv) assessing why deposition has occurred (Haughton et al., 1991). This
thesis has highlighted the importance of understanding the interplay of general controls
that must be considered when assessing reservoir quality subsurface petroleum systems.
Considerations must be made for:

354

1. Hinterland geology
2. Climate
3. Fluvial drainage and the influence of the river system

Hinterland geology plays an important role in types of minerals, detrital and secondary,
present in every sedimentary succession. The minerals identified in the fine fraction of
the sediments in the two estuaries investigated were secondary minerals associated with
the weathering of the local bedrock. This leads to the conclusion that the weathering
regime, and the generation and liberation of sediment from the host rock, is another
important consideration in understanding mineral distributions and early diagenesis.
The weathering regime is controlled by the type of climate experienced during
sedimentary generation and liberation (White & Blum, 1995). A critical stage is the
generation of a regolith from weathering of the bedrock, and this is key to generating
the suite of minerals that enter the estuarine system. Depending on the climate type,
wet or dry, as well as the temperatures experienced during sedimentation, different
ranges of minerals may be identified in the system. For example, the identification of
cements in estuarine rocks may indicate that evaporation has occurred immediately after
sediment deposition. Evaporation is less likely to occur in cool wet environments.

The final consideration for the petroleum geologist attempting to understand mineral
distributions in the system is the influence of the fluvial input. This is rarely considered
as a control as the focus is commonly directed to the provenance and character of the
coarse-grained fraction. It is clear from this study that the distribution of flocculated,
and potentially of resuspended, material will be strongly controlled by the geochemistry
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and solute load of the freshwater input. An estuary with a weak fluvial input and strong
marine input will result in flocculation of minerals upstream and a high proportion of
the sediments will be derived from the marine environment. While an estuary with a
strong fluvial input will exhibit flocculation of fluvial-derived material further
downstream and there will be less of a marine influence in the sediments deposited.
The fluvial input does not only control the volume of the suspended load that enters the
system but also the geochemical variations that result in neoformed mineral
precipitation and the physico-chemical changes in the suspended load. Estimating the
fluvial input can be carried out using sedimentary core descriptions (Sommerfield &
Wheatcroft, 2007). When each of these criteria is fully considered, predictions on the
distributions of minerals in the sedimentary succession may be more accurate.

6.8.2. Understanding modern estuarine environments

In the environmental and ecological assessment of modern estuaries, considerations
must be made for some of the important processes discussed in this thesis. Many
environmental ecological studies assess the effects of pollution and waste disposal on
the estuarine environment, geochemical variations within the estuarine system and
sediment transport and deposition in this marine marginal environment. Important
processes that may be considered by environmental and ecological scientists highlighted
in this research are:

1. The deposition of metals and pollutants in the estuarine environment

356

2. The importance of estuarine circulation and resuspension on distribution of
contaminants
3. Understanding the hydrological regime in estuarine environments

Iron plays a key role in many processes, from Earth surface aquatic systems and
sediment systems to biotic and abiotic processes (Taylor & Konhauser, 2011). It is well
known that iron is lost from the water column in estuaries (Boyle et al., 1974;
Sholkovitz, 1976; Eckert and Sholkovitz 1976; Boyle et al.; 1977; Mayer, 1982; Fox
and Wofsy, 1982). Here, the preferential location of flocculated iron deposition has
been identified as the upper reaches of the estuarine environment. As similar studies on
heavy metals, such as manganese, aluminium, copper, nickel, cobalt and cadmium,
present in estuarine waters have been completed (Sholkovitz, 1978), the location of
deposition of other heavy metals can be inferred. Redox variations observed within the
estuarine system, suspected due to biogeochemical sulphide oxidation processes, may
also provide useful insights into the global iron cycle.

This research also highlights the importance of the estuarine circulation processes,
specifically the resuspension of material in the estuarine turbidity maximum zone, and
the net direction of transport – offshore or onshore. The suspended load of fluvial
systems can be a carrier for inorganic pollutants in the estuarine water column (Eisma,
1981). When environmental pollutants, such as industrial waste or radionuclides, are in
the water column, changes in the salinity may cause them to deposit in the estuarine
surface sediments. The resuspension of previously deposited pollutants may affect
aquatic organisms that enter estuarine environments (Bucke & Watermann, 1988). It is
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evident from this research that resuspension of deposited or flocculated material occurs
in the estuarine turbidity maximum zone. As there is suspected to be some erosion of
sediments due to the movement of the estuarine water, including the erosion of salt
marshes that trap a lot of pollutants (Allen, 1989), erosion and resuspension may result
in the reintroduction of previously buried contaminants back into the surface
environments.

Therefore the role of the estuarine turbidity maximum zone and

resuspension, coupled with a clear investigation into the effects of erosion in estuary,
may lead to a more complete understanding of the distribution of contaminants in
estuaries.

The hydrological regime in the estuary also provides useful information for the
ecologist in coastal and estuarine environments. In most of the seawater samples
collected, it was clear that there is a significant change in the salinity, i.e. total ionic
composition, over the tidal cycle.

Chloride concentrations ranged from close to

seawater in composition, to just over one quarter of the expected value for an open
marine system. This range may be an important consideration for the ecologist when
assessing the environmental parameters in species habitats.

Finally, there have been very few isotopic studies of waters in the estuarine
environment and although the focal point of the isotopic analysis in this study is that
evaporation is occurring in the estuary, it also highlights the fact that depending on
where you are sampling water from in the estuary, different physico-chemical processes
will be affecting the waters.

Martin & Letolle (1979) and Zhang et al. (1990)

illustrated how the isotopes of waters in the estuarine environment behave
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conservatively when plotted against chloride. However, this was not observed in the
water samples collected in this study. The non-conservative behaviour of the waters in
this study is due to the samples being collected at the waters margin rather than in the
thalweg, as was done in Martin & Letolle (1979) and Zhang et al. (1990). This is of
significant importance to those attempting to understand the hydrological cycle of a
very complex environment.

In summary, the distribution of Fe-rich clay minerals, the precursors to chlorite, are
important in improved recovery from deeply-buried reservoirs. Here, a holistic approach
has been taken to assess the origin and distribution of minerals in two modern marine
marginal settings. The results demonstrate the importance of understanding the drainage
basin geology and climate, and the need to consider the fluvial water geochemistry and
mineralogy of the solute load. To apply these findings into the subsurface will require a
stratigraphic perspective, as well as further biogeochemical investigations of modern
environments.
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Chapter 7. Suggested future research
programmes to further understand
early diagenesis in modern estuarine
environments
7.1. Introduction

Diagenesis is the in-situ physical, chemical, or biological, alteration of minerals after
their deposition and results in the formation of new minerals due to the alteration of
existing precursor phases. Early diagenesis is an important focus of this research, where
early diagenesis is defined as the alteration of sediments due to chemical and biological
processes prior to lithification. It is during early diagenesis that sediments are reworked
by biological organisms and when early stage cements can fill pore space. Eogenesis is
another term frequently used when referring to early diagenesis and includes weathering
and soil developing processes (Worden & Burley, 2009). This chapter proposes future
potential research that may lead to a clearer understanding of geochemical change in

360

modern environments and eogenesis, with considerations being made for i) water
geochemical variations (experimental), ii) interstitial pore water chemistry and core
analysis of recent sediments, and iii) further investigations into macrofaunal activity and
its role in mineral precipitation.

7.2. Documenting the change in water chemistry composition in an experimentally
simulated estuarine environment and the effect this has on clay mineral formation

In an attempt to understand the role of eogenesis in future reservoir formation, it is
important to consider the role of mixing waters in a modern system and the control that
this will have on mineral formation and distribution. One way to do this is to repeat
experiments previously set up by Edward Sholkovitz and Edward Boyle in the 1970’s.
Their aim was to understand fate of iron in the aqueous system (Sholkovitz, 1976) and
the mechanisms of iron removal in estuaries (Boyle et al., 1978) under controlled
experimental conditions. These studies, and subsequent work, lead to the clear
understanding that iron is lost from the aqueous system very early upon mixing with
seawater (between 15-20% seawater).

When an oxidised environment becomes anoxic, bacteria present in the sediments
produce H2S, and when Fe2+ is present in pore waters, iron monosulphide, FeS is
produced (Thode-Anderson & Barker Jørgensen, 1989). This unstable, amorphous FeS
will eventually become the more stable FeS2 mineral, pyrite (Rickard & Luther, 2007).

In an oxidised environment, iron will be rapidly taken up to form iron (oxyhydr)oxides
(Poulton & Raiswell, 2005; Raiswell, 2012). Highly unstable iron (oxyhydr)oxides,
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such as ferrihydrite, will bind with organic matter in the water column as a mechanism
to stabilise (Allard et al., 2004). Ferrihydrite is also known to bind onto the negative
surface of clay minerals at low pH (Oades, 1984; Jones & Saleh, 1987).

Flocculation is the process whereby small colloids present in suspension coagulate to
form a larger colloid or floc, which as a larger particle has a higher settling velocity in
the liquid that it was previously suspended in.

Flocculation occurs in coastal

environments and estuaries (Sholkovitz, 1976; Gibbs, 1977; Sholkovitz, 1978;
Sholkovitz et al., 1978; Eisma, 1986) due to the mixing of river water and seawater.
Flocculation of clays and dissolved species in the water occurs in the estuarine turbidity
maximum zone, the interface of river water and seawater mixing within an estuary
(Dyer, 1994; Chapter 6).

The estuarine turbidity maximum zone (ETMZ) is the zone within an estuary where the
waters are fully mixed with river water and seawater. Attempting to recreate a chemical
‘estuarine turbidity maximum zone’ by mixing fresh river water and fresh seawater will
lead to the flocculation of iron bearing species and clays.

Identifying the phases that

develop in this experiment may lead to further understanding of the interaction of iron
with clays in oxidised environments.

A detailed pilot study of an attempted

experimental procedure is laid out in section 7.2 of this thesis.

7.2.1. Potential experimental setup

A pilot study was carried out in 2011 in an attempt to assess the feasibility of this
proposed work (Appendix VII; 9.7.1). From initial observations, it became clear that
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the experiment must be initiated promptly after water collection. Therefore it may be
preferential to carry out the mixing experiments in the field. From the pilot study, it
was clear that much larger volumes of water are required. 2L of mixed water was used
in this pilot study yet the identification of flocculated material on filter papers was
difficult as the volume of flocculated material was so low. It is possible that using
much larger quantities of river water may provide more information on the suspended
and flocculated material in the mixed waters.

7.2.1.1. Work to be carried out in the field

It is recommended that the mixing experiments are executed in the field and then return
the mixed waters to a laboratory for analysis. The following is a suggested field
procedure:

1. Collect 100 L of seawater from i) offshore or ii) the mouth of an estuary
2. Collect pH of water and filter the seawater (see discussion in Appendix VII;
9.7.1)
3. Collect 250 L of river water from chosen river
4. Collect pH of water
5. Mix in large 20 L volume in the suggested ratios (Table 1)
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Table 1. Suggested mixing ratios for the water geochemistry mixing experiment.
Sholkovitz (1978) suggests that 15 – 20 % seawater is required for iron flocculation in
natural waters, which was considered when deciding on the proposed mixing ratios
below. Although iron will be fully removed from the water after this point, it is
important to ensure that this is the case, therefore samples with greater seawater mixed
ratios should also be run.
Sample
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

%
Freshwater
100
97.5
95
92.5
90
87.5
85

Volume Seawater
(L)
0
0.5
1
1.5
2
2.5
3

Volume Freshwater
(L)
20
19.5
19
18.5
18
17.5
17

25
30
40
50

82.5
80
77.5
75
70
60
50

3.5
4
4.5
5
6
8
10

16.5
16
15.5
15
14
12
10

75
100

25
0

15
20

5
0

%
Seawater
0
2.5
5
7.5
10
12.5
15
17.5
20
22.5

6. Return to laboratory for further analyses

7.2.1.2. Laboratory analysis

Upon return to the laboratory, it is suggested to begin analysis promptly for the full
water geochemistry and mineralogical component of this experiment.

1. Agitate and filter all water samples as soon as possible
2. Store up to 500 ml of water for anion analysis and 500 ml of water for cation
analysis
3. Perform chloride titrations on all waters to assess for salinity (required for IC
and ICP-AES analyses)
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4. Analyses all waters for sulphate, bromide, soluble silica, sodium, potassium,
calcium, magnesium, aluminium and iron
5. Perform XRD analyses on all filter papers and process
6. Perform spot FTIR analyses on all filter papers and process (provides
information on organics present in the samples as well as clays, oxides and
sulphides)
7. Gold coat filter papers and visually and chemically assess using SEM-EDX

To collect total iron concentrations of the water, it would be recommended to double the
volume of seawater and river water collected and to perform two sets of mixing
experiments. Instead of filtering the second set of samples upon returning to the
laboratory, acidify to pH 2 and agitate for one hour as done by Boyle et al., (1977) prior
to filtration. This step will result in the dissolution of solid iron phases in the water and
may be used to indicate trends in solid iron in the mixed system.

7.3. Core description and interstitial pore water analysis

Another potential route in understanding the role of iron in early diagenesis is to sample
the interstitial pore waters of cores collected in the estuary. During eogenesis, pore
water chemistry plays an important role in mineral formation and distribution (Worden
& Burley, 2009). Changes in the near surface, from an oxidised environment to a
reduced environment, will result in mineral alteration (Canfield, 1989; Schulz et al.,
1994). The interplay of the fresh and marine aquifers may also play a role in mineral
alteration or neoformed mineral precipitation. Changes in the sorption of clay coats due
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to redox variations have also been documented (Knapp et al., 2002), therefore minerals
that form at the surface will be altered in near surface sediments.

Integration of core sedimentology, mineralogical analyses of the sediments in the core,
and analyses of the pore water, may lead to further understanding the role of the pore
waters in eogenesis within the estuarine system. The interplay of the fresh and marine
aquifers may be responsible for the early formation of iron-rich chlorite precursor
minerals.

Mineralogical variations in the near surface may indicate how water

variations in the near subsurface control mineral formation in near surface sediments. A
pilot study of this was carried out to assess the feasibility of this type of future work
(Appendix VII; 9.7.2.).

Initial observations from this pilot provide a promising insight into the water and
mineralogical geochemical variations in the shallow cores collected (Appendix VII;
9.7.2.). The potential mobility of iron, silica and aluminium in these shallow cores and
the corresponding chemical and mineralogical variations in the cores may lead to further
insights into early diagenesis and clay distributions.

7.4. Worm tank experiments and changes in water geochemistry

Worm tank experiments have been carried out in the past and these have showed that
clay coats form in the gut of macrofauna such as Arenicola spp. (McIlroy et al., 2003;
Needham et al., 2005; 2006; Worden et al., 2006). The role of macrofaunal species,
such as Lumbricus terrestris, in soil development in temperate environments has been
extensively studied (Nielsen and Hole, 1964; Devliegher and Verstraete, 1995; Marhan
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& Scheu, 2005) and they have been shown to produce nodules of calcium carbonate
(Lee et al., 2008; Lambkin et al., 2011 (a & b)). As the bioturbation of sediments
results in a geochemical change in the soil, it is suspected that the bioturbation of
estuarine sediments by Arenicola spp. will also result in a geochemical change, possibly
in the surrounding waters.

It is therefore proposed that the worm tank experiments carried out by Sarah Needham
at Liverpool are repeated with a different objective. Although the primary objective of
the previous experiments to investigate the role of burrowing animal activity on the
formation of clay coats on clean sand grains and to identify the mineral types
precipitated, the focus of this proposed future work would lie in assessing changes in
the tank water geochemistry associated with worm activity.

It would also be

recommended to repeat the mineralogical and textural observations previously made
and to assess if the changing water geochemistry plays a significant role in the
neoformed mineral precipitation.
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Chapter 9. Appendices
The following appendices can be obtained by contacting Mr James Utley, of the
Liverpool Diagenesis Research Group at: James.Utley@liv.ac.uk
Table 1. Supplementary data described below will shortly be provided in journal
publications.
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This supplementary data will also become available in subsequent publications of this
work. Byrne et al. (2011) is available online from the journal, Applied Geochemistry.
The full reference is available in the previous chapter.
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